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Stripes developed at the strong limit of nematicity

in FeSe film

Wei Li"%3*, Yan Zhang®3%>, Peng Deng', Zhilin Xu', S.-K. Mo#, Ming Yi3, Hao Ding', M. Hashimoto®,
R. G. Moore?, D.-H. Lu®, Xi Chen"?*, Z.-X. Shen*’* and Qi-Kun Xue'?

A single monolayer of iron selenide grown on strontium ti-
tanate shows an impressive enhancement of superconductivity
compared with the bulk’, as well as a novel Fermi surface
topology*>, extreme two-dimensionality, and the possibility
of phonon-enhanced electron pairing"®. For films thicker than
one unit cell, however, the electronic structure is markedly
different, with a drastically suppressed superconductivity
and strong nematicity appearing. The physics driving this
extraordinary dichotomy of superconducting behaviour is far
from clear. Here, we use low-temperature scanning tunnelling
microscopy to study multilayers of iron selenide grown by
molecular beam epitaxy, and find a stripe-type charge ordering
instability that develops beneath the nematic state. The charge
ordering is visible and pinned in the vicinity of impurities. And
as it emerges in the strong limit of nematicity, it suggests that
a magnetic fluctuation with a rather small wavevector may
be competing with the ordinary collinear antiferromagnetic
ordering in multilayer films. The existence of stripes in
iron-based superconductors, which resemble the stripe order
in cuprates, not only suggests that electronic anisotropy and
correlation are playing an important role, but also provides
a platform for probing the complex interactions between
nematicity, charge ordering, magnetism and superconductivity
in high-temperature superconductors.

Nematicity® in iron-based superconductors, defined as broken
rotational symmetry of the tetragonal lattice (the nonequivalence
of the a and b axes in Fig. la), has been manifested in various
studies” ", such as large in-plane anisotropy in neutron scattering’
and transport measurements®, unidirectional nanostructures in
scanning tunnelling microscopy (STM)’ and lifting of orbital
degeneracy of d,./d,. bands in angle-resolved photoemission
spectroscopy (ARPES)". Although the d../d,, band splitting has
been observed in both FeSe single crystals'™" (bulk FeSe) and FeSe
films grown on SrTiO; (FeSe/STO)", the strength of nematicity in
FeSe/STO is much larger than that in bulk FeSe reflected in the
much higher nematic phase transition temperature in FeSe/STO™.
Consequently, superconductivity does not recover in the multilayer
FeSe/STO even with a thickness of 30 unit cells, while bulk FeSe
(ref. 19) becomes superconducting around 8 K. No evidence shows
that nematicity hinders the emergence of superconductivity in
FeSe (bulk FeSe exhibits superconductivity as well as nematicity);
conversely, it has been proposed to cause enhancement of electron

pairing to a certain extent’. Therefore, there might exist another
hidden order competing with superconductivity in multilayer
FeSe/STO.

FeSe exhibits intriguing magnetic properties as well. For example,
although long-range magnetic order is absent in bulk FeSe with
rather large local magnetic moment, the commonly found collinear
antiferromagnetism emerges rapidly under high pressure®**. This
indicates that the carriers of FeSe are in a delicate balance in the spin
channel, which may also account for the potential high-temperature
electron pairing. Here we combine molecular beam epitaxy (MBE)
and STM together to reveal the mystery of FeSe.

Figure 1b shows a typical STM topographic image of a 30-unit-
cell FeSe film grown on STO. The surface is divided into multiple
domains with maze-like patterns, which are spread throughout the
whole sample surface and could be attributed to the boundaries
between two perpendicular nematic domains. Impurities (dark dots
in Fig. 1b,c) are introduced as scattering centres to reveal the
electronic interactions in FeSe film. Most of the impurities present a
dumbbell-shaped structure”** and are probably the Fe vacancies™
underneath the Se-terminated surface (Fig. 1c). The boundaries
are highlighted by orange dashed lines. An intriguing behaviour
is that the stripe pattern could be induced in the vicinity of the
impurities. The stripes are unidirectional within each domain, while
the orientation of the stripes (marked by white arrows) rotates 90°
when crossing the domain boundary. The existence of the stripes
as well as the domains indicates the two-fold symmetry of the
underlying electronic structure, and provides direct evidence of the
existence of nematicity in FeSe/STO. Hereafter the boundaries will
be referred to as C, domain walls, which are also the fingerprint of
nematicity in FeSe films studied by STM. The typical width of the
domain wall is ~4 nm (Supplementary Note 1). The high-resolution
STM topographic image (inset of Fig. 1¢) exhibits the Se-Se lattice
as well as the stripes simultaneously, from which the periodicity
of ~1.9nm and orientation (along the diagonal direction of the
Se-Se lattice, that is, the direction of the Fe-Fe lattice) of the stripes
are determined.

The stripe feature is robust and could be clearly resolved over a
rather wide energy range in STM topography. As shown in Fig. 2a-d,
stripes are pinned by four dumbbell-shaped impurities, which act
as landmarks as well to inspect the details of the stripes. A large
number of impurities have been inspected and the induced stripes
are all identical; therefore, the phase of the stripes is pinned by the
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Figure 1| MBE film and C, domains of FeSe. a, Crystal structure of FeSe. b, STM topographic image of a FeSe film (150 nm x 150 nm, bias voltage
V=—50mV, tunnelling current [y =100 pA). The maze-like patterns are C, domain walls between two neighbouring nematic domains perpendicular to
each other. ¢, Stripes induced by impurities (70 nm x 70 nm, 60 mV, 10 pA). The stripes are of two-fold symmetry (marked by the white arrows), and
rotated 90° when crossing the domain walls (the yellow dashed lines). From the inset (10 nm x 10 nm, 60 mV, 200 pA), the periodicity ~1.9 nm and
orientation of the stripes can be determined. The apparent heights and contrasts of domain walls in b and ¢ are different due to the different bias
voltages applied (Supplementary Note 1). The periodicity of the stripes can also be extracted by fast Fourier transform of the real space images

(Supplementary Note 2).

; 210 meV

Figure 2 | Bias voltage dependence of the stripes in the vicinity of the impurities. a-d, STM topography of the stripes induced by four dumbbell-shaped
impurities obtained with different bias voltages. The arrows highlight the stripes between two impurities and the colour of the arrow denotes the stripes’
phase change of 180°. The scan size of all images here is 25nm x 25nm and the tunnelling current is 100 pA.

impurities. The arrows in Fig. 2 indicate the stripes between two im-
purities. With various bias voltages, the periodicity of the stripes is
unchanged (static), while its phase changes by 180° under —30 mV
(denoted by colours of the arrows). The above behaviour of the
stripes is reminiscent of charge ordering in charge density wave
materials. An alternative explanation for the stripes is quasiparticle
interference (QPI) induced by impurities, which reflects the band
structure information of the system. However, it is unlikely because
of the following reasons. The STM topographic image represents the
convolution of the density of states within an energy range from the
Fermi level (E;) to the sampled bias voltage, and thus usually smears
out any QPI feature in real space due to drastic variation of energy-
dependent scattering wavevectors (especially at high bias voltages).

The charge ordering (CO) origin of the stripes is further
supported by dI/dV maps as shown in Fig. 3. We focus on the
area within the white dashed line in Fig. 2d, where two impurities
as well as the induced stripe patterns are included. The dI/dV
map shows the spatial distribution of the density of states at a
specific energy, from which the scattering wavevectors can be
extracted. Sweeping the bias voltage V' (energy), a series of energy-
dependent wavevectors are mapped out. This is the basic idea of the
QPI method, and the obtained wavevectors usually arise from the
inter- or intra-band scattering of quasiparticles. The most striking
feature in the dI/dV maps (Fig. 3) is the static (non-dispersive)
stripe pattern persisting within an extremely large energy range
from —200 meV to 500 meV. This is decisive evidence of CO rather
than QPI origin of the stripes, since no band near E; has such a

958

large band width in FeSe. Meanwhile, the contribution of intra-band
scattering (QPI) near E; can also be observed (highlighted by orange
arcs) in the dI/dV maps (Fig. 3i-m), corresponding to a hole-
like band (see the band structure and wavevector marked by green
arrows in Supplementary Fig. 4) near E. The unidirectional QPI
features at negative bias voltages are perpendicular to the orientation
of the stripes. On the basis of that, we determine that the orientation
of the stripes is along the a axis (Supplementary Notes 2 and 3).

We now turn to discuss the driving force of the CO and its
connection with nematicity. Figure 4a shows C, domain walls at
77K, indicating the persistence of nematicity at this temperature.
The C, domain walls gradually disappear at elevated temperatures
(Fig. 4b-d) and the nematic transition (7) happens around 120K,
consistent with our previous ARPES measurement'®. However, the
stripes are absent at 77 K (see the zoom-in topography in Fig. 4e),
indicating a new temperature scale for the development of CO.
Temperature-dependent measurement of the stripes (Fig. 4e-h)
demonstrates that the transition temperature of CO (T¢) is around
60 K. More importantly, the periodicity of the stripes is not sensitive
to temperature once formed (see the highlighted area marked by
white arrows and red dashed lines in Fig. 4f-h at 60K, 45K and
4K, respectively).

Figure 4i is a phase diagram summarized from the temperature-
dependent measurements of the stripes and nematicity. The
nematicity appears at 120K and is gradually enhanced at lower
temperature, and then the CO develops around 60 K. Given the facts
that the stripes emerge within the nematic phase and the stripes are
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Figure 3 | Charge ordering origin of the stripes. a, STM topography of the stripes near two impurities (20 nm x 10 nm, 60 mV, 200 pA), which is the area
within the white dashed line in Fig. 2d. b-p, Spatially resolved density-of-state maps at different energies obtained on the same area as a. Set point for b-e
and i-p: V=200 mV, I =400 pA; set points for f,g: V=500 mV, [ =500 pA. The white and red arrows indicate the static stripes and the orange dashed
curves highlight the quasiparticle interferences from low-energy dispersive bands.
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Figure 4 | Temperature dependence of the stripes and the C; domain walls. a-d, The C, domain wall (the yellow dashed lines) gradually disappears at
elevated temperatures. C; domain walls could only be pinned near the defects as marked by the red arrows in ¢ at 120 K and completely disappear at 130 K
ind. Set point: V=—60mV, [y =6 pA. e-h, Stripes at varied temperatures. The stripes are absent at 77 K in e. In f-h, the stripes are clearly visible and the
periodicity is independent of temperature from 60 K to 4 K. Set point for e-h: V=60mV, Iy =6 pA. i, Phase diagram based on temperature-dependent

measurements of the stripes.

absent in bulk FeSe that exhibits weaker nematicity'’, the strength
of nematicity hence is crucial to the formation of the stripes. An
instinctive picture to understand the nematicity-induced CO is: the
bandwidth of d,, band becomes wider while the d,, band becomes
narrower (Supplementary Fig. 4) with larger anisotropy (nematic-
ity)'®, and then the electrons tend to be more itinerant along one
direction but more localized (to stripe) along the perpendicular one.
A straightforward explanation of the CO is the Fermi surface nesting
picture. However, it is unlikely due to the temperature independence
of the stripes. At elevated temperatures, the strength of the nematic-
ity as well as the bands splitting size decrease, giving rise to signif-
icant variations of the Fermi surfaces', which cannot contribute a
temperature-independent wavevector in momentum space.
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Besides nematicity, another essential ingredient to induce the
stripes is the impurity, since the CO is always observed in the
vicinity of impurities. The correlation length of the induced stripes
is ~2.1 nm (Supplementary Note 4). The dumbbell-shaped impu-
rities are probably the Fe vacancies, commonly found in bulk FeSe
(refs 23-25). They have two possible orientations along the Se-Se
lattice directions that are perpendicular to each other, representing
the absence of one Fe atom (Fe vacancy) in the Fe-Fe lattice (see
in Fig. 5¢,d). One role of the iron vacancy is to further break the
two-fold symmetry”®, and the strength of nematicity therefore is
enhanced locally, which promotes the emergence of the stripes.

dI/dV spectra near the stripes do not show any gap-like features
(Supplementary Fig. 6 and Supplementary Note 5), suggesting a
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Figure 5 | The interaction between the stripes and the impurity states.
a,b, Distortion of the impurity states due to the interaction with CO.

In a and b, the deflection angle of the ‘dumbbell’ is larger than 10° at 4 K.
¢, Impurity states at 77 K. The deflection angle of the ‘dumbbell’ is
negligible when the CO is absent. Set points: V=30mV, [y =6 pA.

d, Schematic of the distortion at low temperature. The electronic states are
elongated near Ef due to the large nematicity, and the impurity states tend
to align with the stripes.

partial bandgap opening in momentum space. Due to the small
amount of impurities and the limited areas with stripes in FeSe
film, ARPES that takes the average of the signal from an area
of tens of square micrometres could not reveal the band folding
and gap opening stemming from the CO. The impurity states
(Supplementary Note 5) are strongly distorted by interacting with
the CO. As shown in Fig. 5a,b, the directions of the dumbbell shapes
(denoted by red dashed lines) show obvious deviation of larger than
10° from that of the Se-Se lattice (yellow dashed lines). The impurity
states interact with the CO and tend to align with the stripes,
giving rise to the observed deviation. At 77K, with the absence
of the stripes, the deviation disappears and the two impurities are
perpendicular to each other again (Fig. 5¢).

The appearance of stripes near the Fe vacancy indicates a possible
magnetic fluctuation in the Fe plane. The impurities help to pin the
fluctuation, which is then captured by the STM tip in the charge
channel. Long-range magnetic order is absent but the collinear AFM
emerges rapidly under high pressure in bulk FeSe (refs 20-22),
indicating that there might be two comparable competing orders in
the spin channel at ambient pressure. A tiny change of the lattice
constant may break the balance. Positive pressure to FeSe causes
emergence of collinear AFM***. Conversely, tensile stress is applied
when FeSe is grown on STO, equivalent to applying a negative pres-
sure to the system. Therefore, the other side of the pressure-related
phase diagram of FeSe is reached, within which the correlation of
the whole system is enhanced and the other magnetic order wins. A
magnetic fluctuation with a rather small g ~7t/5 is predicted in bulk
FeSe (ref. 27), quantitatively comparable to the periodicity of the
observed stripes. We therefore attribute the observed stripes to the
origin of a charge ordering induced by the magnetic fluctuation. The
two possible fluctuations in the spin channel might be crucial to un-
derstand the unique properties of FeSe, such as the magnetism un-
der pressure”** and electron pairing at rather high temperatures"*.

The existence of CO instability also provides a natural ex-
planation for the suppression of superconductivity in multilayer
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FeSe/STO. As commonly occurs in other materials, such as cuprates
and transition metal dichalcogenides, superconductivity always
competes with CO. Besides the impurities we discussed above, the
widespread C, domain walls induce the stripes as well where the
domain walls are aligned with the intrinsic stripe directions (Sup-
plementary Fig. 7). This could play a more important role to break
the long-range coherence of Cooper pairs in multilayer FeSe films.

The stripe-type charge ordering in iron-based superconductor
resembles that in cuprates and suggests the importance of
electronic anisotropy and correlation. Our findings shed new light
on understanding the complex relationship between nematicity,
charge ordering, magnetism and superconductivity in high-
temperature superconductors.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
FeSe films were grown on Nb-doped (0.05 wt%) SrTiO; (100). TiO,-terminated
atomically flat surfaces were prepared by degassing at 450 °C for one hour and
subsequent annealing at 1,100 °C for 20 min. For the FeSe films for STM
measurements, high-purity Fe (99.995%) and Se (99.9999%) were evaporated from
two standard Knudsen cells. The growth was carried out under Se-rich conditions
with a nominal Se/Fe flux ratio of ~20. For the FeSe film for ARPES
measurements, an electron-beam cell and a thermal cracker effusion cell were used
to evaporate Fe and Se, respectively. The Se/Fe flux ratio was set between 3-4.
Substrate temperatures were kept at 370 °C for both growth methods. The
as-grown FeSe films were subsequently annealed at 400 °C for several hours to
remove the excess Se. Both films are of comparable high quality judging from the
reflection high-energy electron diffraction (RHEED) patterns, STM and
ARPES results.

To introduce iron vacancies as the scattering centres for the STM studies. The
as-grown FeSe films were annealed at a lower temperature ~380 °C, and a low
density of iron vacancies could be obtained in the films.

In situ STM experiments were conducted in an ultrahigh-vacuum
low-temperature (4 K) STM equipped with an MBE chamber for film growth
(Unisoku). A polycrystalline PtIr STM tip was used and characterized on a Ag
island before STM experiments.

ARPES measurements were performed at the Stanford Synchrotron Radiation
Lightsource Beamline (SSRL) 5-4 and the Advanced Light Source (ALS) Beamline
10.1 at 21 K. The as-grown FeSe films were transported to the ARPES chamber for
SSRL measurements under ultrahigh vacuum via a vacuum suitcase that is pumped
by an ion pump. The FeSe samples measured in ALS were capped with 20 nm Se as
protecting layers. The protecting layers were de-capped by carefully annealing the
samples at 400 °C and monitored by RHEED. The recovery of the bright and sharp
RHEED patterns during the heating procedures indicated the clean surface of FeSe
films. The samples measured in SSRL and ALS show consistent band structures.

Data availability. The data that support the plots within this paper and other

findings of this study are available from the corresponding author on
reasonable request.
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