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High-resolution electron-energy-loss spectroscopy has been used to investigate the dispersion of
surface phonons on the unreconstructed (1X1) and the reconstructed (5X1) Ir(100) surface. A
significant difference in the dispersion properties of the (1X1) and (5X 1) surfaces is found for both
the [011] and the [001] direction. Lattice-dynamical calculations in a second-nearest-neighbor
force-constant model fit the experimental results on the (1X 1) surface if a large amount of surface
stress is invoked. Our results suggest that the surface stress is the driving force for the surface

reconstruction of Ir(100)-(1X1)—Ir(100)-(5X1).

I. INTRODUCTION

In the past few years high-resolution electron-energy-
loss spectroscopy (EELS) has been successfully applied to
measure the dispersion of surface phonons of clean and
adsorbate-covered surfaces.! > These studies have
demonstrated that by comparing the experimental results
with theory one is able to obtain important information
concerning dynamical and structural aspects of surfaces.
These studies have also revealed that the interatomic
forces at the surface are in most cases different from the
forces in the bulk. The capability of this method for the
investigation of metastable surfaces or of surfaces with a
propensity towards reconstruction is of particular impor-
tance since direct information concerning the reconstruc-
tion and relaxation mechanism is provided.

In the present study we have investigated the recon-
structed and unreconstructed phases of an Ir(100) sur-
face. It is well known from previous surface sensitive
spectroscopic investigations that the Ir(100) surface un-
dergoes a (1X1)—(5X1) surface reconstruction.*” ¢
What is quite unique about the Ir(100) surface is that
stable and atomically clean surfaces of both Ir(100)-
(1X1) and Ir(100)-(5X 1) can be obtained by controlling
experimental conditions. This behavior of the Ir(100)
surfaces thus provides us with a unique opportunity to
directly compare the properties of the surface phonons of
the unreconstructed and the reconstructed surfaces. The
dispersion of surface phonons has been measured along
both the T'X [011] and the T'M [001] directions. For both
directions we find that the frequency of the Rayleigh pho-
non near the zone boundary is higher on the (1X1) un-
reconstructed surface. This result is considered as being
indicative of a substantial tensile stress on the (1X1) sur-
face and that this stress plays a major role in driving the
reconstruction.

II. EXPERIMENT

The experiments reported here were carried out in an
ultrahigh vacuum chamber equipped with a double-pass
electron-energy-loss spectrometer, low-energy electron-
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diffraction (LEED) optics, an Auger-electron spectrome-
ter (AES) and a mass spectrometer. The chamber was
pumped by a 220 1/s ion pump and a liquid-nitrogen-
cooled titanium sublimation pump. The base pressure of
the chamber was in the low 10~ !! mbar range.

The voltage supply of the EELS spectrometer has been
described previously.” In brief this computer-controlled
voltage supply provided a high stability and a low noise
level (<0.2 meV), which enabled us to obtain EELS
spectra with a resolution [full width at half maximum
(FWHM)] as good as 7.5 cm ™! (0.93 meV) in the elastic
beam. The resolution of the EELS spectra reported here
was set to be within the range of 15-25 cm~!. The
momentum-resolved EELS spectra were measured by ad-
justing the incident angles (6;) of the electron beam with
fixed final scattering angles (6/), as described in detail
previously.® The impact energies of the incident electron
beam used in the present study were in the range of
29-70 eV. All phonon spectra were recorded at 300 K.

The Ir(100) surface used in the present study was cut
and polished to within 0.5° of the desired orientation.
The crystal was initially cleaned by cycles of Ne™ ion
sputtering at 300 K (6 nA, 2 kV) for 5 min followed by
annealing at 1400 K for 5 min. The final stages of clean-
ing involved the exposure of the crystal surface to ~10 L
of oxygen at 1200-1300 K followed by annealing for 1
min at 1400 K. After these cleaning procedures the AES
measurements revealed that the surface was free of oxy-
gen and the impurity level of carbon was less than 1%
near the surface region. The cleanliness of the surface
was also assured by EELS measurements. Similar to that
reported previously,’ the clean Ir(100) surface obtained
after the above procedures was characterized by a sharp
(5X1)-LEED pattern, indicating that the surface un-
derwent a (5X 1) surface reconstruction.

The preparation of a clean Ir(100)-(1X1) unrecon-
structed surface from an Ir(100)-(5X1) reconstructed
surface has been described by other authors previous-
ly.>®!% The procedures used in the present study were as
follows: A clean Ir(100)-(5X 1) reconstructed surface was
exposed to 45 L of O, at ~450 K followed by slowly
heating the crystal to 740 K. Such a procedure resulted
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in an oxygen-covered surface with an Ir(100)-(1X1)-O
LEED pattern. The adsorbed oxygen was then removed
by exposing the surface to 5 L of H, at ~525 K followed
by slowly heating (~1 K/sec) to 700 K. After the above
chemical treatment a clean, unreconstructed Ir(100)-
(1X1) surface characterized by a sharp (1X1)-LEED
pattern was routinely obtained. The surface was found to
be free of oxygen as indicated by both AES and EELS
measurements. Only EELS spectra with a very high
magnification of about 10* compared to the elastic beam
indicated traces of oxygen as identified by a small vibra-
tional loss at about 540 cm ™ !. The carbon impurity level
was less than 1% near the surface region as judged by
AES measurement. Occasionally small dipole active
EELS losses were observed around 125 and 195 cm ™!, re-
spectively, on both clean surfaces, which were probably
caused by steps or defects.

As reported previously, the unreconstructed
Ir(100)-(1X 1) surface was found to be stable in the tem-
perature range of 300-700 K. Heating the Ir(100)-(1X1)
surface to 1400 K gave rise to a thermally irreversible
(5X 1) reconstruction of the surface.

5,6,10

III. RESULTS

Schematic drawings depicting an unreconstructed
Ir(100)-(1X 1) surface and a reconstructed Ir(100)-(5X 1)
surface are shown in Fig. 1. These drawings are repro-
duced from the LEED investigations of the reconstruc-
tion of Ir(100) by Heinz et al.> As shown in Fig. 1 the

Q first layer
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[001]
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Ir (100) (1x1)

The Ir(100) (5x1) Reconstruction

FIG. 1. Schematic drawings of th structures of Ir(100)-(1X 1)
and Ir(100)-(5X1). The dashed circles represent the second lay-
er Ir atoms. The square and rectangle represent the unit cells.
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unreconstructed surface is characterized by the bulk-like
fourfold symmetry. LEED investigations showed that
there is only a very small relaxation between the first and
second surface layer of Ad /d = —2%+2%.!! The (5X1)
reconstructed surface is on the other hand characterized
by a quasisixfold symmetry for the top Ir overlayer.
LEED analysis favored the “two-bridge” model of Fig. 1,
where two of the six atoms in the (1X5) unit cell occupy
precise bridge positions.” The top layer is buckled so that
it possesses twofold symmetry only. There are six atoms
in the unit cell on five nearest-neighbor distances in [011]
direction, i.e., the density of atoms in the quasihexagonal
layer is 20% larger than in the (1X1) surface. Two
domains, rotated by 90°, exist on the Ir(100)-(5X1) sur-
face.

Figure 2 shows the surface Brillouin zone of an un-
reconstructed Ir(100)-(1X1) and a reconstructed (5X1)
surface with the hexagonal overlayer considered in isola-
tion from the substrate. In our phonon-dispersion mea-
surements the scattering plane was aligned within ~2°
along the two high symmetry TX [011] and TM [001]
directions, respectively. For the ease of comparison the
phonon spectra of the (5X1)-reconstructed surface were
also measured along these two directions. By comparing
Figs. 1 and 2 one can notice that the I'X [011] direction is
also a high symmetry direction for the (5X1)-
reconstructed surface. However, for the two domains of
the overlayer, one samples two different directions in the
hexagonal Brillouin zone, namely, TM ' and TK'. The
T'M [001] direction is no longer a high symmetry one for
the (5X1) surface, however it is unique in that it is
equivalent for both domain orientations. The breakdown
in the symmetry of the (5X1) surface along the [001]
direction is reflected in the phonon dispersion curve,
which will be presented later.

A set of phonon spectra of the unreconstructed
Ir(100)-(1X 1) surface measured along the T'.X direction is
shown in Fig. 3. The phonon wave vectors in Fig. 3 are
normalized with respect to the zone boundary of the TX
direction (Q,=1.16 A ~1y and are represented as ¢. Fig-
ure 3(a) is a typical phonon spectrum recorded at the X
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FIG. 2. Surface Brillouin zones of the unreconstructed
Ir(100)-(1X 1) and the reconstructed (5X 1) surfaces with the
hexagonal overlayer considered in isolation from the substrate.
Letters with a prime refer to high symmetry points of the hexag-
onal Brillouin zone.
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point. The peak at v=0 cm ™ ! is due to the diffuse elastic
scattering of electrons with surface defects such as kinks
and steps. The two inelastic peaks in Fig. 3(a) correspond
to the annihilation (energy gain) and creation (energy
loss) of the surface Rayleigh mode, or the so-called S,
mode,'>!3 respectively. As discussed previously this .S,
mode corresponds to the vertical displacement of surface
layer atoms. As expected the frequency of this S, mode
decreases at smaller wave vectors [Figs. 3(b) and 3(c)].

In principle, another surface phonon mode that corre-
sponds to the longitudinal displacement of surface layer
atoms (S, mode) exists close to the X point for a fcc (100)
surface.!>”!* However this mode has not been detected
for the Ir(100)-(1X 1) surface during our experiments, al-
though an unresolved shoulder on the high-energy side of
the S, mode was sometimes observed. We assume that
under our experimental conditions the cross section for
the excitation of the S¢ mode is small.

A set of phonon spectra for a (52X 1)-reconstructed sur-
face along the T'X direction is shown in Fig. 4 for com-
parison. The first Brillouin zone of the (5X 1) surface ac-
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FIG. 3. Momentum-resolved EELS spectra of the unrecon-
structed Ir(100)-(1X 1) surface recorded along the T'X direction.
The wave vectors are normalized with respect to the zone
boundary as {=Q,/1.16 AL Spectra (b) and (c) are recorded
within the second Brillouin zone at {=1.35 and 1.75, respec-
tively.
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tually extends only until £{=0.2 in one I'X direction, i.e.,
the Rayleigh mode should be folded back to yield five
branches within the reduced Brillouin zone. In the
course of our experiments we observed, however, in the
EELS spectra no prominent loss peaks which could be as-
signed to backfolded branches, but we found high cross
sections only for the nonbackfolded branch throughout
the extended Brillouin zone. This appears to be a typical
feature of systems where the reduced Brillouin zone
comes about by a change in the first layer structure.!> On
the other hand, backfolded branches have been observed
on the reconstructed Pt(100) surface using He scatter-
ing.!® The Rayleigh mode is observed therefore as a con-
tinuous mode from T to X and T to M, respectively.
That means the scattering cross section for processes in-
volving a reciprocal-lattice vector of the superstructure
was small for all scattering conditions we tried. We also
note that the elastic intensity of the (5X 1) extra LEED
spots was always low, when the cross section for the non-
backfolded phonon branch was high.

In Fig. 4 one set of surface phonon modes is observed
at 87 cm™ ! for £=1.0, at 77 cm ! for £=0.65, and at 50

em™! for £=0.25, respectively. By considering the
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FIG. 4. Momentum-resolved EELS spectra of the recon-
structed Ir(100)-(5 X 1) surface recorded along the T'X direction.
£=1.0 corresponds to the X point with Q,=1.16 AL Spec-
trum (c) is recorded at {=1.75.
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quasisixfold symmetry of the (5X1) overlayer this pho-
non mode can be assigned to the S, surface mode,!?
which corresponds to the vertical displacement of the
surface layer atoms. In addition to the S| mode, another
phonon or surface resonance mode is observed at the X
point [Fig. 4(a)] at 130 cm ™.

The phonon dispersion curves for the Ir(100)-(1X1)
and Ir(100)-(5X 1) surface along the T'X direction are
compared in Fig. 5. A significant difference in the vibra-
tional frequencies of the surface Rayleigh modes [S, for
the (1X1) surface and S, for the (5X1) surface] is ob-
served at large wave vectors. For example, at the X point
the difference in the two phonon modes is 25+2 cm ™ ! in-
dicating that the dynamical properties of the (1X1) and
(5X1) surfaces are markedly different. Figure 5 also
shows that at £ <0.4 the phonon frequencies of these two
surfaces start to overlap. This is because at long wave-
length the Rayleigh wave penetrates deeply into the crys-
tal and thus is less influenced by the first layer’s structure
and binding forces. _

A comparison of the phonon spectra recorded at the M
point for an Ir(100)-(1X 1) surface and an Ir(100)-(5X1)
surface is shown in Fig. 6. The comparison shows again
that the vibrational frequency of the surface Rayleigh
mode of the (1X1) surface is significantly higher than
that of the (5X 1) surface. The difference in frequency is
more clearly demonstrated in Fig. 7, where the complete
phonon dispersion curves of these two surfaces are com-
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FIG. 5. Comparison of the phonon dispersion curves mea-
sured along the TX direction for both the (1X1) and (5X1)
surfaces.
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pared. The pronounced difference in the phonon frequen-
cies at {>0.8 confirms the difference in the dynamical
properties of the two surfaces.

One should also notice from Fig. 7 that for the (5X1)
surface the maximum phonon frequency appears to be at

= ~0.65 rather than at the M point. Such a downward
curvature has been also observed for quasihexagonal
(2X8) and (2X10) Ag overlayers on Ni and Cu(100), re-
spectively, and has been attributed to the geometric
mismatch between substrate and adlayer.'* The curva-
ture becomes particularly large when the adlayer perpen-
dicular vibrational mode has about the same frequency as
the Rayleigh-mode. Comparing the TX and TM direc-
tions (Figs. 5 and 7) suggests that the effect is also related
to the fact that along the T'M direction the boundary of
the Brillouin zone of the hexagonal overlayer is crossed
at £{=0.76 (Fig. 2).

IV. LATTICE-DYNAMICAL ANALYSIS

The possibility for discussing the surface phonon
dispersion of Ir(100) in terms of lattice-dynamical models
is severely impeded by the fact that data on the bulk pho-
non dispersion are not available. Only the maximum
bulk phonon frequency can be determined from the den-
sity of states!” to be about 6.87 THz (229 cm™!). This
value is consistent with the specific heat data in the re-
gime between @ /2 and @), with ®, the Debye temper-

ature. The knowledge of the maximum frequency is
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_ FIG. 6. Comparison of the phonon spectrum recorded at the
M point on the (1X 1) and (5X 1) surfaces, respectively.
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FIG. 7. Phonon dispersion curves of Ir(100)-(1X1) and
Ir(100)-(5 X 1) measured along the ' M direction.

enough to fix the parameter of a nearest-neighbor central
force model. While such a simple model fails to provide
a suitable description of the elastic constants it does fit
the frequencies near the boundary of the Brillouin zone
for some of the 3d fcc transition metals like Cu and Ni.'®

For 5d transition metals larger range interactions need
to be taken into account. Also noncentral forces become
important in general. For the particular case of Ir, how-
ever, the Cauchy relation between the elastic constants
(here C;, =Cy,) is well fulfilled'® and a central force con-
stant model should therefore suffice. In order to fix the
parameters for a central force constant model with
second-neighbor interactions included?® we have matched
the parameters to provide a least-square fit to the zone
boundary frequencies of platinum, an element which is
next to Ir in the Periodic Table. The average deviation
between the experimental frequencies?' and the frequen-
cies of the model is only 1.5%. The resulting parameters
were scaled to match the maximum frequency for Ir and
are listed in Table I.

TABLE 1. Parameters for the second-nearest-neighbor model
for Ir in 10* dyn/cm; ¢ and ¢; denote the first and second
derivative of the pair potential to the ith neighbor, respectively,
and ry is the nearest-neighbor distance.

o1 @1/ro 2
7.20 —0.29 0.128

LEHWALD, CHEN, KISTERS, PREUSS, AND IBACH 43

The remaining parameter of the model is the first
derivative of the pair potential between second-nearest
neighbors @5. Its value is fixed by the condition that the
bulk of the material be stress-free:

\/_Z(p'l—l-tp'z:O . (1)

At the surface one has the additional condition that
the net forces on the surface atoms must vanish. The
condition is fulfilled automatically for the net force paral-
lel to the surface by virtue of the inversion symmetry.
For the perpendicular forces the condition reads for the
first and second layer, respectively,

—u, @5 (1,3)—4u,, —u,)n,(1,2)9](1,2)
— @5 (1,3)+4n,(1,2)p1(1,2)=0, (2)
— U (2,4 + 4y — )0, (2,3)@](2,3)
— A, —u,)n, (2, D} (1,2)+49)(2,3)n,(2,3)
+4¢1(1,2)n,(2,1)—¢5=0 . (3)

Here ¢;(j,k) and ¢;(j,k) denote the first and second
derivative of the pair potential to the ith neighbor be-
tween layers j and k, respectively, n,(j,k) is the z com-
ponent of the bond vector from an atom in the j layer to
the nearest neighbor in the k layer, and u,; are the verti-
cal displacements of the atoms in the j layer; u,; is as-
sumed to be zero. If all force constants are kept at their
bulk value, the surface layers relax their vertical distance.
In view of the small relaxation of 2% (Ref. 11) deter-
mined by LEED we set all u,; =0 in our model. The con-
ditions above are then fulfilled if

¢1(1,2)=159] . )

Using these parameters we have performed a lattice-
dynamical slab calculation and compared the results to
the experimental data. As is seen from Fig. 8 the theoret-
ical dispersion curve runs below the experimental data
near the zone boundary. Qualitatively, this result is typi-
cal for all fcc (100) surfaces (see, e.g., Ref. 13), for the
Ir(100) surface, however, the difference is particularly
large.

In earlier publications the surface stress mecha-
nism has been invoked in order to explain the deviation
between experimental data and the surface phonon
dispersion calculated from bulk force constants. The ra-
tional for this model is that surface atoms, by virtue of
their lower coordination number, seek a smaller lateral
bond distance, are however fixed in their lateral distance
by the registry with the bulk lattice. In other words, sur-
face atoms are held in a lateral distance which is larger
than the equilibrium distance of their mutual pair poten-
tial. Consequently, the first derivative of the pair poten-
tial between the surface atoms ¢j(1,1) should shift to
larger, positive values, whereas the second derivative
@7 (1,1) should become smaller. The picture drawn
above is consistent with results from the ‘“‘embedded
atom” model.”> More recently, total energy calculations
have been performed for Al surfaces by Gaspar and
Eguiluz.?* These authors find that the primary origin for

3,13,22
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the increased phonon frequencies is an enhanced noncen-
tral force near the surface. At present it is not clear,
however, to what extent this result bears also on transi-
tion metal surfaces with their covalent frame of d elec-
trons. Also, in aluminum noncentral forces are large
even in the bulk, as is evident from the large deviation in
the Cauchy relation (C, /C,44=2.2!). For Ir(100) the ex-
perimental evidence is that the interlayer spacing be-
tween the first and second layer does contract by about
2%,'1 which is consistent with the stress model, whereas
for A1(100) the interlayer spacing is expanded.??

While the issue of whether or not noncentral forces
near the surface are important for Ir(100) must await fur-
ther theoretical investigations, we wish to explore here
the consequences of the stress model a little further. We
have calculated the surface phonon dispersion by assum-
ing that the first derivative of the pair potential between
the surface atoms ¢}(1,1) is positive. Figure 9 shows the
comparison between the lattice-dynamical model and the
experimental data for the optimum value for
@1(1,1)/ry=5.8X 10 dyn/cm. Clearly, the agreement is
significantly improved. A small further improvement is
obtained when the second derivative of the pair potential
between the surface atoms ¢1'(1,1) is reduced. However,
the data on the Rayleigh-wave dispersion are not very
sensitive to that particular surface force constant. More
sensitive is the S¢ mode in the gap near X,?° which, how-
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ever, was not found in this experiment.

The experimental data on the surface phonon disper-
sions are also crudely fitted by the lattice-dynamical mod-
el, when the force constant which couples the atoms in
the first layer to the second is enhanced by about 45%.
However, in view of the small contraction of the inter-
layer spacing by 2% there is no physical reason for such
an enlargement. It was also not possible to achieve a
good match to the data in both directions that way, un-
less more surface force constant modifications are in-
volved. Finally an enhancement of the force constant be-
tween first and second layer by an amount larger than
~30% causes high-frequency surface modes to peel off
the top of the phonon bulk band. Such localized high-
frequency modes have however not been observed under
any scattering conditions.

Figure 9 also shows the frequencies of the Rayleigh
wave in the acoustic limit. The velocities of the Rayleigh
wave were calculated from the elastic constants!® using
the secular equations from the work of Gazis, Hermans,
and Wallis.?” The lattice dynamical model does not fit
the acoustic limit for the Rayleigh wave properly, since
longer range forces are typically necessary to account for
the elastic properties. In the I'M direction the experi-
mental data approach the Rayleigh mode in the acoustic
limit, as expected. In the T'X direction however, the data
cross the Rayleigh mode. This indicates that not only the
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FIG. 8. Comparison of lattice-dynamical calculations (27 layers) and experimental results for the Ir(100)-(1X 1) surface. Only
even modes are plotted. The calculations use bulk force constants of Table I and the surface equilibrium condition (4). The circles

are the experimental results and are replotted from Figs. 5 and 7.
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FIG. 9. The same as in Fig. 8, but with @(1,1)/7,=5.8X 10’ dyn/cm. The dashed-dotted line is the Rayleigh wave in the acous-

tic limit, as calculated from the elastic constants.

Rayleigh mode, but also the bulk band contributed to the
experimental spectra. This has also been observed and
confirmed by cross-section calculations on Ni(110), for ex-
ample.’

V. DISCUSSION

The lattice-dynamical analysis presented above entails
that the unreconstructed Ir(100) surface is under a con-
siderably tensile surface stress. In order to estimate the
amount of surface stress from the lattice-dynamical
analysis it is necessary to first consider the surface stress
which arises simply from the cutting of bonds alone.
While conditions (2)—(4) ensure that the net forces on the
surface atoms vanish, a surface stress remains and (with
a, being the lattice constant) is equal to

TZZI‘(\/iqoll(1,1)+\/§(p'1(1,2)+2q0'2(1,1)—%\/590'1) .
0

(5)
With ¢)(1,1)=—v"2¢)} and (4), 7 becomes
T=[ei(1,1)=2¢]]/r¢ - (6)

Clearly, the surface is not stress-free, even when
@1(1,1) is equal to the bulk value. This is a common
feature of all lattice-dynamical models involving nonzero
first derivatives of the pair potential and more than
nearest-neighbor interactions and should be kept in mind

in the discussion of surface lattice-dynamical models.
From the fit to the dispersion curve we calculate

r~1.2x%x10* (N

in dyn/cm. This number is roughly a factor of 2 larger
than the value calculated for the Ir(111) surface starting
from first principles.?® The surface stress found here for
the Ir(100)-(1X 1) surface is also by a factor of 3 to 6
larger than on the Ni(100), Ni(110), and Ni(111) sur-
faces.>?%?° Clearly this large tensile surface stress, pro-
vided the value from the lattice-dynamical analysis is
correct, must be considered as the main driving force for
the reconstruction into the pseudo hexagonal overlayer.
This is in agreement first with the denser packing of the
first layer atoms in the (5X 1) surface and second with
our observation that the frequencies of the Rayleigh
modes at X and M are significantly lower on the (5X1)
than on the (1X1) surface. Thus, on the (5X 1) surface
the stress should be relaxed. The amount of stress energy
per surface atom in the nearest-neighbor bonds may be
estimated, if harmonic potentials are assumed:

y=r3r* /@) =0.92 eV . (8)

The (1X1)—(5X1) reconstruction proceeds via domains
and islands® also by producing steps so that we can as-
sume that no additional atoms from the bulk are incor-
porated into the surface layer despite the 20% denser
packing. Inspection of Fig. 1 tells us that the number of
bonds for the atoms is different on both surfaces: while on
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the (1X1) each atom has eight nearest neighbors, the
average coordination number in the (5§X 1) unit cell is 7%
per atom. Reducing 1 of a bond per atom costs the ener-
gy v =()N3)E ., =0.39 eV/atom, with E_, being the
cohesive energy, which is 6.94 eV/atom for Ir. Thus the
net gain in energy would be Ay =0.53 eV/atom by reliev-
ing the surface stress upon the (1X1)—(5X1) recon-
struction.

VI. CONCLUSION

The results and discussion presented above clearly re-
veal the different dynamical properties of the Ir(100)-
(1X1) and Ir(100)-(5X 1) surface. In both high symme-
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try directions the frequency of the Rayleigh phonon near
the zone boundary is higher on the unreconstructed
(1X1) surface. A lattice-dynamical analysis shows that
this enlarged frequency can be attributed to a strong ten-
sile surface stress. We conclude that this surface stress is
the driving force for the (1X1)—(5X1) reconstruction
of the Ir(100) surface.
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