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Electron Resonances in Sharp Tips and Their Role in Tunneling Spectroscopy
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The influence of the shape and electronic structure of the tip in scanning tunneling spectroscopy
is studied by a combined theoretical and experimental approach. Tunneling conductance spectra of a
Cu(111) surface are used to detect and characterize the electronic states of W tips. The characteristic
tunneling conductance of the Cu(111) surface state is the only feature present in spectra recorded with
a blunt tip, while spectra obtained with sharp tips display also tip resonances. By means of a self-
consistent tight-binding model of realistic tip structures we show that a sharp W tip exhibits, in contrast
with blunt tips, narrow resonant states around the Fermi level. [S0031-9007(97)05005-9]

PACS numbers: 73.20.At, 61.16.Ch, 73.40.Gk

Ever since it was introduced [1] scanning tunnelingthe specific geometric environment of the apex atom in
spectroscopy (STS) was expected to offer a novel vieva fcc-stacked sharp protrusion of the tip, which, as dis-
of the electronic structure of surfaces because it couldussed below, can be stabilized by high-current field emis-
probe the energy dependence of the sample electron statgen cleaning even in materials such as W with a bulk bcc
(convoluted with those of the tip) with unprecedentedstructure. These results are relevant to interpret tunneling
spatial resolution. In spite of its initial success, mostly forspectra in many systems, to clarify the origin of electronic
dangling-bond states of semiconductors [2], the progresstates observed in sharp field ion microscope tips [8,9],
in STS, especially in the field of metals, has beenand to unravel the origin of quantized conductance jumps
slower than expected. Only recently, and in selectedn atomic-size contacts [10,11].
systems (e.g., surface alloying in Be(100) [3]) it has The experiments have been carried out in an ultra-
been possible the atomic-scale chemical identificatiomigh vacuum chamber containing a homemade scanning
based on STS. An important part of the encounteredunneling microscope (STM), a rear-view low energy
difficulties comes from the fact that the electronic stateslectron diffraction optics (LEED) and facilities for ion
of the tip, which were quickly recognized to be crucial sputtering, cooling the sample and depositing metals. The
[4], often influence, and even dominate, the measure@€u(111) single crystal was electrochemically polished,
tunneling spectra. The lack of complete experimentabputter annealed (600 eV, 800 K) for 5 min and cooled
control over the tip structure is reflected in widely to 300 K. After this treatment the LEED pattern displays
experienced difficulties of reproducibility. an hexagonal array of sharp and bright spots with three-

On the theoretical side, the analysis of the influence ofold symmetry. The STM images show equally spaced,
tip shape and electronic structure in STS has been mosthtraight monoatomic steps and no traces of contaminants.
based on the assumption that either isolated W clusters [9]lhe STM tips were made of polycrystalline W wire elec-
or few atoms (even a single one [6]) on an otherwise flatrochemically etched. The tips were cleanedsitu by
surface [7], provide a good starting point for the descriptiorapplying 1 kV to the tip and approaching a clean tan-
of the tip electronic structure. In what follows we shall talum foil until a field emission current of0 wA was
demonstrate that this is not always the case. established. This current is kept constant for several min-

In this Letter we report on STS experiments and calculautes by readjusting the tip-foil distance until the current is
tions carried out on a surface with well-defined electronicstable. Tips cleaned with this method produced repro-
structure, Cu(111), with the aim to characterize the elecducible I-V spectra. This high-current, field-emission
tronic states of W tips. We demonstrate that dependingleaning process [12], is believed to lead to local melt-
on the crystalline structure and morphology of the tip, theng and recrystallization of the tip end, whereby the
differential conductance specti@,/dV, either show only facets with the highest density of atoms, e.g., W(110) and
the surface state of the bare Cu surface or are dominated by(111) are most likely to be present.
intense peaks due to electronic tip resonances. By calcu- Several hundreds of differential conductance spec-
lating the electronic states of tips with realistic geometriedra (dI/dV) vs V of clean Cu(111) recorded at room
we shall show that sufficiently sharp tips exhibit narrowtemperature with W tips prepared in the standard fashion
electron resonances aroulg. These states originate in are systematically found to belong to two different types,
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whose representative examples are shown in Fig. 1. Spestates that dominate the tunneling spectrum (b) must

trum (a) exhibits only a peak with the onset-a0.4 eV  originate in the tip.

superimposed on a decreasing background. It is essen-The electronic structure of different tips with well-

tially identical to the one obtained by Crommét al. defined geometries has been calculated by using an atomic

on Cu(11l) at 4 K [13]. It originates fromi-V curves orbital basis leading to a tight-binding Hamiltonian

with a metallic behavior close to the Fermi level. The

spectrum (@) corresponds to the well-known, Shockley- H = Z emc;ra,gcm,a + Z t,-a,jﬁcja’acjﬁ,g, @

type surface state of Cu(111), whose two dimensional ia,0 ia#jB.o

nearly free electron gas has been used to visualize standi oo indexesi j refer to the atomic sites and, B

ing waves [13] and confinements effects [14’15] INVaroUyenote the différents( p, andd) atomic orbitals. ’The

structures. Thus, there are no features associated with t Rarest neighbors hopr;ing elements, 5, have been

. . . ,J B

tip local density of states (LDOS) in the spectrum @). . taken from fittings taab initio band structure calculations
The ;eco_nd type of rgproduqble tunneling spectrum IT16]. The diagonal elements¢;,, are adjusted self-

shown in Fklg. 1(b). I;e;s d\c;mllnateéi by t\.Nr? ext_r(;—:‘me:cy consistently to achieve local charge neutrality; we also

strong peaks separatedl eV placed at either side of o4, for charge transfer between different orbitals in each

the Fermi level. Their precise energy location (andyqy jniroducing intrasite Coulomb interactions.

accordingly, their separation) has been found to vary s, efficient method to calculate the LDOS at a given

gi0‘3 eV,haIthoughS'the gﬁneral STaﬁ)_%ngthe hS.E?CtruTbrbital, i, a, is provided by the recursion method [17] that
oes not change. Ince t € sampie exhibits only;q|4s the local Green functions as a continued fraction
the surface state contribution in this energy range, th

Gia,ia(a)) = !

15.0 ———r———— ® — ag — bygi(w)’ )
(b) (@) = 1
. @) = w — dp — b%grz+l(w) ’

where the coefficients:,, b, are the diagonal and off
diagonal elements off in a new orthogonal basis
generated by successively applyifgto the initial state
lia) [17]. These coefficients define an effective potential
for the propagation along the tip axis and converge

10.0

di/dV (nANV)

o
<)

0.0 . L towards asymptotic valuesuf, b.) for typically n =
1.0 05 | °-C|’t 35 1.0 30. We consider semi-infinite pyramidal tips built from
40 ——Samplevoliage (V) perfect (100) and (111) planes stacked both in the bcc

and the fcc structures. The LDOS on the apex atom
orbital, which is the one giving the main contribution
to the tunneling current, is shown in Fig. 2 for bcc and
fcc stacked, (111)-type of tips. While the (111) bcc tip
yields a smooth, bulklike DOS, the (111) fcc tip exhibits
two narrow resonances within the upper energy range of

w
=)

di/dVv (nA/V)
N
<)

1.0
the bulk spectrum at both sides 8f and separated by
o , , ~1.2 eV. The narrow resonances in thetype LDOS
0.0 . ;
1.0 -05 00 05 1.0 of the apex atomare not foundfor tips with a larger

sample voltage (V) opening angle such as fcc (100), bcc (111), or (100)

FIG. 1. Experimental differential conductivity for Cu(111). Stackeq pyramlds. . .

(@) and (b) represent the two kinds of spectra that are As discussed in Ref. [10], for a single orbital per
reproducibly obtained after cleaning the W tip by field site model, tip resonances arise as a consequence of the
emission. The tunnel junction was stabilized-a0.3 V and  |arge difference in the local environment between the apex

0.4 nA. The current-voltage curves were measured with %egion and that of the bulk. On the other hand, in the
constant separation between tip and sample as follows: The ) '

feedback was interrupted during 24 ms, the voltage between tiﬁ""s'e of V_V' thed bands exhibit intrinsic 'peaks arqund
and sample ramped and the tunneling current was measure8y [7] which, however, are not reflected in thedensity
at the end of the ramp the feedback was connected agaiof states for blunt tips or flat surfaces. Nevertheless, for

during 66 ms and the current was stabilized. This procedur@,peciﬁc sharp tip geometries, they induce resonances in

is repeated several times to improve the signal to noise ratiotheS-type LDOS, whose precise energy location depends

From the measured-V curves at fixed tunneling gagl/dV T .
spectra are numerically obtained by calculating the local slop@n thes-d hybridization. Thus, the resonances in the
of the I-V curve within a window of 65 mV. No filters are Pand LDOS at the apex atom, as a combined effect of

applied to thel-V data. spatial localization and intrinsic features of W electronic
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05 for the field-emission cleaning procedure employed. The
spectrum calculated for a fcc (111) tip is reproduced in
Fig. 3(b). The agreement with the experiment [Fig. 1(b)]
is remarkable considering that there is no fitting involved.
The theoretical spectrum displays two sharp peaks appear-
ing below and above the Fermi level. These features in
the differential conductance are associated with the reso-
nances in the tip LDOS shown in Fig. 2(b). It must be
noted that no attempt has been made to adjust the Fermi
level or the peak positions in the calculations. The good
agreement between theoretical and experimental STS re-
sults suggests that for the second kind of spectrum, in
addition to the expected tip geometries, metastable fcc
structures could also develop at the very end of the tip
under these field-emission cleaning conditions.

In order to substantiate the argument, the stability of
E (eV) different fcc and bcc pyramidal tip protrusions on top of

FIG. 2. Calculated local density of statesstates) at the apex 11t bec (111) W surface has been analyzed by molecular
atom for bec (dashed line) and fcc (solid line) (111)-oriented wdynamics with the interatomic potentials described by
pyramids. The arrow indicates the position of the Fermi levela Finnis-Sinclair potential [20]. Molecular dynamics
The inset shows the two tip geometries considered. simulations show that the fcc structure represents a

metastable minimum even a temperatures close to the
structure, are strongly dependent on the stacking of theurface melting temperature. The electrical field present
last few planes of the tip and very different from those ofduring the cleaning procedure additionally favors the
small isolated clusters [5]. formation of compact metastable structures.

For a direct comparison with the experiments, we have |n conclusion, we have used the well-defined sur-
calculated the tunneling spectra of the Cu(111) surfacgace state of Cu(111) to characterize experimentally the
for the different tips by using the method presented inelectronic states of W tips. We have found that, while bcc
Ref. [18]. For tip-sample distances 67 A, such as
used here, the tunneling currefitcan be written as a
function of the Green functiongrr(w) and gss(w) of 10.0 O R
the uncoupled tip and sample, respectively,

o ) )
N W »
| 1 |

LDOS (arb. units)

o
N
|

w 80 | .
4me AL AL 0
7 =2 [ o TTrspss(@)srpr(@)] z
—o > 6.0 | .
2 2
X [ fr(@) = fs(@)], ©) S ol _
whereTrs defines the hopping elements coupling the tip o ]
and the sample atomic orbitals and Tr stands for the trace © 20} .
of the corresponding matrix. In Eq. (3)r and pgs are [
0.0 L L

the LDOS at the tip and sample orbitals fBfs = 0 and 0 _0'_5 00 05 10
fr.s are the corresponding Fermi distribution functions. sample voltage (V)

This expression has been evaluated using the atomic (@)
wave functions for the orbitals describing the valence

-
o,
e

bands of Cu and W. We have assumed that the main @ 08
contribution toJ comes from the and p orbitals of both 5 0.6
metals. Considering the different tip structures amounts €
to modifying the LDOSp 7 on the tip side. S 04

The calculated differential conductance spectra for a £
Cu(111) surface and a bcc (111)-oriented tip is shown 02 F i
in Fig. 3(a). The onset of the surface state is clearly oo b o
visible as a steep rise at0.45 eV. It is in excellent 10 05 00 05 1.0
agreement with the experiment [Fig. 1(a)] and previous sample voltage (V)

calculations by Hormandinger [19]. Similar results areFIG. 3. Calculated tunneling spectra for Cu(111) and a W tip

obtained for tips with LDOS resembling free electron, .y, geometries given by (a) bee (111) pyramid and (b) fcc
metals, such as W(110). Therefore, the standard spegt11) pyramid. The conductance was calculated by numerical
trum (a) corresponds to tips with geometries expectedifferentiation of the tunneling current.
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