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The atomic-scale spatial relationship of a two-impurity Kondo system has been determined at vary-

ing lateral distance by scanning tunneling microscopy (STM) and spectroscopy. The localized spins

of two cobalt magnetic adatoms that are placed on different electrodes of an STM form two indi-

vidual Kondo singlet states, each showing quite different Kondo coupling, i.e., the tip-Kondo with

low Kondo temperature and the sample-Kondo with high Kondo temperature. The differential con-

ductance dI/dV spectra show the continuous changes of the resonance peak feature when approach-

ing the Kondo tip laterally to the local sample-Kondo impurity on the surface. The result indicates

a notable interplay between these two Kondo systems. We propose a convolution model based on

the q factor of the sample-Kondo (qs) and tip-Kondo (qt) to interpret the change of various tunnel-

ing channels and the evolution of the experimental spectra. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4929327]

Investigation of the Kondo-screened system1 is of great

importance for the development of nanoscale spintronic

devices based on atomic-size junctions. Coupling between a

localized spin and the surrounding conduction electrons will

lead to anomalous transport measurements and cause a nar-

row electronic resonance in the local density of states

(LDOS) around the Fermi energy below the Kondo tempera-

ture (TK). Scanning tunneling microscopy and spectroscopy

(STM/STS) have been applied to detect the Kondo resonance

for individual magnetic atoms on different metal sub-

strates.2,3 For a traditional investigation, a spectroscopically

featureless STM tip was used locally to probe the single

magnetic impurity system.4,5 From these experiments, the

Kondo physics has been well defined, and a so-called Fano

line shape can be observed in the conductance characteris-

tics. Within the Fano theory, the line shape parameter

q describes the ratio of the probabilities between the indirect

electrons tunneling via the magnetic impurity and the direct

tunneling into the metal host.6

If changing the traditional STM tip into a Kondo tip,

rich physics involving a two-impurity Kondo system

(2IKS)7,8 will arise. Recently, Bork et al. identified two dif-

ferent coupling regimes and observed the quantum phase

transition by approaching vertically a Co-terminated gold tip

toward another Co adatom on Au(111) surface.9 A splitting

feature was found in dI/dV spectra when the two Co impur-

ities keep extreme low separations in a point-contact regime.

However, studying the electronic transport mechanism10 in

the 2IKS is more crucial and general when each impurity

stays in its own Kondo singlet states, for example, for the

transport properties in quantum dot devices.11 In this regime,

the two tunneling channels in a one-impurity Kondo system

will increase to four channels, and the quantum interference

becomes much more complex if the two magnetic impurities

are manipulated laterally. The changes in the tunneling

paths6,12 will affect the interplay of the two Kondo singlet

states, yielding different dI/dV line shapes, especially for two

totally different Kondo singlet states. It is not clear how the

resonance spectrum evolves with the interplay of two impu-

rity Kondo systems when the tunneling channels vary at dif-

ferent lateral distances.13

In this letter, we demonstrate the investigation of lateral

movement of a local Kondo resonance probed with a Kondo

tip by a precise control in an STM experiment. After attaching

one Co adatom to the featureless STM tip, a Kondo tip system

is fabricated with a very low TK (�1.6 K). While the Co ada-

toms on the Ru(0001) substrate constitute a sample Kondo sys-

tem showing a high TK (�200 K).14 The dI/dV spectra show

the continuous changes of the resonance peak feature when

approaching the Kondo tip laterally close to the sample-Kondo

impurity. The result indicates a notable interplay between these

two Kondo singlet states. A simple convolution model based

on the q factor of the sample-Kondo (qs) and tip-Kondo (qt)

was introduced to interpret the evolution of the experimental

dI/dV spectra. In this model, the tunneling channels in 2IKS

will be altered with the lateral manipulation of the two local

Kondo resonances6 leading to the unique spectral features.

The experiments were performed in an ultrahigh vacuum

low temperature STM (LT-STM) system (Unisoku) operating

at T¼ 0.45 K with magnetic field perpendicular to the surface.

The Ru(0001) crystal was prepared by repeated cycles of

sputtering and annealing. Cobalt was deposited in situ at

�20 K from a Co rod (purity of 99.99%) using a commercial

electron beam evaporator. Tip states were calibrated on bare

Ru(0001) before and after measurements to ensure that there

are no tip-related features in the recorded dI/dV spectra.

Figure 1(a) displays an STM topographic image of indi-

vidual Co adatoms deposited on Ru(0001) surface. All thea)E-mail: hmguo@iphy.ac.cn
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adatoms have the same full width at half maximum

(FWHM) of �10 Å with a tunneling resistance of 2 GX.

A nonmagnetic tungsten tip was used to detect the dI/dV
spectra of Co adatoms and of bare Ru(0001) surface, see

Fig. 1(c). The STS spectrum of Ru(0001) is featureless in the

range of 6100 mV, while it shows a broad but asymmetric

lineshape peak of Co adatoms around Fermi energy. This

broad peak can be attributed to a Kondo resonance since

the theoretically calculated magnetic moment of Co on

Ru(0001) is nearly 1 lB.15 By fitting the Kondo peak with

the Fano-Lorentz function,16 we obtain a TK of �200 K and

q factor of 3.8. The Kondo feature is quite different from

that of Co adatom on Au(111) with TK¼�70 K and

q< 1,6,13 in which it shows a narrower, asymmetric dip. The

higher TK here manifests a strong coupling strength between

the Co adatoms and the Ru substrate according to the propor-

tional relationship.17

A Co-terminated STM tip is used to create a tip-Kondo

system. To attach single cobalt atoms to the STM tip, we

position the tip on top of an adatom and apply a voltage

pulse18,19 (Fig. 1(a)), e.g., þ4.0 V for 0.2 s with feedback

loop off. After a successful pulse, the target Co adatom dis-

appears from the surface (Fig. 1(b)). The subsequent dI/dV
measurements on the clean Ru(0001) surface (Fig. 1(d))

manifest a sharp narrow peak around Fermi energy. Hence,

both the STM image and spectrum certify that the Co adatom

was attached to the tip apex. Magnetic field dependent meas-

urements were carried out to prove that the observed sharp

peak is truly caused by a tip-Kondo resonance. As shown in

Fig. 2, the peak shows Zeeman splitting as a function of the

magnetic field, consistent well with spin 1/2 Kondo physics.6

The splitting energy is linearly related to the external mag-

netic field. By fitting the energy to the formula D¼ glBB, we

obtain a g factor of about 1.88 6 0.02 (Fig. 2(b)).20

We then fit the peak of the tip-Kondo system with a

Fano-Lorentz function (Fig. 1(d)). From the FWHM of the

peak, TK can be extracted as 1.57 6 0.04 K after correction

for measured temperature and modulation broadening. The

q factor is fitted as 22.8. The curve can be also fitted with

Doniach-Sunjic function and a TK of 0.92 6 0.03 K is thus

obtained. With both these fitting methods, the extremely low

Kondo temperature of tip Kondo system can be clearly estab-

lished. This indicates a very weak coupling strength between

Co adatom and its surrounding itinerant electrons. Although

the precise environment of the Co adatom on the tip cannot

be controlled and identified well, the tip Kondo feature with

low TK can be reproduced. The high q factor demonstrates

that the electron tunneling through the magnetic Co tip apex

is absolutely dominant compared to that through the bare

tungsten area in the tip.

As a consequence, two quite different Kondo systems

were created, i.e., the tip-Kondo with low TK and the sample-

Kondo with high TK. Each of them forms one individual

Kondo singlet state. Then we move the Kondo tip close to the

center of the Co adatom at the Ru surface (Cos), just as illus-

trated in Fig. 3. During the movement, the tunneling parame-

ters are set as I¼�0.2 nA, Vb¼�0.02 V. Figure 3(b) reveals

the observed experimental dI/dV data as a function of the sep-

aration between the two Co adatoms. The measured dI/dV
curve begins to change when the tip is about 0.7 nm away

from the center of the Co adatom. The resonance peak

becomes broader slightly and continuously, while its intensity

decreases first and afterwards increases, leading to a minimum

peak intensity at about 3.5 Å in a series of data. Moreover, the

peak seems a little asymmetric when it’s very close to the

FIG. 1. Fabrication of the two-impurity Kondo system. (a) and (b)

Topography of the picking up process: the Co adatom labeled in the black

dashed ellipse was attached to the STM tip by applying a voltage pulse. (c)

Spectroscopic measurements taken on Co atom (the red thin line) and bare

Ru(0001) surface (the olive thin line) with a spectroscopically featureless

STM tip. The red thick line is the Fano fit result. (d) Spectroscopic measure-

ments taken on a Co adatom (the black thin line) and bare Ru(0001) surface

(the blue thin line) with a Co-terminated STM tip. The blue thick line is the

Fano fit result. All STS were performed at T¼ 0.45 K.

FIG. 2. (a) The Kondo peaks of the tip Kondo system are split under differ-

ent magnetic fields. Spectra for labels 0.0 T, 2.0 T, 5.0 T, and 8.8 T have

been shifted vertically by 0.55, 0.33, 0.19, and �0.03, respectively. (b)

Magnetic field dependent of the Zeeman energy with g factor of

1.88 6 0.02. Error bars represent standard deviations achieved in the fitting

process. The inset shows a schematic diagram of STS taken on bare Ru sur-

face with a Co-terminated tip under perpendicular magnetic fields.

FIG. 3. (a), STM topography of single Co adatom on Ru(0001) surface; (b),

Lateral dependence of Kondo resonance line shapes taken closer to the cen-

ter of Co adatom (see (a)) with a Kondo tip (the Co adatom is attached on

the tip apex). The dashed lines display the measured spectra, and the solid

lines are the fitted results using method described in the manuscript. Spectra

for labels 0.0 Å, 2.8 Å, 3.5 Å, 4.3 Å, and 7.0 Å have been shifted vertically

by 12.1, 12.9, 11.2, 3.1, and 0.6, respectively, T¼ 0.45 K, tunneling parame-

ters: I¼�0.2 nA, Vb¼�0.02 V.

071604-2 Ren et al. Appl. Phys. Lett. 107, 071604 (2015)
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center. Chen et al. reported the approaching of two Co adatom

that both sited on the Au(111) surface.13 The strong interplay

of the two Co adatom will quench the Kondo signal when the

distance is rather small. While in our case, the vertical dis-

tance determined by the tunneling junction makes the Co ada-

toms always in their own Kondo singlet.

Based on the individual Kondo singlet state of the tip-

Kondo and the sample-Kondo, in the following, we discuss

the interplay between these two states to understand the

observed data. For a single-impurity Kondo system detected

with featureless tip, the tunneling current originates from the

interference between the direct tunneling into the host (t2
0)

and the indirect tunneling via the magnetic adatom (t1
0).6

The shape of the resonance in the dI/dV spectra depends

strongly on the weight of these two tunneling channels. To

analyze the experimental data quantitatively, a Fano equa-

tion was introduced to describe the line shape as

dI

dV
/ qþ ~eð Þ2

1þ ~e2
: (1)

Here, ~e ¼ x�eK

C , x ¼ eV, q is the interference parameter that

controls the line shape of the Fano function. Actually, the tun-

neling matrix elements t2
0 and t1

0 are involved in the q factor

as q 1 t1
0/t2
0. The lineshape will manifest a Lorentzian peak

when the indirect channel acts as the primary contributor.

For our measurements on the two-impurity Kondo sys-

tem, the tip-sample separation is still large at a tunneling re-

sistance of 2 GX;21 thus, one cannot observe the splitting

behavior as obtained in Bork’s paper.9 We believe that the

two Co atoms at different electrodes interact weakly and stay

in their own Kondo states. The tip will be used only as a

local detector and will not affect the underlying Kondo sin-

glet state. For each individual system, the LDOS can be

expressed as the following Fano equations:

qs /
qs þ ~esð Þ2

1þ ~es
2
; (2)

qt /
qt þ ~etð Þ2

1þ ~et
2
: (3)

To explain the observed dI/dV spectrum, we start with

the quantum mechanics in the STM tunneling equation and

calculate the convolution of the tunneling channels in the tip

and sample-Kondo systems. The dI/dV spectrum can be

expressed by

dI

dV
/ qt �eVð Þqs 0ð Þ þ

ðeV

0

d

dE
qs Eð Þqt E� eVð ÞdE; (4)

where V is the bias voltage, qt and qs are the LDOS of the

tip and sample, respectively.

Using Equations (2)–(4), we fit the experimental dI/dV
data by the convolution of the sample-Kondo (qs) and tip-

Kondo (qt) systems. The fitted curves are displayed by the

solid lines in Fig. 3(b). Figure 4(d) indicates the evolution of

the qs and qt factors for the two systems as function of the

tip-sample lateral distance, which have opposite trends.

To further understand the evolution of the qs and qt

factors, and their physical meaning for the tip-Kondo and

sample-Kondo system, we turn to the constituted tunneling

matrices t. Just as motioned above, the q factor relies

strongly on the ratio of tunneling currents between the direct

and indirect tunneling channels. In the two-impurity Kondo

system, electrons emitted from the probing tip now have four

paths to tunnel into the sample side. The tunneling channels

labeled as t1–t4 are defined in Fig. 4(c). The previous tunnel-

ing path (t1
0 or t2

0) in the Kondo system detected by normal

tip here can be divided into two segments for each electrode.

We can give the relations between the qs and qt factors and

the tunneling matrices as follows:

qs /
t3 þ t4

t1 þ t2

; (5)

qt /
t1 þ t3

t2 þ t4

: (6)

During the fitting process, we actually hypothesized that the

widths (CÞ and positions (eK) of both the tip and sample

Kondo resonances are constant, and the evolution of the dI/
dV spectra arise only from the weight variations of the tun-

neling matrices in each channel, which are reflected by the

changes of qs and qt factors.

In our experiment, the Kondo tip is placed far away

(more than �7.0 Å in Fig. 4(d)) from the Cos adatom at

the beginning of the manipulation experiment. A symmetric

peak caused by the one-impurity tip-Kondo case is easily

observed. The tunneling current originates from channels t1
and t2. The excess electrons into the tip electrode will come

mainly from the t1 channel rather than from t2, and qt is equal

to the initial value of 22.8.

While moving the tip closer (less than �7.0 Å, see

Figs. 4(a) and 4(b)) to the Cos, the dI/dV peak intensity will

decrease. The fitted results show that a near-zero qs will arise

while the qt deviates from the one impurity tip Kondo case.

This can be understood from the involved tunneling matrix

FIG. 4. (a)–(c), schematic diagrams of tunneling channel changes during the

lateral movement of Kondo tip relative to a Co adatom on Ru(0001) surface;

(d), the evolution of the two q factors for the tip-Kondo peak (qt) and the

sample-Kondo peak (qs) as functions of the lateral distances between the two

Co impurities. Error bars represent standard deviations achieved in the fitting

process.

071604-3 Ren et al. Appl. Phys. Lett. 107, 071604 (2015)
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elements. When the Kondo tip apex is close to the Cos ada-

tom, the direct current through the Cos (channel t4) that con-

tributes to the qs will first appear while the tunneling

contribution in t1 and t2 will decrease. Due to the large qt

value, the electron current in channel t4 is rather small at this

stage. The gradual enhancement of t4 and qs demonstrates

that the sample-Kondo system has participated in the 2IKS

system. It will also lead to the decline in qt from the one-

impurity tip-Kondo case and cause the decrease of the peak

intensity in the dI/dV spectra.

By moving the Kondo tip closer to the Cos (see Figs. 4(b)

and 4(c)), the intensity of the peak in dI/dV spectra will turn to

increase and leave a minimum at a lateral distance of about

3.5 Å (Fig. 3(b)). Moreover, the shape of the peak becomes

apparently more asymmetric. From the fitted q values in

Fig. 4(d), we can find a tendency for the qs to increase rapidly,

as well as a fast falling qt. At this stage, the weak coupling

between the d orbitals of the two magnetic impurities in

the tunneling region will open an extra tunneling channel (t3).
It will further promote the Cos impact and alter the distribution

of the tunneling matrix elements. During the movement, both

the tunneling channels t3 and t4 will increase while the t1 and

t2 channels will decrease at different rates. Therefore, the

magnitude of the qs will increase continously22 according to

Equation (5). Indeed, the rapid increase of the qs in Fig. 4(d)

indicates that the existence of the Cos will give rise to a more

remarkable contribution. Comparing to the bare Ru surface,

the existence of a Co magnetic impurity improves the localized

states under the tip and enhances the peak intensity.23 This

behavior is similar to the spatial dependence of the Kondo res-

onance of Co adatom on other surfaces, in which the intensity

of the Kondo peak decreases monotonically at the position

away from the center of Co adatom.14 Furthermore, the upper

limit of the influence radius of the magnetic impurity on the

LDOS of surface is less than 10 Å, and the significant influence

occurs usually within an area of 0.35 nm diameter around the

magnetic impurity.3 The result is consistent with the experi-

ment of Chen et al.13 as well, in which the Kondo spectra

measured on Co atoms did not deviate significantly until the

inter-cobalt separations decreases to 6 Å.

Finally, we discuss the situation that the Co-terminated

tip is positioned on top of Cos adatom (see Fig. 4(c)). The

apparent TK is extracted as 4.82 6 0.04 K from the width of

the peak after correction for measured temperature and mod-

ulation broadening. The width and intensity of the peak

seems to be much more influenced by the tip-Kondo system

than by the sample-Kondo system, in which the former has a

far lower TK than the latter. However, the peak has an asym-

metric line shape, similar to the sample-Kondo system. It

can be explained by the fitted values of qs and qt factors (5.5

and 7.3, respectively), which are closer to the initial q factor

(3.8) of the sample-Kondo system than that (22.8) of the tip-

Kondo system. This result indicates that although the elec-

tron tunneling channels through the magnetic impurities are

dominant paths compared to that through the metal hosts, the

Co adatom at the substrate plays a more important role for

the selection of the electron tunneling paths than the Co-

terminated Kondo tip.

In summary, we experimentally manipulate and probe a

lateral approach of a Kondo impurity by using a Kondo STM

tip. During the movement, the tip-Kondo system plays a

dominant role at the beginning, afterward the sample-Kondo

system joins and constitutes the 2IKS. The tunneling spec-

trum is a superposition of the Kondo resonances of both tip

and sample. The evolution of the experimental data can be

interpreted well by the qs and qt factors, as well as continu-

ous changing of the weight in each tunneling channel. Our

experiment offers a universal way to investigate the space

variation of the tunneling matrix elements for the tunneling

process in a weakly coupled 2IKS. The constructed 2IKS

will provide a way for studying the transport properties of

magnetic quantum dot devices and the rich physics in the

two-impurity Kondo model.
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