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Theoretical analysis of the bias-voltage dependence of the apparent barrier height
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We have analyzed the bias voltage dependence of the apparent barrierA&ighf using a self-consistent
calculation within the density functional theory. We have found that the ABH shows the bias polarity depen-
dence in both of the two ALO0O) surfaces, the one without reconstruction and the one containing the vacancy
cluster in the layer next to the surface. We have also found that the surfaces have opposite bias polarity
dependences of the ABH. These results cannot be understood in the light of the formation of the surface dipole
layer, but can be understood from two factors: the reduction in the effective potential and the change in the
surface electron states by the applied bias voltage.
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I. INTRODUCTION Wentzel-Kramers-Brillouin method on the basis of one-

Apparent barrier heightABH), which is a barrier height dimensiongl sq.uart.a.potentigl gm_j constant bias voltage. Since
for tunneling electrons estimated from the change of tunnelthis potential simplifies realistic tip and sample structures too
ing current with the variation of tip-sample separation inmMuch and the bias voltage dependence is not considered, it is
scanning tunneling microscog®TM), provides us with rich  not easy to interpret the ABH evaluated by ). Theoreti-
information on the properties of materials. The ABH wascally, Land* analyzed the ABH using calculation of the tun-
measured by Binnig and Rohteaind they showed the pos- neling current within the local density approximation, and
sibility that the ABH profiles eventually have a resolution pointed out that it can be smaller than the actual work func-
similar to that of the STM topography. Wiesendangeal?  tion of the sample for separations commonly encountered
measured the ABH on surfaces of several systems such asperimentally. Hirose and Tsuk&falso analyzed the bar-
graphite and metallic glasses. They showed that the ABHiier height, considering slightly more realistic sample struc-
measurements provide useful information about chemical intures, and showed that the microscopic shape of the tunnel-
homogeneities and crystallographic anisotropies. Since thejhg barrier strongly depends on the tip-surface distance and
measurements, the ABH images have been obtained for vafihe bias voltage in cases where the tip and sample are nearly
ous surfaced.” The ABH measurements not only revealedin contact. Our previous study showed that the ABH on the
the size of defects on @01 (Ref. 4 but also distinguished gjie ahove a vacancy cluster is smaller than the one on the
betweeg vacancies and interstitial defects on graphitjean A(100) surface because of the difference of the decay
surfaces. Further, the ABH was used to evaluate the capaci, ..« electron density around the sample surfiddow-

tance of a nanometer-thickness organic overl&yaraddi- . S
tion, the tip-sample separation dependence of the ABH wa§ e the b|as_vo|tage dgpenden_ce of th? ABH, which s usu-
studied for AY100) surface? ally the more important information obtained from measure-

Recently, the bias voltage dependence of the ABH hagnents, has not been analyzed at all.
attracted attentioH)13in expectation to get information on, In the present paper, we report the results of our theoret-

for example, surface charge distribution. For example, it wadC@l analysis of the effects of the bias voltage on the ABH,
used to study the qualitative difference of band-bending efémpPloying the method to calculate electronic states under an
fects between passivated and unpassivated semiconduct%?p“ed bias voltage self.-conS|stentIy within the density func-
surfaced® The stability of Pb islands on @i11) was also tional theory’**and taking Al surfaces as an example. We
studied!! In some such measurements, special attention wadave found that even the ABH on the clear(l0) surface

paid to the bias polarity dependence: the ABH on the reconshows a bias polarity dependence, and that the bias depen-
structed A111) surface was found to show a bias polarity dence of the ABH on the site above a vacancy cluster is
dependence, and this dependence was speculated to co@posite to that on the clean surface. Furthermore, we show
from the surface dipole layer originating from the that the difference between the two cases cannot be attrib-
reconstructiort?13 uted to the formation of an additional surface dipole layer.

In the measurements as above, the ABk}, has been

estimated using the formula
dinl\?
bapd V) :0-95<@> : (1) In the present analysis, one-electron effective potential
and tunneling currents are calculated by the method in which
wherel, ands are the tunneling current and the tip-samplethe Kohn-Sham equatiéh?is solved for a given energy and
separation, respectively. This equation is derived by ther given surface-parallel wave vector including scattering
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states explicitly”18 The single-particle wave function and 10F o ondefecti i

. . . . nondefective sample o
effective potential are expanded in terms of plane waves in | 0 defective sample
directions parallel to the surface. Cutoff energy for this ex-
pansion is set to be 3.88 Ry. For the exchange-correlation
potential, we adopt the Ceperley-Alder form within the local
density approximatiod* For the ionic potential of Al, we
adopt a pseudopotential proposed by Chelikowskyal??
Hartree potential is calculated together with external electro-
static potential by solving the Poisson equation.

The bias voltage in this method is defined according to
Biittikeret al.?%i.e., Fermi levels of respective electrodes are
adjusted to keep charge neutrality in electrodes during -10F | . , . LT
calculationg’* while the bias voltage is defined as the differ- —20 1.0 0.0 10 20
ence between Fermi levels of the electrodes before the ad- Bias voltage [V]
justment. Since electrodes of a sample and a tip are the same
metal in the present study, it is obvious that the applied bias FIG. 1. Calculated tunneling currents as a function of the bias
voltage corresponds to the difference in the Fermi levels ofoltage. Open and solid circles denote the currents for the nonde-
deep insides of the electrodes. On the other hand, the applidective and defective samples, respectively.
voltage does not necessarily correspond to the difference in
the Fermi levels of subsurface regions of the electrodes, be=g. (1) is used, approximating the derivative by the differ-
cause partial transmission of electron waves from electfode gpce
to electrodeB causes deficitexcesg of electrons in electrode
A(B) and charge unbalance accompanied by this should be
recovered by adjusting the Fermi levels. Because these shifts Ad 1(d-0.5Ad)
of the Fermi levels in the subsurface regions do not affect the i i )
Fermi levels of deep insides owing to relaxation processe¥Nere d denotes the tip-sample separation. The tunneling
due to inelastic scattering, it is appropriate to define the bia§Urrentl: is defined as the integration of tunneling current

voltage as the difference of Fermi level before adjusting th&l€nsity within the unit cell. We setd to be 0.2 A according
Fermi levels. to a typical experimental conditiott: In the second, the bar-

rier height is defined as a maximum value of the calculated
lll. MODELS potential on a straight line perpendicular to the surfaces,

As a model for STM, an STM tip and a sample surfacewhich penetrates both the atom above the vacancy cluster

. 4 . ,
are represented by an Al atom attached to a semi-infinitgcgll}gteeélﬁsﬁrfor:;'e';:fsrf::gréevgﬁngari;&% dl;a;\réel_rl gr?(ljng:\xi-
jellium electrode and two layers of 400 attached to an- 9

other semi-infinite jellium electrode, respectivély.For mum barrier heightMBH), respectively.
sample surfaces, in addition to the model above, we also
examine another one where four Al atoms are missing in the IV. RESULTS
layer next to the surfac®.This model structure is unstable
and thus unrealistic, in the sense that the structure relaxation, Figure 1 shows calculated tunneling curréht-voltage
which must be considerable in the model, is neglected. BetV) characteristics of the nondefective and defective
cause of this, direct comparison between our results and esamples. From Fig. 1, we can see that ki curve of the
periments may be difficult. However, our model has no serinondefective sample is almost linear and symmetric on the
ous weak points to examine the effects of electronic states obias polarity. On the other hand, for the defective sample, the
the ABH. Further, the effects of the electronic states are nok-V curve is not linear, and asymmetric on the bias polarity.
specific to our model. For example, the most crucial featurérhis bias polarity dependence for the defective sample can
of our model, the existence of localized states, is expected tbe understood from the existence of localized states in front
appear in various other systems. Therefore, we can say thaf an atom above a vacancy cIusterEé+2 V, where EE
our work provides information useful for the studies of the denotes the Fermi level of the surface. It should be noted that
ABH in general. The tip-sample separation is defined as théhese localized states come to appear notably with an in-
distance between the tip atom and the surface Al layer in therease in the bias voltage.
sample, the value of which is taken to be 5.8 A in all the The calculated MBH and ABH of the nondefective and
calculations. The Wigner-Seitz radius of the two jellium elec-the defective samples are presented in Fig. 2. The fact seen
trodes is taken to be 2 atomic units, which is nearly the saman Figs. 2a) and 2b) that the value of the ABH is larger than
as that of bulk Al. The area of the unit cell in the directionsthat of the MBH is explained by the lateral confinement of
parallel to the surface is set to be &8.6 (A)2 Hereafter tunneling electron&®> The ABH difference between the
we call the first and second models nondefective and defeaondefective and the defective samples can be attributed to
tive samples, respectively. the difference of the decay constah#s for the bias voltage
We evaluate the barrier height for tunneling electronsdependence of the ABH, there are three notable features.
from the calculated results by two methods. In the first oneFirst, even the nondefective sample shows the bias polarity
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Traditionally, the formation of a surface dipole layer is
considered a strong candidate, when trying to determine the
A origin of the above feature of the ABH22>However, we
found that the bias voltage dependence of the ABH in our
results cannot be understood from the surface dipole layer, as
described below. In Figs.(8 and 3b), we show calculated
electron density on the line which is perpendicular to the
surface and passes through the top atom of the tip at bias
i voltages of -2, 0, and +2 V, together with the differences of
° * . electron density at -2 and +2 V from that at 0 V. These
o o o figures reveal that the surface dipole layer forms in both
0.0 ——t ——t y ! ' cases of the nondefective and the defective samples, and its
@00 05 10 1E-35ias€2|t2£e [3]5 10 15 20 ) characteristics are similar in both cases. Further, we can see

that the change of electron density distribution due to the

FIG. 2. Maximum barrier heightMBH) and apparent barrier applied bias voltage is almost the same in_the two samples.
height (ABH) of the (a) nondefective andb) defective samples. T_herefore, we can conclude that th_e formation of the surface
Open and solid circles denote the MBH for the positive and negadipole layer does not cause the bias voltage dependence of
tive bias voltages, respectively. Open and solid squares denote tge ABH?®
ABH for the positive and negative bias voltages, respectively. 10 proceed with our discussion on the origin of the bias
Straight lines are guides for the eyes. polarity dependence of the ABH, we emphasize that the dif-

ference of the ABH implies the different behavior of the
dependence. As seen in Figag, the ABH at a negative bias decay of wave functions: The decay constant of the wave
voltage is always larger than that at the corresponding posfunctions with total energ¥ is given in atomic unit§ as
tive voltage. We can also see that the difference of the ABH )
by bias polarity is small at low bias voltage and becomes _ Kj
larger with an increase in bias voltage. This feature is con- K= V(@) -Elk), E,=E- 2’ @
sistent with the experimental results by Yagyu and
Yoshitake'? It should be noted that for this sample, the dif- whereV andk; are the effective potential and a wave vector
ference of the MBH by the bias polarity exhibits behavior component parallel to the surface, respectively. Therefore,
similar to that of the ABH. Second, the defective samplewe analyzed theE, distribution of electron density in the
shows the polarity dependence of the ABH opposite to thevacuum region. In this analysis, we define the vacuum region
nondefective sample. This feature, that the ABH at a positivexs the region where the effective potential is higher than the
bias voltage is larger than that at the corresponding negativieigher Fermi level of those of the two electrodes.
one, is consistent to the experimental results by Mizugdni Figures 4a) and 4b) show calculateds, distribution of
al.’? It is worth mentioning, on the other hand, that the dif- electron density of the nondefective and defective samples at
ference of the MBH by the bias voltage exhibits behaviorthe bias voltages of -2 and +2 V, respectively. It is noted
similar to that of the nondefective sample. Third, the ABHthat the degree of wave functions spilled into the vacuum
decreases monotonically in all the samples and polarities wehown in Fig. 4 is not considered to depend on the unit cell
studied except for the positive bias of the defective samplesize strongly, since the wave function spill from the place
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and +2 V, respectively. Solid, long-dotted and
dotted lines donote the electron density at the bias
a ] voltages of -2, 0, and +2 V, respectively. Here
F Ap andpnax are defined as the difference of elec-
tron density at -2 and +2 V from that at 0 V and
the maximum value of the electron density at
0V, respectively.

where the ABH takes its minimum at about +1 V. other than the tip apex is small because of the large potential
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nondefective sample defective sample the ABH increases. In fact, from Fig(l), it is seen that the
R T electron density at a bias voltage of =2 V is larger than that
at a bias voltage of +2 V in all energy ranges. We can say
that this decrease in the electron density at a bias voltage of
+2 V causes the increase in the ABH. The decrease in this
electron density is understood from the existence of elec-
tronic states localized on the site above the vacancy cluster at
a bias voltage of +2 V. Since the motion of the localized
states is confined spatially to the direction parallel to the
surface, this confinement causes a decrease in the energy
available for motion along the direction perpendicular to the
surface. Therefore, we can conclude that the increase in the
ABH in positive bias is attributed to the decrease in the elec-
tron density due to the electronic states localized on the site
L above the vacancy cluster.
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(a)  Energy E, relative to E_ (b) Energy E, relative to E_ V. CONCLUSIONS
FIG. 4. Calculated electron density distribution of (@ non- In conclusion, we analyzed the bias voltage dependence

defective and(b) defective samples as a function of the kinetic of the apparent barrier heiglihBH), using self-consistent
energy perpendicular to the surfaBe Solid and dotted lines de- calculation within the density functional theory. We have
note the electron density at the bias voltages of -2 and +2 Vfound that the ABH shows the bias polarity dependence in
respectively. both cases of the two AL00 surfaces, the one without re-

barri . _ construction and the one containing the vacancy cluster in
arrier. In the case of the nondefective sample Bhalistri- = o150 01 next to the surface. We have also found that the
bution of the electron density changes little with the bias . . S
polarity, as can be seen in Figiak On the other hand, the polarity dependence of the ABH is opposite in the two cases.
bias polarity dependence of the ABH is similar to that of the-l.—hese results canno.t be understood in the light of the forma-
MBH. Therefore, the difference of the ABH can be attributed1on of the surface d|p0_Ie Igyer, but can be understood from
to the difference of the potential barrier height. The origin of WO factors: the reduction in the effective potential and the
the bias polarity of the MBH can be understood from the facChange in the surface electron states by the bias voltage. So
that at positive bias voltages, the potential decreases localf: We have not succeeded yet in establishing procedure to
in front of the tip apex8 This local potential decrease is due draw useful information from the observed bias-voltage de-
to concentration of the induced electron density in front ofP€ndence of the apparent barrier height. However, we can
the tip. On the contrary, in the case of negative bias voltage>®Y that the effects of electronic states on them clarified in
the degree of the potential decrease is smaller because of ﬂtgie present WO”.( should be Important in Interpreting the ob-
geometry of the sample surface. served data. It is noted that to glanfy the effects of oth(_ar
In the case of the defective sample, Figh)2shows that factors, such as structural rglaxatlon due to the applied bias
the ABH of positive bias increases in the bias voltage rangé(OItages and currents, remains a future problem.
of +0.5 V=V,;;5,s= +2 V although the MBH decreases with
the increase in the bias voltage. This is understood as fol-
lows. From Eq.3), we can expect an increase in the decay We would like to thank Dr. S. Yagyu and Dr. M. Yoshitake
rate, when theE, distribution of electron density near the for communicating their results prior to publication. Compu-
Fermi level decreases as the bias voltage increases. If thiations were carried out at the Research Center for Compu-
effect is larger than that of the effective potential reduction tational Science, Okazaki National Research Institute.
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