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Reconstruction of the Pt(111) Surface
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The structure of the clean Pt(111) surface has been studied between 300 K and 0.927,, (T,, =2045
K) via x-ray scattering. The surface is unreconstructed for temperatures less than 0.657,, but recon-
structs at higher temperatures to form a layer isotropically compressed and incommensurate with the
underlying bulk (111) planes. A disordered arrangement of discommensurations separates regions with
ideal fcc stacking from regions with faulted stacking. With increasing temperature both the compression
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of the surface layer and the orientational order of the discommensurations increase.

PACS numbers: 68.35.Rh, 61.10.Lx, 64.70.Kb

A simple idea underlies our understanding of the
reconstruction of many metal surfaces. Surface atoms
have fewer nearest neighbors than atoms in the bulk. As
a result, the surface energy may be reduced for an ar-
rangement which leads to closer packing within the top
layer. At the same time, such a reconstruction produces
a misfit between the surface layer and the bulk, which in-
creases the surface energy. The balance of these effects
determines the surface structure. In the last several
years, notable progress has been made along these lines in
calculations of surface electronic structure which focus on
the role of surface stress [1]. Moreover, this picture
seems consistent with the reconstructions of the (001)
surfaces of Ir [2], Au [3], and Pt [4], where hexagonal
monolayers form on top of the substrate planes of square
symmetry, with an atomic density which is 8% larger
than that of the close-packed (111) planes of the bulk.
Similarly, the Au(111) surface reconstructs to form a
denser layer at room temperature [5,6]. Interestingly, the
Au(111) surface compresses even further at higher tem-
peratures [6]. This suggests that bonding to the substrate
is effectively weakened at higher temperatures [7] and
raises an interesting question: Might other metal sur-
faces, unreconstructed at lower temperatures, also under-
go reconstructions at elevated temperatures? This ques-
tion motivated the present work: an x-ray scattering study
of the thermal behavior of the Pt(111) surface.

We find that Pt(111) is unreconstructed for tempera-
tures less than 0.65 of the bulk melting temperature
(T,,), consistent with earlier work [8]. However, our x-
ray measurements reveal that above 0.657,, the surface
undergoes a continuous commensurate-incommensurate
transformation [7] into a structure which is isotropically
compressed relative to the (111) planes of the bulk. The
reconstructed surface layer is composed of ideal stacking
regions and faulted stacking regions. Separating these
commensurate sublattices are discommensurations (in-
corporating extra surface atoms). A similar structure has

been observed at temperatures above 0.657, for Au(111)
[6]. Because the arrangement of discommensurations on
Pt(111) is translationally disordered, we call the recon-
structed phase a discommensuration fluid [9,10]. Near
the transformation the discommensurations appear to be
orientationally disordered as well. However, with in-
creasing temperature, the mean separation between dis-
commensurations decreases and sixfold orientational or-
dering of the discommensurations develops [11]. This pa-
per presents the highlights of our results. A complete ac-
count is given in Ref. [12].

We studied a (111)-oriented disk of Pt [ <0.006° mo-
saic full width at half maximum (FWHM)]. X-ray
glancing-incidence and reflectivity measurements were
made at beam lines X22C and X20A, respectively, at the
National Synchrotron Light Source. At X22C, the sam-
ple was supported in an ultrahigh-vacuum chamber [3]
with standard surface diagnostics. With a Ge(l11)
analyzer, we achieved a radial resolution of 0.001 A ~!
FWHM and a transverse resolution of 0.0003 A '
FWHM. At X20A, reflectivity measurements were made
with the sample held in a vacuum chamber [6] mounted
on a standard diffractometer. Slits defined both the il-
luminated sample area and the spectrometer resolution
[6]). Surface preparation followed the procedures of Ref.
[4]. We use a hexagonal coordinate system [6] to index
reciprocal space. The H and K directions lie within the
surface plane, as illustrated in the upper panel of Fig. 1.
Within the H-K plane the unit of wave vector is
a* =4z/(\3a), where a is the bulk nearest-neighbor dis-
tance; along the surface normal (L direction), it is
c*=2n/(3d), where d is the separation between (111)
planes in the bulk. (a*=2.61 A~'and c* =092 A ' at
300 K.)

Figures 1(a)-1(e) show a series of radial scans ob-
tained along the K direction at different temperatures. In
each case, there is a narrow peak (0.001 A~' FWHM)
at K =1, suggesting that at all temperatures the surface
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FIG. 1. Radial scans through the (0,1) truncation rod [13] vs
temperature. Broad peaks at K> 1 are scattering from the
temperature-induced surface reconstruction. Solid lines are
guides to the eye. The top panel is a schematic of reciprocal
space: The heavy line is the scan path.

is smooth on a length scale exceeding 5000 A [4]. Figure
1(a) is representative of data obtained at temperatures
less than 0.65T,,. Aside from the peak at K =1, no other
scattering is evident, indicating that the surface is un-
reconstructed below 0.65T,,. For temperatures immedi-
ately above 0.65T, [Fig. 1(b)], a weak shoulder of
scattering appears at K> 1. At higher temperatures
[Figs. 1(c)-1(e)], the shoulder evolves into a distinct
peak, separated from the truncation rod by an incom-
mensurate wave vector (8); the new peak corresponds to
scattering from a temperature-induced, incommensurate
reconstruction of the Pt(111) surface. The concentration
of intensity at K =1+ shows that, on-average, the sur-
face layer is compressed within the surface plane relative
to the bulk (111) planes. It may be seen in Figs.
1(c)-1(e) that § increases continuously with increasing
temperature, signaling a further compression of the sur-
face layer and an accompanying decrease in the dimen-
sions of the surface unit cell [(47/+/3)5=100-350 Al.
The radial widths of the reconstruction peaks change lit-
tle above 0.717,, and are about 0.02 A ~! FWHM, from
which we deduce a translational correlation length within
the reconstructed layer of only 100 A. Results shown in
Fig. 1 and additional measurements [see Fig. 4(a)l
demonstrate that the transformation is reversible and
continuous.

To determine the microscopic character of the surface,
we have performed measurements of the specular and
nonspecular x-ray reflectivities [3,6] at 0.637,, (open cir-
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FIG. 2. Reflectivity profiles along (a) (0,0,L), (b) (1,0,L),
and (c) (0,1,L) rods. Open circles are data obtained at 0.637,
(unreconstructed surface) and solid circles are data obtained at
0.807,, (reconstructed surface). Dashed and solid lines are the
results of fits described in the text.

cles) and 0.807, (solid circles). Figure 2(a) displays the
specular reflectivity [(0,0,L)], and Figs. 2(b) and 2(c) the
nonspecular reflectivities along (1,0,L), and (0,1,L)
respectively. Divergences at (0,0,3), (0,0,6), (1,0,1),
(1,0,4), (0,1,2), and (0,1,5) correspond to bulk Bragg
reflections. At 0.637,,, the smooth variations in reflec-
tivity between the Bragg reflections are characteristic of
an unreconstructed crystal. The specular reflectivity ob-
tained at 0.807,, is similar to that measured at 0.637,,
—the slight reduction in intensity between Bragg reflec-
tions may be accounted for by an increase in the ampli-
tude of thermal vibrations at higher temperature. In con-
trast, the nonspecular reflectivities at the higher tempera-
ture are strikingly different from their counterparts at the
lower temperature. The reflectivity profiles observed for
Pt(111) at 0.807,, are similar to the corresponding
profiles observed for the (111) surface of Au [6], which
were modeled by allowing surface atoms to occupy both
ideally terminated fcc C-stacking sites and faulted A-
stacking sites. The reflectivities of Pt(111) have been an-
alyzed with a model for the reconstructed surface mono-
layer that allows a fractional occupancy of the C- (f¢)
and A-stacking (f,4) sites and includes a possible increase
in the density within the surface layer. In addition, the
different stacking sites are located at different distances,
dc and d 4, respectively, above the second, unreconstruct-
ed layer. Finally, we allowed for increased amplitudes of
atomic vibrations (as compared to in the bulk) along the
surface-normal direction in the surface selvage. The best
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fits are shown as dashed (0.637,,) and solid (0.807,,)
lines in Fig. 2. They provide an excellent description of
the measured reflectivities and confirm that a single layer
is involved in the reconstruction. At 0.637T,,, the fit is
consistent with an unreconstructed surface. For 0.807,,,
the best fit is obtained with f¢=0.70+0.03 and f,4
=0.18 = 0.03. We infer that the remaining atoms lie be-
tween the C and A sites, forming discommensurations.
Based on the discussion of Fig. 1, the arrangement of
discommensurations is disordered with a correlation
length within the reconstructed layer which is comparable
to the unit cell size. We therefore call the reconstructed
phase a discommensuration fluid [6,9,10). The fits fur-
ther suggest that atoms at faulted A sites are located far-
ther from the second layer than atoms at unfaulted C
sites, d4/d=1.04%x0.03 and d¢/d=1.01 £0.01, that
there is a slight enhancement of surface-normal vibra-
tional amplitudes, and that the density of the surface lay-
er increases slightly with temperatures increasing above
0.65T,,.

Our discussion of the in-plane diffraction pattern has so
far been limited to the results of one-dimensional scans
along the K direction in reciprocal space (Fig. 1). How-
ever, a remarkable property of the scattering function
within the discommensuration-fluid phase is its two-
dimensional character. Measurements of the scattered
intensity within the H-K plane show that above 0.65T,,
the scattering function forms a cylinder about each trun-
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FIG. 3. “Ring scans” at (a) 0.737,,, (b) 0.787,, and (c)
0.84T,,.. Solid lines are fits by Eq. (1). The top panel illus-
trates the diffraction pattern above 0.657,,.

2194

cation rod [14,15], as illustrated in the top panel of Fig.
3. The cylinder radius is 6. To characterize the tempera-
ture dependence of the scattering function we have per-
formed “ring scans,” which follow the peak of the
scattering function around a circular path. Scattered in-
tensities obtained at three temperatures within the dis-
commensuration-fluid phase are shown in Figs. 3(a)-
3(c). At 0.73T,, [Fig. 3(a)], the intensity is a maximum
at §=0° [(0,1+6)] and a minimum at |6 =180°
[(0,1 —&)]. Ring scans obtained at higher temperatures
and, consequently, larger incommensurabilities (8) are
shown in Figs. 3(b) and 3(c). Like the scan obtained at
0.73T,,, these scans have intensity maxima at #=0° and
exhibit an overall decrease in intensity at larger o],
which results from the net compression of the surface lay-
er. However, the intensity also displays a clear sixfold
angular modulation, the amplitude of which appears to
increase with increasing temperature. To quantify the
temperature dependence, we have fitted the ring scans by
the expression

1(0) =[A+Bexp(—60|%/262) 11 + A¢ocos(60)] . (¢))

The first factor is an empirical form which reproduces the
intensity variation due to the compression of the surface
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FIG. 4. (a) The orientational order parameter (open circles)
and the incommensurability (solid circles) vs temperature. Fits
to determine the incommensurability (and the error bars) are
described in Ref. [12]. The dashed line is a best fit by the form
8=2&ot*, with 8o=1(0.037+0.002)a™ and A=0.35+0.04. In-
set: The behavior on a log-log scale. (b) Fractional excess den-
sities of the (001) and (111) surfaces of Pt [4] and Au [3,6] vs
temperature. Solid lines in (a) and (b) are guides to the eye.
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layer [solid line in Fig. 3(a)l. The second term allows for
a sixfold modulation. The best fits provide an adequate
description of the data [solid lines in Figs. 3(a)-3(c)].
The corresponding reversible temperature dependence of
Ago is shown in Fig. 4(a) (open circles), together with
that of the incommensurability (solid circles). We be-
lieve that the appearance of the sixfold modulation about
the ring results from an orientational ordering of the
discommensurations as they pack more closely together.
Thus, we are led to the following description of the phase
behavior of Pt(111). Pt(111) is unreconstructed below
0.65T,,. Between 0.65T,, and 0.75T,,, the surface layer
forms a translationally and orientationally disordered
discommensuration fluid. Above 0.75T,,, orientational
order appears and grows continuously with further in-
crease in the temperature [11]. Throughout the discom-
mensuration-fluid phase, the incommensurability in-
creases according to a + power law versus reduced tem-
perature [t=(T—0.65T,,)/0.65T,,], as shown by the
dashed line in Fig. 4(a). Similar behavior is observed for
Kr adsorbed on graphite [9]. There is not, at present, a
satisfactory theory of this behavior in either case. In con-
trast, for a uniaxial system, the incommensurability is
expected to follow a + power law [7].

More generally, our data support the notion that metal
surface reconstruction is driven by the relief of surface
stress [1]. Figure 4(b) displays the fractional excess den-
sities of the (001) and (111) surfaces of Pt and Au, as
determined by the lattice constants of the surface layer
[6), compared to the density of the close-packed bulk
(111) planes. Temperatures are expressed as a fraction
of the appropriate bulk melting temperatures (7, =1337
K for Au). Below 0.65T,, the density of the Pt(111)
surface (open circles) is the same as that of the bulk
(111) planes. Above 0.65T,,, its excess density increases
continuously with increasing temperature. A possible ex-
planation of this behavior may be that the bonding to the
substrate is effectively weaker at higher temperatures due
to increased thermal vibrations [7]. As a result, the de-
crease in free energy accompanying a more closely
packed surface is greater than the increase which arises
because of the misfit between the surface layer and the
substrate. Likewise, the (111) surface of Au becomes
denser with increasing temperature (solid squares) [6].
Because of the markedly different bulk melting tempera-
tures of Pt and Au, it is noteworthy that both the Pt(111)
and Au(111) surfaces undergo a transformation into a
structurally similar discommensuration-fluid phase at
0.65T,,. However, in view of the similar phase behaviors
of the reconstructed Pt(001) [4] and Au(001) [3] sur-
faces, this observation cannot come as a surprise. Also
shown in Fig. 4(b) are the excess densities of the Pt(001)
(dot-dashed line) [4] and Au(001) (dashed line) [3] sur-
face layers. Although their temperature dependence is
weak, the excess densities of the (001) surfaces are large
and similar to those of the (111) surfaces at the highest

temperatures.

In summary, we have presented the results of an x-ray
scattering study of the phase behavior of the Pt(111) sur-
face. Pt(111) is unreconstructed below 0.65T,. At
0.65T,,, the surface layer undergoes a continuous, com-
mensurate-incommensurate transformation into a transla-
tionally and orientationally disordered discommensura-
tion-fluid phase. For temperatures increasing above
0.75T,,, sixfold orientational order of the discommen-
surations appears and increases.
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