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Epitaxial growth of the heavy-fermion UCus (111) film on the Cu (111) substrate
and its electronic structure study
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Uranium-based compounds display rich and exotic physical properties, but remain less studied compared
with 4 f-electron rare-earth compounds. The lack of high quality single crystal samples hinders the use of many
specific techniques to study the properties of uranium-based compounds. In the present study, we successfully
obtain high quality single crystalline UCus (111) films by depositing uranium atoms on the Cu (111) substrate
after annealing at 800 K. Surface structures with the increase of uranium coverage have been systematically
studied, and moiré patterns are observed in the UCus (111) films, which gradually become weaker with the
increase of film thickness of UCus. d1/dV spectra of UCus films with the thickness from 1 to 5 unit cells
show similar electronic properties, which exhibit a strong asymmetric dip-peak structure near the Fermi energy.
Temperature-dependent d//dV measurements further confirm that this asymmetric feature is related to Kondo
physics and due to the hybridization between U 5f electrons and surrounding conduction electrons. Different
terminated surfaces can be obtained by sputtering UCus thick films with Ar* ions and subsequent annealing,
which show drastically different electronic structure. Our results provide a path for the preparation of single

crystalline uranium-based compounds and related materials.

DOI: 10.1103/PhysRevMaterials.8.074402

I. INTRODUCTION

In condensed matter systems, intricate interactions be-
tween different degrees of freedom, such as charge, spin, and
orbit, may give rise to diverse ground states, including uncon-
ventional superconductivity, magnetic order, non-Fermi liquid
states, and intriguing charge and orbital order [1-5]. These
ground states can be readily tuned by the external parame-
ters, e.g., temperature, pressure, chemical doping or magnetic
fields. Among the existing strongly correlated materials,
heavy-fermion compounds containing 4 f or 5f electrons ex-
hibit the strongest electron correlation effects [3,6,7]. While
most attention has been directed to the 4 f-electron-based
rare-earth compounds, the actinide-based compounds remain
less studied, although with richer physics. With partially filled
5f shell electrons coupled with spin-orbit interaction, along
with crystal field effects, phonons, magnons, and electron
correlations at comparable energy scales, intricate physical
properties appear in the uranium-based heavy-fermion com-
pounds [8-11].

As a typical uranium-based heavy-fermion material, UCus
undergoes a conventional antiferromagnetic transition with
the Néel temperature of Ty &~ 15 K, which was confirmed by
magnetic susceptibility measurements [12—-14]. With lower-
ing temperature, an additional transition appears at T, ~ 1K,
which was first found by Ott er al. [15]. The magnetic U
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ions of UCus sit on a face-centered-cubic (fcc) lattice and
form a network of edge-sharing tetrahedra—a geometry con-
ducive to magnetic frustration. Powder neutron diffraction
experiments definitely indicate that the antiferromagnetic or-
der in both phases consists of localized U 5 f-electron spins
pointing along the crystal unit cell’s (111) direction with or-
dering wave vectors’ symmetry related to g = (1/2, 1/2, 1/2)
[13,16,17]. When the temperature decreases through 75, the
magnitude of ¢ does not change despite there being clear
signs of a phase transition in the magnetization, resistivity,
and specific heat data [15,18]. The simplest magnetic order
consistent with these data is the 1-g configuration, where
the spins ferromagnetically aligned within the (111) planes,
but antiferromagnetically aligned with the neighboring (111)
planes [13]. Another magnetic order—a quadruple-g structure
(4-g) was firstly proposed by Nakamura, which is consistent
not only with the previous powder neutron diffraction exper-
iments but also with the nuclear magnetic resonance (NMR)
experiments [19]. Due to the lack of single crystals of UCus, it
is impossible to distinguish a multidomain 1-g configuration
from the more complex 4-g variants experimentally using
powder neutron diffraction measurements. Therefore, whether
UCaus first enters 4-g or 1-g below 15 K has remained con-
troversial for a long time. Although there are many indirect
experimental results supporting that UCus first transforms
into the 4-g structure at 15 K, and then into the 1-g configura-
tion below 1 K [18-23], Hall effect studies on polycrystalline
UCus indicate that the magnetic order between 15 and 1 K
is the 1-g configuration [24], which is completely contrary
to the previous results. In addition, some researchers found
absorption in the far infrared below 15 K from the optical
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experiments, which was ascribed to the excitations across a
spin-density-wave (SDW) type gap and indicates the itinerant
nature of the magnetic phase transition [25-27]. It is another
puzzle whether this is a SDW type gap or the commensu-
rate magnetic order. Experimental results on the electronic
structure of UCus were obtained relatively early, in the 1980s
[28,29]; they are based on the core level and valence band
analysis on the polycrystalline samples without angle resolved
information, and there is little research on the evolution of
the electronic structure before and after this phase transition.
Due to the difficulty in preparing bulk single crystals, an
innovative way to resolve the above controversy about the
magnetic structures during this phase transition is to prepare
single crystal thin films.

In the present work, UCus single crystal films have been
prepared by depositing U atoms onto the Cu (111) substrate
after annealing at 800 K in ultrahigh vacuum conditions. Scan-
ning tunneling microscopy (STM) and low energy electron
diffraction (LEED) measurements have been used to confirm
the surface structure. When uranium atoms are deposited onto
the Cu (111) substrate after annealing at 800 K, a wetting
layer will first form and then UCus (111) films with moiré
patterns grow. The moiré patterns gradually decrease with
the increase of film thickness and finally disappear in the 5
UC film. d1/dV spectra show similar electronic properties of
UCus films with different thickness. Temperature-dependent
dl/dV spectra on the 11 unit cell (u.c.) film show that the
asymmetric structure near the Fermi energy originates from
the Kondo physics. Different terminated surfaces with various
electronic properties can be obtained by sputtering UCus thin
films with Ar"™ ions and subsequent annealing. Our work
provides a method in the preparation of single crystalline
uranium-based compounds, which is important for the future
study of the magnetic structure of UCus.

II. RESULTS

UCus crystallizes in a face-centered-cubic structure of the
F-43m space group with the lattice constant of 7.033 A, as
shown in Fig. 1(a). Along the (111) direction, each unit cell
is composed of four atomic layers, including three layers of
copper atoms and one layer of uranium atoms. Among them,
the interlayer spacing between two layers of copper atoms
is relatively small, and when they are stacked together, a
honeycomb structure is formed, which can be clearly observed
in Fig. 1(d). Meanwhile, another layer of copper atoms forms
akagome structure and uranium atoms form a triangular struc-
ture, as shown in Fig. 1(c). The stacking relationship between
them can be seen from the side and top views in Figs. 1(b)
and 1(c), and the red, yellow, and blue spheres represent the
honeycomb, kagome copper atoms, and U atoms, respectively.
The in-plane lattice constant of UCus (111) is 4.97 A, which is
twice the in-plane lattice constant of the Cu (111) surface and
the mismatch is about 2.5%, so the Cu (111) surface can not
only serve as an excellent substrate for the epitaxial growth
of UCus (111) thin films, but also provide a source of copper
atoms for the preparing of UCus. In addition, according to the
phase diagram of the U-Cu binary alloy [30], UCus is the only
product after the reaction of U and Cu elements, which can
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FIG. 1. Crystal structure and composition information of UCus.
(a) Crystal structure of UCus. (b) Side and (c) top views of one
unit cell of UCus (111). The red, yellow, and blue spheres represent
honeycomb, kagome copper atoms, and uranium atoms, respectively.
(d), (e) Atomic arrangement of the honeycomb Cu (d) and kagome
Cu (e) layers in UCus.

avoid the interference of other compounds during preparation
and obtain a completely pure UCus phase.

In a previous study [31], we have explored the adsorptions,
reactions, and electronic properties of individual uranium
atoms on Cu (111) and found that upon deposition of a small
amount of uranium onto Cu (111) at 8 K, individual uranium
atoms show relatively high activity and react with the Cu
(111) surface at low temperature. Here the substrate is kept
at room or much higher temperature. Figure 2 displays the
growth process of the epitaxial UCus film as the coverage
gradually increases. When a small amount of uranium atoms
is deposited onto the surface at room temperature, uranium
atoms mainly aggregate at the edge of the steps or form irreg-
ular islands on the terraces, as shown in Fig. 2(b). The growth
rate can also be determined from the coverage by depositing a
small amount of U atoms on Cu (111), which is about 1 u.c./h.
After annealing at 800 K for about 5 min, all of these irregular
islands become atomically smooth nanostructures, and the
remaining part of the surface is still bare Cu (111) [Fig. 2(c)].
The observed nanostructure is the first layer formed on the
Cu (111) surface and is the interface between UCus (111)
and the Cu (111) substrate with unique features (which will
be discussed later), and here we name it the “wetting layer.”
When the deposited uranium atoms reach about a half layer,
new nanostructures with typical long period moiré patterns
appear on the annealed sample in addition to the wetting layer
[Fig. 2(d)]. There are also some bright spots on the surface,
which are mainly unordered irregular U islands that remain on
the surface, and their height can be found from the height pro-
files in Figs. 2(g)-2(i). The newly formed nanostructure with
moiré patterns is mainly the UCus film, which subsequently
grows on the wetting layer; its thickness can be defined in
units of the unit cell (u.c.). When the substrate is kept at the
much higher temperature of 800 K, a thicker UCus film can
be obtained by directly depositing uranium atoms onto the
surface. As can be seen in Fig. 2(e), most of the sample surface
exhibits long period moiré€ patterns of the UCus film, while the
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FIG. 2. Growth process of the epitaxial UCus (111) thin film. (a) Surface morphology of the Cu (111) substrate. (b), (c) Sample morphology
of the substrate after depositing a very small amount of uranium atoms onto the surface at room temperature (b), as well as after annealing at
800 K for 5 min (c). (d) Sample morphology of the substrate after depositing 0.5 ML of uranium atoms onto the surface after annealing at 800
K for 5 min. The inset shows the atomic resolution image of the moiré pattern on the 1 u.c. regions. () Sample morphology of the UCus (111)
film with nominal thickness increased to 3.5 u.c.; the film was obtained by directly evaporating more uranium atoms onto the substrate at 800
K. (f) d1/dV spectra obtained on the Cu (111) substrate, wetting layer, and 1 u.c. UCus film at 4.8 K. (g)—(i) Height profiles correspond to the
white lines in (b), (c), (d), respectively. (a) Vo, = 1.0 V, [, =300 pA. (b) Vs = 1.0 V, [, =200 pA. (¢) V, = 1.0 V, [, =200 pA. (d) V; = 0.1 V,
I, = 300 pA. Inset of (d) V, = 0.003 V, I, = 3.2 nA. (e) V, = 0.35 V, I, = 200 pA.

wetting layers can only be observed in a small region. These
surfaces can also be identified from the drastically different
dl/dV spectra. As can be seen in Fig. 2(f), the surface state
of Cu (111) can be apparently observed at —0.4 V, and for
the wetting layer there is a clearly empty state at 0.35 V,
while the empty state of the UCus thin film shifts to 0.15 V.
What stands out in the spectra is that the wetting layer does
not show any obvious state near the Fermi energy, while a
strong asymmetric dip-peak structure near the Fermi energy
can be clearly observed on the surfaces of the UCus film.
Details of this asymmetric structure will be discussed later. It
is noteworthy that UCus orders magnetically below 15 K, and
our measuring temperature is about 4.8 K, which creates a bit
of concern as to whether our sample shows any sign of being
magnetically below 15 K. We have conducted a systematic
study of this question, and indeed confirmed that the magnetic
transition occurs in our films. We also studied the relationship
between the film thickness and the transition temperature, and
found that the magnetic transition temperature decreases with
film thickness. These results will appear in a forthcoming
paper.

To gain more insight on the atomic structure of the wet-
ting layer and the UCus film, the atomic resolution images
and LEED patterns of the Cu (111) substrate, the wetting
layer, and the epitaxial UCus (111) film with different thick-
ness are studied (Fig. 3). All the surfaces exhibit honeycomb
structures, so the terminated surface of the naturally grown

UCus (111) film can be recognized as the honeycomb Cu
in Fig. 1(d). Furthermore, for the epitaxially grown UCus
(111) film, all the surface copper atoms have been relaxed
to the same height. Meanwhile, U atoms in the next layer
locate at the center of the honeycomb structure. Comparing
the distribution of uranium atoms in the wetting layer with the
UCus (111) film, we found that the arrangement direction of
uranium atoms in the wetting layer is consistent with that of
the Cu (111) substrate, while it rotates 30° in the UCus (111)
film compared with that of the Cu (111) surface. This angular
relationship can also be clearly seen in the LEED patterns in
Figs. 3(b)-3(h). The LEED patterns of the wetting layer in
Fig. 3(d) display the same orientation as that of the Cu (111)
substrate in Fig. 3(b), while newly weak LEED patterns start
to appear in the 1 u.c. UCus (111) film and become obvious
in the thicker UCus (111) film. The orientation of the LEED
patterns of the UCus (111) film rotates 30° relative to the Cu
(111) substrate, which is consistent with the atomic resolution
images from the STM data in Fig. 3.

The evaporated uranium atoms first react with the sur-
face copper atoms to form a wetting layer; then the reactive
diffusion between uranium atoms and copper atoms during
annealing promotes the forming of the thick film above the
wetting layer. In some regions of the sample in Fig. 2(d), we
found that before the wetting layer reaches full coverage, a 1
u.c. thick UCus (111) film with moiré patterns also appears
on the sample surface, which can also be found in Fig. 4(a).
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FIG. 3. Atomic resolution images and relative LEED patterns of the Cu (111) substrate and epitaxial UCus (111) thin film as the coverage
gradually increases. (), (b) Cu (111) substrate. (c), (d) The wetting layer grown on the substrate before the formation of UCus (111) thin film.
(e), (f) The first UC of UCus (111) thin film with moiré pattern beginning to grow on the wetting layer. (g), (h) UCus (111) thin film with
nominal thickness increased to 3.5 u.c. (a) V, = —0.01 V, I, = 203.5nA. (c) V; = —0.002 V, I, = 59.5 nA. (e) V; = —0.002 V, [, = 45 nA. (g)
Vs =0.003 V, I, = 10.1 nA.
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FIG. 4. (a), (b) STM images of the substrates and UCus (111) films with different thicknesses, obtained at 78 K, V, = 0.25 'V, [, = 200 pA.
(c)—(e) Enlarged STM images of the moiré patterns with different thicknesses. (f) The height profile corresponding to the red line in (b). (g),
(h) The height profiles of the moiré patterns obtained at the white solid lines marked in (a), (c)—(e).
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FIG. 5. (a) d1/dV spectra obtained on the surfaces of UCus (111) films with different thicknesses. (b), (c) Temperature evolution of the
dl/dV spectra of the UCus (111) film with nominal thickness of about 11 u.c.; yellow dashed lines show the Fano fit of the d//dV spectra.
(d) Temperature dependence of HWHM of the peak near the Fermi level; the red curve represents temperature dependence of the width for a

single Kondo impurity model.

If we deposit nearly 1 monolayer (ML) of uranium atoms
on the Cu (111) surface at 800 K, UCus films with different
thicknesses on the same sample can be obtained, as presented
in Fig. 4(b). When the dI/dV spectra measurements were
performed on this sample, we found that UCus films with the
thickness from 1 to 5 u.c. possess similar electronic states,
as shown in Fig. 5(a). All the spectra of UCus films with
different thicknesses exhibit a strong asymmetric dip-peak
structure near the Fermi energy. This asymmetric structure
fully conforms to the hybridization gap of the heavy-fermion
materials (Agg) [32,33], and the gap size is approximately 70
mV with the peak positions locating at about 10 and —60 mV,
as shown in Fig. 2(f).

It is worth noting that the moiré patterns in the thicker
UCus (111) film are much weaker than that in the 1 u.c. film.
Figures 4(c)—4(e) display the moiré patterns with different
thicknesses, and it is obvious that with the increase of film
thickness, the moiré patterns gradually become weaker; no

moiré patterns can be observed on the surface of the 5 u.c.
thick film. From the line profile in Fig. 4(g), the apparent
height of the moiré patterns on the 1 u.c. UCus film is nearly
20 pm, and it decreases to about 8 pm in the 2 u.c. UCus
film, which becomes about 4 pm in the 3 u.c. UCu;s film
and totally disappears in the 5 u.c. UCus film. Comparing
the height of the moiré patterns on the films with various
thicknesses in Figs. 4(g) and 4(h), it can be concluded that
the height of the moiré patterns decreases by half when the
film thickness increases by 1 u.c. The appearance of moiré
patterns is brought about by the rotation of the UCus film
with respect to the Cu (111) substrate. From the orientation of
LEED patterns presented in Fig. 3, the arrangement direction
of uranium atoms in the wetting layer is consistent with that
of the Cu (111) substrate, while it rotates 30° in the UCus
(111) film compared with the Cu (111) surface. Due to the
30° rotation of the first UCus layer on top of the wetting layer,
moiré patterns appear. With the increase of film thickness,
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the following layers are not rotated and hence moiré patterns
gradually become weak in the 2, 3, and 4 u.c. UCus films and
finally disappear in the 5 u.c. UCus film.

In the dI/dV spectra measurements, we have found that
UCu;s films with thicknesses from 1 to 5 u.c. possess similar
electronic states, which exhibit a strong asymmetric dip-peak
structure near the Fermi energy. To reveal the origin of this
structure, temperature-dependent d//dV measurements are
carried out on the 11 u.c. UCus film, as shown in Figs. 5(b)
and 5(c). With the increase of temperature, this asymmetric
dip-peak structure becomes broadened, but a Fano line shape
can still be observed at 140 K. This feature is similar to that of
the Kondo resonance peak observed in many uranium-based
compounds, like USb, [32] and URu,Si, [34]. Considering
that UCus is a typical heavy-fermion material, this peak is
probably the Kondo coherent peak. In a Kondo system, the
Fano line shape naturally occurs because of the presence of
two interfering tunneling paths from the STM tip, one directly
into the conduction electrons, and the other indirectly through
the heavy quasiparticles. The Fano resonance has the follow-
ing function form:

(e +q)? S_eV—so
1+’ T

Here g reflects the quality of the ratio of probabilities
between the two tunneling paths, gy is the energy location
of the resonance, and I" is the resonance half width at half
maximum (HWHM) [34]. After fitting the dI/dV spectra in
Fig. 5(a) with the Fano line shape (marked with yellow dashed
lines), we found that the fitting curves were consistent with
the experimental data (g = 2.3 +£0.4, I' = 8.5 £ 0.5). In ad-
dition, a temperature-dependent STS analysis was carried out
on the thick film, as shown in Figs. 5(b) and 5(c). It was
found that the resonance peak became weaker and wider with
the increasing of temperature until 140 K. The corresponding
HWHMs can be obtained by Fano fitting of the d1/dV curves
at different temperatures, as shown in Fig. 5(d). It is clear
that the HWHMSs of the peak increase with the increasing of
temperature. A single channel spin one-half Kondo impurity
model in a Fermi-liquid regime has been used to describe the
temperature dependence of HWHM as follows:

dl/dV M

HWHM = \/ (mksT)* + 2(kgTx )*. )

From this equation, the obtained Kondo temperature is
76 £ 4 K. The success of this model in describing the behavior
of the peak further indicates that it is related to Kondo physics
and results from the hybridization of U 5f electrons and
surrounding conduction electrons.

In bulk UCus, there are three different terminated sur-
faces, while in our study of thin UCus (111) films (less than
20 u.c.), the exposed surface is mainly the honeycomb Cu
surface, and the other two terminations cannot be naturally
grown. So we prepared a thick UCus film (about 20 nm),
and sputtered it using Art ions with an energy of 1.0 kV
and then annealed to 800 K; after this process two new
surfaces with different characteristics appeared on the sam-
ple surface besides the honeycomb Cu-terminated surface,
marked with A and B, respectively [Fig. 6(a)]. This gives us
the opportunity to study the electronic properties of different
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Fano fit
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FIG. 6. (a) STM image of the UCus (111) thick film after
sputtering and annealing treatment. In addition to the honeycomb
Cu-terminated surface, two new terminated surfaces A and B appear;
V=04V, [, =200 pA. (b) Atomically resolved STM image of
surface A obtained at V, = 0.006 V, I, =35 nA. (c) Atomically
resolved STM image of surface B; V, = 1.0 V, [, = 1.1 nA. (d) The
dl/dV spectra obtained on the three different terminated surfaces;
significant hybridization gaps (Ayg) can be observed on the honey-
comb Cu layer and triangle U layer (surface A).

terminations. Figures 6(b) and 6(c) provide the atomically
resolved STM images of surfaces A and B, and different
atomic arrangements can be observed for the two surfaces.
The atomic arrangement and spacing of surface A is consistent
with that of the U-terminated surface, and surface B is the
kagome Cu surface. dI/dV spectra of these three different
terminated surfaces differ significantly, as shown in Fig. 6(d),
which can be used as a quick way to distinguish different
terminated surfaces. dI/dV spectra of the three terminated
surfaces exhibit similar features near the Fermi energy, which
all display an asymmetric dip-peak structure. The difference
is that the resonance’s intensity near the Fermi energy taken
on the A-and B-terminated surfaces is weaker than that on the
honeycomb Cu-terminated surface. The observed asymmetric
dip-peak spectrum feature resembles the well-studied Kondo
resonance in many 4f or 5f systems, such as CeColns [33],
YbRh,Si, [35], USb, [32], and URu,Si, [36,37], which can
be attributed to the interaction between the localized f elec-
trons and conduction electrons. The spectra of two surfaces
can be well fitted by the Fano equation, as shown in Fig. 6(d)
by the green dashed lines. The Fano fits yield |g| = 2.43, &g =
10mV, and I = 8.8 mV for the honeycomb Cu-terminated
surface and |g| = 0.7, &g = —6mV, and [’ = 8.8 mV for the
U-terminated surface, respectively. For the kagome Cu sur-
face, because the localized 5f states at ~70 mV are too close
to the Fermi energy, the Fano line shape resonance falls on
its shoulder and shows a small bump structure. Furthermore,
its resonance intensity is the weakest among the three different
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terminated surfaces, which makes the fitting procedure hard to
reach. It should be noted that the Fano fits on the honeycomb
Cu surface yield much larger g values than that obtained on
the U-terminated surface. The value of ¢ determines the line
shape of the spectrum and generally produces a Lorentzian
peak, a Lorentzian dip, and an asymmetric line shape as g,
respectively, approaches infinity, O, and 1, which essentially
reflects the relative strength between indirect tunneling into
the Kondo resonance state and direct tunneling into the itin-
erant states [38—41]. Here the |g| values of the resonances on
the two terminated surfaces are both close to 1, which makes
the spectrum feature exhibit an asymmetric structure with a
peak and a dip. The much larger |¢g| values on the honeycomb
Cu surface imply that electrons more readily tunnel into the
Kondo-screened U-5f electrons instead of the itinerant con-
duction electrons.

In summary, single crystalline UCus (111) films have been
successfully obtained by depositing uranium atoms on the
Cu (111) substrate after annealing at 800 K. When a small
amount of uranium atoms is deposited onto the surface at
room temperature, a wetting layer with drastically different
electronic states from the substrate can be observed. With
the increase of U coverage, new structures with typical long
period moiré patterns appear on the surface, which arise
from the rotation of the UCus film to the wetting layer.
The moiré patterns gradually become weaker with the in-
crease of the film thickness of UCus and disappear on the
surface of the 5 u.c. thick UCus film. By comparing the height
of the moiré patterns of the films with various thicknesses, it
can be observed that the height of the moiré patterns decreases
by half when the film thickness increases by 1 u.c. Neverthe-
less, their electronic states remain similar and exhibit a strong
asymmetric dip-peak structure near the Fermi energy, which is
the indication of the Kondo resonance observed in 4f and 5 f
heavy-fermion compounds. Different terminated surfaces can

be obtained by sputtering thick UCus films with Ar™ ions and
subsequent annealing, and their electronic structure shows a
different character. Our results shed light on the preparation
of single crystalline uranium-based compounds, while the in-
terface and surface control can be a route to study the exotic
electronic states in the strongly correlated systems.
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APPENDIX: EXPERIMENTS AND METHODS

Sample preparation and STM measurements. All the
substrate preparations and depositions of uranium were per-
formed in an ultrahigh vacuum (UHV) chamber with a base
pressure better than 8 x 107" mbar. The single crystals of Cu
(111) were prepared by cycles of Ar™ sputtering and then
annealed at 800 K for several minutes to obtain an atomi-
cally smooth and clean surface. Bulk U metal with a purity
of 99.9% was heated to degas for a long time in the UHV
chamber by an e-beam evaporator first, and then the U atoms
were deposited onto the Cu (111) substrate. During the de-
position process, the vacuum was better than 2 x 107'° mbar.
The growth rate of the UCus (111) thin film was estimated
to be about 1 u.c./h. All the STM measurements were carried
out in another connected UHV chamber with a base pressure
better than 2 x 10~'! mbar. The clean tungsten tips were used
for STM measurements after annealing by the e-beam heater.
All the dI/dV spectra were measured by a standard lock-in
technique at the marked temperature.
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