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A B S T R A C T

We present a systematic study of the Kondo effect of single Co adatom placed on one monolayer (ML) Ag covered
Cu(111) surface. The 1-ML Ag/Cu(111) shows apparent local density of states (LDOS) modulation which as-
sociated with the surface reconstruction. Interestingly, we find the Kondo resonance width of the Co adatom on
1-ML Ag/Cu(111) is position-dependent. When the Co adatom is placed near the triangular dislocation loop
(hcp/fcc boundary), the Kondo resonance width is generally wider than the one measured at fcc site. At the fcc
region, the measured Kondo resonance width is closely related to the LDOS variation. In conjunction with the
tight binding approximation calculation, we identify that the main contribution of the LDOS modulation is the
surface-reconstruction-regulated surface states. With a recently developed model, we further determine the
contributions of the bulk and surface states to the Kondo resonance. These findings clarify the role of surface
reconstruction on the Kondo effect.

1. Introduction

The Kondo effect, arises from the scattering of conduction electrons
by the local spin of a magnetic impurity, has been capturing the interest
of both experimentalists and theorists since its discovery in the 1930s
[1–8]. Below a characteristic temperature, i.e., the Kondo temperature
(TK), a many-body singlet state emerges. This singlet manifests itself as
a narrow resonance near Fermi energy (EF), i.e., the Kondo [2] or
Abrikosov-Suhl [9,10] resonance. And the resonance can be probed by
the low-temperature scanning tunneling microscopy (LT-STM) [3–5,7].

The control of the spin-electron interaction in a non-destructive and
reversible manner may have potentials in applications such as spin-
tronics or quantum information processing. Thus, the modulation of
Kondo temperature TK, which is proportional to the Kondo resonance
width (the half width at half maximum), has attracted many efforts
[11–19]. Some works concentrate on the modification of the localized
spin center, such as ligand attachment [11], dehydrogenation [12,13],
changing the number of the host atoms [14], molecular or atomic as-
sembling [15–17]. Others utilize the quantum confinement of electrons
to regulate the Kondo temperature: the vertical confinement of the bulk
density of states (DOS) [19] or the lateral confinement of the surface
DOS [18]. Using the quantum corral, the Kondo temperature of single
Co adatom on Ag(111) can be significantly tuned by confined surface

states [18,20]. Alternatively, reconstructed surfaces can also result in
the modulation of local DOS (LDOS) at nanoscale [21–23]. The local
variation of the DOS on reconstructed surface is also expected to in-
fluence the Kondo effect and may provide an additional route to
modulate the Kondo effect. This, however, has not been discussed yet.
Previous work of Co adatom on reconstructed 1-ML Ag/Cu(111) surface
only reported a single value of Kondo resonance width [5,24]. This
casts a doubt that whether the surface reconstruction can be used to
tune the Kondo resonance or not.

To clarify this, we performed a systematic study of the Kondo effect
of single Co adatom on 1-ML Ag/Cu(111) surface. Utilizing atomic
manipulation [25], we placed the Co adatom on the different positions
of the reconstructed 1-ML Ag/Cu(111) surface and performed the
spectroscopy measurements on the Co adatom. We find that the Kondo
resonance width of the Co adatom shows apparent variation with the
position. The obtained Kondo resonance width at hcp/fcc boundary is
generally wider than the one measured at fcc site. The measured Kondo
resonance width at fcc site is found to have a strong correlation with the
probed position-dependent LDOS. In combination with tight binding
(TB) calculations, we attribute the confined surface states as the
dominant ingredient to the modulated LDOS. With a recently reported
model which includes the contribution of both the bulk and surface
states to the Kondo effect [18], we further extract the exchange values
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of bulk-adatom (Jb) and surface-adatom (Js) for Co on 1-ML Ag/Cu(111)
surface, respectively.

2. Experimental details

The experiments were performed in a joint LT-STM, molecular beam
epitaxy (MBE) and sputtering system. The LT-STM is mounted in an
ultrahigh vacuum chamber with base pressure 2×10−11 mbar. The
typical temperature for the STM measurements is ∼4.7 K. The single-
crystal substrate Cu(111) was cleaned by repeated cycles of argon ion
sputtering (1.0 keV) and annealing (870 K). To prepare the re-
constructed 1-ML Ag/Cu(111) surface, the Ag monolayer was evapo-
rated at 200 K on the clean Cu(111) crystal, and the sample was then
annealed to the room temperature. Owing to the formation of a
∼9.5× 9.5 network of triangular dislocation loops in the underlying
Cu(111) plane, the reconstructed 1-ML Ag/Cu(111) surface forms
[26–29]. We further deposited high-purity Co onto the 1-ML Ag/Cu
(111) surface with a typical rate of 0.002 monolayer/min at ∼6 K for
about 5 s. This procedure resulted in isolated Co atoms adsorbed on the
1-ML Ag/Cu(111) surface. Electrochemically etched tungsten tips were
used for the STM and spectroscopy measurements. The bias voltage
Vbias refers to the sample voltage with respect to the tip. Unless speci-
fied, the spectroscopic measurements were performed using a lock-in
technique with the modulation of the sample voltage of 2mV at a fre-
quency of 6.3 kHz.

3. Results and discussion

Fig. 1(a) shows a typical topography image of Co-covered 1-ML Ag/
Cu(111) surface. The surface of 1-ML Ag/Cu(111) shows the hexagonal
network of triangular dislocations with a periodicity of ∼2.5 nm
[darker areas in Fig. 1(a)]. Due to the large lattice mismatch between
Cu and Ag, there are missing atoms in the first Cu layer underneath the
Ag layer. The missing atoms result in the rearrangement of the first Cu
layer atoms and finally the triangular dislocation network forms, which
exhibits slightly lower height in topography. Inside the triangular dis-
location network, the Cu atoms shift their positions and form an hcp
stacking with the underlying Cu layer [26]. The period of the disloca-
tion network coincides, within error limits, with the 9.5× 9.5 super-
structure [23,28]. As marked in the figure, we followed the definition of
Refs. [23,30] and named these areas as the hcp, fcc1 and fcc2 areas,
respectively. As will be discussed below, the local environment of the
hcp area is different from that of the fcc area (both fcc1 and fcc2),
which may lead to the changes of the Kondo temperature according to
Refs. [31–33].

The deposited single Co adatom appears as a protrusion on 1-ML

Ag/Cu(111) surface [bright roundness in Fig. 1(a)]. By means of the
atomic manipulation [25], we moved the Co adatom to different loca-
tions of the 1-ML Ag/Cu(111) surface and performed the spectroscopy
measurements on top of the Co adatom. Fig. 1(b) shows the re-
presentative dI/dV spectra, which manifest the Kondo resonance as dips
with different resonance widths. The measured Kondo resonance of Co
adatom at different positions exhibits distinct differences. The corre-
sponding positions for taking the dI/dV measurements are marked as
bright balls in Fig. 1(a). We found it is difficult to move the Co adatom
to the center of hcp area. Thus, we limit our discussion to the fcc area
and the hcp/fcc boundary. To extract the Kondo resonance width
quantitatively, we fitted the dI/dV spectra with the Fano formula
[4,18,33–35],
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In it, a represents the resonance amplitude, b and c are the linear and
constant background. Besides, q reflects the line shape of the resonance;
ε0 is the shift of the Kondo resonance to EF and w= kBTK is the Kondo
resonance width. At the fcc area, the obtained Kondo resonance width
w varies from 5.2 meV to 9.9 meV, while the value of ε0 changes in the
range of 10 meV to 15 meV. The obtained line shape q=0.18±0.14 is
consistent with the previous study [5]. Near the hcp/fcc boundary, we
found the Kondo resonance width is about 10–11 meV, which is wider
than that obtained in the fcc area.

As the Kondo effect is strongly related to the DOS at Fermi energy,
we measured the dI/dV spectroscopy mapping of 1-ML Ag/Cu(111)
surface after removing the Co adatom. The typical morphology is
shown in Fig. 2(a) with the tunneling condition of Vbias= 50mV,
I=1 nA. In it, we also insert the unit cell of the superstructure, with the
blue balls representing the Ag atoms that located on top of the trian-
gular dislocation loop. We note that the triangles on the reconstructed
surface typically have three different sizes and we plotted here is the
middle size with three atoms in the center [26,29]. The dI/dV mapping
recorded at the Fermi energy (V ≈ 0) with the tip stabilized at 50mV
and 1 nA is shown in Fig. 2(b). It shows triangular pattern with alter-
nating bright and dark contrast. The inserted blue triangles represent
the position of hcp area. The fcc area has higher intensity of LDOS than
the hcp area. And the intensity gradually decreases from the center of
the fcc area. Apart from the spatial mapping with the energy near Fermi
level, the averaged measured dI/dV spectra with the energy range
[−300, 80] meV on three areas are also plotted in Fig. 2(c), respec-
tively. The black, red and blue curves are the averaged dI/dV spectra of
fcc1, fcc2 and hcp [see the corresponding colored triangles in Fig. 1(a)].
In all three areas, the dI/dV spectrum in Fig. 2(c) has a sharp step-like
onset at the energy of −235mV which corresponds to the lower band

Fig. 1. (a) Typical topographic image of single
Co adatom on the 1-ML Ag/Cu(111)
(Vbias = 0.5 V, I=1 nA,). The surface of 1-ML
Ag/Cu(111) shows the superstructure with
triangular dislocation network. The colored
triangles mark the different areas: hcp, fcc1
and fcc2. (b) dI/dV of single Co adatom at
different position of 1-ML Ag/Cu(111)
(Vbias = 50mV, I=1 nA) and Fano fits to
spectra (solid lines). The marked values cor-
responding to the width of the Kondo re-
sonance. The corresponding positions of Co
adatoms for taking the dI/dV measurements
are marked in (a).
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of 1-ML Ag/Cu(111) surface-state [28,36]. The pronounced dip ap-
pearing close to the Fermi energy corresponds to the energy gap in the
surface density of states [23,28]. As will be discussed below, the mea-
sured Kondo resonance width at fcc area have a strong correlation with
the probed position-dependent LDOS. It has been reported that both the
bulk states and surface states can contribute to the Kondo resonance
width [2,18]:

⎜ ⎟= = ⎛
⎝
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+

⎞
⎠

w k T D
J ρ J ρ

exp 1 .B K
b b s s (2)

Where D is the band cutoff. The bulk LDOS and surface LDOS at EF (ρb
and ρs) are weighted by the exchange coupling constants of the adatom
with them (Jb and Js), respectively.

To understand the physical origin of the variation of the Kondo
temperature and the LDOS, we further performed TB approximation
calculations similar to the previous studies [37,38]. The TB

Hamiltonian is described as: = ∑ + ∑ +H t i j V i i(ɛ )n n i i. . 0 . Where
t is the isotropic hopping integral, ε0 is the on-site potential of the bare
Ag(111) lattice, and Vi describes the correction to the on-site potential
induced by triangular dislocation loops. We took t=−0.788 eV and
ε0= 4.437 eV to reproduce the onset energy and effective mass of 1-ML
Ag/Cu(111) surface states [23,29]. We further adopted the 9× 9 unit
cell plotted in Fig. 2(a) to model the electron potential in the TB cal-
culations [26]. To reproduce the energy gap near the Fermi level
[23,28], the local Vi is set to be 0.65 eV at the triangles [blue balls in
Fig. 2(a)] and 0 eV elsewhere in each unit cell. In addition, we use the
periodic boundary condition in the band structure and LDOS calcula-
tions. The calculated band structure of surface states is plotted in
Fig. 2(d), which shows a gap near the Fermi energy at both K and M
points, respectively. The energy gap opening at M point is about 80
meV, larger than the gap at K point, which is consistent with the pre-
vious calculations [23,30]. The bottom of band at Γ point corresponds

Fig. 2. (a) STM topographic image of 1-ML
Ag/Cu(111) surface (7× 7 nm2,
Vbias= 50mV, I=1 nA). The unit cell of su-
perstructure was plotted on the figure, and
blue balls represent the Ag atoms located at the
triangular dislocation loop. (b) The corre-
sponding dI/dV mapping of same area at the
Fermi energy (V ≈ 0) manifest the modulated
LDOS. (Vbias= 50mV, I=1 nA). (c) STS
spectra recorded on the different regions
marked in Fig. 1(a): the two fcc regions and the
triangular hcp region. (d) TB calculated band
dispersions of 2D system. (e) TB calculation of
the LDOS mapping at Fermi energy. In bright
(dark) the maximum (minimum) of the LDOS.
The blue triangles in the dI/dV mapping and
calculated LDOS represent the position of tri-
angular dislocation loops. (f) The TB calculated
LDOS at three different regions same as (c).
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)
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to the onset of the surface states. Fig. 2(e) shows the calculated LDOS
mapping at the Fermi energy (0mV). The inserted blue triangles re-
present the position of hcp area. The distributed bright circles in this
mapping represent the LDOS maxima at the Fermi energy. In addition,
the LDOS maxima locate at the fcc area, which is consistent with the
experiment results [Fig. 2(b)]. We note that the LDOS maxima locate at
the fcc area instead of hcp area can be understood from the effect of
quantum confinement. As shown in Fig. 1(a), the dislocation lines di-
vide the area into two parts, the hcp and fcc part. And the size of the
hcp area is much smaller than that of the fcc area. This leads to the
energy levels of the quantum well states in the hcp area higher than that
of the fcc, resulting a lower LDOS in the hcp area. Meanwhile, the
electrons in the fcc area are also influenced by the quantum size effect.
Depending on the size, the LDOS at the center can be a maximum, a
minimum or a value in between them [39]. The specific size of 1ML Ag/
Cu(111) reconstruction makes the maxima of LDOS at Fermi level de-
viate from the center (high-symmetry site). The slight differences be-
tween calculated result and experimental one may be caused by the
different sizes of triangles for 1-ML Ag/Cu(111) surface [23,29].

As a comparison, we also plotted the calculated LDOS on three re-
presentative areas in Fig. 2(f). The calculated LDOS shows a step-like
onset around −230mV and energy gap near the Fermi energy that are
consistent with the experiment results. There are no significance dif-
ference between fcc1 and fcc2 areas. Below the Fermi energy, the LDOS
in the fcc1 area is slightly larger than that in the fcc2 area. Above the
Fermi energy, the LDOS of fcc2 area becomes larger than that of fcc1
area. Moreover, the LDOS of hcp area is much smaller than fcc area
(both fcc1 and fcc2), which is caused by the different local environment
between hcp and fcc area [26]. The calculated LDOS is similar to the
one reported by Malterre et al. [23], and can reproduce the main fea-
tures of the LDOS of 1-ML Ag/Cu(111). Due to the simplicity of our
calculated model, slight differences exist between experimental and
calculated results. Notably, just the two-dimensional surface state
electrons’ scattering is considered in our TB calculations. Thus, the
calculated LDOS plotted in Fig. 2(e) only originates from the surface
states. The similarity between experimental and calculation results in-
dicate that the spatially dependent LDOS of 1-ML Ag/Cu(111) is due to
the modulation of the surface states.

Having clarified the role of the surface states in the modulated
LDOS, we now move on to the discussion of the Kondo effect. As shown

in Eq. (2), the influence of the bulk LDOS and surface LDOS at EF (ρb and
ρs) on the Kondo resonance width are weighted by the exchange cou-
pling constants of the adatom with them (Jb and Js). Utilizing Eq. (2),
we can further derive that

− = +w D J ρ J ρ1/ln( / ) .b b s s (3)

Fig. 3 shows the dependence of− 1/ln (w/D) on the measured dI/
dV of the corresponding areas at 1-ML Ag/Cu(111) surface. We fol-
lowed Refs. [4,40] to adopt the Fermi energy of metal to represent the
band cutoff D. Since the Fermi energy of Ag and Cu ( =ɛF

Ag 5.5 eV and
=ɛF

Cu 7.0 eV [41]) are similar, we used their averaged value 6.3 eV as the
band cutoff of 1-ML Ag/Cu(111). The measured− 1/ln (w/D) shows
almost a linear dependence on the measured dI/dV at fcc area. The
Kondo resonance at the hcp/fcc boundary, however, is almost in-
dependent of the measured dI/dV. The unusual behavior could be at-
tributed to the triangular dislocation loops under the hcp/fcc boundary.
At the dislocation, the bulk LDOS and its exchange with the Co adatom
may change significantly, resulting this unusual behavior [31–33].
Thus, we focus on the discussion on the Co adatom located at fcc area.
As discussed above, the variation of LDOS is mainly caused by the
change of the surface states. We thus take the ρb as a constant at the fcc
area of 1-ML Ag/Cu(111) surface. Since the bulk DOS at EF of Cu(111)
and Ag(111) are quite similar ( = −ρ 0.30 eVb

Cu 1 and = −ρ 0.27 eVb
Ag 1

[40,42]), we also used their averaged value of
≃ + ≈ −ρ ρ ρ( )/2 0.29 eVb b

Cu
b
Ag 1 as the bulk DOS of 1-ML Ag/Cu(111).

We further used the Tersoff-Hamann model [43] to calculate the ρs:

= +dI
dV

Bρ Sρ .b s (4)

Where B and S are tunneling factors for bulk and surface electrons. For
a certain system, the value of B and S is determined by the distance
between the tip and the sample. We used the same tip at same tunneling
condition to detect dI/dV spectrum of the bare Ag(111), and found that
S/B≅2 (ρb=0.27 eV− 1 and ρs=0.125 eV− 1 [18,42]). Therefore, we
also adopted the value of S/B=2 to obtain ρs of 1-ML Ag/Cu(111) at
different locations. By fitting the data with Eq. (3), we obtained the
results that Jb=0.44±0.23 eV and Js=0.30± 0.01 eV. As men-
tioned above, we simply took the assumption that ρb=0.29 eV− 1, this
may lead the variation of Jb. It is worth mentioning that within the
uncertainty margin, the obtained results match well with the results
determined from Co/Ag(111) (Jb=0.51± 0.04 eV,

Fig. 3. In fcc (fcc1 and fcc2) area, the width of
Kondo resonance w and− 1/ln(w/D) changed
with dI/dV. The red line is a linear fitting be-
tween− 1/ln(w/D) and dI/dV. The inset shows
the result obtained on the Co adatom placed at
the hcp/fcc boundary. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article.)
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Js=0.26±0.05 eV [18]). This implies that the exchange coupling
constant for adatom on multilayer systems depend mainly on the top-
most layer. It also reflects the essence of locally-environment depen-
dence for the Kondo effect [5,24].

4. Summary

In summary, we performed a systematic study on the Kondo effect of
Co adatom on the reconstructed surface of 1-ML Ag/Cu(111). We found
that the surface reconstruction could modulate Kondo resonance width.
The obtained Kondo resonance width at hcp/fcc boundary is generally
wider than the one measured at fcc area and may be explained by the
changed local environment. The measured Kondo resonance width at
fcc area is found to have a strong correlation with the position-depen-
dent LDOS. By comparing the experimental result and calculated one
obtained by TB method, we find that the confined surface states is the
main reason to the modulated LDOS. We further determine the ex-
change values to be Jb=0.44±0.23 eV and Js=0.30±0.01 eV,
which are close to those of Co/Ag(111) [18]. This implies that the ex-
change coupling constant for adatom on multilayer systems depend
mainly on the topmost layer. These results clarify the role of surface
reconstruction on the Kondo effect and may have application to spin-
tronics-based devices in future. For example, the atom's positions can be
used to encode information based on their different Kondo resonance
width [44].
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