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Local density of states from spectroscopic scanning-tunneling-microscope images: @41
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Electron scattering from steps on the (A§1) surface has been studied by scanning tunneling microscopy
(STM) and spectroscopic STM images of the differential conductadé&ly). The amplitudes and positions
of maxima ofdl/dV deviate significantly from those of the local density of stdtd30S). These deviations
are due to variations of the vertical tip position which exponentially affect the tunneling barrier transmission
and, hencedl/dV. We show that the LDOS can be recovered from simultaneous topographic and spectro-
scopic measurementsS0163-18207)03236-0

A knowledge of the local density of statdsDOS) at  inger suggested that the preferable way for measuring the
solid surfaces is fundamental for an understanding of theidispersion was to obsendi/dV at constant tip height and
local physical and chemical properties. In particular, surfacdar away from a step. Unfortunately, at large distances from
states play a crucial role for the chemical reactivity of somethe step edge, the oscillatory signal becomes smaller. More
catalytically relevant metafsA measurement of the energy importantly, while a constant height can be approximated
dispersion as a function of the electron wave ve&@K) of  experimentally by constant current operation at a suitable
such confined electron states is usually performed by techroltage such a voltage is not knovenpriori.2 Here we use
niques such as angle-resolved photoemission spectroscogymultaneous measurements oainddl/dV to recover the
(PES for occupied states or inverse photoemission spectrossscillating LDOSp, on a close-packed metal surface. More-
copy for empty states, which are selective in both energy andver, experimentatll/dV data are compared to WKB model
k spacé. Recently, scanning tunneling microscof§TM)  calculations which take the barrier transmission into account.
has been used to determiB€K) from standing waves near The agreement of the dispersion thus determined and PES
steps>* The STM images can often be interpreted as maps oflata is very encouraging.
the sample LDOS near the Fermi energi.°> Spectro- The experiments were performed with a custom-built ul-
scopic information orpg can be extracted from the variation trahigh vacuum(UHV) STM at T=50 K.}? The Ag111)
of the tunneling current with the sample bias voltag¥. surface andW tips were prepared in UHV by standard
Sincel and hence the constant-current image involve an inprocedures? Spectroscopial|/dV (using lock-in detection
tegral over a range of electron energies its derivatit/elV ~ and constant current images were acquired simultaneously.
is commonly used to unravel the spectroscopic informationWith modulation amplitudes of 3.5 mims), frequencies of
e.g., in spatial maps afl/dV. The perhaps most spectacular ~23 kHz and lock-in time constants of 20 ms, the image
applications of this spectroscopic measurement have beeatata were taken at 80 ms per pixel in order to avoid time-
the direct imaging of superconductor vortitesd of elec- constant effects.
tron scattering and confined electronic states on noble metal Figure 1 shows cross sections of both a constant current
surfaces:* d1/dV mapping is widely used on semiconductor and adl/dV image of a monatomic step on AdLl) at V
surfaces and interfacés. =20 mV. While a clear oscillatory behavior di/dV with a

A caveat commonly mentioned in this context is thatwavelength of 32 A is observed the constant current data
di/dV is affected, e.g., by local variations of the tip-sampledisplay a small undulation only with-0.1 A corrugation
distancez and therefore does not exactly represent*®-1%  [inset of Fig. 1a)]. The physical origin of both oscillations
Stroscioet al. suggested that this effect can approximately behas been discussed by Crommie, Lutz, and Eigierd by
corrected for by normalization afl/dV images withl/V, a  Hasegawa and AvourfsScattering of surface state electrons
procedure that had proved to be useful for loddfdV  from the step edge leads to interference of the incident and
spectrd Recently, in a theoretical study, ‘Hoandinger the scattered wav&Swhich results in a standing wave pat-
demonstrated that neither mapsddfdV nor of the normal- tern inpg. At low V, constant current images may be inter-
ized quantity ¢11/dV)/(1/V) are good approximations of the preted as maps gf; (Ref. 5 and thus exhibit oscillations. At
LDOS ! Later on Ukraintsev pointed out the decisive role of largerV the tunneling current represents a weighted integral
the barrier transmission probability for recovering the LDOSover a range of energi€sSince these energies correspond to
from d1/dV spectral! As a consequence, the surface statevarying wavelengths the oscillatory pattern is washed out in
dispersion evaluated directly from eithedl/dV or the constant current data.

(dI/dV)/(1/V) maps deviates from PES results. rAh@nd- In a one-dimensional modell/dV is given by
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FIG. 1. Cross sections of a constant curr@itand adl/dV (b)
image of a monatomic step on Adl1) acquired alv=20 mV and
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FIG. 2. Model calculations of the constant current imag®es
(e) anddl/dV maps(c), (f) assuming sinusoidal densities of states

ps- (@), (d) display pg at V. Calculations were performed for
=20 mV (a)—(c) andV=200 mV (d)—(f). The dashed vertical lines
serve to guide the eye.

Here, the work functions of the W tig; and the Ag sample
¢ are 4.55 and 4.74 eV, respectivéfym is the electron

I=2.0 nA. All experimental cross sections are obtained by averaghass;p; is assumed to be constant. To simulate the constant-

ing over 40 line scans. The dashed vertical lines indicate the laterglurrent mode, at every positiorx,

shift between the features of the two data sets.

dl
gy = Pi0)ps(eV)T(eVv.eV)

dT(E,e
aTEey) e

av @

eV
+f ps(E)pi(eV—E)
0

wherep; andpg are the tip and sample densities of states an

T represents the barrier transmission probability for electron

of energyE at a given voltagd/. Often the second term of

Eq. (1) can be neglected. Then, under the conventional as;

sumption of a monotonic variation df with V, dl/dV is a
good measure gi; at E=eV and exhibits the corresponding
oscillations. This explains the better visibility of oscillations
in dI/dV maps which we observe experimentally in agree
ment with previous results?

The fact thadl/dV cannot directly be taken as the LDOS
is evident from Fig. 1. At smal the constant current image
closely follows the LDOS at the Fermi energyFigure 1
shows that the positions of the maxima in constant curre
images and irdl/dV data do not coincidécf. dashed verti-
cal lineg. We therefore numerically evaluated Efj) near a
step in order to determine the constant current topograph (
and thedl/dV signal.

For clarity, we first consider a sinusoidal LDOg&;
«sinkx) wherek is the wave vector ana is the lateral
position [Figs. 4a), 2(d)]. k is linked to the energy of a
surface-state electron Vi&E—E,xk?, where E, is the
surface-state band edgef. Fig. 4. The current (x) is cal-
culated asl(x)ocfSVpS(E,x)ptT(E,eV,x)dE with a trans-
mission factor

T(E,eV,x)zex;{ —2(X) \/L;L—T

(it Pps+eV—2E) |.
2

Z(X) =2zo+ Az(X)
(zo0=8A) is adjusted to match the preset constant current
value. Thendl/dV is obtained from Eqg(l). At V=200 mV
[Figs. 4d), 2(e), 2(f)], z and dI/dV exhibit the expected
behavior. Thez signal shows little oscillation becaukés an
integral over a wide range of energies and hepgescilla-
tions with widely varying wavelengths. For positions not too
close to the step]l/dV closely resemblegg. At V=20 mV
[Figs. 2a), 2(b), 2(c)], z exhibits some oscillations with de-
aying amplitudes. The maxima positions show some simi-
farity with those ofpg itself. Thedl/dV signal strongly de-
viates fromp. Both the amplitudes and the positions of the
d1/dV maxima do not faithfully represeni;. In particular,
the relative displacement between thg maxima and the
correspondingdl/dV maxima can be as large as6 A
which corresponds to about one fifth of a wavelength. This
affects the determination of scattering phases frbhdV

patterns. Moreover, the amplitude of ti&'dV oscillation is
found to increase with the distance from the step.

The reason for these deviations can be determined from
the numerical results. At low/, | results from an integra-

nEion over a narrow energy window. This causes a significant

enhancement of the oscillation amplitudezond hence in-
fluences the barrier transmissidnwhich depends exponen-
tially on z [Eqg. (2)]. The wavelength\, of the z oscillation
results from an integration over a small range of energies and
differs slightly from the wavelength , of the p oscillation
atE= eV. Forv>0 (V<0) we havex, =\, (A,=\,). As

a result there is a “beating” ofll/dV which is closely re-
lated to the producpsT. [The second term in Eql) is
found to be negligiblg.

A comparison of experimentall/dV data for both posi-
tive and negative voltagfFigs. 3a), 3(c)] with the calcu-
lated results based on a more realistic LD@JFigs. 3b),
3(d)] shows good agreement. In this simulation, the variation
of ps was assumed to be described by an exponentially
damped Bessel function-1J,.>* Important observations are
(i) the high amplitude of the secondl/dV maximum
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FIG. 3. Comparison ofa), (c) experimentaldl/dV data ob-
tained from a monatomic step afil), (d) calculated results fov
=-20mV and V=20 mV. Vertical arrows indicate the topo-
graphic step edgé&efined as the position of steepest slope in the
constant current image of Fig(a). The lower terrace is on the left
hand side. The dashed arrow indicates the high amplitude of the
seconddl/dV maximum near the step edge.

[dashed arrow in Fig.(8)] from the step edgevertical arrow FIG. 5. Reconstruction of the local density of statgdV map

in Fig. 3(c)], and (ii) the positive(negative slopes of the (a) taken atv=20 mV on the lower terrace near a monatomic step;
d1/dV curves at the step edge for20(+20) meV which  the model LDOS near a stefp) agrees well with the recovered
are not caused by an increased maximum or oscillations dfDOS (c). The dashed vertical lines serve to guide the eye.

the LDOS ps. Rather, both effects are due to the beating

phenomenon described above. Moreover, for low tunnelingieduced from the STM data. The resulting band edge is
voltages the envelope function of thi¢/dV oscillations dis-  E,= —67+3 meV and the surface-state effective mass ratio
plays a convex shafisee Fig. 3due to the predominantrole js m*/m=0.42+0.02. ThedI/dV spectrum, shown in the

of the beating. At higher tunneling voltageg>50 mV (not  inset of Fig. 4 and taken with the tip over a clean 1000 A
shown) it reflects the intrinsic exponential decay due to elecyjide terrace, clearly confirms the onset of the surface state at
tron scattering. The difference in amplitudésnd phase of _g5+5meV. The good agreement between the present
the standing wave pattern found experimentally on the lowesTM-derived dispersion and that derived from PER8f. 15

and upper terracd$igs. 3a) and 3c)] are not accounted for  (Fig. 4, dashed curyeindicates that the STM tip does not

by the model. o _ _ cause perturbation of the A1) surface state at the present
From a series of similar comparisons of experimental andeye| of precision.
simulatedd!l/dV data over a range of voltagés (Fig. 4, Below, we propose a direct method to recover the under-

solid circles a dispersion curvé&(k) (Fig. 4, solid ling is  |ying p, of an uncorrugated surface which is illustrated in
Figs. 5 and 6% Since the integral in Eq(1) is found to be
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FIG. 4. Dispersion of the Ag11) surface state. Solid circles: Distance from Step Edge (A )

E(k) values(error <3%) obtained from thedl/dV data using the

modeling discussed in the text. Solid curve: Parabolic fit to these FIG. 6. Cross sections of the images shown in Figabdl/dV
data. Dashed curve: Photoelectron spectroscopic data from Ref. 161ap;(b) model LDOS near a monatomic step; the midpoint of the
Inset: d1/dV spectrum taken on a clean 1000 A wide terrace onstep edge is taken as the origin of the Bessel functigmecovered
Ag(11)). LDOS. The dashed vertical lines serve to guide the eye.
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negligible in the voltage range of interéStwithin our one-  note that the estimaterl noise in our experiment of about
dimensional modeld1/dV is proportional to the product of 0.01 A will cause a 2% variation ii.) Similarly, while a

ps and the transmission factof. The oscillation of the global variation of the work functions in Eq2) over the
LDOS ps atE=eVis now recovered from thel/dV data by  range of 3 to 6 eV does affect the absolute amplitudes of the
division with T [Figs. Hc) and Gc)]. For comparisomps near  spatial LDOS oscillations, there is little impact on their po-
a monatomic step on the AblL1) surface is calculated using sitions and relative amplitudes. We also verified by numeri-
an exponentially damped Bessel function 1, and the dis-  ¢a simulations that over the bias voltage range studied here,
persion relation of Fig. 4solid line). As expected, the ex- the same is true for the small variation Biwith the energy
perimentald|/dV data shown in Figs.(® and Ga), differin £ 5n4 the momentur parallel to the surface. Lateral varia-
amplitude and phase from the moggl[Figs. 3b) and 8b)].  iong of the tunneling barrier height that could in principle
The recovereg; [Figs. Sc) and Gc)] closely corresponds 10 a¢fact the reconstruction have not been observed in measure-
the model LDOSp; [Figs. §b) and @b)] with respect to ments ofdl/dz on Ag(11)) terraces, i.e.dl/dz is feature-

gggyms cr))s(,)csi;r;ir:;sogvvaa;ql‘rpoamatrr]g ?tg]pl)n:a?jga:as thegigzntgggss. To ;ummarize, the main results of the reconstruction are
closer than—10 A from the step edge the surf.ace may no.robust with respect to reasonable changes of the parameters
longer be considered as flat and the STM-topograph ng' Eq. (2). . . . .
longer reflects electronic effects alone. Therefore, at these " conclusion, we have discussed the interpretation of
close distances, the reconstruction scheme presented abotRECtroscopic STM imagesd/dV) in terms of the local
fails. density of states. We have shown that oscillations of the
The essential quantity for reconstructing the oscillatory-DOS ps can be derived frond1/dV maps at low tunneling
LDOS is the barrier transmissioh which we evaluated us- Voltages by a simultaneous measurement of high resolution
ing the WKB expressiofiEq. (2)]. It is important to note topographic images. This finding may be of particular impor-
that—in contrast to previous studiéswhich were mainly tance for the experimental determination of the underlying
concerned with the energy dependert§E)—our recon- LDOS ps when electron scattering at impurity sites, electrons
struction relies on the distance dependefi¢g). Whereas confined within nanostructures at surfaces, or quasiparticles
T(E) may be difficult to determiné T(z) is described well at superconductor surfaces are considered.
by an exponential relation. The quantities of interest—the - )
positions and relative amplitudes of the spatial LDOS We thank K. Morgenstern for a critical reading of the
oscillations—are not sensitive to a constaiffset, whereas manuscript. This work has been supported by the Swiss Na-

they are directly affected by the oscillating partof (We  tional Science Foundation.
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