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Kondo resonance of single Co atoms embedded in €L11)
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The Kondo resonance of single Co atoms embedded in a Cu matrix has been investigated with tunneling
spectroscopy al =8 K. Dilute magnetic alloys were prepared by homoepitaxial growth of iCi) films
incorporating approximately 0.1% Co atoms as magnetic scattering centers. The Co impurities in the first layer
of the Cu matrix show a characteristic, symmetric dip in the differential conductance around zero bias,
indicating the presence of the many-body Abrikosov-Suhl resonance. The corresponding Kondo temperature is
found to beTy =405+ 35 K, which is much higher than previously reported values for Co adsorbate atoms.
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Nonmagnetic host metals with a dilute concentration ofproposed by Knoret al. that adsorbed Kondo impurities, as
transition-metal impurities show an unusual asymptotic low-probed in their STS experiments, should constitute a system
temperature behavior in many of their physical propertigs. \ith a reducedJ|po(r).” According to Eq.(1), this leads to
prominent anomaly is the increase in resistivity with decreasg |oyerT, than that obtained from macroscopic resistivity in
ing temperature below a characteristic valye. A theoret- . samples. The coordination number of impurities embed-

ical explangtion given by Kpndo in .1.964 recognizeq thatded in the surface layer is only slightly reduced compared
resonant spin-flip scattering is the origin of the peculiar be-

; .~ with the bulk location, but considerably higher than in the
havior of the alloy€, and was followed by steady theoretical dsorbat Thus. the Kondo t h fani "
research. Kondo systems have recently gained new attentiofl_ >0 Pate case. 1hus, the \ ondo temperature of an impurity
since local probe methods allow us to investigaelated atom embedded in the host's first crystal Igygr is expected to
impurities with high spatial resolution in experimertMag- t_)e higher than that of an adsorbed atom sitting on top of the
netic impurity atoms at the surface of noble metals are difl’St layer. _ _ o
rectly accessible with a scanning tunneling microscopy " the present work, single embedded Kondo impurities
(STM) tip, and atomic-scale resolution for single Kondo sys-Were studied with low-temperature STS. Small amounts of
tems on a surface has been achieved at low temperaturds® atoms were added via coevaporation to a thin Cu film
Until now, scanning tunneling spectroscof§TS work has ~ grown epitaxially at room temperature on a(CLd) single-
been focused on isolatedd3 and 4 -impurity atomsad- ~ crystal substrate. Our sample preparation closely approxi-
sorbedon noble-metal surfaces. Several material combinamates a bulk Kondo system, which is accessible for the
tions have been examinéd® but only some of the adsorbed surface-sensitive STS technique. The determinatiofydbr
impurities have shown a clear Kondo-resonance feature iadsorbates using STS has been rather precise, while the bulk
the tunneling spectra. The most characteristic fingerprint ofalue of T is not very accurately known. Therefore, it is
the Kondo effect, recorded with the tip on top of the impurity desirable to measure the Kondo temperaturerobeddeo
atom, is a small and narrow dip in the differential conduc-in the Cu surface locally by STS. Our study of embedded
tance at zero bias. In the special case of a Co adsorbate atgmpurities provides new information on the connection be-

on the Cyl11)) surface, a slightly asymmetric dip has beentween microscopic and macroscopic experiments involving
observed independently in two previous STS stufliehe  the Kondo effect.

width of this feature is directly related to the Kondo tempera- The experiments were performed using a liquid
ture Tk of the system. In comparison with the Kondo tem- “He-cooled low-temperature UHV-STM operating at a tem-
perature TR"*~500 K determined with macroscopic perature of 8 K. Special care was taken to also have the tip
methods), the value for Co adsorbates was found to be verycoupled efficiently to the cryostat. The base pressure of the

small (Tx<100 K).” According to the defining relatidn UHV system was better thanx110~1° mbar at room tem-
perature. Tunneling tips were electrochemically etched from
1 tungsten wire and, after transfer to UHV, annealed and

Tk=Tg exp( - —a) , (1)  sputter-cleaned with 4 keV Arions in a preparation cham-
[9]po(r) ber. During the experiments, the performance of the tip was

. ) L . tuned by controlled tip-sample contact and voltage pulses.
the Kondo tempgrature of? single impurity is decisively de—rpq thin-film sample preparation was preceeded by sputter-
termined by po(r)=p(Eg,r), the local density of states ing and annealing cycles of the Q1) substrate at a base
(LDOS) at the Fermi-energ¥r and the positiorf. |J| de-  pressure of %10 ! mbar. To avoid contamination, the
notes the effective exchange interaction between the locatlean crystal was removeid situ and locked away in the
ized spin and the spins of the conduction electrons. It wasnicroscope chamber while degassing the Co ane-Geam
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FIG. 1. (Color onling Constant current image of a RT-grown Cu coordinate x [m]
film with a Co-alloyed surface in a 3D vieraw data from the
microscope atUg=0.3 V, I+=0.6 nA). On the terraces and is- L T T T T ' T T T
lands, standing-wave patterns of the surface-state electrons are vis- (e)
ible together with a number of atomic defects located in the surface ol D A TN\ __ e
and subsurface crystal layers. _ -
€
o
evaporators for several hours in the preparation chamber. » -1of .
Then, with the C(l11) substrate held at room temperature, a §>
5-nm-thick Cu film was deposited at a rate of 0.04 ML/s. <
According to the desired Co concentration of 0.1%, the sec- = -20f 1t layer T
ond evaporator simultaneously added a small amount of Co 2nd layer
atoms to the growing film. This preparation procedure was a0k i{g :3:: ]
performed identically for several films; only the amount and

the distribution of the Co impurities was slightly varied from 4 3 =2 4 0 1 2 3 &
sample to sample. Only in a few cases are the atomic defects
seen in the STM images due to noncobalt residual impurities.
The purity of the base material€u: 99.999%; Co: 99.99% kG, 2. (Color onling Four typical defect patterns in constant
indicates that the percentage of non-Co defects is determinggrent mode ¥z=0.3 V, 1;=0.6 nA) of near-surface Co impuri-
by the purity of the Cu and should be below 1% of all visible ties in Cy111). Corresponding cross sections are shown below. The
defects. vertical positions of the impurities are assigned as follofssur-

All of the cryogenic STM measurements were done withface layer;(b) second layer(c) third layer; (d) fourth layer.
the tip stabilized in constant current mode. The spectroscopic
data were acquired by additionally recordingld)) curve  cross sections. They indicate a tendency of the central tip
at every point with interrupted feedback loop. Further dataheight to increase fronta) to (d). Defect (a) (black ling
processing included averaging and numerical differentiationshows aAz(0)=—30 pm depression in constant current
This provides a complete set df/dU spectra as a function mode, which is understood as the suppression of the surface-
of the lateral coordinates on the @d1) surface. state LDOS as it is expected for a surface-layer impurity

Atypical constant current image of the dilute Co-Cu films atom. The spectroscopic results discussed in the following
is shown in Fig. 1. Terraces and islands of sixfold symmetrycorroborate the assignment of pattée) to Co atoms em-
with rounded corners are seen as a result of the roombedded in the topmost surface layer of(Cll). In contrast,
temperaturéRT) deposition process. Standing-wave patternghe three other sections in Fig. 2 belong to defect patterns
of the two-dimensiona(2D) surface-state electrons are vis- that we assign to Co atoms lying below the surface in the
ible as pm-scale modulations in the tip height. Strong scatsecond, third, or even deeper crystal layers. This ordering is
tering is observed at steps and island edges, but also at sesdpported by STS on a third-layer pattern revealing the pres-
eral atomic defects in the surface. The height scale showsnce of a shifted surface-state band, which proves that it
that there are no adsorbates present on the terraces, whiohginates from a buried atomic scatterer. We thus find that
would produce 80-pm-high bumps in constant currenthe scattering of the surface state at these subsurface defect
mode! Therefore, the atomic scatterers that are seen here asoms produces a much stronger amplitude in constant cur-
locatedin or belowthe crystal surface. The spherical wave rent imaging than was expected from a previous theoretical
patterns indicate the lateral positions of the Co impuritiestreatment of surface-state scattering at buried impurifies.
within the Cu matrix. Furthermore, Fig. 1 also shows that Beyond imaging, single near-surface defects were also si-
more than only one type of atomic defect pattern is observednultaneously characterized with spatially resolved STS. The
Four distinct, characteristic patterns found on these surfacenstant current trace of such a scan is displayed in Fig. 3.
are displayed in Fig. 2 together with their constant currenfPanel(c) exhibits four embedded atomic impurities, which

displacement .x-x,, [nm]
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g 55l . FIG. 4. (Color onling Fits of Eq.(2) to the experimentad |/dU
g _-' data. In(a) the spectrum is shown as it was measured, whiléjn
ES 20 % an average background subtraction has been applied. The width of
_T | the dip is found to bé&gTy =35+ 3 meV (half width at half maxi-
1.5N (b) 1 mum).

06 04 V2 DU 82 04 06 shape for the Kondo feature, which requires an asymmetry

sample bias Uy [V] parameteiq between 0 and 1 for a diplike appearance. The
value ofq as well as the Kondo temperatufg of the spe-

= 25 - . .
E E cific system can be determined as a parameter from the fit of
- = 00 a Fano function,
2 E
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where the bias dependence is containede{ft)=(eU

FIG. 3. (Color onling Spatially resolved tunneling spectroscopy + €,)/kgTx , ande is the offset of the resonance from the
of surface-layer Co defect atoms in @1 (setpoint: Us  Fermi energy. The fit was performed in the interjal 90,
=0.5V, I1=1.0 nA). In(a), the averaged/dU spectrum of de- 4 90] meV around the Fermi level. Two data sets were con-
fects 1 and 2 shows a dip around zero bias. The surface state Whi%*i‘dered, one being identical to Fig(aB and the other with
is present on the clean surface showribnis absent in the defect o average slopm of the spectrum fi=—0.9 nS/V) sub-
spectra. The_positions corresponding to the spectra are indicated by, o4 The best fits to the original and modified spectra are
the squares irc). plotted in Fig. 4. In both cases, the fit yields a half-width

according takgTx=35+3 meV. The slope subtraction only

have distinct appearances corresponding to different deptlaffects the asymmetry parametgand the offset of the reso-
relative to the surface. The two identical impurities, locatednance fromEg, which is found to besy=—2=5 meV in
to the upper left and to the lower right, are identified as Cothe first case andy=4+4 meV in the second. The half-
atoms embedded in the surface layer. The spectra taken width corresponds to a Kondo temperature Bf=405
both of these impurity positions are averaged and plotted int 35 K, which is nearly a factor of 8 larger than tfig of
(a). They show adl/dU spectrum markedly different from ~54 K measured with STS in the case of adatérh3he
that taken on the plain Cu surface indicated (oy. The asymmetry factor of the embedded Co was found togbe
dI/dU spectra represent 49 singléU) spectra that were =0.03+0.03 andq=0.20+0.05, dependent on the applica-
averaged at each impurity site and on a plain location, retion of a background slope subtraction. The embedded Co
spectively, marked by the squares(@). The plain Cu spec- atom thus exhibits an asymmetry equal tosonaller than
trum shows the sharp onset of the surface state atthat determined from the measurement on Co adsorbates,
— 440 mV followed by some signal variations with sample which was reported to bg=0.18." This finding has to be
voltage due to potential scattering of the surface-state ele@ontrasted to very recent theoretical results, which predict an
trons at nearby defects and step edges. In the spectra takmcreasedy value with reduced adsorbate-substrate distance
on the defects, the onset of the surface state has vanishddr an adsorbed Kondo atotiThese predictions were made
Instead, the typical signature of the Kondo resonance arouncbnsidering a distance variation of some ten picometers be-
zero bias is observed as a dip in the differential conductancéween adsorbate and matrix. Describing the embedded impu-
This dip is found to be much broader than was reported inities which were examined in our experiment in terms of
the case of Co adsorbates. It must also be noted that whis adsorbate model, the change in distance approximately
detected no dip in thel/dU spectra of buried impurities.  amounts to one atomic layer, which correspondsAtd

The theoretical results ofjseghy et al!* were used to fit ~209 pm. Therefore, it appears questionable that the
the experimental curve in Fig(8. Ujsaghy et al. as well as  substrate-adsorbate distance should parametrizg ttagia-
Plihal and Gadzu¥ have both recovered a Fano-type line tion alone, especially since trgeshell of the Co atom that
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FIG. 5. (Color onling Fit of T¢ according to Eq(1) to the
experimental Kondo-temperature data. The simple scaling|pf
«n, the number of nearest neighbdRef. 7), is well followed by

the present data points.

binds the atom to the substrate with metallic characteristic i%

always ignored in the calculations.

The high Kondo temperature measured for an embedd
Co impurity can be explained using Efl). As a simple

model, Knorret al. have proposed a scaling ¢d|pg>n,

wheren is the number of next-neighbor matrix atoms. This
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Together with their data, we can now check the validity of
their assumption includingmbeddedo in Cu withn=9. A

fit of Eqg. (1) to the experimental data is shown in Fig. 5,
taking into accounh=3, 4, and 9. The value displayed for
Te(n=12)=TE" =530 K represents an estimate foE"
extracted from experiment according to Ref. 14. The figure
shows that a decent fit of this function to the discrete data
points gained by STS can be found. The experimental value
for T determined in this work thus strongly supports the
scaling relation proposed by Knorr and co-workers. Within
that model, the STS data predict tA&t" of dilute Co in Cu

lies around 530 K.

In summary, we have characterized the Kondo properties
of Co impurities in C111)-based epitaxial dilute magnetic
alloy films using a low-temperature STM. The Co defects are
clearly visible via surface-state standing-wave patterns, even
when lying inside the crystal, up to three layers below the
surface. Surface-layer Co atoms show the characteristic dip
t zero bias in the differential conductance arising from the
ondo effect. The width of the dip corresponds to a Kondo

Jlgmperature ofTx=405=35 K, which substantially sup-

ports a scaling offx with the number of next-neighbor ma-

trix atoms as proposed by Knoet al.
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