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Mesoscopic Self-Organization Induced by Intrinsic Surface Stress on Pt(110)
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Scanning tunneling microscopy revealed a quasi-one-dimensional periodic island structure on the
clean Pt(110d X 2) surface. The period is about 1500 A. As indicated by several test experiments,
the structure corresponds to the thermodynamic equilibrium. This spontaneous island formation is
attributed to mesoscopic self-organization induced by the intrinsic surface stress. It is demonstrated
that such mesoscopic structures allow determination of the absolute surface stress. The present result
agrees withab initio calculations. [S0031-9007(97)03904-5]

PACS numbers: 68.35.Bs, 61.16.Ch, 68.35.Md

Self-organization processes, such as spatial and tempperiod of our investigations, the tendency towaftds< 3)
ral pattern formation on surfaces, play an important role irreconstruction gradually diminished as the accumulated
catalytic processes [1]. Stress-induced self-organizationumber of heating cycles increased. This confirms recent
is a common but as yet little explored phenomenon in theonclusions of Kern and co-workers [13] associating the
epitaxial growth of layered materials. It has even beer(l X 3) reconstruction with residual C impurities. Br
proposed as a means to fabricate nanoscale structuresvilas dosed onto the crystal from a solid state electro-
microelectronics [2,3]. Most of the case studies reported¢hemical cell similar to the one described by Spencer
so far concern semiconductor systems [2—5]. Mesoscopiet al. [14]. The STM data were acquired at 300 K in a
self-structuring on metal surfaces was observed but IDME [15] STM.
most cases found to be related to adsorbates [6—8]. The morphology of the clean Pt(110)-X 2) surface

The present scanning tunneling microscope (STM) studwat various length scales is shown in Fig. 1. Figure 1(a)
of the Pt(110) surface revealed a mesoscopic, periodic sushows the typical morphology dfl 10} steps (we denote
face modulation which has not been reported previouslythe steps by the step-staircase direction, pointing downhill
On the atomic scale previous results were reproduced. Theerpendicular to the average step edge [16]). The “fish
observed structure could be consistently interpreted as re-
sulting from stress-induced self-organization. Absolute
surface stress is a quantity not readily accessible by exper|
mental techniques [9,10] but of great practical importance
in thin film technology [10,11]. The present study opens
a perspective on stress determination via monitoring the;
surface morphology.

The Pt crystal could be heated to about 1300 K by &
means of a graphite/boron-nitride oven, or cooled to abou
120 K by thermal contact with a I|qU|d nitrogen cryo-
stat. The sample was cleaned by Ar ion bombardmen 593X593 AZ )
(Exin = 500 eV) and heating in oxygenT = 820 K, =
po, =5 X 107% Pa) with subsequent flash to 1000 K.
This yielded a clean (110) surface as judged by Auger
measurements.  However, temperature programme:
desorption (TPD) spectra after oxygen adsorption at low
temperature contained still a significant fraction of CO |
It could be removed only by repeated cycles of oxygen ad-
sorption at low temperaturd < 140 K) and subsequent .
desorption. For the final conditioning the TPD tempera- &
ture was ramped up to 1000 K and kept there for 2 min O, 62x0 62 umz
before the crystal was allowed to cool. This procedure
yielded a well-orderedl( X 2) reconstructed surface [12]. FIG. 1. STM pictures of the clean Pt(11Q)-X 2) surface at
A CO, TPD signal reverted after sputtering or heating tovarious length scales. (a) The fish scale pattern formed by

i . 110} steps. (b){001} steps with their characteristically low
above 1100 K, although no C signal was detectable in th ink density. (c) Quasi-one-dimensional, periodically arranged

Auger spectra. While heating to above 1100 K occasionsjands. (d) The periodic surface relief formed by the islands
ally yielded (1 X 3) reconstructed terraces in the initial on a mesoscopic scale.
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scale” structure shown in Fig. 1(a) has been describethis surface is heated to 1000 K, the Br desorbs completely
in detail previously [17,18]. Figure 1(b) shows an areaand the morphology of the clean surface including the is-
with {001} steps. These steps require not much energy ttands is recovered. This proves that the additional steps
be formed and often extend over thousands of angstromee not a kinetic phenomenon due to insufficient anneal-
with only a few defects. Figure 1(c) shows the morphol-ing, but are spontaneously formed upon preparation of the
ogy on a larger scale: Ridges with a length of more thartlean surface from widely different initial states. There-
10000 A in the[110] direction and a top-terrace width of fore this peculiar morphology is energetically and not ki-
200 —1000 A give rise to a more or less periodic surfacenetically determined.
relief. Figure 1(d) reveals the extremely regular pattern Although no islands are found on the Pt(1ABj)-c(2 X
formed by these ridges. They extend across the entir2) surface, the step density is modulated giving rise to a
surface with a remarkably stable average periodicity oferiodicity similar to that of the clean surface [Fig. 2(b)].
1480 A, which varies neither between different areas noBtep bunching is a possible explanation, but more likely
between different clean surface preparations. Each of thiais is a remnant of the periodicity of the clean surface
ridges is a few micrometers long. A typical cross sec-before Br adsorption. At the preparation temperature of
tion through three ridges as shown in Fig. 2(a) reveals a@80 K applied to obtain the B2 X 2) structure the
overall deviation of about 0%6from the ideal (110) sur- mass transport is apparently still too slow to entirely
face orientation. Superimposed on this slope are islandsliminate the periodic structure. It is efficient enough,
with a typical height of 2—4 monolayers (ML). The is- though, to flatten out the islands via local transport from
lands are formed by up- and downsteps created in excesise island top into the neighboring valleys. Thus the
of the steps originating from the misorientation. structure of the Pt(11@Br-c(2 X 2) surface is probably
In order to explore the origin of the island structure wekinetically dominated, in contrast to that of the clean
carried out several test experiments. First, rotation of thesurface, because the former still bears features of the
sample by 90left the structure unaffected. This excludesinitial state from which it was prepared, while the latter
an external stress imposed by the sample clamping as thiwes not.
source of the island formation. In a second test we in- As a further test we annealed the surface to 1130 K.
vestigated whether the peculiar morphology is a true equitThis yielded an island structure very similar to that
librium structure or if it is kinetically determined. The obtained after annealing to 1000 K, but with an average
hallmark of an equilibrium structure is its independenceperiod of 1000 A. This period remained unaffected
from the sample history, whereas a kinetically deter-by further annealing experiments to temperatufes<
mined structure depends on previous preparation condir130 K as long as no cleaning procedure was applied.
tions. Thus in order to arrive at a clean surface from df the period length was limited by kinetic effects, one
totally different starting point as compared to our standardvould expect a larger period rather than a shorter one
procedure, we used a Br dosed surface. First, a thick layefter annealing to higher temperatures. We attribute
of Br was deposited onto the surface. Upon heating théhe shorter periodicity to an increase of the C impurity
surface to 780 K some Br desorbs, which results in a covereoncentration. We observed a significant increase in the
age of preciselyg, = 0.5 ML [19]. The corresponding CO, desorption signal after annealing to 1130 K and
c(2 X 2) structure develops via lifting of thel X 2) re-  subsequent oxygen adsorption at low temperature. The
construction and formation of Pt-Br-Pt chains in fa¢0]  propensity to form(1 X 3) reconstructed areas was also
direction [20]. The energy associated with steps and corsignificantly higher after annealing to 1130 K. Annealing
sequently the step morphology is completely different fromat even higher temperatures caused a rapid increase of
that on the clean surface. Most notably, the mesoscopithe (1 X 3) reconstructed areas. Kern and co-workers
islands disappear rendering the step density significantljd3] demonstrated that thél X 3) reconstruction is
smaller as compared to the clean surface [Fig. 2(b)]. Ilfnduced by C impurities. We therefore conclude that at
temperatures beyond 1100 K C segregation is sufficiently
enhanced to cause an increasing C concentration at the

surface and, furthermore, the increased C concentration
%\ \1 drives the surface into a reconstruction. It is then
39A N\ 54 A plausible that C impurities change also the mesoscopic
\-«\ structure. Indeed, according to the quantitative evaluation
@ ® presented below, small changes of the surface stress are
— 3680 A — — 3680A_— expected to induce large changes of the periodicity for

period lengths beyond a few hundred angstroms.

FIG. 2. Height profiles in thé001] direction through (a) the N ; ;
clean PH(L10Jd x 2) surface and (b) through the Pi(110)- Stress-induced spontaneous formation of mesoscopic

¢(2 X 2)Br surface. Upon Br adsorption the islands disappearISIand structures on metal [7,8] and semiconductor sur-

but the periodic structuring is still visible. After flashing off faces [2—4] was reported previously. However, the only
the Br at 1000 K the islands reappear. case of stress-induced mesoscopic self-organization of a

1524



VOLUME 79, NUMBER 8 PHYSICAL REVIEW LETTERS 25 AGUST 1997

clean metal surface reported so far is to our knowledge [110]

the herringbone reconstruction of Au(111) [21]. Stress

release via formation of an incoherent overlayer is obvi- [111]
ously not viable in Pt because of the much stiffer bond- \_\

ing. Instead both, the small formation energy {601}

steps on Pt(110)t X 2) and the notoriously large intrin- _/J
sic stress of Pt surfaces [22], favor relaxation via sponta-

neous island formation. The balance between the energy — W = KX
gain from elastic relaxation and the energy loss from step
formation determines the geometry of the island pattern
[2,4]. In the following the theoretical results of Tersoff FIG. 3. Schematic cross section through an island. The
and Tromp [2] are used in order to quantitatively evaluatesketch defines the geometric parameters used to evaluate the

the surface stress from the island geometry. stress component,, from Eq. (1). Stress-induced excess steps

The island energy per unit volume is given BgV — form regularly spaced islands (shaded). The island widts

? . kA is assumed to be proportional to the peribd From the
E; + E,, whereE; is the formation energy of the excess measured misorientatiod = 0.6°, the average slop@ = 3°

steps formed on account of the surface stress divided byf the island edges, and the average island height 4.16 A

the island volume. SimilarlyE, is the elastic relaxation one obtainsc = 0.80.

energy per unit volume due to the excess steps. The

step formation energy has to be determined from separate

experiments. The driving force for the elastic relaxation We tried to obtain a measure of how much preexisting
in the case investigated by Tersoff and Tromp [2] isSteps originating from the miscut influence the result by
the bulk stresso, of the uniformly strained layers monitoring the periodicity as a function of the local miscut
within the island. For an island of heigl the stress angle within a range of 04up to 0.7. Within this
per layer adds up to the total two-dimensional islandange the periodicity was found to be independent from
stress tensolr;; = o, X h X 8;;. The equivalent in the miscut. This is actually not too surprising in view
the present, almost one-dimensional case is the intrinsief Ed. (1). The preexisting steps contribute solely to the
surface stress componen,. In order to deriver,, from  elastic relaxation energy but not to the step formation
the equilibrium periodicityx we set the derivative of the energy. Thus taking into account the preexisting steps

total energyd(E; + E,)/d\ to zero and solve fowr,: affects only the denominator in Eq. (1), i.e., the geometry
factor (1 — hcotB/kA). As obvious from the sketch in

Fig. 3, the relevant island geometry in this case is not
1 —v A hecot3\7)"/?  determined by the excess island volume (shaded area
Oyy = {Ss”h/ [' g <1 - T)}} *in Fig. 3) but by the total island volume between two
adjacent valleys. Accordingly, the geometry factor has
(1) tobe adjusted. For periods as large as in the present case,
e, is the step formation energy per unit length and however, IiiA/27a) is the leading term and the influence
is the island height in number of monolayers. The pa©f the geometry factor is almost negligible. It is therefore
rameters of the island geometty B, and x are de- hot surprising that the periodicity shows no detectable
fined in Fig. 3. The slightly model dependent cutoff dependence on the miscut angle for miscuts of the order
length a is chosen as being half the nearest neighbopf a few tenths of a degree. In systems with period length

e———— A —_—

2T 2ma

distance. v = C1»/(C1; + Cpp) = 042 andu = Cy = below about 100 A this dependence is expected to be
7.6 X 101 Nm~2 are Poisson’s ratio and the relevant more pronounced.
shear modulus, respectively. The elastic constaptsof As an additional test for the present method of stress

the substrate are taken from experimental values as citedgtermination one can check whether it yields the correct
by Mehl and Papaconstantopoulos [23]. The step formaStress anisotropy, i.eq.. > oy, [25]. With the appro-
tion energye; of the {001} steps has been determined priate shear modulué (C11-C12) and assuming an island
[12,24] as2.3 meV A, Interestinglys, can also be ob- length of the order of 10000 A one obtai2®) < o, <
tained from the step intersection anglein areas with 400 meV A2 for {110} step energies [18,24J0 < & <
sufficiently low step density to exclude elastic step-stepl00 meV A~'. This is in qualitative agreement with
interactions [24]. From our STM data we obtain= 16°  o,, = 317 meV A~2 as calculated by Feibelman [25].
and consequently, = 2.45 meVA™!, if we assume that However, in view of the enormous island length one
the step angle equilibrates at room temperature. Usinghould be aware that the latter may not correspond to the
these values one obtaiws, (Pt(110)-(1 X 2))1.51 Jm 2 thermodynamic limit.

(95 meV A~2), which is slightly smaller than ther,, Clearly, the present approach can be improved in
stress component dfl3 meV A~2 calculated by Feibel- many ways. Ideally, the stress-induced pattern should be
man [25] for the Pt(110§1 X 1) surface. examined on a perfectly oriented surface to exclude the
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