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We predict a bias-voltage dependent corrugation reversal for scanning tunneling micr@8€dfyimages
with atomic resolution of bc€110) transition metal surfaces: Atoms which appear usually on STM images of
metal surfaces as protrusions, may appear on these images anticorrugated, e.g., as hollow\stes/argh
hollow sites may appear as atoms. This makes the absolute determination of atom sites by STM unreliable. We
investigate the image-reversal in detail for thg M0 surface and explain its origin on the basis of the
electronic structure. We found, the image is determined by a competition between surface resonance states with
d,, andd,2 character contributing to a direct image of atomic sites and surface-state bands arogrmbhhle
of the two-dimensional Brillouin zone witpd bonding character and bonding charge between the surface
atoms. The surface states contribute to anticorrugated images. Finally the image depends on the bias voltage.
For W(110 and positive bias voltages the surface resonances dominate over the surface states leading to a
direct image of atomic sites. For negative voltages below a critical value @# V calculations show a
reversed image, i.e., anticorrugation. The critical bias voltage depends slightly on the tip-sample separation.
For bias voltages around the critical value corrugating and anticorrugating contributions to the STM image
compensate each other, the corrugation amplitudes become extremely small, the atomic resolution disappears,
which is consistent with the experimental difficulties in achieving atomic resolution @iV for negative
voltages and stripelike images are predicted. For positive bias voltages we found a good agreement between the
theoretical results and our measured STM images. The competition between surface resonances and surface
states is a quite general mechanism and anticorrugation is expected to oddurOpsurfaces of other bcc
transition-metalsi.e., Nb(110), Mo(110), Ta(110]. We demonstrated this explicitly for THLO), anticorruga-
tion occurs practically over the entire bias-voltage range available by a STM and an image reversal from an
anticorrugated to a corrugated image is predicted for 1.3 V. For magnetic surfaces the image reversal may
occur twice, once for majority and once for minority states. FoflLE® we show that the minority spin
channel controls the STM image. We predict a direct image for majority states and an anticorrugated image for
minority states below a bias voltage of 0.7 V, and we predict only one image reversal at about 0.4 V for an
ordinary non-spin-polarized STM. Employing the full-potential linearized augmented plane wave method in
film geometry, the electronic structure is determined by first principles calculations within the framework of
the density functional theory in the loc@pin) density approximation. The STM analysis is carried out within
the s-orbital tip-model of Tersoff and Hamann. An efficient analysis of the corrugation amplitude in terms of
two-dimensional star coefficients of the vacuum density of states is presented. The tip-sample distance depen-
dentk;-point selection to the tunneling current is analyzed. The enhancement of the corrugation amplitude due
to p,- andd,z-type tip-orbitals are determined. We show that the enhancement factors calculated are close to
the analytical factors given by Chel80163-182@08)04347-1

I. INTRODUCTION very difficult. Often a first idea for the interpretation of the
surface topography comes from the symmetries of the atomic
The scanning tunneling microscoffTM) developed to a structure reflected by the image. But this is mostly insuffi-
very powerful real-space probe to image the surface topogeient for the chemical identification of atoms at compound
raphy. However, as the resolution of the STM has reachedurfaces, defects, adsorbates or even the correct assignment
the atomic scalé,the interpretation of STM images pos- of atom sites. Thus the key to the interpretation of an STM
sesses some difficulties. The key problem arises from thamage is the knowledge of the electronic structure as has
physical effect applied by the STM, which is the tunneling of been pointed out by Tersoff and Hamann.
electrons between a sample surface and a tip. This makes the Experience over the past ten years has proven that the
separation between the geometrical and electronic structuteowledge of the electronic structure is particularly impor-
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tant for the interpretation of topography images for surfacestoms is an important information and even essential, if one
of covalently bonded semiconductdré, which show spa- tries to decide upon adsorption sites. We think, however, that
tially oriented occupied and unoccupied dangling bonds. Irthis anticorrugation is a general phenomenon at (icko)
this case the STM image may differ drastically from a sur-surfaces. We comment on the anticorrugation of(Md),
face topography. A crucial experimental clue for the inter-Nb(110, and T4110) and with F€110 we discuss a second
pretation of images on the basis of the electronic structure i§xample in detail. In fact, we speculate that anticorrugation
provided by the dependence of the image upon tunnel voltiS @ quite general phenomenon on transition-metal surfaces.
age. The combination of voltage dependent images with the- Anticorrugation has been discussed before in the context
oretical electronic structure calculations developed to a powof transition-metal surfaces as a tip-induced effeat small
erful approach for the analysis of atomically resolvedtip-sample separations. In contrast, the anticorrugation we
images’~1? discuss here is an intrinsic effect due to the electronic struc-
On the other hand, for metals the conventional wistfom ture of the sample. Section Il outlines shortly the theoretical
says that the interpretation of metal surfaces is fairly straightdetermination of the STM images. Sections Ill and IV de-
forward and rather simple: In metals, electrons screen th&cribe the computational and experimental details. In Sec. V
nuclear charge and thus follow to a good approximation thave present our results and explain the effect by analyzing the
atomic structure. Thus areas of high and low tunneling curcalculated electronic structure. Finally, Sec. VI summarizes
rent should be assigned to protruding atoms or atomic interour results.
stices, respectively. The STM image may correspond quite
closely to a topography of the surface, even on the atomic Il. THEORETICAL MODEL
scale. This type of interpretation has been widely used for
atomically resolved STM images of metal surfat&s?
Although this argument might be true for simple metals
such as Au, Al, or Cu, in this paper we give theoretical
evidence that for transition-metal surfaces the interpretatio
of STM images is far from being trivial. For W10 we - § ) )
predict anticorrugation for negative bias voltages below droPability or tunneling current as a function of the bias
certain voltage, e.g., changing the bias voltage leads to a¥P!tageV can be expressed exclusively by sample properties:

inversion of the corrugation: protruding atoms appear as f+

In this paper, STM images were calculated on the basis of
the model of Tersoff and Hamarnyhich has been success-
fully applied in connection withab initio calculations of
r§emiconductor surfacés® transition-metal silicide, and
transition-metal surfacé€:* In this model the transition

“[H(Ee—eVt e)— f(Ept )]

—oo

atomic interstices andgice versa This makes a reliable as- I(r,z| V)
signment of atom positions impossible. In the voltage regime
where image reversal takes place, it is even possible that a

stripelike topography appears, which results from the com- Xn(ry,z| Eg+e)de
petition between corrugating and anticorrugating electronic

states, and atomic resolution might become impossible. In :J'+°° 03 | (r,,2)|2
particular, for W110 we found that this transient voltage _9vte i il

regime stretches between0.4 V and 0 V and that the cor-
rugation amplitude becomes extremely small. We speculate X S(Eg+e—¢ ,) de, (1)
that this might be the origin of the big experimental difficul- '
ties in resolving the VML10) surface with atomic resolution at Whereas,bkuy(r” ,Z) is the wave function of the statk,v) of
negative bias voltages. the sample at the lateral positionand vertical distandé z
We explain anticorrugation on the basis of the electronithetween the sample and the tfpis the Fermi function and
structure. We show that the STM image is determined by &, (¢) is defined as the difference of the Fermi function at
competition between surface resonance states ejftend  E_—eV+e and Ef+ €. In this paper the temperature has
d,2 character contributing normal STM images with atomsajways been chosen as room temperati€=0.025 eV.
appearing as protrusions and surface-state bands around tge integrandh(r;,z| Er+ €) can be referred to as the local
S point of the two-dimensional Brillouin zone contributing to density of state$LDOS) of the sample at the position of the
an unusual anticorrugated image. The surface state pglof tip atom. The tunneling current is then proportional to the
bonding character, with a minimum energy of 1.3 eV belowintegrated LDOSILDOS) of the sample.
the Fermi energy, crossing the Fermi energy and changing In the more general approach of BardéBrhased on
from mainlyd to p type. The surface states are split-off statestime-dependent perturbation theory, the tunneling current is
of bonding bulkpd states with bonding charges between theproportional to|M|?, whereM is the tunneling matrix ele-
atoms along the short side of the centered rectangular unihent. If we make the approximations that the DOS of the tip
cell of the bcc(110 surface. As the surface is formed, a and the tunnel matrix element are constant within the energy
split-off state appears due to the change of the potential ainge of the bias voltage, that the form of the wave function
the surface, the bond strength between atoms at the formirdgpends only little on the applied bias voltage, and that the
surface increases, the hybridization of this state with the untip state is ofs-orbital symmetry, thet « ¢» and one obtains
derlying substrate decreases, the charge density of the &ux. (1). Although we think that thes-orbital tip model is
formed surface state releases energy by spilling out into theufficient for the qualitative understanding of the STM image
vacuum and causes the anticorrugation. on the basis of the electronic structure it fails, however, to
We have selected the @W10) surface because it is widely explain the experimentally observed corrugation amplitude
used for the growth of thin films and the exact position of thequantitatively. Chel? has generalized theorbital tip model
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to arbitrary orbital symmetries. He derived the so-callied trized p|ane waves, so-called “star function ’gD(r”)_ A

rivative rule, which relates the tunneling matrix elemeMt  star function corresponds to a representative reciprocal lat-
for a tip wave function with a particular orbital character to tjce vectorG? , which is equivalent with respect to symmetry
the derivative of the wave functiog of the sample. For —,herations to a star of reciprocal lattice vect@8. This
example,Mxgy/dz for a tip orbital with p, character and - 5j15y5 the restriction of the Brillouin-zone summation over

2 2 2 H H :
Mec gyl 92°— k“ypl3 for a tip withd2 character, wher& is  hq jrreducible part of the two-dimensional Brillouin zone
the inverse decay length of the wave function into the 12BZ).

vacuum(for details see beloywWe apply the derivative rules The LDOSN in the vacuum region determining the tun-

directly in ab initio calculations in order to estimate the in- neling current in thes-orbital tip-model is written as

fluence of the tip states on the STM image and to compare

the calculated corrugation amplitude quantitatively with the

experiment. n(r,,z| €)= n%z| €) ¢2°(r)) 5)
Under normal tunneling conditions the distance between s

the outermost tip and surface atom is estimated to 4 to 10 Awith

Due to the exponential decay of the wave function into the

vacuum the reliable representation of the wave functions in s s

this region of the vacuum is a nontrivial problem. For ex- n(z| e):kEy O(€=€) Ny,(2) ®)

ample in supercell calculations using a plane-wave basis, it is '

difficult to go beyond 3 to 4 A. Therefore, we use here theand

full-potential linearized %ggmented plane wa@eLAPW)

method in film geometry: It is a truly two-dimensional s _ N An'xgn n’* n_an As

method consisting of a semi-infinite vacuum region, which is nkHV(z)_nE ChpCiow B (D " (D) S(GI =Gy, G-

solved in real space, and of a finite number of atomic layers ' @

Loaggzgr:g?otggs?: ?Srt.‘rgfgn; he vacuum wave function s e>i:or arbitrary tip orbitals,dE”(z) in Eq. (7) is replaced by

derivative$® of di (2) with respect toz according to the
_ noqn i(ki+G" derivative rule of Chen.
Piel11,2) ; G Dtk + Gl (2 We explicitly show here the first three star functions,

: . . #2P(r)) for a bce110) surface lattice, corresponding to the
which are two-dimensiondPD) plane waves parallel 0 the o6 smallest stars=1,2,3 of reciprocal lattice vectors

surface and linearized z-dependent basis functidﬁéz) ﬁ Gﬁl):(o,o), Gﬁz)z(l,\/i), Gﬁ3)=(2,0), expressed in

with units of \27/a,, with ag being the lattice constant:

K (2)=ag g (e,,2)+bL R (e, ,2). (3 (=1, ®)
aEH and bEH are determined by the continuity of the basis 2P(r)=3%[cod Gy ry) +cog G, or)) 1, 9
function and its derivative at the vacuum boundary to the
film interstitial. The vacuum energy parametgr, for which #5°P(r)=cog (G 1+G; ) 1, ]. (10)

the wave functions are solved is usually positioned in the . , . .
vicinity of the Fermi energy. The functiou{(‘u(ev 2) [and 'S)”ré andG , are the two-dimensional reciprocal lattice vec-

analogously its energy derivati\inﬁu(ev ,Z) not shown herg

is the exact numerical solution of the one-dimensional _\/577 \/_ _\/577
Schralinger equation to the laterally averaged z-dependent Gu,l—_a (1N2), Gyo= a
part of the vacuum potential(z): 0 0

(1,—2). (1Y

In order to analyze our results in terms of a simplified
model we follow Sackst al?? by approximating the de-
pendent part of the vacuum wave functid:{q(z), Eq.(3), by

(4) its simplified tail. The vacuum is described by a barrier

V(z)=0. Then, the vacuum wave function can be solved

This choice of the basis functions is ideally suited to describeexactly and the wave function of energywill decay inside
the vacuum region as it already includes the exponential de[—

) . he barrier as

cay of the wave functions with respect to the correct poten-
tial. The maximal distance iz direction, which we have " (2)=exp(— & 2) (12)
taken into account, was about 13 A and by this we could I I
calculate the tunneling current at realistic tip sample separawith z pointing into the barrier and with the decay constant
tions.

In general, we make use of the fact that the local density K (€)= \/2m|5|/ﬁ2+(ku+GF)2. (13
of statesn(r,,z| €) should have the same symmetry as the :
surface structure. Thus we use the rotational part of the 2rhe energye is measured with respect to the vacuum poten-
space group operations to form out of plane waves symmetial at large distance from the surface, which is zero in our

£2 d? 2
—— —+V(2)—e,+ —(k,+GN2|ul (¢,,2)=0.
2m dZ 2 2m( G i )
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case. We can write thle- and G}-resolved contribution to
the LDOS for the eigenstatd,») at the energye , in the

form
M (2= 2 cf Cf e — (i, + k)7
n,n
X 8(Gl-Gl',GP), (14)

where € of Eq. (13) is replaced byekHV. In this model the
electronic structure is contained in the coefficiecﬁ”g and

the exponentiak-dependent decay into the vacuum is now

seen explicitly.
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223 AP [T Zgu(e)n%(zo| Ep+€) de
s=2,
Az(zy|V)~S =

) gv(e)ZK(k‘l‘Lo(e)n(l)(zd Er+e)de
(21

In this equationA ¢2° is the difference of the star function
at the location of the maximum and the minimum ILDOS

L(ry,z(r)) [ V):
A¢)§D: gD(r‘rlnax)_ gD(rlr‘nin . (22)

In order to calculate the derivative with respectzi¢he z

The corrugation amplitudaz is calculated making use of dependence of the first star coefficierit)(z| ) has been
the observation that the corrugation is in the order of typi-approximated by n()(z| e)xexp(-2«{*Lz). « is the
|—

cally Az=0.10 A for allr, within the entire unit cell, which
is tiny compared to the average tip-sample distapgcef
aboutzo=5 A. We write

z(ry) =zo+Az(ry) (15

and linearize the tunneling currengr,,z(r,) | V)=1(r;,zo
+Az(r,) | V) aroundz,,

ol
|(I’H,Z(I‘H)|V)%|(I‘”,ZO|V)+E AZ(I‘”) (16)
(ry»2olV)
~1o(V)+dI(r|V) 17
with
dl
di(r)=Veliq, zdr+— dz(r). (18
(ry2o)

The explicitV dependence in Eq18) was dropped for con-

energy-dependent decay leng %L0=[2m|e|/h2]*1’z. The

k, dependence ok has been approximated Wy=0. We
will discuss below that this is a good approximation, since
k,=0 dominates then™ contribution to the tunneling cur-
rent. The origin of the coordinate system for thentegra-
tion is located at the position of the surface atom afid*
andr|"'" are taken from the positive quadrant of the 2D sur-
face unit cell. In order to suffice our choice of definition, that
the corrugation amplitude is positive if the tip-sample dis-
tance at the position of the atom is larger than at the hollow
site, an additional sign was introduced in Eg1):

S= sgr[ Jngv( e)n?(zq| Ep+¢€) de]. (23

S is thus the sign of the integrated second star coefficient.
This definition makes use of the fact, that the second star
function has a maximum at the site of the atom and a mini-
mum at the hollow site taken our definition of star functions.

venience. In the constant current mode the tunneling currernt negative sign of the second star coefficient turns the maxi-

(and in the Tersoff-Hamann model the ILDDIS kept con-
stant

L(ry,z(r)|V)= f_:gv(e)n(ru ,2(r,)|Eg+ €)de=constV)
19

and thugdl(r;)=0. Taking Eq.(18) and integrating the local
changedz(r,) from the position of minimal ILDOS"" to
the position of maximal ILDOS|"®* we obtain the maxi-

mum corrugation amplitude:

max, max al -1
o= [0 e = [ 1|5
Z(rmln) Mully 0z

I I (ry,20)

Ve 1(ry,zo) dry.

(20

Replacing the tunneling currehby the ILDOS according to
Eg. (19), use the expansion of the LDO%r,z) in terms of

star functions¢2°(r,) [Eg. (5)], approximate the summation

mum to a minimum andice versalf the second star coef-
ficient becomes very small then this definition is arbitrary
since the corrugation pattern does not look like the second
star function any more.

The quality of Eq.(21) has been tested calculating
n(ry,z) on afinez grid in real space and evaluaike directly
from the condition than(r;,z(r,))= const. The two different
approaches are in good agreement although the evaluation of
Eqg. (21) is much faster.

Ill. COMPUTATIONAL DETAILS

The electronic structure of the W10 surface has been
calculated with the full-potential linearized augmented
plane-wave methdd in film geometry. The calculations ap-
ply density functional theofy in the local (spin density
approximation of Barth and Hedifhusing the parametriza-
tion by Moruzzi, Janak, and WillianS.A film consisting of
11 layers has been chosen to simulate the surface using the

over the stars by the leading star contributions, since highegxperimental W lattice constanad=5.972 a.u. No vertical

star coefficients become quickly negligible, whichss 1
for dl/dz [which means we replacd/dz at (r;,z,) by anr,
independendl/Jz at (z,) for all r; and pull this term in front
of the integra), ands=2,3 for VrHI, we arrive at our final

result for the corrugation amplitude:

relaxation of the surface has been included, since it is experi-
mentally known to be less than 2% The valence electrons
are treated in the scalar-relativistic approximation while the
core electrons are calculated full relativistically. The basis
set used for the valence states consists of about 100 aug-
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mented plane waves per atom in the unit cell. Nonspherical
terms in the potential, charge density and wave functions are
expanded within the muffin-tin spheres with radiBgt
=2.456 a.u. up td,,,,=8. Integrations over the 2D Bril-
louin zone(BZ) have been performed with the specigl
method?’ The self-consistent electronic structure was deter-
mined with 36k, points in the I12BZ. The ILDOS resolved
over the 2D BZ has been analyzed using &3@oints in the
I12BZ. All star coefficients and by this also the STM images
and corrugation amplitudes were calculated on Kjipoint
basis.

Calculations of Téal10 were performed with the same
parameters as in the case of 0 using the experimental
lattice constant of Tagy=6.25 a.u) and a muffin-tin radius
Of RMT:265 a.u.

Calculations of ferromagnetic bcc @40 were carried
out employing the local spin density approximation. The
Fe(110 surface was described by a 15 layer Fe film and the
theoretically determined lattice constantagt=5.23 a.u., de-
termined by minimization of the total energy with respect to
the lattice constant. A muffin-tin radius &,,+=2.151 a.u.
was chosen. All other parameters are identical to those of the
W(110) calculation.

The vacuum energy-paramete; was set close to the
Fermi energyEr. We tested the influence of the energy _ _ )
parameter on the LDOS at the position of the tig<5 A). FIG. 1. Comparison of experimental and calculated STM image.

: . . (a) Atomically resolved clean (110 surface at a bias voltage of
332222;%&3 the Fermi energy. did not change the LDOS about 40 mV and a tunneling current of about 10 nA. The scan area

is 33 A x 25 A. (b) Calculated ILDOS at a distancé 5 A above
the surface atoms in an energy range equivalef@td.ine section
as indicated in(@) is presented in Fig. 3.

IV. EXPERIMENTAL DETAILS

The experimental data were measured with a commercialv atoms. The features of this image where typical of those
ultra-high-vacuum (UHV) compatible scanning tunneling taken at different locations on the surface.
microscopgMicro-STM, Omicror) operated in a home-built Figure Xb) displays the calculated ILDOS at a distance of
UHV chamber with a base pressure in the low 1btorr 5 A from the surface atoms in the energy range Bf (E-
range. The chamber was equipped with facilities for sub—+50 me\). This tip-surface distance is a typical value for
strate heating by electron bombardment and a combineghich little tip-surface interactions are expected. We find
LEED/Auger-optic for checking surface crystallographic or-good agreement between experiment and theory. Both im-
der and cleanliness of the sample prior to imaging with theages show a pattern of dark spots with the symmetry of the
STM. We prepared the Y¥10) single crystal by cycles of 2D surface unit cell. Looking more carefully one also finds a
heating in an oxygen atmosphengs=1x 107 torr) for 30  pattern of bright spots, with the same symmetry, which are
min and subsequent flashing up to 260G°kmaging was  connected by feeble, fuzzy lines. Although the atomic reso-
carried out in constant current mode at room temperaturdution of the STM image can already be deduced by the
Typically, when trying to obtain atomic resolution images symmetry and lateral scale of the pattern, iigriori not
we took 50 A scans with a 0.1 A per pixel increment. Theclear whether the bright or the dark spots correspond to the
piezotube scanner was calibrated on highly orientated pyrcatomic sites. From the calculated image we find that at this
lytical graphite(HOPGQ and S{111)-7 X 7 ex situandin situ, particular bias voltage the interpretation of the STM image is
respectively. indeed in line with the intuitive assumption that large tunnel

current (bright spot$ corresponds to the atomic sites. The
dark spots correspond to the hollow sites of th&0) surface
V. RESULTS AND DISCUSSION unit cell. Images at other particularly negative bias voltages
A. STM images could not be obtained in this experiment.

Figure Xa) shows a 3% 25 A? constant current topogra-
phy of the W110) surface taken at a bias voltage of about
+40 mV and a tunneling current of 10 nA. This image On the other hand, STM images were recalculated for
shows atomic scale corrugation appearing as an equidistadtfferent bias voltages. We found a surprising result: depend-
array of black interstices and nets of protrusions. The lengtling on the bias voltage we predict that sites of high tunneling
scale and orientation of the arrays are consistent with @&urrent correspond to the hollow sites or interstitial sites,
p(1x1) unit cell of WM110, which suggests that the ob- respectively, and sites of low tunneling current correspond to
served corrugations are associated with the positions of thihe atom positions, e.gvice versato the results of Fig. 1.

B. Voltage-dependent corrugation reversal
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FIG. 3. A corrugation profile taken by a line scan along the
[001] direction of the W110 surface as indicated by a straight line
Voltage (V) in Fig. 1(a) using scanning parameters as given in Fig. 1.

FIG. 2. Dependence of the corrugation amplitddeon the bias  |ine in Fig. 2, which shows the differenckz between an
voltage of the calculated STM image of (140). Insets show the  atom position and a hollow site of the unit cell and does not
surface unit cell(bottom righy with atomic sites marked by dots qgincide with the corrugation amplitude. The analogous dis-
and typical STM images calculated for different bias voltayes  -ssion occurs starting with a reversed image at large nega-
The full line displaysAz=2Zpa,—Zmin, calculated by Eq(2D), be- e yoltages, but in this case absolute maxima change to

tween the lateral points; of maximum and minimum corrugation local maxima at the hollow " - D
. ) . ) positio(see inset in Fig. 2 for
within the unit cell. The dashed line displays=z,;om— Zholiow V=—1.4V andV=—0.7 V).

the corrugation measured between the position of the atom and the The voltage, which can be identified as the border be-

hollow site. All results are calculated at a distancezgt 4.6 A. . .
Area of dark gray scale means small tunneling current. tween nor_mal and reversed image, '5 ab . 4 V. HOW._
ever, this is not an absolute number since it changes with the

distancez,, which corresponds experimentally to the chosen

This cor_rugat}f? revehrsal 'Sf docurﬂented InFig. 2 at a disgqngiant current. The trend is that for separations larger than
tancez,=4.6 A from the surface. The maximum corrugation 2,=4.6 A, the critical voltage rises linearly. At a distance of

amplitude Az=2zy,,— Zmin between the lateral pointg™ 5 & it is equal to 0 V.
andr™" of maximum and minimum tip-sample distances is  Opviously, these observations are in contradiction to con-
plotted as function of the applied bias voltayyetogether  yentional wisdom that on metal surfaces there is a one to one
with the corrugation amplitud&z=ziom— Znoiiow Measured  correspondence between high tunnel current and atom posi-
as difference between the tip-sample distances at the positiqibns. The effect of image reversal makes the determination
of the atom and the hollow site. of atomic sites by the STM image rather difficult.

In the case olV>0, corresponding to the bias voltage in  Finally we would like to stress one more point: In the
Fig. 1, we determined a positive corrugation amplitude of theransition regime of image-reversal at bias voltages between
order of 0.01 A, which rises at hlgher VOltageS up to 0.04 A-O? V and 0 V, the Corrugation amp”tude becomes ex-
The positive sign of the corrugation amplitude means thatremely small and we speculate that this might be the origin
atoms are imaged as protrusio®rmal image and repre-  of the experimental difficulties in resolving the (140 sur-
sentative topography images of the rectangular surface unfhce with atomic resolution at negative bias voltage.
cell are shown in Fig. 2 as insets for voltages of 0.2 and 1.4
V.

In the case of high negative voltageg<—0.9 V) we
find that the image is reversed and hence the sign of the Figure 3 shows a typical corrugation profile taken along
corrugation amplitude is negative. The absolute value is othe [001] direction of the W110) surface as indicated by a
the same order as in the positive voltage regime. A typicabtraight line in Fig. 1a). The experimental value for the cor-
image is shown as an inset in Fig. 2€ —1.4 V). Compar-  rugation amplitude is about 0.13 A. This is about one order
ing the insets at positive voltage and high negative voltagepf magnitude larger than the theoretically determined corru-
the effect of image reversal is quite apparesgte the 2D unit ~ gation in Fig. 2, which is of the order of 0.01 A at a distance
cell as referende z, from the surface of 4.6 A.

In the intermediate voltage regime, in which the corruga- We attribute this tiny and in reality by STM nondetectable
tion reversal occurs, the images display a pattern of bentorrugation amplitude to the application of the Tersoff-
stripes parallel to the short side of the rectangular unit cellHamann modet,which is based os-like tip wave functions.
Starting from a voltage with a normal imagiee., +1.4 V)  As described above, ChErhas extended this model to arbi-
and reducing the bias voltage continuously there is a gradudtary tip orbitals. We have applied tlkerivative ruleto the
change and absolute maxima change to local maxima at th&lculated STM image of Fig.() and extracted new corru-
positions of the atoms in the intermediate voltage regime. Agation amplitudes, using the same procedure as before. In
a voltage of abouvV=—0.4 V even the local maxima have addition to thes-orbital, which corresponds to the description
disappeared. The change is also pointed out by the dashed Tersoff and Hamann, the tip states wjth andd,2 char-

C. Corrugation amplitude
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Distance between Tip and Sample (A) FIG. 5. Fermi surface of \W.10). (a) 2D Brillouin zone corre-

) . . ) ~ sponding to the centered rectangular unit cell of bcc transition-
FIG. 4. Corrugation amplitude as function of the tip-sample dis- atg) (110 surfacesle.g., W110]. (b) States of W110 at the
tance for three different orbital symmetries of the tip state. Usingrgrmi energy. Open circles mark bulk states while filled circles
Chen's derivative ruléRef. 19 the corrugation amplitudes f&#,  epresent surface states or resonances with a localizatiqrecta-

Pz, andd-type tip orbitals have been calculated at a bias voltag&jon yalug of either more than 10% within the vacuum region or
of +0.1 V. The experimental corrugation amplitude obtained fromyqre than 45% within the muffin-tin spheres of the surface atoms

the STM-image of Fig. (8) is given by the horizontal dotted line. i¢|,ding the vacuum region or more than 65% within the surface
Symbols indicate calculated values. The full line is a linear inter-5i0ms subsurface atoms and the vacuum region.

polation of the values calculated for aftype tip. The dashed and

dotted-giasheq I?nes are given by the interpolated values of thBeen carried out with W tips. For W tip atoms the tunneling
s-type tip multiplied by Chen’s enhancement factdRef. 19 fora s nostly due tod electrons at the Fermi energy. This has
Pz andd,» tip, respectively. also been confirmed by electronic structure calculations of

_ _ _ Ohnishiet al?° on W clusters, which makes the assumption
acter are considered. Figure 4 shows the corrugation ampljs d,> rather realistic.

tude as function of the tip-sample distance for the three dif- " y/o may draw one important conclusion from this inves-

ferent tip orbitals. The corrugation amplitudes wereqaiion: The corrugation reversal shown in Fig. 2, and cal-
calculated at different tip-sample distances for a fixed biagj|ated for ans-state tip, should be also scaled-up by the

voltage of +0.1 V. The linear scaling of the corrugation ennancement factbtand thus should be detectable by STM
amplitudes as function of the tip-sample distance in the semigy e riments. Although more realistic tip orbitals magnify the
logarithmic plots describes the exponential decay of the tun

: ) - ¢ ~''corrugation amplitude we found, however, that the STM im-
neling current with the distance. Comparing the corrugation,geq optained fromp, or d,2 state tip orbitals do not differ
amplitudes of .- or d,>-state tip with that of as-state one, 4 ajitatively from thes-tip images. Therefore, we can safely

the amplitudes are larger by factors of 2 or 6.25, respeCpegtrict the further discussion and analysis on the corrugation
tively, as predicted by Chen’s derivative rdféThese results reversal to the model of Tersoff and Hamann.

are consistent with the experimentally measured corrugation
amplitude(cf. Fig. 3 of 0.13 A, added in Fig. 4 as dotted
horizontal line, for a tip-sample separation of about 4 A. This
distance is already quite small, but it is consistent with an To give an explanation of the image reversal on the basis
estimation of the experimental tip-sample separation byof the electronic structure we start with the Fermi surface of

D. Analysis of corrugation reversal

means of the tunnel conductance: W(110) as displayed in Fig. 5. Figure(& shows the cen-
tered rectangular 2D Brillouin zon@BZ) of the bcc(110
| 2e2 surface and in Fig. ®) calculated electronic states at the
G:U:TGXF[—ZK(Z—Zcomact)]- (24) Fermi energy are marked. Small open circles distinguish

bulklike states from surface localized states represented by
] full dots. One finds three surface resonance bands and a
In Eq. (24) we make the assumption that the tunnel conducsyface-state band which have also been studied experimen-
tance becomes equal to the conductance quantusirasie a1y by photoemissioR® The experimentally observed sur-
atom) contactz=z.,niacrand that it decreases exponentially face resonances and surface state at the Fermi surface were
with increasing distance from the surface. Applied to theeypjicitly mapped® over the 2D BZ and a comparison shows
tunneling conditions of Fig. (&), this leads to a value af 3 good agreement to our calculatitef. Fig. 5. The surface

~ Zeontac= 24 A. TakingZeontac: @S the lattice plane separa- state surrounds the goint of the Brillouin zone while one

tion in tungsten of 1.6 A(100 directiond to 2.2 A[(110 . — — . .
directiond one ends up with a tip-sample separation off€SONance Is aroundi, and around Nand a third one is

4.0-4.6 A. This result is in accordance to our estimationstretching along the axelSH and I'N. In order to see the
comparing the calculated and measured corrugation amplispersion of these different surface localized states Fig. 6
tude. shows the band structure IS direction. One recognizes the
The orbital character of the tip state depends much on theurface state located in an energetic gap of bulk bands as
tip material used. Experiments discussed in this paper hawell as two types of resonances. The surface-state band has
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its energetic minimum at 1.3 eV and from a more detailed
e analysis it can be concluded that its character changes from
:«'0{;";‘;3&_!5@}%___”“‘1 predominantlyd character at the minimum to @type state

-~

BT

R~

. at the zone boundary. This change occurs gradually and
g states near the Fermi energy have comparable contributions
of both types with a small admixture afelectrons. While

the resonance arourld exhibits a rather flat dispersion, the
resonance crossing the Fermi energy approximately halfway

to S, rises quite steeply. Thus there is a considerable number
of possible electronic states responsible for the observed phe-
nomena and one has to understand the relative importance of
these states as well as their quantitative contribution to the
corrugation inversion. In order to find those states, which
contribute most to the corrugation in STM images we are
looking at thez dependence of the wave functions at differ-
ent points in reciprocal space. Following Saeksal?? we
begin the analysis in terms of a simplified model introduced
by Egs.(12)—(14). In this model we can see that tke and
i-resolved contribution to the surface topography at the
surface plang=0 is detected at the distanzefter k- and
Gj-dependent weighting expressed by E@2). Conse-
__FIG. 6. Calculated surface band structure of1d0 along the o4y waves with the smallest lattice vect@$ and the
I's Q|rect|on of the Bfllloum_zone. States mark_ed with square, dOt’highest energy will reach out furthest into the vacuum and
or diamond are localized with more than 5% in the vacuum, morecontribute most to the STM image. The-dependent filter-

than 60% within the vacuum plus the muffin-tin sphere of the sur-, ffect of n s . lvzed hicall
face atom, or more than 70% within the vacuum plus the muffin-tin'"'9 €eCt 0 expt- Kkuz) on nkuv(z) IS analyzed graphically

spheres of the surface and subsurface atoms, respectively. THe Figs. 1a—7(c) for the three smallest stafs=1,2,3 of
Fermi energyEg defines the energy zero. reciprocal lattice vector§}. Figures Ta)—7(c) display the

\

Energy (eV)

wl

T

FIG. 7. (Colon Star coefficients irk, space at a tip-sample distanggof 4.6 A. Panelga) to (c) show the first three star coefficients
decay function as calculated by Ed4) with Er=—5.69 eV andd) to (f) show the first three star coefficients of the FLAPW calculation
for W(110) in the energy rangeH:—0.2 eV E). Images(d) to (f) have been calculated using 6Bppoints in the 12BZ. Yellow shows
positive coefficient values while red marks negative values.
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exponential decay o‘iﬁu(zo | EF) in terms of gray scale plots 95107

over the 2D Brillouin zone calculated for the Fermi energy,
e=Eg, at a tip-sample distance af=4.6 A. In these plots
the electronic structure has been explicitly ignored by replac-

ing in Eq.(14) all coefficientscEHV by a constant and replac- 0

ing «y , by x (EF). We usedEr=—5.69 eV as calculated

for our W(110-film. These results need to be compared to 9,107 n'"(4.64)
Figs. 1d)—7(f), which show the actual coefficientiuv(zo) X . e
for the first three stars, including the electronic structure, 6x10°

calculated according to Eq7) by FLAPW calculations in

the energy intervalE—0.2 eVEE). On the basis of Fig. 7

we can discuss the importance of various contributions to the 0 Py

tunneling current over thk, space.
The first termn{;) corresponding t&{"=0 leads to ar,

independent, i.e., laterally constant contribution to the tun-

neling currentcf. Eq. (8)]. n(ki) is always positive. It does -6x10°
not make any contribution to the corrugation pattern but it 1x10°
adds to the total tunneling curreftbtal LDOS and thus it is

important in scanning tunneling spectroscopy. In Fi¢a) 7

one concludes that this star coefficient is dominated by states

near the center of the BZ as is commonly accepted. Compar- 0 b
ing Fig. @) to Fig. 7(d), it is clear that the particular elec- \/N
tronic structure of the surface still leads to some deviation of

the simple picture. One can recognize the surface resonance

n®(4.6A)

(3) A

— , | n*(4.6A
aroundI’ as well as a part of the resonance which stretches -1x107 . ( X ) e
along. the axes oIkH.spa.ce(sge Fig. 5 for ;‘?P;parisc)nTh_e -2 -1 0 1 2
grea in the BZ which ?s of |mportan(_:e f kIS thus still (E~E,) (eV)
influenced by the particular electronic structure. The decay
of the second star coefficienf(z) of the LDOS is displayed FIG. 8. Star coefficients integrated over the 2D Brillouin zone as

Il

- . a function of energy ary=4.6 A. (a) n®Y(z|e), (b) n@(z]¢), and

in Fig. 7(b). The STM topography pattern resultlng from the © n9(ze). n(l)(2|e)0is Aty positve since it resembles
second star functiofsee I_Eq.(9)] depends on the sign of the . | bog The sign of®@(z|€) decides whether the STM image
star coefficient and contributes to corrugation or anticorrugagisplavs a corrugation or anticorrugation pattern. The value of

tion as seen in Fig. 2 for voltagds= +1.4 VorV=—1.4V,  3)(z|¢) is non-neglectable only in the energy range that shows the
respectively. One finds th_at in this case the main contrlbutlo%ange of sign fon®(z|€). Compare Fig. 2.

results from states around Brom Fig. 7€) we analyze the

contribution to the STM image made by different states inthe LDOS over the 2D BZ. This quantitpS(z,| €), is dis-

the BZ. Figure Te) displays positiven?) coefficients in yel-  played in Fig. 8 for the first three star coefficients as a func-
low and red for coefficients with negative sign. Now one cantion of energy at a tip-sample distance nf=4.6 A. We
easily understand the different role of the surface resonancgeen‘*)(e) is always positive, since it represents the total
and the surface state on the corrugation. We find that all bulkharge density integrated over the 2D unit cell. The second
states and all surface resonances have positifecoeffi- ~ Star coefficient of the LDOS()(e) is three orders of mag-

cients and contribute to a normal STM image, consistenpitude smaller tham®)(¢) and changes sign at an energy of

with the general wisdom for metal surfaces that electrons tnitP0ut—0-2 eV. Thus for energies below0.2 eV the nega-

the screen the positive charge of the nucleus and the sTive contribution of the surface states is higher in absolute

topography and the atom position should coincide. The Sur\_/alue than the contribution of all other states, which is posi-

— . . tive. Since the tunneling current at a certain bias voltdge
fa(;:)e states Iocated_ arounchfe the only stafces with r_1egat|ve given by an energy integral of the LDOS betweEp and
ahy and are the single source of the anticorrugation of th

% +eV [Eq. (1)], the corrugation does not change its sign
STM image. In addition the negati\mﬁ) contributes to the until a voltage of—0.4 V is reachedsee Fig. 2 Then the

total n(® by a large weighting factor because of its position Positive values of®) states betweeB— 0.2 eV andEr are
close to Swhile the resonances are of rather small value du&°mpPensated by negative values betwégn-0.4 eV and

. . - = . Er—0.2 eV. Reducing the applied voltage below0.4 V
(2) F
to the little weight Ofnku at thel” or H point. The resonance results then in an image reversal. A maximal negative value

along the axed’H and I'N contributes the highest values of n®)(z| €) is reached at- 1.3 eV, which is the minimum

among the normal states. of the surface state bar{@Fig. 6) consistent with the inter-
The actual STM image for a chosen bias voltage dependgretation that the surface state is responsible for anticorruga-

upon the integral value of the second star coefficient otion. The change in sign of the second star coefficient and its
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rise for energies abové is due to the competition between  g)
the surface state and the resonance. Finally the third sta
coefficient is plotted in Figs.(€¢) and 7f). The zzdependent
k,-point filtering shown in Fig. {&) projects out states near

the N point. The emphasis on these states also becomes ev
dent in the plots including the electronic structiiFgg. 7(f)].
One observes the strong influence of the resonance aroun

the Npoint on this star coefficient of the LDOS. The third
star coefficient can become positive or negative, but the third
star functionsee Eq(10)] is simply a cosine function in the

[110] direction of the surface and hence it is not responsible§
for the effect of corrugation reversal. Nevertheless, the actuarig
FLAPW calculation demonstrates th#) andn® can be of
comparable value. This happens for the energy regime be
tween—0.4 and 0 eV, when the second star coefficient be- ¢
comes quite smallsee Fig. 8 or zero due to the compensa-
tion between the surface state and the resonance. In thi
regime the superposition of the star functidﬁD(rH) and
¢§D(r”) leads to new images exhibiting patterns of bent
stripes from the cosine functiop3°(r,) (see the patterns in
Fig. 2 at voltages-0.7 V and— 0.3 V). Stars of even higher
order do not contribute significantly anymore because the
average value of the star coefficiem3decreases exponen-
tially with the length of the star vector as can be concluded ##
from equation(14) and is also evident from Fig. 8. In Fig. 9 § R
the charge density contours in real space of typical surface,

states and surface resonances alondtdeandI'N lines are
displayed. Figures(® and 9b) show cross sections through
the W(110) film of states lying on the surface-state band. FIG. 9. Single-state valence charge-density contour maps,
One finds a charge density between surface atoms which(r) for W(110 on the(001) plane. Contours start from 16
spills into the vacuum and causes the anticorrugated imagélectronsia.u)® and increase by a factor of é) and(b) show plots
The behavior of the resonance states shown in Figs.ahd  for states on the surface-state bandkat (0.35,0.392)m/ay2,
9(d) is quite different. Thed, - and d>-type states lead to €= —0.05 eV andk,=(0.58,0.38/2)7/a\2, €,= —0.11 eV, re-
vacuum LDOS located at the atom and thus to a normal STMPectively. (c) and (d) show plots for states on the surface-
imaging of atomic sites. resonance bands &= (0.15,0.182)w/a 2, €,= +0.04 eV and

In order to understand the formation of the charge densit)kl\_:(0'15'0'61/5)”/3‘/2’ €,=+0.04 eV, respectively. Atom po-
contour of the surface state as exhibited in Figa) Or Qb) ~ Sitions are marked by filled circles.
and the surface state itself from the bulk bands we follow the
formation of the W110 surface from the bulk by pulling substrate decreases and leads to a dehybridization of subsur-
apart the W bulk in discrete steps long tHelO] direction.  face charge, the charge density of the so formed surface state
We have chosen &110 unit cell of 4 (110 planes inz  releases energy by spilling out into the vacuum and causes
direction and increased the separation between these uifie anticorrugation. The behavior of the surface state re-
cells by 0.5, 1.0, and 2.5 A along thelirection starting from  minds at the formation of dangling bond states of covalently
the bulk separation. At each separation we calculated theonded semiconductors with directiap® hybrids, which
projected band structure and confirmed that the surface-statge also responsible for anticorrugation. For the surface reso-
band described above is a split-off state from binding bulknance stategnot shown hergthe picture is quite different.
states and is lifted in energy. The evolution of the chargeThe charge density is located at the atom and the symmetry
density contour associated with a particular surface statdoes not change by the formation of the surface and a reso-
along with the formation of the surface is shown in Fig. 10nance state supports a normal image. In order to confirm our
for the different unit-cell separations. In the bulk, the stateinterpretation of the formation of the surface-state band as
under discussion is a bonding state with bonding chargebeing partly due to the dehybridization of subsurface states
between the atoms along the short side of the centered redtr favor to the surface state, which gives the characteristic
angular[the (002 directiond unit cell of the bcc(110) sur-  charge density features leading to anticorrugation in STM
face. Along the long side of the unit cdbhe (110) direc- images, we also calculated a free monolayer qfLl¥9). In
tions] there are charge density zeros between the atoms andtitat case we expect to find no states which exhibit an anti-
is thus an antibonding state along the long side of the unitorrugation image since there is no subsurface layer. The
cell and perpendicular to the surface. As the surface idand structure of the monolayer is presented in Fig. 11.
formed, the bond strength between atoms at the forming sul€omparing this band structure with the 11-layer calculation
face is increased, the symmetry of the forming surface statef Fig. 6 one notices that the surface-state band with its
changes, the hybridization of this state with the underlyingcharacteristic energy minimum in the middle of th&
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[110]

[110]

FIG. 10. (Color Change of the surface state charge density when(HLW surface is created from a bulk calculation. A single state of
the band ak= \27/a, (0.35,0.35/2,0.35) with energy,,=Er— 1.2 eV is displayed(@—(d) in the[ 110] direction:(a) bulk, (b) +0.5 A,
(¢) +1.0 A, and(d) +2.5 A. (e)—(h) in the [001] direction: () bulk, (f) +0.5 A, (g) +1.0 A, and(h) +2.5 A.

direction is missing. There is a band in the monolayer bandalculated Tél10) as an additional example of unmagnetic
structure with a behavior near thep®int (at +0.5 eV, see  bcc (110 transition-metal surfaces. The corrugation ampli-
Fig. 11) similar to the surface-state band of theM0) sur-  tude ata distance ah=4.6 A is displayed in Fig. 12. As for

face but the calculation of the second star coefficient display¥/(110 there is a corrugation reversal which in this case
no sign reversalnot shown here occurs av=+1.3 V. Thus in a wide voltage regime around

We have thus analyzed that the surface-state band, whic V only anticorrugation images will be observed. Also the
leads to anticorrugation in STM images, originates from aCl'@nge from one corrugation type to the other takes place on
a much smaller voltage scalee., the curve is much steeper

hybridization of surface and subsurface states. This con® o .
cludes the analysis of the electronic structure with respect t§€2" the critical vo_Itage R §u_rface-state band responsible
the phenomena of image reversal. or the effect has |t_s band minimum at an energy of 0.6_ eV
belowE . It has shifted up by 0.7 eV compared to W, which
is due to the fact that Ta has one electron less. Mo, as an-
E. Comments on NK110), Mo(110), Ta(110 other possible candidate, is isoelectronic to W and hence we
It is well-knowrf! that the overall form and structure of €xPect for the M0L10 surface an image reversal around
the LDOS and of the band structure depend on the Crystaﬁp. Nb is isoelectronic to Ta and we estimate that the bot-
symmetry, while the actual peak positions relative to thelom of the surface_-state band should be also around 0.6 eV
Fermi energy, peak heights or energy dispersions depend &¢low Er and an image reversal should occur aroufrd
the crystal potential or chemical element, respectively. Thus; 13V.
we speculate that the image reversal, predicted 6t A,
is a rather general phenomenon for all §&&0) transition-
metal surfaces although the image change may occur at dif- A more complicated scenario may develop for thé0)
ferent voltages depending on the metal. Therefore, we haveurfaces of the magnetic bca 3ransition metals Cr, Mn,

F. Comments on ferromagnetic F€110)
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which is not necessarily identical to the minority states, may
contribute to a small intensity variation of the tunneling cur-
rent.

To explore this further we have investigated ferromag-
netic F€110) as a typical example of a magnetic bcc transi-
tion metal in more detail. Fe has two valence electrons more
than W. Since ferromagnetic Fe has a moment of about 2
Mg, both additional electrons occupy majority states and the
number of Fe minority electrons and of W valence electrons
per spin state are about the same. Therefore, similar to W, Fe
minority spin states should drive the anticorrugation effect at
energies close to the Fermi energy, e.g., small bias voltage,
and thus should be accessible by STM experiments. The an-
ticorrugation effect driven by the majority electrons may be
well below Ex and probably not accessible by STM experi-
-8t . ments. We have calculated the electronic structure of ferro-
magnetic FEL10. The bulk magnetic moment was deter-
mined to 2.0z in good agreement with the experimental

— value of 2.12tz. The surface magnetic moment was en-
r S hanced to 2.3kg. As expected we found a spin-split elec-

FIG. 11. Calculated surface band structure of a free monolayetrronIC structure. Looking at the LDOS of a surface Fe atom

of W(110 along the'S direction of the Brillouin zone. States displayed in Fig. 13 we find a_n e)fchan_ge splitting of aboutZ_
eV for a surface atom. The minority spin states are the domi-

marked with a diamond are localized with more than 20% in the™ " . . . o2 .
vacuum. The Fermi energg; defines the energy zero. nating spin character in t_he vicinity of the Fermi energy.
Moreover, atEgr the majority states are mostly bulk states
] i i ) and the minority states are mostly surface states located in
and Fe. The electronic structure is spin-split by an exchangg,o typical bec bonding-antibonding gap dominating the tun-
splitting, whose size is proportional to the local magneticne”ng current through the vacuum barrief. Fig. 13. Fig-

moment. Therefore, the image reversal should occur tWiC€,. 14 exhibits the surface band structures of thél 7@
once for the majority states and once for the minority Statesminorit and majority states alon§S direction. Both are
If the majority states are located beld®¢ and the minority y Jorty )

states are located abofzg or a magnetic tip is used, then the similar to t.he band structure of the (W10 surface((?f. Fig.
) : . .~ 6). In particular the surface-state band, responsible for the
observation of both anticorrugations should become possible:

In general, however, nonmagnetic tips are used and electrofgt'gO{;UQa.ted rllmagttas of éhe ﬁlLO)Fsurfgce,.tcar; tt)e Z(;]uncbi i
of one spin character dominate the tunneling current. In thi or both spin characters. For the e minonty state, e bot-

H 32
case one expects only the anticorrugation of the leadin{P™ Of the surface-state band is located at abeQt7 eV,

vacuum spin character. The minor vacuum spin charactef’deed close to the value 6f1.3 eV for W(110. For ma-
jority states, the bottom of the surface-state band is located at

—2.4 eV The zero curvature at the bottom of the surface-

Energy (eV)

' ' : state bands lead to narrow peaks in the LDOS of the surface
_ 0.020f Ta(110) E Fe atom and the vacuum exhibited in Fig. 13. Corresponding
= / ] to the minority-state surface-band starting-a0.7 eV we
y 0.010f 13 determined the corrugation-reversal from the anti-corrugated
c K image to the normal STM-image in the minority-state-
-§ 0.000F : channel at a voltage of about0.7 V, shown in Fig. 15.
g 3 Since in general the STM tip is not sensitive to the spin
2 -0.010 .'/_/\""" ; direction of tunneling electrons, majority spin states will also
bl 3 3 . . . .
S F contribute to an image taken at this energy. From Fig. 15 we
-0.020 _ 3 see, that for this energy range, majority electrons always lead
E . . 3 to a normal corrugation pattern and work against the corru-

gation reversal caused by the minority surface state. How-
ever, their contribution to the tunneling current is much
smaller than that of the minority states and the image-

FIG. 12. Dependence of the corrugation amplituste of the ~ 'eversal will take place. The critical voltage at which the
Ta(110 surface on the bias voltage. The full line displays reversal takes place is shifted 00.4 V. Since the contribu-
Az= Zmax— Zmin» calculated by Eq(z_’]_)l between the lateral points tions of maJOI’Ity and mInOI’Ity states to the COI’rugatlon am-
r, of maximum and minimum corrugation within the surface unit plitude are of different sign the total amplitude becomes ex-
cell. The dashed line displaysz=z,iom— Zhonow. the corrugation tremely small[compare to W110), Fig. 2]. Thus one might
measured between the position of the atom and the hollow site. Thaot be able to gain atomic resolution on thg &) surface
distance from the surface wag=4.6 A. at all.

-1 0 1
Voltage (V)
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L.a.......,.e_.....-....’.\_znz-u——— FIG. 14. Calculated surface band structure of1#€) majority

(left) and minority (right) states along th&'S direction of the 2D

BZ. States marked with a square, dot, or diamond are localized with
more than 5% in the vacuum, more than 60% within the vacuum
plus the muffin-tin sphere of the surface atom, or more than 70%
within the vacuum plus the muffin-tin spheres of the surface and
subsurface atoms, respectively. The Fermi endtgydefines the
energy zero.
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Energy (eV)

FIG. 13. Spin-resolved density of states of ferromagnetic ition b f ith . . d
Fe(110) as a function of energy. Upper part of each panel displayscompetltlon etween a surface state with anticorrugating an

majority stategspin, +), lower part minority stateéspin, —). Top a resonance with corrugatmg charge density |s.the reason for
panel contains the DOS in the vacuum at a tip sample distance ¢fliS unexpected behavior. Since these competing states have
2,="5 A in a volume determined b§z,=1.3 A. Middle and bottom different decay lengths into the vacuum, the critical voltage
panel show the angular momentum decomposed density of staté@r the image reversal depends also on the tip-surface sepa-
projected in muffin-tin spheres for surface atom and center atonfation. It increases linearly from 0.4 V atz,=4.6 AtooV
respectively. The latter corresponds to the bulk LDOS. Full lineat zy=7.2 A. In the case of Td10 anticorrugated STM
represents the total contribution while the broken line represents the
insignificant amount o6+ p+f contribution. Arrows indicate the
minimum of the surface state band. The Fermi energy is the origir .~ .

of energy zero. 0.005 k- ..
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We have presented a detailed theoretical study of ST
images for the WL10) surface on the basis of the Tersoff-
Hamann modet. We compared our calculated STM image
with an experimental one and found a good qualitative agree
ment. Concerning the corrugation amplitude we appliec .
Chen’s derivative ruf€ and could explain the enhanced ex- A et Total
perimental value as compared to the calculated one, calct b= L
lated on the basis of the Tersoff-Hamann model, by assurr -1 0 1
ing a possibled, orbital for the STM tip. Depending on the Voltage (V)

ehergy reglme,_ Le., the appl!ed.b.las voltdge we found FIG. 15. Dependence of the corrugation amplitude on the bias
either a norma! image of_atomlc sitém case ofv>— 0_'4 V) . voltage of the ferromagnetic FELO) surface. The full line displays

or a_reversed image which corre_sponds to observing the INg,—7 _ —2 . calculated by Eq(21), between the lateral points
terstices as atom$/< —0.4 V). This is a consequence of the | 4t maximum and minimum corrugation within the unit cell at a
electronic structure of the surface. In the voltage regimegistance ofz,=4.5 A. The sign of corrugation amplitude has been
where the image reversal takes place, the corrugation amplitefined by the sign of théntegrated second star coefficient. The
tude becomes extremely small, atomic resolution is lost andashed and dotted-dashed lines display the contributions of majority
a stripelike topography may appear. This is consistent wittand minority electrons, respectively. Notice that the total corruga-
the experimental difficulties finding atomic resolution attion amplitude is not simply the sum of majority and minority con-
negative voltages. By detailed analysis we have shown that @ibutions.

Corrugation Az (A)

-0.005 L Spin —
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images are expected practically over the entire voltage reiransition-metal bcc(110 surfaces although the image
gime available by the STM. The critical voltage at which change may occur at different voltages depending on the
anticorrugated images change to corrugated ones was shiftedetal under investigation. Experimentally the effect could be
to a value of+ 1.3 V and the change takes place in a smalleridentified by scanning a surface with adsorbates of known
voltage interval than for W. For F&10) the bandstructure is adsorption site acting as reference in order to distinguish
very similar to the ones of WL10) or Ta110). In the ferro-  between the two different corrugation patterns of the surface
magnetic ground state, the spin splitting of the bands shiftas done for N/Qr.00) by Vargaet al>3
the majority surface state to energies too far below the Fermi Note added in proofWe recently became aware that the
energy to be accessible experimentally by STM. Howeverdistance dependekt andG$ selection[similar to Eq.(14)]
the image reversal should still be observable for minorityhas been used before by Harris and LiebsktHarris and A.
spin electrons and should occur at a bias voltage of aboutiebsch, Phys. Rev. Let#9, 341(1982] to analyze helium
+0.4 V when both spin directions contribute to tunneling scattering at metal surfaces.
current as for a standard STM. In the not so far future, when
spin-polarized STM becomes available, we may observe the
different corrugating nature of majority and minority states.
In case of a spin-polarized STM the image reversal is ex- Work was supported by the Deutsche Forschungsgemein-
pected for 0.7 eV and below 0.7 eV minority states shouldschaft under Grant Nos. BL444/1-1 and WI1277/6-1. Com-
appear anticorrugated and majority states corrugated. putations were performed under the supercomputer grant
Since the effect depends only on the electronic structure itMagnetism, structure and electronic structure of ultrathin
seems very likely to be a general phenomena for alfiims.”
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