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We analyze scanning tunneling microscopy (STM) experiments of Ir impurities and chains buried in
the subsurface layer of Cu(001) by first-principles calculations based on the density-functional theory
and show for the first time that metal atom defect structures below a metal surface can be detected by
STM. We show that this is not particular to the/@u system, but applies to a much wider class of
systems, and holds also for defects in deeper layers. For tBel lsystem we confirm by total energy
calculations that the subsurface position is energetically the most favorable one.

PACS numbers: 68.35.Bs, 61.16.Ch, 73.20.At, 73.20.Dx

Structural, catalytic, magnetic, and electronic propertiesleposition of Ir on Cu(001). We provide arguments and
of metal surfaces and ultrathin films are strongly alteredesults showing that this is not particular to th£Gu(001)
upon alloying. Novel ordered and disordered alloys aresystem but applies to a wide class of transition metals
formed at the surface or surface near region due to suburied in noble-metal substrates.
face segregation of bulk alloys or upon metal-on-metal STM images were taken at room temperature with an
growth, where intermixing takes place between deposite@MICRON combined STM and atomic force microscope
and substrate metals, even between metals, which are ifAFM) operated in constant-current mode. Figure 1(a)
miscible in bulk. Over the past few years, the scanningshows a typical STM image with atomic resolution for
tunneling microscope (STM) developed to a very powerdr deposited on a Cu(001) surface at low coverage.
ful real space probe providing an unprecedented wealth df exhibits a regular array of white dots and reveals
new insight into this field [1-8]. It permitted, e.g., the disordered starlike defects as depressions. As carefully
correlation between the surface compositional structure afhecked in the present work no bias-voltage-dependent
the alloy on an atomic level and macroscopic propertiescorrugation reversal occurs on Cu(001) and the regular
Two key issues in this context are (i) the chemical sensiarray of dots is interpreted as Cu atoms. The apparent
tivity of the STM, necessary to discern different chemicaldepth of the starlike depressions is about 0.3 A and is
components of the alloy, and (ii) the depth sensitivity of theassigned to single Ir atoms. Note that the center of gravity
STM, the capability to image alloys below the surface layerof these defects is not located on regular Cu sites in the
or to discern alloy components at different layers belowsurface lattice, but instead at the fourfold-hollow sites.
the surface. While it is common knowledge that chemicaExcluding interstitial positions for Ir due to the large
sensitivity can quite often be achieved, no evidence foradius of the atom, Ir must be located below or on top
imaging more than the surface layer exists although sub-
surface growth of Pd on Cu(110) and Ag(110) has been
studied by STM [6]. This seems to be in accordance with
the conventional wisdom of effective screening of impuri- | ¢
ties below the surface by the nearly free electrons of the &2 =5
metals and that the STM tip follows the surface topography Fefe= 5
of surface atoms. In the case of semiconductors screenin¢®s
is weaker and imaging even of uncharged impurities down
to the third layer below the surface has been reported [9]. £ £

In the present work we demonstrate for the first time [ #S%%
that transition-metal structures buried below a metal = - T '
surface can be imaged by STM. We combine STMFIG. 1. STM images of the Cu-Ir surface: (a) Low Ir cover-
ion scattering spectroscopy (ISS), x-ray photoelectro ge. 0.0_5 ML of Ir dEposned at 200 K and annealed at 650 K

X - (Ugampte = 0.02V, I =2.1nA). (b) Ordered CulfCu(100)
spectroscopy ,(XPS)' gnd quy-gnergy elgctron d'ffra(:t'or‘subsurface alloy. 0.6 ML of Ir deposited at 620 K{mpi. =
(LEED) experiments withab initio calculations and show —03 v, 1 = 0.5 nA). Image sizes: 40 A< 40 A.  Tip-to-

this explicitly for the subsurface alloy formed after sample distance ~ 6-9 A.
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of the surface. The latter can be discarded on the basis of
He™ 1SS measurements, which are known to be sensitive
to the topmost surface layer only [10]. No Ir signal was
detected by ISS.

A closer inspection of the image further reveals that
sometimes the starlike defects overlap when two Ir atoms
are located at nearest-neighbor sites. As a consequence
dark lines start to form along the [011] directions [cf. dark
line in the lower right part of Fig. 1(a)]. After direct de-
position of Ir [0.5—0.6 monolayer (ML)] at elevated tem-
peratures long range ordering occurs which is indicated
by a (2 X 1) LEED superstructure exposing two domains.
The amount of Ir visiblein ISS isthen below 1%, whereas
XPS results show that Ir is segregated into the surface but
remains in a surface near region, e.g., in the second layer.
The corresponding STM image of the ordered surface ex-
hibits a distinct chainlike structure orientated along the
two equivalent [011] directions [Fig. 1(b)]. The distance
between adjacent chains of the same kind is measured
to about 5 A (i.e., twice the nearest-neighbor distance) in
agreement with a (2 X 1) LEED structure. The ordered
alloy shows an apparent corrugation of 0.3 A as measured
by STM. Successful imaging of the subsurface alloy was
possible only for negative bias voltages Usampie (OCCU-
pied sample states) in arange between —0.2 and —0.5 V,
indicating electronic effects as the origin of the measured
corrugation. Summarizing the experimental findings from
the STM, LEED, ISS, and XPS measurements we propose
the following structural model: 0.5 ML of Ir deposited on
Cu(001) leads to the formation of an ordered (2 X 1) Culr
aloy layer of adjacent Cu and Ir chains along the [011] di-
rections buried under one monolayer of Cu.

Although above experimental findings lead to a con-
sistent structural model of an ordered Culr subsurface al-
loy, (i) the result is quite surprising as Ir and Cu exhibits
a large miscibility gap in the bulk phase diagram [11],
and (ii) the model relies on the assumption that STM is
able to image Ir impurities and chains buried in the sub-
strate, for which there is no experimental evidence so far
and disputed by the conventional school of thought that
STM follows the topography of surface atoms. In order
to shed light onto the question of detectibility of buried
Ir structures, and to interpret and understand STM images
of Ir point defects and Culr adjacent chains, we calcu-
lated STM images on the basis of the model of Tersoff
and Hamann [12] and first-principles electronic structure
calculations.

Electronic structure, total energy, and force calcula
tions are carried out with the full-potentia linearized
augmented plane wave method in film geometry [13]
within the local-density approximation [14] to the density-
functional theory. The surface and surface near region are
modeled by eleven-layer (001) films, at the experimental
| attice constant of Cu (ac, = 3.616 A), consisting of nine
layers of Cu and one layer containing Cu and Ir atoms
placed on both sides of the film at the surface (S), sub-

surface (S — 1), or deeper (S — 2,5 — 3) layers. Thelr
impurity is modeled using a p(2 X 2) surface unit cell
containing three Cu atoms and one Ir atom per impurity
layer. Similarly the Culr chain structure is treated in a
p(2 X 1) unit cell with two atoms per layer. For the sys-
tem with the p(2 X 1)-Culr chainsat S — 1 all atom po-
sitions are fully relaxed, minimizing the total energy by
force calculations. We found a buckling of the Ir and Cu
atoms at the § — 1 layer of AZ/d = 2.9% of the inter-
layer distance d = ac,/2 between two (001) plains. This
increases the corrugation amplitudes of STM images pre-
sented below by Az = 0.05 A, which isaminor contribu-
tion in the context of this Letter and the relaxation is not
considered any further. We further investigated the en-
ergetic stability of the subsurface alloy and the energetic
competition with a checkerboard arrangement of Cu and
Ir atoms by total energy calculations. We found, consis-
tent with the interpretation of the STM analysis, Ir in the
p(2 X 1) Culr structure located in the subsurface layer is
the energetically most stable configuration, 49 meV lower
than located at deeper layers.

The tunneling current I that gives rise to the STM
images is a function of the applied bias voltage U and
is given by

.20 = [

—o0

+oo
gur(e)n(ry,z,er + €)de, (1)

where er is the Fermi energy, n(r,z,er + €) is the
local density of states (LDOS) of the sample evaluated
at the lateral (r) and vertical (z) [15] positions of the
tip. f is the Fermi function gy r is the difference of
the Fermi function fr at e — eU + € and ep + e.
All caculations are carried out for room temperature,
kgT = 0.025 eV. The corrugation amplitude Az, i.e, the
maximum variation in the vertical position of the tip as it
scans the surface at constant current, has been calculated
as described in Ref. [16]:

Jgur(en(z,e)de
[evr(e)(9/dz)ni(z,€)de’
where n;, are the lowest order LDOS star coefficients.
These star coefficients are obtained expanding the LDOS

in symmetrized 2D plane waves (“star” functions ¢;) with
z-dependent coefficients:

n(ry,z, €) = D nylz, €)b,(ry). ©)

Az(z,U) «

)

The first star function ¢, is smply a constant and does
not contribute to the corrugation pattern. Its coefficient n;
must be positive since it represents the charge integrated
over the 2D unit cell. n, can be positive or negative and
determines the sign of the corrugation amplitude and thus
the chemical and structural sensitivity.

The theoretically determined STM images for the
Ir impurity [p(2 X 2)] and chain [ p(2 X 1)] structure
buried in the subsurface layer S — 1 (Fig. 2) calculated
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FIG. 2. Calculated STM imagesat U = —0.6 V,z = 5 A for
Ir impurity (a) and chain (b) located a S — 1. Open (full)
circles represent Cu (Ir) atoms; big (small) circles represent
atomsat S(S — 1).

for the bias voltage U = —0.6 V clearly reproduces the
experimental images of star- and chainlike patterns.

A wide range of the bias-voltage dependence of STM
imagesis covered in Fig. 3 interms of calculated corruga
tion amplitudes for Ir impurities and chains at the Cu(001)
surface layer S or buried in the subsurface layer S — 1.
From Fig. 3 it can be concluded that Ir atoms and chains
in the surface should be imaged as protrusions (Az >
0) while depressions (Az < 0) should be found for the
buried structures, and vice versafor Cu atoms. Strikingly
the absolute corrugation amplitudes are of comparable
values, irrespective whether Ir is in the surface or subsur-
face layer. Note the distinct bias-voltage dependence for
the buried structures. The maximum corrugation ampli-
tudes for the buried structures were found around —0.5 eV
and an atomic resolution becomes possible only at nega-
tive bias voltages, i.e., occupied sample states, which isin
perfect agreement with the experimental observation.

Further calculations for Ir impurities and chains at
deeper layers (not shown here) revea that the maximum
corrugation amplitude decreases for the Ir impurity with
increasing depth (i.e, Az =0.15A a S — 2), but re-
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FIG. 3. Calculated corrugation amplitudes of a tip at z =
5.3 A, as a function of the applied bias voltage U for the Ir
impurity and chain. In the insets at the upper and lower right
corners, filled (open) circles denote Cu (Ir) atoms. Positive
(negative) corrugation amplitudes are defined as imaging the Ir
Site as a protrusion (depression).
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mains nearly unchanged for the Culr chain structure. The
latter is a clear indication of the development of quantum-
well states between the Cu surface and the buried struc-
ture analogous to the work of Altfeder et al. [17], ab-
sent for impurities. Since the corrugation amplitudes for
Culr chains buried at different layers are very similar, and
from Fig. 1(b) it is a priori unknown whether Cu or Ir
is imaged as protrusion it is impossible to conclude from
Fig. 1(b) at which layer the Culr aloy is located. On
the other hand, in the low coverage limit, single defects
[Fig. 1(a)] are clearly related to single Ir atoms. Since
they appear as depressions with a similar corrugation am-
plitude as the chains we conclude that Ir is located in the
subsurface layer.

In order to correlate the bias-voltage dependence of
the corrugation amplitudes to the underlying electronic
structure we present in Fig. 4, for the p(2 X 1)-Culr
chain structure buriedin S — 1, the second star coefficient
of the vacuum LDOS. We recall from the discussion of
Eq. (2) that the corrugation pattern is determined by n,.
For a perfect Cu(001) surface, the two Cu atoms in a
p(2 X 1) surface cell are indistinguishable, the difference
in the corrugation between Cu atom one and two is zero,
and thus n, is identicaly zero. Replacing one chain of
Cu atoms by Ir atoms breaks the symmetry and n, will
be nonzero. In Fig. 4 we find n, is basically zero over
a large energy range, except around —0.5 eV, where n,
shows a negative peak. According to our definition, a
negative value of n, means Ir isimaged as depression and
Cu asprotrusion. The fact that n, is zero for positive bias
voltages explains why no atomic resolution was found in
the experiment at U > 0.

The peak of n, is a consequence of electronic states
spread over a large part of the 2D Brillouin zone (BZ).
For the Ir chain system buried a S — 1, a real space
view of a typical state at the energy of the peak of n,
is shown in Fig. 5 in terms of a charge density contour
plot. Figure 5 displays the fact that the hybridization of
the Ir d-states (largest charge density in Fig. 5) with the
Cu sp statesresultsin tilted pd orbitals at the Cu surface
atoms (and of the Cu atoms below the Ir atoms, S — 2).
The bond between the Cu surface atom and the Ir atom
is of antibonding nature and the tilted pd orbitals form a
bond charge above the Cu subsurface atom, which implies
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FIG. 4. LDOS star coefficient n,(z = 5.3 A) as a function of
energy for the Culr chain structure buried at S — 1.
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FIG. 5 (color). Cross section aong the [100] direc-
tion through the charge density of a typica state [k =
(7/a) (0.325,0.325)] in the 2D BZ at an energy Er — 0.6 eV
for Ir chainsat S — 1.

that the charge density maximum, which is for a plain
Cu(001) surface above the Cu surface atom, shifts to the
position above the Cu subsurface atom. Depending on the
structural symmetry this resultsin the starlike or stripelike
pattern observed in experiment (Fig. 1) and theory (Fig. 2)
for the Culr impurity and chain structureat S — 1.

The arguments based on the hybridization of the Cu
sp-states and Ir d-states are rather general and the
visibility of buried transition-metal atoms should also
hold for other transition-metal atoms. First candidate is
Rh, isoelectronic to Ir. With an increasing number of d
electrons (Ir, Pt, Au) we expect that the d-band energy
lowers with respect to the Fermi energy and thus the
tunneling barrier of the state seen in STM becomes higher.
This increases the decay of the wave function into the
vacuum and the corrugation amplitudes should drop. In
addition a lower d-band energy reduces the symmetry
breaking between Cu and the 3d metal, n, approaches
zero, and again the corrugation amplitudes should drop.
For elements with a decreasing number of d electrons
(Ir, Os, Re, ...), the opposite trend is expected. We
confirmed this picture by carrying out calculations for Ta,
W, Re, Os, Pt, and Ag chainsin Cu(001) at S — 1. For
Pt, the corrugation amplitude drops to a maximum vaue
of 0.15A a U = —1.2 V and an amplitude lower than
0.05 A within an energy of U = +0.5 V. We conclude
it is most likely impossible to image buried Pt. We
speculate that this is the reason why the subsurface growth
of Pd, isoelectronic to Pt, in Cu(110) [6] was impossible
to image with STM. For Ag buried in Cu(001), we found
corrugation amplitudes of 0.03 A, which will hardly be
measurable by STM. For Os, Re, W, and Ta, on
the other hand, corrugation amplitudes of ~0.4 A are

found in a bias-voltage interval of U = £0.5V. The
maximum corrugation amplitude increases in energy with
a decreasing number of d electrons and the buried Ta
chains can be detected only for U > 0.

In conclusion, we have given experimental and theoret-
ical evidence that it is possible to image transition-metal
atoms buried in noble-metal surfaces by STM. The cor-
rugation amplitudes of aloys at the surface or buried can
be of similar size and STM experiments in combination
with further surface sensitive tools (e.g., ISS) are required
to draw firm conclusions on the expected site below the
surface. This should not only hold for the Ir/Cu system,
but is a rather general phenomenon expected for a large
class of transition metal systems.
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