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Tunneling into a Single Magnetic Atom:
Spectroscopic Evidence of the
Kondo Resonance

V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
N. S. Wingreen

The Kondo effect arises from the quantum mechanical interplay between the electrons
of a host metal and a magnetic impurity and is predicted to result in local charge and
spin variations around the magnetic impurity. A cryogenic scanning tunneling micro-
scope was used to spatially resolve the electronic properties of individual magnetic
atoms displaying the Kondo effect. Spectroscopic measurements performed on indi-
vidual cobalt atoms on the surface of gold show an energetically narrow feature that is
identified as the Kondo resonance—the predicted response of a Kondo impurity. Un-
expected structure in the Kondo resonance is shown to arise from quantum mechanical
interference between the d orbital and conduction electron channels for an electron
tunneling into a magnetic atom in a metallic host.

The smallest magnetic structure in con-
densed matter physics is a single magnetic
atom in a nonmagnetic host, often referred
to as a Kondo impurity. The spin of a
Kondo impurity interacts with the spin of
surrounding conduction electrons, leading
to anomalous transport properties in dilute
magnetic alloys (the Kondo effect) (1). For
temperatures below a characteristic Kondo
temperature (Ty), this interaction causes
the electrons of the host metal to condense
into a many-body ground state that collec-
tively screens the local spin of the Kondo
impurity (2). This screening cloud exhibits
a dense set of low-energy excitations called
the Kondo resonance that strongly influ-
ence Kondo systems (2, 3). Hallmarks of
the Kondo effect are the disappearance of
the Kondo resonance at temperatures above
Ty, and the splitting of the resonance in an
applied magnetic field (2). Although this
theoretical picture has developed over more
than 30 years and explains a wealth of data
on magnetic alloys and rare earth com-
pounds (2, 4), there remains a surprising
lack of direct experimental confirmation of
the theory. For example, to date there has

V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
Department of Physics, Boston University, 530 Com-
monwealth Avenue, Boston, MA 02215, USA.

N. S. Wingreen, NEC Research Institute, 4 Independence
Way, Princeton, NJ 08540, USA.

www.sciencemag.org ¢ SCIENCE « VOL. 280 ¢ 24 APRIL 1998

been no direct spectroscopic observation of
the Kondo resonance for an isolated, well-
characterized magnetic impurity in a non-
magnetic host (5), nor have there been
conclusive measurements of the size of the
Kondo screening cloud (6-8).

We report measurements of the local
electronic structure of an isolated Kondo
impurity on a metallic substrate. We used a
scanning tunneling microscope (STM) to
obtain spectroscopic data on individual co-
balt (Co) atoms deposited onto the (111)
face of a clean gold (Au) crystal at 4 K.
These measurements reveal an electronic
resonance centered about the Fermi energy
(Eg) that has an energy width of only 11
meV and is localized to within a radius of 10
A from the center of a Co atom. Because
Co-Au is a known Kondo system (3, 9-11),
we interpret these data as evidence of the
Kondo resonance for a single, well-charac-
terized magnetic impurity. The line shape of
the observed Kondo resonance is not
Lorentzian, but rather has the asymmetric
shape that is characteristic of a Fano reso-
nance (12). We can explain this line shape
by generalizing Fano’s formalism to include
tunneling into an impurity with strong
Coulomb repulsion. Asymmetry in the
Kondo resonance line shape is thus under-
stood to result from quantum interference
between the d orbital and continuum tun-
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neling channels of the magnetic atom.

Cobalt in bulk Au has a high Kondo
temperature (300 to 700 K) (3, 9, 10), and
there is evidence that Co atoms are magnet-
ic on Au surfaces with T, = 19 K (11). At
4 K the collective Kondo ground state is
thus formed (T < Ty). We cleaned the
single crystal Au(111) substrate in ultrahigh
vacuum (UHV) by repeated cycles of Ar ion
sputtering and annealing. The Au(111) sur-
face was then cooled to 4 K and dosed in
UHV with a calibrated Co evaporator. Im-
aging and spectroscopy were performed with
a homemade UHV STM held at the same
temperature as the Au sample (4 K). The
convention used here is that the bias across
the STM tunnel junction (V) is the voltage
of the sample with respect to the tip.

A 400 A by 400 A image of the Au(111)
surface after deposition of a 0.001 monolay-
er coverage of Co (Fig. 1) shows the well-
known Au(111) herringbone reconstruc-
tion (13), seen as ridges (or “soliton walls”)
traversing the surface. The soliton walls
separate regions of face-centered cubic (fcc)
and hexagonal close-packed (hcp) ordering
on the surface (13). Approximately 22 well-
isolated Co atoms can be seen as regular 0.8
A high cones scattered about the surface
(some surface defects can also be seen).
Closer examination shows that the Au sur-

Fig. 1. Constant-current image (400 A by 400 A)
of the Au(111) surface after deposition of 0.001
monolayer of Co at 4 K (tunnel parameters: / = 0.5
nA, V = 0.1 V). Approximately 22 Co atoms can
be seen nestled among the ridges of the Au(111)
herringbone reconstruction.
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face is decorated by low-amplitude waves.
These arise from the quantum interference
of two-dimensional surface-state electrons
that exist on Au(111) (14). The Co atoms
induce circular waves (Friedel oscillations)
in the surface-state density, as do other
nonmagnetic atoms and defects (15, 16).

We performed STM spectroscopy at the
site of individual Co atoms by measuring
the bias dependence of the differential con-
ductance, dI/dV(V), of the STM tunnel
junction. For V' > 0 this quantity gives a
measure of the rate of electronic transitions
from the states at E on the tip to the states
at E + eV on the surface (17). This can be
interpreted as a measure of the density of
electronlike excitations of the surface hav-
ing energy eV measured with respect to Ep
(V < 0 samples holelike excitations). By
changing the location of the tip it is possi-
ble to measure the spatial profile of these
states, or excitations. dI/dV spectra of the
Co/Au surface were measured through lock-
in detection of the ac tunnel current driven
by a 450-Hz, 1-mV (root-mean-square) sig-
nal added to the junction bias.

Figure 2 shows dI/dV spectra measured on
and off of a single Co atom on the Au(111)
surface. We measured the spectra by fixing
the tip-surface separation to a value corre-
sponding to a tunnel junction resistance of
2 X 108 ohm, and then sweeping the bias
with the STM feedback loop opened. The
top solid curve shows the dI/dV spectrum
measured with the tip held over the bare Au
surface, laterally displaced 12 A away from a
Co atom. The bare Au spectrum is relatively
flat away from a Co atom. The bottom solid
curve shows the dI/dV spectrum measured
with the STM tip held over the center of a
single Co atom lying between two soliton
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Fig. 2. A pair of dl/dV spectra taken with the STM
tip held over a single Co atom and over the nearby
bare Au surface (a constant slope has been sub-
tracted from both curves, and they have been
shifted vertically). The feature identified as a
Kondo resonance appears over the Co atom (the
ratio of the amplitude of the resonance feature to
the overall conductivity is 0.3). Dashed curve
shows a fit to the data with a modified Fano theory
(Egs. 1 to 3 in the text).
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walls on the surface. Here the spectrum
shows a strong, asymmetric resonance
around V = 0, revealing sharp structure in
the low-energy excitation spectrum of the
surface near a Co atom. This feature was
observed for hundreds of different Co atoms
with a variety of different tips (18). We
measured the tip-height dependence of the
Co resonance by obtaining dI/dV spectra
after fixing the tip-surface separation to val-
ues corresponding to resistances of 2 X 107
and 2 X 10° ohm. No significant change in
the resonance line shape was observed over
this range of separations, showing the reso-
nance to be relatively insensitive to tip-
surface separation.

The resonance line shape also appears
insensitive to the proximity of other Co
atoms for interatom spacings down to 6 A
and to whether an atom is lying in an hcp
or fce region of the herringbone reconstruc-
tion. Atoms lying directly on the soliton
walls, however, exhibit a slightly different
resonance line shape that is greatly reduced
in amplitude compared to atoms lying in
either the hep or fec regions of the surface.
Spectroscopic measurements of nonmag-
netic copper atoms deposited on Au(111)
did not show a resonance feature at Ep.

We measured the spatial dependence of
the electronic structure of a single Co atom
by acquiring dI/dV spectra with the STM
tip held at varying distances from the cen-
ter of an atom. As shown in Fig. 3, the
resonance feature both decreases in ampli-
tude and changes shape as the STM tip is
moved outward from an atom’s center.
The resonance is mostly gone by a dis-
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Fig. 3. A series of dl/dV spectra taken with the
STM tip held at various lateral spacings from the
center of a single Co atom on Au(111). (These
data are from the same atom as the data shown in
Fig. 2. A constant slope has been subtracted from
each curve and they have been shifted vertically.)

tance of 10 A from the center of the atom.
The resonance line shape tends to become
more symmetric as the tip is moved radi-
ally outward. At a distance of —4 A from
the center of the atom, for example, the
dIfdV spectrum shows a symmetric dip
centered about V = 0 (19). Similar behav-
ior was seen for other Co atoms.

To interpret tunneling spectroscopy of
individual Co atoms, one must consider the
excitation spectrum that is predicted for a
magnetic atom upon the addition (V > 0)
or subtraction (V < 0) of an electron. One
powerful approach to this topic is the
Anderson model of a magnetic impurity
(20). With the Anderson model, a Co atom
on Au can be thought of as a discrete d
orbital in resonance with the continuum of
Au conduction-band states. The d orbital is
an interacting level; the energy associated
with an occupancy of one electron is €,
whereas the energy to add a second electron
is ey + U, where U represents the Coulomb
interaction between two electrons in the d
orbital (U = 0 for a noninteracting level).
For a Co atom to be magnetic, €; < Eg and
g, + U > E; (20). The Anderson model
has been well studied and is one of the
simplest condensed-matter idealizations of a
system of interacting electrons. As might be
expected, the d orbital in this model spreads
into a relatively broad d resonance that lies
below Ep (the “bare” d resonance) (20).
Less transparent, however, is the theoretical
result that for temperatures below Ty, some
of the d-orbital spectral density is shifted to
Ep, forming a narrow, nearly Lorentzian
resonance there (2). This is the many-body
Kondo resonance, and the width of the
resonance, AE, is proportional to the
Kondo temperature, AE o kT, (2), where
kg is the Boltzmann constant. For a tunnel-
ing experiment into the Kondo resonance,
one might expect dI/dV to reflect this d-
orbital spectral density and yield a Lorent-
zian-like peak about Ep [much photoemis-
sion data have been interpreted along these
lines (4)]. Such an interpretation, however,
assumes that electrons can only tunnel into
the d orbital of a magnetic impurity and
ignores electron tunneling into the sur-
rounding continuum of conduction-band
states. An electron tunneling from an STM
tip to the Kondo resonance actually has two
possible channels (the d orbital and the
continuum) and this leads to an additional
quantum interference term.

Fano has calculated the effect of such
interference for transitions from an arbi-
trary initial state to a noninteracting dis-
crete state in resonance with a continuum
(that is, the U = 0 case of the Anderson
model) (12). He has shown that the rate of
transitions to a final state at energy € can be
expressed as
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Here g, is the energy of the discrete state, I'
is the width of the resonance, Ry(€) is the
transition rate as it would be in the absence
of the discrete state, and q is the ratio of the
matrix elements linking the initial state to
the discrete and continuum parts of the
final state. We find that Fano’s result can be
generalized to an interacting resonant level
(for U # 0) (21). The transition rate is still
described by Eq. 1, but the energy parame-
ter €' is now given by

&g — Re[2(g)]
B Im[2(e)]

Here X(g) is the full self-energy of the
resonant level including both interactions
and coupling to the continuum. In the non-
interacting case, of course, Eq. 2 simply
reproduces Fano’s results. With interac-
tions, both the real and imaginary parts of
the self-energy may be complicated func-
tions of €. However, near the Kondo reso-
nance at Ep, (for temperatures less than T),
one finds (22)

Im[3(e)] = T4,
(e — )l
2Ty

so that the simple Fano line shape continues
to apply but with an overall width given by
AE = 2kgTy (T is the width of the bare d
resonance and « is a constant). The dashed
curve in Fig. 2 shows a fit of Egs. 1 to 3 to the
spectrum obtained while the STM tip is held
over the center of a Co atom. An excellent
fit is obtained for the values kyTyx = 5.5
meV, a = 4.5 meV, and q = 0.7. Measure-
ments taken on nine different Co atoms with
four different tips (18) yield the average
values kyTx = 5.8 = 0.7 meV, a = 6.5
* 1.3 meV, and g = 0.6 = 0.1 (the param-
eters vary slightly depending on the condi-
tion of the tip and the position of the atom
on the surface).

The fit to Eq. 1 reveals that the Kondo
temperature for a Co atom on Au(111) is
70 K, confirming that the measurements
were made in the T < T limit. This value
of Tk is much lower than values quoted for
Co impurities in bulk Au, which range
from 300 to 700 K (3, 9, 10). The lower
surface Tx value is not surprising because
Co impurities in the bulk have more
neighboring atoms, thus increasing the
overlap of the d orbital with conduction-
band states and leading to a wider Kondo
resonance. The value obtained here for
surface Ty is, however, somewhat greater
than the value of 19 K measured for Co on

!

(2)

€

€ — ey — Re[3(e)] = (3)
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Au through use of a weak localization-
based technique (11). One possible reason
for the discrepancy is that Co was depos-
ited onto disordered films for the weak
localization measurements, as opposed to
the oriented crystal used here.

An alternative explanation for the reso-
nance shown in Fig. 2 is that it is not a
Kondo resonance but is due to tunneling
into a “bare” d resonance that happens to
lie at Eg. We believe that this is not the
case for two reasons. (i) Photoemission re-
sults imply that the 3d state of Co deposited
onto Au(111) does not lie right at Eg, but
rather 0.8 eV below it (23). (ii) The width
of the resonance observed here (only 11
meV) is much narrower than the typical
width of a bare d resonance. A d resonance
usually measures hundreds of millielectron
volts in width (3, 24-26) [even for an ad-
sorbate (17, 27)], whereas the Kondo reso-
nance, a collective effect, is expected to
have a much narrower width (on the order
Of kBTK)’

The spatial dependence of the dI/dV
spectra measured across a single Co atom
shows that the asymmetry parameter, g, de-
creases as the tip moves outward from the
center of an atom. At a position of —4 A
(below center), q has decreased from the
maximum central value of ¢ = 0.7 to a
value of only ¢ = 0.1. This can be inter-
preted as meaning that the tunnel matrix
element connecting the STM tip to the
d-orbital channel decreases as the tip moves
away from the atom’s center, whereas the
matrix element connecting the tip to the
continuum channel stays roughly constant.
The spatial dependence of the line shape
asymmetry thus reflects the spatial extent of
the Co d orbital. The overall decrease in the
amplitude of the resonance as the tip moves
even further out is likely due to increased
coupling of the STM tip to continuum
states with higher angular momentum
(about the impurity) that do not couple to
the d orbital.

In conclusion, a narrow spectroscopic
feature associated with individual Co atoms
on Au is identified as the Kondo resonance
in the low-temperature limit (T < Tk). The
asymmetric line shape of this feature is un-
derstood as a Fano resonance for an inter-
acting discrete state coupled to a continu-
um. To further characterize the resonance it
would be useful to perform similar spectro-
scopic measurements at higher tempera-
tures, as well as in an applied magnetic
field. At temperatures above Ty, for exam-
ple, the Kondo resonance is predicted to
disappear, while a magnetic field should
split the resonance by the Zeeman energy
(2). Such measurements open up new pos-
sibilities for probing magnetic nanostruc-
tures with the STM.

| REPORTS |

Note added in proof: Since the submission
of this manuscript, we have become aware
of a similar observation for Ce atoms on

Ag(111) (28).
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