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%e present results of synchrotron-x-ray-scattering studies of the orientational epitaxy exhibited by
clean, hexagonally reconstructed Pt(001) and Au(001) surfaces. For the Pt(001) surface, a high-

symmetry direction of the hexagonal overlayer is aligned with a high-symmetry direction of the bulk be-

tween 1820 and 1685 K. Between 1685 and —1580 K, the relative rotation angle varies continuously
from 0' to 0.75' with a one-half-power-law dependence on the reduced temperature. At —1580 K,
domains with a rotation angle of 0.8 appear discontinuously, in coexistence with those with a rotation

angle of 0.75'. The two rotation angles reach -0.9' and -0.75' for the continuously and discontinuous-

ly rotated components, respectively, at 300 K. At all temperatures, the overlayer is incommensurate
along both directions of the surface, with weakly temperature-dependent incommensurabilities. The
areal density of the Pt(001) overlayer is compressed by -8% with respect to the hexagonal (111)planes
in the bulk. In addition, the extent of translational order within the surface layer decreases with decreas-

ing temperature. The Au(001) surface exhibits a strongly discontinuous rotational transformation at
-980 K and there is coexistence between rotated and unrotated domains, in agreement with previous
measurements. Rotated domains appear at a rotation angle of -0.8' and their number grows with de-

creasing temperature at the expense of unrotated domains. Our measurements reveal the existence of
additional favored rotation angles: one of 0.9' and one that varies smoothly from 0' to 0.5'. The relative
domain populations depend on temperature. A mean-field theory of rotational transformations, which

accounts for the continuous rotational behavior of the Pt(001) surface, is presented, and it is shown that
there are no corrections to mean-field behavior from fluctuations for a rotational transformation.

I. INTRODUCTION

A basic issue for the growth of one crystal on another
concerns their relative orientation: How are the high-

symmetry directions of the two lattices aligned? Present
understanding of this question has been guided by the
calculations of Novaco and McTague, ' who explicitly
considered hexagonal, incommensurate overlayers of the
rare gases (Ne, Ar, Kr, and Xe) adsorbed on a graphite
basal plane substrate. They showed that, even though
there is no translational registry between an incommensu-
rate overlayer and a substrate, there exists a preferred
orientational relationship. This is called orientational ep-
itaxy. Specific model calculations reveal that the high-
symmetry directions of an incommensurate overlayer
may be rotated away from the high-symmetry directions
of the substrate and that the relative rotation angle is
determined by the incommensurability of the overlayer
and by the frequencies of its lattice vibrations (phonon
dispersion relations). In many instances, the predictions
of Novaco and McTague qualitatively, and often quanti-
tatively, describe the orientational epitaxy of an adsorbed
layer, most notably for rare gases on graphite and for
alkali metals on transition-metal substrates. ' Other sys-

tems for which the rotational epitaxy has been character-
ized include layers of the alkali metals intercalated into
graphite, ' in situ monolayers of Pb electrochemically
deposited on Ag(111) and Au(111) electrodes, " small
three-dimensional crystallites of Pb deposited on Si(111)
and Ge(111) substrates, ' ' and the Au(001) surface un-

der electrochemical conditions. '

Both the Pt(001) (Refs. 15—21) and the Au(001) (Ref.
22) surfaces in vacuum reconstruct to form close-packed
hexagonal monolayers (the overlayer) on top of bulk
planes of square symmetry (the substrate). In each case,
the overlayer and the substrate are incommensurate. In
this paper, we present x-ray-di6'raction measurements of
the lateral structure of the Pt(001) overlayer between 300
and 1820 K, including, in particular, its orientational epi-
taxy. We also present measurements concerning the
orientational behavior of the reconstructed Au(001) sur-
face, which extend and clarify our earlier results for this
surface. A complete account of our procedures, data,
and analysis is given here; a summary appears else-
where. 23

An important result of the present study is that the
phase behavior of the Pt(001) surface mirrors that of the
Au(001) surface. In both cases, we have identified three
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distinct structural phases. They are, in order of decreas-
ing temperature, disordered, aligned-hexagonal, and
rotated-hexagonal. Furthermore, when considered on a
temperature scale normalized by the bulk melting tem-
perature (T =2045 K for Pt and 1337 K for Au), the
transformation temperatures between the different phases
of the Pt(001) surface are strikingly similar to those of the
Au(001) surface. For temperatures in the range
T ) T)0.89T, the Pt(001) surface is disordered and
there is no scattering at wave vectors associated with the
reconstruction. The Au(001) surface is disordered for
T & T )0.88T . At a temperature of 0.89T, the
Pt(001) surface undergoes a phase transformation into a
hexagonal phase. Figure 1(a) schematically illustrates the
surface structure and Fig. 1(b) shows the HK plane of the
corresponding reciprocal space. For clarity, only regions
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FIG. 1. Aligned-hexagonal phase of the Pt(001) surface. (a)
Real space schematic of the hexagonal overlayer on the square
substrate. Vertical lines indicate the bulk [110] direction and
horizontal lines the [110]direction. (b) HK plane of reciprocal
space. Scattering from the substrate (solid squares), hexagonal
surface layer (open circles), and satellites (dark circles) form
rods extending normal to the surfaced. Observed peaks as well
as symmetry equivalents are shown. In our experiments, we
have observed two equivalent orientations of surface recon-
struction domains related by a rotation of 90 about the surface
normal. For clarity, Figs. 1 and 2 display the wave vectors asso-
ciated with only one of these orientations.

of the surface with a principle hexagonal wave vector
oriented along the [110] direction are shown, although
the other possible orientation of the surface reconstruc-
tion is also observed. Each symbol in Fig. 1(b) represents
a rod of scattering which extends in the direction perpen-
dicular to the surface (I. direction). Immediately below
the transformation, the overlayer lattice is aligned with
the substrate lattice in the sense that the (1,1,0) cubic sub-
strate wave vector (G, } and the (1,0}hexagonal overlayer
wave vector (r&) are parallel. It follows that the two lat-
tices share a high-symmetry direction. In addition to the
rods of scattering from the substrate [truncation rods,
shown as solid squares in Fig. 1(b)] and from the hexago-
nal overlayer [overlayer rods, shown as open circles in
Fig. 1(b)], there are also satellite rods [solid circles in Fig.
1(b)], displaced from hexagonal or substrate wave vectors
by a wave vector (5), which is equal to the difference be-
tween ~I and G, . The presence of such satellites suggests
that the overlayer and the substrate lattices are both sub-
ject to a distortion, which is characterized by the wave
vector 5. The Au(001) surface likewise transforms into
an aligned-hexagonal phase at 0.88T . For the Au(001)
surface, our previous measurements have shown that the
distortion is a surface corrugation, which penetrates with
diminished amplitude several layers into the bulk. (In
this paper we refer to a structural modulation in which
the atomic displacements are perpendicular to the surface
as a corrugation. )

On cooling, there is a range of temperature in which
the surface and substrate lattices remain aligned. Howev-
er, at still lower temperatures, the overlayer is rotated
with respect to the substrate. Figure 2 illustrates the HK
plane of reciprocal space for the rotated-hexagonal phase
of the Pt(001) surface. In this figure, filled squares corre-
spond to truncation rods, open circles correspond to
overlayer rods, and solid circles correspond to satellite
rods. The appearance of rotated domains of the hexago-
nal reconstruction is signaled in the diffraction pattern by
the appearance of rods of scattering, which are split at a
common angle away from the locations of each of the
original, aligned overlayer rods. Thus there are domains
with both positive and negative senses of rotation. The
angular displacement about the origin of reciprocal space
is equal to the rotation angle of the corresponding surface
domain. As can be seen from Fig. 2, 71 and G& are no
longer parallel in the rotated-hexagonal phase.

In the case of the Au(001) surface, our earlier measure-
ments showed that the alignment of some fraction of
the overlayer changes discontinuously at 0.74T . Rotat-
ed domains were observed with a fixed rotation angle of
0.8 in coexistence with unrotated domains. The popula-
tion of rotated domains was found to grow with decreas-
ing temperature and the population of unrotated domains
to decrease correspondingly. Measurements presented in
this paper reveal additional details, including the ex-
istence of domains with a rotation angle of 0.9 and the
existence of domains for which the rotation angle appears
to vary continuously with temperature from 0 to 0.5'.
The population of each of the differently oriented
domains depends on temperature and on cooling rate.
Nevertheless, the transformation is reversible, and the
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same rotation angles are reproduced on different cycles of
the temperature. The incommensurability along the
[110] direction, defined to be r& /G

&

—1, varies from
0.206+0.001 at 0.88T to 0.205+0.001 at 300 K for the
Au(001) surface. (r, and G, are the magnitudes of r, and

G, , respectively. )
The rotational transformation of the Pt(001) surface,

which occurs at a critical temperature of
T, =0.82T =1685 K, is continuous. C'ose to the trans-
formation, the rotation angle (8) varies smoothly, with a
one-half-power-law dependence on the reduced tempera-
ture [(T,—T)/T, ]. There is no unrotated component
below T„' however, at about 1580 K, there is a second,
discontinuous rotational transformation, which leads to
coexistence among domains with slightly different rota-
tion angles. Below 1580 K, the observed rotation angles
evolve slightly with further decrease of the temperature,
reaching 0.75' and 0.9' at 300 K for the discontinuously
and continuously rotated components, respectively. It is
important to emphasize that for the Pt(001) surface the
overlayer lattice constants are only weakly temperature
dependent between 300 K and the disordering transition;
the incommensurability along the [110] direction varies
from 0.2022+0. 0003 at 1820 K to 0.204+0.001 at 300 K.

In its simplest form, the theory of No vaco and
McTague' predicts that the rotation angle is approxi-
mately linearly related to the incommensurability. In
particular, the rotation angle predicted for an incommen-

~ ~—5

~ ~

FICx. 2. Rotated hexagonal phase of the Pt(001) surface.
Solid squares indicate the positions of the truncation rods and

open circles indicate the positions of the overlayer rods. The
positions of observed satellite rods and their symmetry
equivalent are shown as solid circles. From our measurements

in the aligned-hexagonal phase, and from the known rotation
angle, we infer the existence of satellite rods at the positions in-

dicated by the shaded circles. In general, we expect there to be

a satellite associated with each hexagonal rod and each trunca-

tion rod. However, in this figure we have indicated only those

directly observed in the rotated- or aligned-hexagonal phases

during the course of our experiment.

surability of -0.2 is -7, which is roughly a factor of 10
larger than any of the observed rotation angles shown by
the Pt(001) or Au(001) overlayers. It seems clear, there-
fore, that our results concerning the temperature depen-
dence of the observed rotation angles and incommensura-
bilities, the coexistence of domains with different rotation
angles, and the magnitudes of the observed rotation an-
gles stand outside a straightforward application of Ref. 1,
or related theories. ' We believe that the discrepancies
originate from several assumptions. First, the theory of
Novaco and McTague assumes that pair potentials can be
used to describe the interactions among the surface and
substrate atoms. Such an approach fails to provide an
adequate description of metallic binding or of metal sur-
face structures. Second, Novaco and McTague take the
substrate to be rigid and the atomic displacements to be
small. In contrast, our results show that there is a
significant substrate corrugation at the Au(001) surface,
and we infer a similar corrugation at the Pt(001) surface.
Third, it is assumed in their theory that the temperature
is zero.

The magnitudes of the observed rotation angles and
the coexistence among domains with differing rotation
angles remain unexplained. However, motivated by the
observation that the rotation angle follows a one-half-
power law versus reduced temperature in the case of the
Pt(001) surface, we have developed a simple mean-field
theory which accounts for the variation of the rotation
angle with temperature near T, : 8= A [(T,—T)/T, ]'~ .
Moreover, we show that, for a rotational transformation,
there are no corrections to the results of mean-field
theory from Auctuations. It seems possible, therefore,
that continuous, temperature-driven, rotational transfor-
mations may, in general, exhibit mean-field behavior.
(~e emphasize that such transformations are distinct
from continuous, rotational transformations which occur
by virtue of a varying incommensurability. ' ) For cer-
tain values of the parameters, our theory predicts a
discontinuous variation of the rotation angle with tem-
perature (first-order phase transformation), which is sug-

gestive of the rotational behavior of the hexagonally
reconstructed Au(001) surface.

The present study also demonstrates that the nearest-
neighbor separation within the hexagonal overlayer of
the Pt(001) surface is about 4% smaller than the bulk
nearest-neighbor separation. This result conforms to the
pattern set by the hexagonal reconstruction of the
Au(001) surface and by the high-temperature recon-
struction of the Au(111) surface, each of which shows a
compressed hexagonal layer, in which the nearest-
neighbor distance is -4/o contracted relative to the bulk
nearest-neighbor distance. Recent calculations indicate
that atoms at metal surfaces favor a smaller nearest-
neighbor separation than atoms in the crystal interior, so
that unreconstructed metal surfaces are under a tensile
stress. It has further been suggested that the relief
of surface stress gives rise to the reconstructions of the
Au(001), Au(111), and Pt(001) surfaces. The accumulated
results for all three surfaces tend to support this asser-

tion.
Finally, our experiments show that the extent of
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translational order decreases with decreasing temperature
within the rotated-hexagonal phase of the Pt(001) surface
[as also occurs for the Au(001) surface ]. It is possible
that this unusual behavior will be understood within the
framework of a recent proposal that high-symmetry sur-
faces, which can reconstruct into one of several, rotation-
ally equivalent structures, are unstable to the formation
of domains.

The format of this paper is as follows: In Sec. II, we
detail our experimental procedures. In Sec. III, we
present data obtained for the Pt(001) surface: Sec. III A
describes the aligned-hexagonal phase, Sec. IIIB de-
scribes the rotated-hexagonal phase, and Sec. IIIC de-
scribes the rotational phase transformation between these
two structures. In Sec. IV, we report measurements of
the orientational epitaxy of the hexagonally reconstruct-
ed Au(001) surface and compare the orientational behav-
ior of the Au(001) surface to that of the Pt(001) surface.
We present a mean-field theory of rotational transforma-
tions in Sec. V. In Sec. VI, we summarize and conclude.
The effects of different cooling rates on the structure of
the hexagonal overlayers are described in the Appendix.

II. EXPERIMENTAL PROCEDURES

The experiments reported in this paper were performed
on Beamline X22C at the National Synchrotron Light
Source, using an ultra-high-vacuum (UHV) apparatus
specifically designed for x-ray-scattering studies of sur-
faces. Both the beamline and the apparatus have been
described in detail elsewhere.

A (001)-oriented boule of Pt was cut to produce a disk
2 mm thick and 8 mm in diameter, which was then
mechanically polished to within 0.2' of the crystallo-
graphic [001] direction. The mosaic width was about
0.01' full width at half maximum (FWHM). The sample
was supported using two tantalum wires threaded
through slots cut into the sides of the disk. After inser-
tion into the UHV apparatus, the Pt(001) surface was
prepared by Ar+ -ion bombardment (1 kV and 7 pA for
60 min), followed by heating at 1200 K in an atmosphere
of 10 Torr of 02 for 4—6 h. After repeated cycles of
this procedure, the surface was clean as determined by
Auger electron spectra (AES) obtained using a single-pass
cylindrical mirror analyzer. In addition, the observed
diffraction patterns remained reproducible at high tern-
peratures for extended periods. [Prior to extended heat-
ing in 02, significant amounts of C on the surface were
detected by means of AES, especially following periods in
which the sample was held at elevated temperatures
( —1800 K).] Sample heating was achieved by accelerat-
ing electrons evaporated from a tungsten filament
through a potential of 1 kV onto the back of the sample.
By controlling the filament current, it was possible to
control the sample temperature between 300 and 2000 K.
The chamber pressure was maintained at (10 Torr
throughout the experiment. The sample temperature was
monitored with a 8' Reppg-8 Rep 26 thermocouple and,
more reliably, by direct measurement of the Pt lattice
constant, using the relationship given in Ref. 36. The cu-
bic lattice constant of Pt at 300 K was used to calibrate

0

the x-ray wave number, which was typically 4.08 A
On different temperature cycles, the measured value of
the rotational transformation temperature was found to
vary by less than +10 K, which we take to be the error.
Our best estimate is that T, =1685+10 K. Within a
given cycle of the temperature, we could determine tem-
perature differences to +1 K. Where necessary, in Sec.
III, we have adjusted the temperature scale to locate the
transformation temperature at T, = 1685 K.

The Au(001) sample used in the present measurements
was the same one studied in Ref. 22. It was a disk 2 mm
thick and 10 mm in diameter with a mosaic width of
0.03' FWHM. Our surface preparation procedures close-
ly followed those described above for the Pt(001) surface.
In this instance, however, no Oz treatment was per-
formed.

The x-ray-scattering measurements reported in the
present paper were obtained with the incident and scat-
tered x rays at a glancing angle to the surface, so that the
wave-vector transfer (Q) is essentially confined to the HK
plane of reciprocal space. A pair of near-perfect Ge(111)
crystals of angular acceptance -0.007' FWHM was em-
ployed as a monochromator. Similarly, a near-perfect
Ge(ill) crystal was employed as an analyzer crystal be-
fore the detector, defining the angular acceptance within
the scattering plane to be -0.007' FWHM. Slits defined
the acceptance perpendicular to the scattering plane (out
of plane). This configuration matches the diffuse direc-
tion of the x-ray-scattering cross section of a two-
dimensional structure to the relatively large out-of-plane
acceptance, while the resolution within the scattering
plane (HK plane) is determined by the collimation of the
incident x rays and by the analyzer crystal. (The vertical
opening angle of the synchrotron is 0.014' FWHM. ) The
use of a glancing incidence and glancing exit geometry
and the accompanying fine reciprocal space resolution al-
lows the lattice constants and orientation of the overlayer
to be determined accurately.

III. PLATINUM (001}SURFACE —RESULTS
AND DISCUSSION

A. Aligned-hexagonal phase

Between 1820 and 1685 K, the Pt(001) surface exhibits
a hexagonal reconstruction for which the (1,0) principal
hexagonal wave vector (v&) is aligned with the (1,1,0) cu-
bic wave vector (G, }. The corresponding diffraction pat-
tern is illustrated in Fig. 1(b). Figure 3 shows the results
of several radial scans along the cubic [110]direction, ob-
tained at 1810 K. The (1,0) hexagonal rod appears at
(=1.2022 [Fig. 3(c)] and the (1,1,0) cubic substrate rod
(truncation rod} appears at /=1. 000 [Fig. 3(b)]. For
these scans, the wave-vector transfer is related to g via
Q=(2rr/c}(g, g, 0.06), where c is the cubic lattice con-
stant of Pt. (At 1810 K, c =3.991 A. ) At the (1,0) hex-
agonal rod, the peak count rate was approximately
60,000 per second for an electron current in the storage
ring of 150 mA. These data [Figs. 3(b) and 3(c)] demon-
strate that there is not a simple rational relationship be-
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tween the magnitudes of ~& and G, and suggest that the
hexagonal overlayer and the substrate are incommensu-
rate along the cubic [110] direction. It is convenient to
define their difference wave vector as 5. We further
define the incommensurability along the [110] direction
to be ~&/G& 1 so that, at 1810K, the incommensurabil-
ity is 0.2022 along the [110]direction. Two additional sa-
tellite peaks appear in Fig. 3, with peak intensities down
by a factor of more than 1000 compared to the hexagonal
rod. There is a peak at (=1.4044 [Fig. 3(d)], which is
displaced from r, by exactly 5, and a peak at (=0.2022
[Fig. 3(a)], which is displaced from the origin of recipro-
cal space by exactly 5. We also observed a satellite dis-
placed from G, by —5 (not shown). However, satellites
at G, —25 or ~&+25 were not observed.

Figure 4 shows the results of radial scans along the cu-
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bic [110] direction, across the substrate rod through
(2, —2, 0) (G2), and also through the hexagonal ( —1,2)
rod (r2) at (=2.0813. For these scans the wave-vector
transfer is related to g via Q=(2rrlc)(g, —(,0.06). These
scans suggest that the overlayer is also incommensurate
with the substrate along the cubic [110] direction, with
an incommensurability of r2/62 —1=0.0406. No satel-
lites were observed in this direction, indicating that the
dominant modulation in the plane of the surface is along
the [110] direction. The observed positions of the over-
layer rods, of the truncation rods, and of the satellite
rods, which are summarized in Fig. 1(b) 'together with
their symmetry equivalents, allow us to estimate that the
error in our determination of the incommensurabilities is
less than 0.0003 at 1810K.

From measurements of the incommensurabilities along
the [110] and [110] directions, it is possible to calculate
the average lattice constants of the overlayer. They are
as follows: a =2.711+0.0001 A, b =2.712+0.001 A,
and @=120,02'+0. 04' at 1810 K. At this temperature,
therefore the structure of the Pt(001) overlayer is accu-
rately hexagonal. It is, however, contracted relative to
the hexagonal (111) planes in the crystal interior, where
the Pt nearest-neighbor distance is 2.822 A at 1810 K.
Specifically, the reconstructed hexagonal overlayer is
contracted by (3.93+0.03)% along the [110] direction
and by (3.90+0.03)% along the [110] direction. These
results are strikingly similar to our earlier results for the
Au(001) surface, where the hexagonal reconstruction is
contracted by 4.3% in the [110]direction and by 4.2% in

the [110] direction, relative to the (111) places of bulk
Au. In this regard, it is noteworthy that the areal den-
sity of the reconstructed Au(111) surface at high temper-
atures, which also shows a hexagonally reconstructed lay-
er, is similarly increased by about 8% relative to the (111)
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planes of bulk Au. Recent calculations by Needs and
Mansfield, ' by Dodson, ' and by Takeuchi, Chan, and
Ho indicate that atoms at metal surfaces may have a
smaller natural nearest-neighbor separation than in the
crystal interior. According to this view, unreconstructed
metal surfaces experience a tensile stress. It has been pro-
posed that the relief of surface stress gives rise to the
hexagonal reconstructions of the Au(111), Au(001), and
Pt(001) surfaces. Our determination that the area per
atom of the hexagonally reconstructed Pt(001) surface is
compressed by 8% relative to (111)planes in the bulk, to-
gether with earlier results for the Au(001) (Ref. 22) and
Au(111) (Ref. 28) surfaces, seems in agreement with this
idea. These observations further suggest that the phases
of the (001) and (111)surfaces of Au and Pt may be deter-
mined by the thermal behavior of an incommensurate,
hexagonal-close-packed, metallic monolayer brought into
contact with a substrate of square or hexagonal symme-
try.

The period of the modulation is given by 2n. /5, where
5 is the magnitude of the difference wave vector 5. In the
aligned phase the modulation lies along the [110] direc-
tion, and 5 is simply the product of the incommensurabil-
ity and 6 i

=&2(2ir/c). At 1810 K,
2n /5 =4 9456c /.&2= 13.96+0.02 A. Our previous
study of the hexagonally reconstructed Au(001) surface
revealed that the modulation is a corrugation which
penetrates several layers into the substrate. The data
presented in this section are consistent with a similar
description for the Pt(001) surface. Further evidence
which suggests that the structures of the reconstructed
Pt(001) and Au(001) surfaces are alike in this regard is
provided by the scanning tunneling microscopy (STM)
study of Behm et al., ' which shows a surface corrugation
amplitude of -0.4 A for the Pt(001) surface. In addi-
tion, recent measurements of the specular x-ray
reflectivity of the Pt(001) surface indicate a corrugation
which is quantitatively comparable to that of the Au(001)
surface.

Figure 5 displays the radial width of the peaks shown
in Figs. 3 and 4 and of various other peaks characterized
at 1810 K. The radial width is smallest (-0.0009 A
FWHM) for wave-vector transfers of about 2 A '. It in-
creases with increasing wave-vectors transfer, so that the
(2,0) hexagonal peak, with a wave-vector transfer of -5
A ', shows a radial width of -0.0045 A ' FWHM. In
addition, the width of the satellite at 5, with a wave-
vector transfer of -0.44 A ', is 0.0035 A ' FWHM.
The solid line in Fig. 5 shows the radial width expected
for our configuration on the basis of an approximate cal-
culation of the resolution function. The solid line pro-
vides a good description of the observed radial widths for
all of the peaks except for the satellite at 5. In view of
the good agreement at larger wave-vector transfers, we
believe that the overlayer is translationally well ordered
at 1810 K and that the observed radial widths at this
temperature represent the radial width of the resolution
function. Further work is required to clarify the origin of
the discrepancy at small wave-vector transfers. At 1810
K, the observed radial width of the principal hexagonal
peak is 0.0014 0.0002 A ' FWHM, indicating that the
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FIG. 5. Width (FWHM) of radial scans taken through vari-
ous peaks of the Pt(001) surface at 1810 K, plotted vs wave-
vector transfer. The solid line corresponds to an approximate
calculation of the radial width of the resolution function as de-
scribed in the text.

B. Rotated-hexagonal phase

Between 1693 and 300 K, the Pt(001) overlayer exhib-
its a rotated-hexagonal structure. Figure 6 shows angular
scans across the hexagonal rods at (a) (2,0), (b) (0,1), (c)
r&=(1,0) and (d) r2=( —1,2), obtained at 1520 K by ro-
tating the crystal about the normal to the scattering plane
(rocking curve). In this figure, 8=0' is the position of the
corresponding peak in the aligned-hexagonal phase. For
Figs. 6(a) and 6(c), 8=0' corresponds to the cubic [110]
direction; for Fig. 6(d) 8=0' corresponds to the cubic
[110] direction. Evidently, each profile consists of two
peaks, symmetrically split about 0=0 . The fact that the
angular separation is the same for all of the hexagonal
peaks indicates that there are domains of the reconstruct-
ed layer which are rotated with respect to the substrate
high-symmetry directions. In contrast, the truncation
rods (not shown) remain unsplit at all temperatures,
confirming that the rotation of the hexagonally recon-
structed surface domains is not due to a rotation of the
substrate. With reference to Fig. 6, the rotation angle is
just the angle at which the hexagonal peaks appear rela-
tive to 8=0 —at this temperature, some domains are ro-
tated by 0.8 and the others by —0.8'. The fine structure
that can be seen in these scans arises primarily from the

extent of translational order in the aligned-hexagonal
phase exceeds (5.9/0. 00014) A=4000+600 A. An im-

proved estimate of the size of the domains of uniform
reconstruction follows from consideration of the angular
width of the (1,0) hexagonal peak, which is 0.01+0.0002'
FWHM, corresponding to a width in reciprocal space of
(2.26X0.01/57. 3) A '=0.0004 A ' FWHM. This is
consistent with domains of uniform reconstruction of at
least (5.9/0. 0004) A= 15,000+3000 A in size. It is possi-
ble to resolve longer length scales in an angular scan be-
cause the instrumental resolution in reciprocal space is
narrower in the direction transverse to the wave-vector
transfer (angular direction) than in the direction alone the
wave-vector transfer (radial direction).
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mosaic distribution of crystallites that comprise the sam-
ple. A similar fine structure is also evident for the trun-
cation rods.

Figure 7 shows angular scans, also acquired at 1520 K,
through the principal hexagonal peak [Fig. 7(b)] and
through the satellites, occurring along the [110]direction
at r, +5 [(Fig. 7(a)] and at G1 —5 [Fig. 7(c)]. As can be
seen from the figure, the angular separation of the satel-
lites is different from that of the principal hexagonal
peaks and each is different from the other. This follows
from the vector character of the difference wave vector in
the rotated-hexagonal phase. Suppose, as illustrated in
Fig. 2, that the direction of the (1,0) hexagonal reciprocal
lattice vector is rotated by an angle 0 with respect to the
direction of the (1,1,0) cubic wave vector. As a result, the
difference wave vector is also rotated with respect to the
cubic [110] direction. Elementary geometry establishes
the relationship between the rotation angle (1(t) of the
modulation wave vector and the rotation angle of the
hexagonal layer: tang& = r1sin8/(2G1 —r1cos8), (2)

and

tang =r1sin8/( r1cos8 —G1 ),
where G, and r1 are the magnitudes of the (1,1,0) cubic
wave vector and the (1,0) hexagonal reciprocal lattice
vector, respectively. For 8=0.8 and an incommen-
surability of 0.2034, /=4. 72'. Therefore, the wave vec-
tor which characterizes the modulation (corrugation) is
colinear neither with the cubic (1,1,0) wave vector nor
with the (1,0) hexagonal wave vector. One may antici-
pate that the locations of satellites in the rotated phase
are given by forming the vector sum of a difference wave
vector and either a hexagonal wave vector or a substrate
wave vector, corresponding to periodic modulations of
the surface layer or substrate, respectively. This is the
origin of the different angular separations in Fig. 7. On
this basis, it is possible to calculate the angular displace-
ment of the satellites at 6,—5 and at r, +5, which we
denote P, and g2, respectively. The results are that

tan/2 =2r, sin8/(2r, cos8 —G, ) . (3)

For 0=0.8' and an incommensurability of 0.2304, we ex-
pect $, =1.21' and $2=1.37'. These expectations are
confirmed by the profiles shown in Figs. 7(a) and 7(c),
where the angles in question are indicated by arrows.

There are, of course, two senses of overlayer rotation.
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FIG. 6. Angular scans through (a) the (2,0) hexagonal rods,

(b) the (0,1) hexagonal rods, (c) the (1,0) hexagonal rods at 7+,

and ~, , and (d) the ( —1,2) hexagonal rods at ~2+ and ~2, in the
rotated-hexagonal phase of the Pt(001) surface at 1520 K. The
locations of the corresponding rods in the aligned hexagonal
phase fall at 0=0'.

FIG. 7. Angular scans through the (1,0) hexagonal rods at v&+

and v& and the satellites at ~,++5+ and v& +5, and at
Cx, —5+ and Cs, —5 . 8=0' corresponds to the cubic [110]
direction. The arrows indicate expected positions of the rods
for a rotation angle of the hexagonal overlayer of 0=0.8 .
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We denote an arbitrary hexagonal-reciprocal-lattice vec-
tor, corresponding to a positive or negative sense of rota-
tion, as ~+ or v, respectively. Correspondingly, there
are two difference wave vectors, which we denote 5+ and
5, respectively. Hexagonal satellites are observed only
at g++5+ and at ~ +5 . We have observed no satellites
with mixed and positive and negative indices, which is
consistent with the idea that a given domain has a
definite sense of rotation. Finally, it is important to note
that we have verified that away from the [110]direction
the locations of satellites are given by the vector sum of
the difference wave vector (5—), and a hexagonal wave
vector (r—

) or a lateral substrate wavevector (G), as
shown in Fig. 2.

creased from 1580 K, the discontinuously rotated
domains retain that orientation. In contrast, the orienta-
tion angle of the continuously rotated domains continues
to increase smoothly with decreasing temperature. At—1520 K, there is a single rotation angle of 0.8 [Fig.
8(f)]. However, on further cooling, the orientation of
discontinuously rotated domains evolves to slightly small-
er angles, so that by 1400 K, their rotation angle is 0.75'.

Pt(001)

~„=(1,0) hex.

C. Temperature dependence and rotational phase
transformation

We turn now to a description of the temperature
dependence of the rotation angle of the Pt(001) surface.
Results of representative angular scans through the (1,0)
hexagonal peak at several temperatures between 1820 and
300 K are shown in Fig. 8. These data were obtained on
cooling during a single temperature cycle; however, the
results have been reproduced in three separate experi-
ments. At each temperature, the sample was allowed to
equilibrate for at least thirty minutes before measure-
ments were made. The sample mosaic for these scans is
reffected in the profile of Fig. 8(a), and is also present in
scans of the truncation rods (not shown). The mosaic is
characterized by one particularly intense peak with a
width of 0.01' FWHM, together with a number of much
weaker peaks. For temperatures greater than T, =1685
K, the intense peak is aligned with the cubic [110]direc-
tion (8=0'). However, on cooling through T, =1685 K,
the peak first appears to broaden and then, with further
cooling, to separate into two peaks symmetrically located
about the [110]direction. As discussed in Sec. III B, we
may identify the angular separation from the [110]direc-
tion with a rotation of domains of the overlayer. Be-
tween T, and —1600 K, the rotation angle increases con-
tinuously from 0' to 6=+0.7'. The limit on the max-
imum possible discontinuity in the rotation angle is 0.05'.
For temperatures immediately below T„ the rotated
peaks are broader than the sample mosaic (0.01'). How-
ever, by —1640 K the angular widths of the rotated
peaks [Fig. 8(d)] reproduce that of the aligned phase.
This evolution is evident in Fig. 8: The peaks of Fig. 8(b)
are broader than those of Fig. 8(c), which are themselves
broader than those of Fig. 8(d). With further decrease of
the sample temperature, the rotation angle continues to
increase. However, on cooling to —1580 K (at which
temperature 8=0.75'), additional peaks appear with a
slightly larger rotation angle (0=+0.8') [Fig. 8(e)], indi-
cating the coexistence of domains of the hexagonal recon-
struction with two different rotation angles. In the fol-
lowing, we call the domains that do not rotate "unrotat-
ed." Domains with a rotation angle that varies continu-
ously with temperature, we call "continuously rotated;"
domains that appear with a rotation angle of 0.8, we call
"discontinuously rotated. " As the temperature is de-
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FIG. 8. Angular scans through (1,0) rods of the Pt(001) sur-

face for several temperatures between 1820 and 300 K. Scatter-
ing from unrotated domains is indicated by A, scattering from
continuously rotated domains by B, and scattering from discon-
tinuously rotated domains by C. Solid lines are fits to a simple
model as discussed in the text The cubic .[110]direction corre-
sponds to L9=0'.
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The orientation of continuously rotated domains evolves
to larger angles, so that by 1400 K, it is 0.9 . For ternper-
atures below —1400 K, the peaks at 0=+0.9' (continu-
ously rotated domains) exhibit a significant angular
broadening, but even the peaks at 0=+0.75' (discontinu-
ously rotated domains) have an angular width larger than
in the aligned-hexagonal phase [Fig. 8(h)]. Throughout
the temperature range between 1570 and 300 K, there is
coexistence among continuously rotated and discontinu-
ously rotated domains.

To extract reliable angular positions and widths, we
have fitted the angular scans of Fig. 8, and those obtained
at many intervening temperatures, to a model composed
of one, two, or four Lorentzians, depending on the tem-
perature. In the aligned-hexagonal phase, a single
Lorentzian was used. Its angular width and intensity
were independent-fitting parameters. In the rotated-
hexagonal phase, either one or two pairs of Lorentzians
were used. Each pair was symmetrically located about
the [110] direction and we required that the peaks of a
given pair have the same angular width. The resultant
best-fit profiles are shown as the solid lines in Fig. 8.
While such a simple model cannot account for the details
of the mosaic structure, it does provide an excellent
description of the most intense peaks, except at the
lowest temperatures, where the distribution of angles is
more complicated than can be well described by four
Lorentzians [Fig. 8(h)]. Nevertheless, even at these tem-
peratures, the model captures the main features of the an-
gular profiles.

Figure 9 shows three radial scans through the (1,0)
1.0

0.5
LLI

C3

0

~ ~ ~ ~ ~ t-----
(a)

hexagonal peak, which are typical of those obtained at
temperatures between 1810 and 300 K. The scan taken
at 1766 K was obtained in the aligned-hexagonal phase,
while the scans taken at 1631 and 520 K were obtained in
the rotated-hexagonal phase. With decreasing tempera-
ture, the peak is displaced to larger wave vectors. Thus,
it is clear that the incommensurability along the [110]
direction increases with decreasing temperature. Radial
scans through the (

—1,2) hexagonal peak (not shown) es-
tablish that, in contrast, the incommensurability de-
creases along the [110]direction with decreasing temper-
ature. It is further apparent from Fig. 9 that the radial
width of the principal hexagonal peak at 520 K is ap-
proximately twice what it is at 1631 or 1766 K. The radi-
al width of the ( —1,2) hexagonal peak is also increased
at lower temperatures. It follows that the extent of
translational order decreases with decreasing tempera-
ture. Similar behavior was observed for the hexagonally
reconstructed Au(001) surface.

Figure 10(a) shows the temperature dependence of the
rotation angles of the unrotated (squares), continuously
rotated (open circles), and discontinuously rotated (closed
circles) domains. For temperatures between 1820 K and

T, = 1685 K, the overlayer is aligned with high-symmetry
directions of the substrate. Between 1685 and -1590 K,
the overlayer has a single rotation angle which varies
smoothly with temperature from 0' to 0.75'. At —1590
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FIG. 9. Typical radial scans through (1,0) hexagonal rod of
the Pt(001) surface at three temperatures.

FIG. 10. Temperature dependence of the rotation angles and

incommensurabilities of the Pt(001) overlayer. (a) Open squares

correspond to unrotated domains, open circles correspond to
continuously rotated domains, and closed circles correspond to
discontinuously rotated domains. The rotation angles were

determined by the fits shown in Fig. 8 and are described in the

text. Error bars denote the angular FWHM of the correspond-

ing peak. (b) Incommensurabilities of the hexagonal overlayer

in the cubic [110]direction (open circles) ~, /G, —1 and the cu-

bic [110]direction (open squares) ~2/G2 —1.
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K, additional scattering is evident at a rotation angle of
0.8', corresponding to the appearance of discontinuously
rotated domains in coexistence with the population of
continuously rotated domains. Between —1590 and 1400
K, the rotation angle of continuously rotated domains
continues to increase, finally reaching a value of 0.9'.
The rotation angle of discontinuously rotated domains
decreases slightly between —1590 and 1400 K, at which
temperature it is -0.75'. Between —1400 and 300 K,
both rotation angles are approximately constant.

Figure 10(b) summarizes the corresponding tempera-
ture dependence of the incommensurabilities along the
[110] direction (open circles) and along the [110]direc-
tion (open squares). The incommensurability along the
[110) direction is 0.0410 +0.0003 at 1820 K and de-
creases smoothly with decreasing temperature reaching a
value of 0.038+0.001 at 300 K. In the same temperature
range, the incommensurability along the [110] direction
increases smoothly from 0.2022+0.0003 at 1820 K to
0.204+0.001 at 300 K. There is no obvious high-order
commensurate structure within this range of values of the
incommensurability. The fact that the incommensurabil-
ity varies continuously as a function of temperature is
further evidence that the hexagonal layer is truly incom-
mensurate. A high-order commensurate structure would
likely give rise to an incommensurability which is observ-
ably locked to a fixed value. For temperatures between
1685 and 1580 K, for which there is a single rotation an-
gle that varies from 0' to 0.75' (continuously rotated
domains), the incommensurability along [110] direction
varies from -0.2028 to -0.2032—a relative change of
only -0.2%. The evolution of the incommensurabilities
illustrated in Fig. 10(b) corresponds to a slight distortion
of the hexagonal unit cell. It is worth noting, however,
that the areal density of the hexagonal layer relative to
the areal density of planes in the crystal interior is nearly
constant between 1820 and 300 K. At 300 K, the average
unit cell dimensions are as follows: a =2.664+0.003 A,
b =2.673+0.003 A, y = 120.11'+0.05', and the period of
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FIG. 11. Temperature dependence of the rotation angles of
the (1,0) hexagonal rods at v.&+ and r& (open circles) and of the
satellites at T~ +5+ and ~& +5 (Qled circles). The solid line is
a parametrization of the temperature dependence of the hexago-
nal rods. The dashed line is calculated from that parametriza-
tion with the use of Eq. (3).

the surface corrugation along the difference wave vector
5 is 4.90c/v'2 = 13.60 A.

It is also of interest to ascertain the variation of the
corrugation rotation angle with temperature. In Fig. 11,
the rotation angle of the (1,0) hexagonal peak (~*, ) (open
circles) is shown together with the angular location of the
satellite peaks at r,++5+ and ~, +5 (filled circles) for
temperatures between 1750 and 1350 K. The solid line in
Fig. 11 is a parametrization of the rotation angle of the
principal hexagonal peak. The corresponding angular
displacement of the satellite peak is calculated using Eq.
3 and shown by the dashed line in Fig. 11. Evidently,
there is good agreement between the measured angular
position of the satellites and the dashed line. We may
infer, therefore, that the corrugation wave vector also ro-
tates smoothly with temperature in the manner expected
(Eq. 1). At 300 K, the corrugation rotation angle is
/=5. 3' for continuously rotated domains (8=0.9 ) and
/=4. 4' for discontinuously rotated domains (8=0.75').

Our measurements of the average unit cell dimensions,
the relative rotation angle of the hexagonal layer, the
period of the surface corrugation and its rotation angle
may be compared to the results of previous studies. The
low-energy electron diffraction study of Heinz, Heil-
mann, and Muller' was performed at temperatures be-
tween 1400 and 77 K. Throughout this temperature
range, the annealed, clean Pt(001) surface was found to
have a hexagonal structure, to the accuracy of the experi-
ment, with a lattice constant contracted by 4% with
respect to the bulk nearest-neighbor distance. In addi-
tion, it was determined that the relative rotation angle of
the hexagonal layer was 0=0.7'+0.2'. In the STM study
of Behm et al., ' which was carried out at 500 K, the
clean, hexagonally reconstructed Pt(001) surface was
found to exhibit a surface corrugation with a period of 14
A. The corrugation was further found to be oriented at
about /=+5' to the substrate [110]direction. Our x-ray
results are in excellent agreement with the results of both
of these studies. The x-ray measurements, however, are
more precise.

Figure 12(a) shows the magnitude of the rotation angle
of the continuously rotated aomains, plotted on a loga-
rithmic scale versus reduced temperature (also plotted on
a logarithmic scale). It is evident from the linear behav-
ior in Fig. 12(a) that the rotation angle varies with a
power-law dependence on reduced temperature between
0.002 and 0.06. For smaller reduced temperatures the
peak broadening prevents quantitative analysis. At
larger reduced temperatures there are two rotation an-
gles. For reduced temperatures in the range between
0.002 and 0.06, we have fitted the rotation angle to a
power law: 8= A [(T, —T) /T, ]~. The parameters
varied in the fit were P, T„and A. An accurate descrip-
tion of the data in this temperature range is provided by
the values P=0.47+0.05, T, = 1685+10 K, and
A =2.65'+0.4', as shown by the solid line in Fig. 12(a).
Figure 12(b) illustrates the power-law fit on linear axes,
and includes the observed rotation angles of the unrotat-
ed continuously rotated, and discontinuously rotated
populations. Deviations from the power law occur when
the surface shows two distinct rotation angles. The ob-
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served variation of the rotation angle with reduced
temperature —specifically, the fact that the exponent I3
equals one-half to within the error —is consistent with a
mean-field description of the rotational transformation.

We next summarize our results for the temperature
dependence of the radial widths of the (1,0) and the
( —1,2) hexagonal rods, at r, and r2, respectively, and of
the substrate (1,1,0) and (2, —2, 0) truncation rods, at G&

and G2, respectively. These data, collected during two
separate cooling cycles, are shown in Fig. 13(a). On one
of the temperature cycles, the radial widths of the hexag-
onal (1,0) and the cubic (1,1,0) rods were measured. On
the other cycle, the widths of the hexagonal (

—1,2) and
the cubic (2, —2, 0) rods were measured. In each case,
for temperatures between 1820 and —1400 K, the radial
width is indistinguishable from that expected on the basis
of the diffractometer resolution (Fig. 5). For tempera-
tures decreasing from 1400 to 300 K, however, the radial
peak width of the hexagonal peak at ~, increases smooth-
ly. At 300 K, its radial width is 0.0028+0.0002 A
FWHM, which is significantly larger than its width at
1400 K of 0.0014+0.0002 A ' FWHM. Assuming that
the reconstructed surface is composed of domains each of
a finite size, then the deconvolved radial width of the (1,0)
hexagonal rod at r, is +(0.0028) —(0.0014)
A '=0.0024+0.0004 A ' FWHM. Such a value corre-
sponds to an average domain size of 2400+400 A. In
the case of the ( —1,2) hexagonal rod at r2, the radial

width also increases smoothly for temperatures decreas-
ing from 1400 to 700 K. At 700 K, its radial width is
0.005+0.0005 A ' FWHM, so that the deconvolved
width is +(0.005) —(0.004) A '=0.003+0.001 A
FWHM at 700 K, which corresponds to an average
domain size of 2000+700 A. Below 700 K, the radial
width of the (

—1,2) hexagonal rod is significantly in-
creased to 0.007+0.001 A ' FWHM, giving a domain
size of only 1000+200 A. The discrepancy between the
domain size at 300 K determined on the basis of the radi-
al width of the (

—1,2) rod and that determined on the
basis of the radial width of the (1,0) rod, suggests that the
domain size may depend sensitively on the thermal histo-
ry of the sample. Such issues are discussed further in the
Appendix. The radial widths of the substrate rods show
no significant change between —1400 and 300 K, and we
observe no difference between the radial widths for the
continuously rotated and discontinuously rotated popula-
tions at any temperature. In the STM study of Behm et
al., ' which was performed at 500 K, it was found that re-
gions of uniform hexagonal reconstruction with linear di-
mensions of several hundred to several thousand
Angstroms were separated by monoatomic or biatomic
steps. It is thus possible that the increase of the radial
width of the hexagonal rods coincides with the formation
of an increasing density of surface steps.
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A decreasing translational order with decreasing tern-
perature is a striking and unexpected aspect of both the
P t(001) and Au(001) surfaces. Recently, Alerhand
et al. have proposed that reconstructed, high-
symmetry surfaces, which can reconstruct into one of a
number of rotationally equivalent structures and which
have an anisotropic stress tensor, are unstable to the for-
mation of finite-sized domains. The origin of domain for-
mation is the accompanying reduction of elastic stress.
Surfaces for which this behavior is possible include the
(2X 1) reconstructed Si(001) surface ' ' and the Au(111)
surface. ' Just as for the (2 X 1 ) reconstructed
Si(001) surface, it may be that for the Pt(001) and Au(001)
surfaces, the elastic energy is smaller for smaller domains
of the hexagonal reconstruction. In this regard, we note
that the corrugation of the Pt(001) and Au(001) surfaces
may lead to a large anisotropy in the surface stress ten-
sor. The energetic gain from the formation of small
domains competes against the cost of creating surface
steps. The competition between these two contributions
determines the domain size. The reason the domain size
should decrease with decreasing temperature remains
unexplained.

We now present the results of measurements of the an-
gular widths of the various peaks. Figure 13(b) shows the
angular widths of the (1,0) hexagonal rod at r, (open cir-
cles and open triangles for the continuously and discon-
tinuously rotated domains, respectively), and of the
(1,1,0) substrate rod at G, (open squares). Figure 13(c)
shows the angular widths of the ( —1,2) hexagonal rod at
vz (solid circles and solid triangles for the continuously
and discontinuously rotated populations, respectively),
and of the (2, —2,0) substrate rod at G2 (solid squares).
The angular width of the substrate rods is determined by
the sample mosaic, which increases with decreasing tem-
perature from 0.01' FWHM at 1820 K to 0.02' FWHM
at 300 K. The angular widths of the hexagonal rods
show a much stronger temperature dependence. Above
T„ the angular width of the (1,0) hexagonal rod at r, is
equal to the sample mosaic. At and immediately below
T„ there is an increase. On further cooling, the angular
width decreases again and nearly reproduces its value
above T, . We attribute the variation of the width near
the nominal T, to the existence of a distribution of slight-
ly different transformation temperatures for different
domains across the surface. At —1350 K, the angular
width of the continuously rotated (1,0) hexagonal rod in-
creases precipitously to reach 0.1' FWHM at 1250 K, a
value which it maintains between 1250 and 300 K. In
contrast, the angular width of the discontinuously rotated
(1,0) hexagonal rod increases gradually from 0.01+0.002'
FWHM at 1590 K to 0.07+0.01' FWHM at 300 K. An
angular width of 0.07+0.01 FWHM corresponds to a
width in reciprocal space of 0.0028 0.0004 A
FWHM. This is consistent with domains of uniform

0
reconstruction of 2000+300 A in size. Thus the increase
in the angular width of discontinuously rotated rods is
consistent with the decrease in translational order, de-
duced above from the behavior of the radial width of the
(1,0} hexagonal rod. The angular width of the continu-
ously rotated (1,0}hexagonal rod cannot be understood in

the same way. Instead, we infer a distribution of rotation
angles for the continuously rotated domains. With re-
gard to the ( —1,2) hexagonal rods at r2 [Fig. 13(c)], the
angular width below T, does not reproduce its value
above T, . Rather, it stays at -0.06' FWHM between T,
and 1300 K, and then increases to -0.1' FWHM for
discontinuously rotated rods and -0.15' FWHM for
continuously rotated rods. For the temperature cycle
during which the (

—1,2) rods were studied, typical tem-
perature steps of 30 K were taken through the transfor-
mation; for the temperature cycle during which the (1,0)
rods were studied, typical temperature steps of 5 K were
taken. We believe that the difference between the angular
widths observed on the two different cycles probably re-
sults from the different cooling rates employed in each
case. (See Appendix).

IV. GOLD (001) SURFACE —RESULTS
AND DISCUSSION

In earlier studies of the Au(001) surface, we observed
disordered, aligned-hexagonal, and rotated-hexagonal
phases, which are similar in many respects to the corre-
sponding phases of the Pt(001) surface. However, the ro-
tational transformation of the hexagonally reconstructed
Au(001) surface was found to be discontinuous, contrary
to the behavior observed in the Pt(001) surface. In addi-
tion, unrotated domains were always observed in coex-
istence with rotated domains. Furthermore, the so-called
unrotated domains appeared to exhibit a distribution of
rotation angles (about zero), the width of which was
found to increase with decreasing temperature. For these
reasons, and in view of our study of the orientational be-
havior of the Pt(001) surface (Sec. III), we decided to re-
examine the orientational epitaxy of the hexagonally
reconstructed Au(001) surface. The results of this inves-
tigation are described in the present section.

Figure 14 shows the results of typical angular scans
through the (1,0) hexagonal peak of the reconstructed
Au(001) surface for temperatures from 1100 to 300 K. In
the figure, 8=0' corresponds to the cubic [110]direction.
As in Ref. 22 and Sec. III, measurements were performed
either by monotonically lowering the temperature from
the disordered phase or by monotonically raising the tem-
perature from 300 K. At each temperature, the sample
was allowed to equilibrate for -30 min before measure-
ments were performed. The principal difference between
the experiments reported here and those of Ref. 22 is that
finer temperature steps (30 K) were taken in the present
experiment. (See Appendix).

For temperatures greater than —1000 K, the angular
profile consists of a single peak which is aligned with the
cubic [110] direction. However, on cooling to 993 K
[Fig. 14(b)], there is a noticeable increase in the width of
the peak at 0=0'. Furthermore, at this temperature, it is
possible to discern two additional peaks, which are dis-
placed symmetrically about the cubic [110] direction by
+0.84'. At 963 K [Fig. 14(c)], the rotated peaks at
+0.84 are unchanged in position, but are more intense
than at 993 K. Meanwhile, the unrotated peaks have ac-
quired pronounced "shoulders. " At 930 K [Fig. 14(d)],
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the peaks at +0.84' have intensified, but the most striking
evolution has occurred for the unrotated peak and its
shoulders, which are now more pronounced and clearly
suggestive of two further peaks of unequal intensity dis-
placed by about +0.3' from the [110]direction. By 904
K [Fig. 14(e)], the peaks at 8=+0.84' are still more in-
tense than at 930 K. However, the peaks, which oc-
curred at -0.3 for 930 K, have moved to 0=+0.4' and
are weaker in intensity than at 930 K. Between 904 and
870 K [Fig. 14(f)] the intensities of the peaks at 8=+0.4' 0 10
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0.04

T) =(1,0)hex.

,0)hex.
—1.0 1.0

I I

-0.5 0 0.5

8 (deg)
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FIG. 14. Angular scans through the (1,0) hexagonal rods of
the Au(001) surface for several temperatures. Scattering from
unrotated domains is labeled A, from continuously rotated
domains B, from 0.84'-rotated domains C, and from 0.9 -rotated
domains D. Solid lines are 6ts to a simple model as described in
the text. The cubic [110]direction corresponds to 0=0'.

are further diminished, while those of peaks at 0=+0.84'
continue to increase. On further cooling, the intensity of
the unrotated peak becomes noticeably weaker and, by
759 K [Fig. 14(g)], new shoulders are evident on the
large-angle sides of the peaks at 8=+0.84'. These trends
continue with further cooling so that by 435 K, the inten-
sity of the unrotated peak is yet weaker and the new
shoulders are more pronounced. At any given tempera-
ture, the angular profile at the (0,1) hexagonal position
qualitatively reproduces that at the (1,0) position. This is
shown in Fig. 15 for a temperature of 904 K. The most
straightforward interpretation of these data is that there
is coexistence among domains of the hexagonal recon-
struction with several di6'erent rotation angles.

To characterize the profiles of Fig. 14, we have fitted
the data to a model which consists of up to seven
Lorentzians. To minimize, as far as possible, the number
of fitting parameters, we again restricted consideration to
one unrotated peak, together with three pairs of rotated
peaks. Each pair of peaks was symmetrically located
about the cubic [110] direction and we required that
peaks of a given pair have the same angular width. In ad-
dition, the widths of the peaks at +0.84' were fixed at
0.04' FWHM and the width of the unrotated peak was
fixed at 0.09' F%'HM. The fitting parameters, therefore,
were the amplitudes of seven peaks, the angular displace-
ments of the three pairs, and the widths of two of the
pairs. The solid lines in Fig. 14 show the best-fit model
curves, which are in excellent agreement with the experi-
mental profiles.

The various rotation angles determined by the fits, to-
gether with the incommensurabilities of the Au(001) sur-
face along the [110] and [110] directions of the sub-
strate are shown in Fig. 16. An unrotated component is
present at all temperatures (open squares). In addition,
there are three distinct, rotated components which can
coexist. One is composed of continuously rotated
domains (open circles), the rotation angle for which
varies from 0 to 0.5'. Regarding the other two com-
ponents, one shows a rotation angle that is roughly con-
stant at 0.84' ("0.84'-rotated" domains, shown as filled
circles) and the other a rotation angle that seems to vary
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even for temperatures less than -770 K. The incom-
mensurabilities of the Au(001} surface [Fig. 16(b)] show
little variation with temperature in the [110] and
[110]directions. Thus, as is the case for the Pt(001} sur-
face, the areal density of the surface layer changes little
from 1200 to 300 K.

Figure 17(a) displays the angular widths of the various
peaks shown in Fig. 14 as a function of temperature. In
Fig. 17(a), the widths of unrotated peaks are shown as
open squares; those of continuously rotated peaks are
shown as open circles; those of 0.84-rotated peaks are
shown as filled circles, and those of 0.9'-rotated peaks are
shown as open triangles. In Fig. 17(b), the integrated in-
tensities of unrotated peaks are shown as open squares;
those of continuously rotated peaks are shown as solid
circles; and those of 0.9' rotated peaks are shown as open
triangles. The fitted width of the 0.9'-rotated peaks is ap-
proximately temperature independent (0.11' FWHM).
On the other hand, the width of continuously rotated
peaks is -0.1' FWHM at —1000 K and becomes much
larger with decreasing temperature, reaching -0.6'
FWHM by 400 K. However, the peak intensities of the
continuously rotated components are very weak for tem-
peratures below -770 K.

One of the most remarkable results of the present
study is the observed correspondence between the surface
phase behavior of the Au(001) surface and that of the
Pt(001) surface. Figure 18 shows a comparison between
the various rotation angles observed for the Au(001) sur-
face [Fig. 18(a)] and those of the Pt(001) surface [Fig.
18(b)]. In each case, the temperature is expressed as a
fraction of the bulk melting temperature, which is 1337
K for Au and 2045 K for Pt. While there are significant
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differences between the two plots, there are also striking
similarities. The absence of data points for temperatures
greater than 0.9T for Au(001) and Pt(001) corresponds
in both cases to the absence of the hexagonal reconstruc-
tion in this temperature range —the surfaces are disor-
dered. ' The disappearance of the reconstruction peak
occurs within a temperature step of -5 K, the smallest
possible with the sample heating arrangement. Both sur-
faces show an aligned-hexagonal phase (zero rotation an-
gle) at temperatures immediately below the transforma-
tion from the disordered phase. In the case of the Pt(001)
surface, the rotation angle initially increases smoothly
with temperatures decreasing from a critical temperature
of 0.85T; eventually, it saturates at -0.87' [open circles
in Fig. 18(b)]. At 0.77T, an additional rotation angle
(0.8 ) appears, which decreases slightly to -0.77' at
lower temperatures [filled circles in Fig. 18(b)]. For the
hexagonal reconstruction of the Au(001) surface, on cool-
ing, rotated domains appear first at 0.74T with a rota-
tional angle of 0.84' [filled circles in Fig. 18(a)]. A con-
tinuously rotated component also emerges at 0.74T and
its rotation angle increases smoothly with decreasing
temperature. Clearly, the transformation temperatures in
units of T and certain of the observed rotation angles
are remarkably similar for the Au(001) and Pt(001) sur-
faces. The coexistence of domains with different rotation
angles is also common to the two surfaces. Both display
rotational behavior that may be characterized as continu-
ous and behavior that may be characterized as discon-
tinuous. The principal difference appears to be that the
rotational transformation of the Pt(001) surface is mainly
continuous, while, for the Au(001) surface, it is strongly
discontinuous. With regard to the correspondence be-
tween the phase behaviors of the Pt(001) and Au(001) sur-
faces, we note that the electronic band structures of the
Au and Pt are closely similar, in spite of their very
different bulk melting temperatures.

V. MEAN-FIELD THEORY OF ROTATIONAL
TRANSFORMATION

Novaco and McTague considered an incommensurate,
hexagonal monolayer adsorbed on a rigid, hexagonal sub-

strate at zero temperature. They pointed out that, while
the interfacial energy does not depend on the translation-
al registry between the overlayer and the substrate, it
does depend on their relative orientation. Specifically,
they predicted that the interfacial energy is minimized
for a relative orientation which is different from the
high-symmetry directions of the overlayer or of the sub-
strate, and which depends approximately linearly on the
incommensurability. The proportionality constant is
determined by the frequencies of the overlayer lattice vi-

brations. For an incommensurability of -0.2, as ob-
served along the [110] direction for the Pt(001) and
Au(001) overlayers, the linear response calculations of
Novaco and McTague should apply, ' ' and in the sim-

plest case a rotation angle of about 7' is predicted. [No-
vaco and McTague considered a hexagonal overlayer on
a hexagonal substrate. The (001) surface layers of Pt and
Au are hexagonal on square substrates. However, be-

cause we assume that a single Fourier component dom-
inates the overlayer-substrate interaction, once that
Fourier component is chosen, their results carry over to
the present case.] A rotation angle of 7 is nearly a factor
of 10 larger than any of the observed rotation angles of
the Pt(001) overlayer. Moreover, in the temperature
range (between 1685 and 1580 K) in which the Pt(001)
overlayer exhibits a single rotation angle, varying con-
tinuously from 0' to 0.75', the incommensurability along
the [110]direction increases by only 0.0005. With regard
to the possibility that the incommensurability along the
[110] direction determines the rotation angle, we note
that no satellites associated with this incommensurability
are observed. It is further worth noting that the incom-
mensurability along the [110]direction decreases slightly
as the rotation angle increases. On this basis, the possi-
bility that the change in the incommensurability along
the [110]direction is responsible for the Pt(001) rotation-
al transformation may be discounted within the context
of the theory of Novaco and McTague or related
theories. ' [As noted earlier, the area per atom within
the hexagonally reconstructed Pt(001) surface layer is ap-
proximately constant. ]

It is evident that our results are inconsistent with
several of the predictions of Novaco and McTague. We
believe that the discrepancies originate from three as-
sumptions. First, the theory of Novaco and McTague as-
sumes that pair potentials can be used to describe the in-
teractions among the surface and substrate atoms. Un-
like the rare gases adsorbed on graphite, for which pair
potentials provide a good description of the interatomic
interactions, such an approach fails to account for metal-
lic binding, nor can it explain metal surface reconstruc-
tions. Second, Novaco and McTague take the substrate
to be rigid and any atomic displacements to be small. In
contrast, our results show that the Au(001) surface is

strongly coupled to the substrate through the corruga-
tion. [We infer a similar corrugation at the Pt(001) sur-
face. ] Third, their calculations are carried out assuming
that the temperature is zero.

Recently, Grey and Bohr have argued that a low-

energy orientation could occur whenever a modulation
wave vector is parallel to any substrate or any overlayer
reciprocal-lat tice vector. ' For the P t(001) and
Au(001), however, the corrugation wave vector is not
aligned parallel to a substrate or to an overlayer
reciprocal-lattice vector. Thus, we believe it to be unlike-

ly that the observed rotation angles will be understood on
this basis.

The fact that the rotation angle of the hexagonally
reconstructed Pt(001) surface follows a one-half-power
law versus reduced temperature motivates a mean-field

description of the phase transformation. In the follow-

ing, we present a simple mean-field theory of rotational
transformations. For the case that there are two symme-
trical minima in the orientation dependence of the inter-
facial energy, it has been suggested ' that a
temperature-driven rotational transformation might
show the same critical behavior as the two-dimensional
Ising model: 8= A [(T,—T)/T, ]'~ . However, an im-

portant aspect of our theory is that the amplitude of an
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orientational mode does not diverge as the transforma-
tion temperature is approached and as the wave vector of
the mode goes to zero. This result indicates that rota-
tional transformations may, in general, be well described
by mean-field theory. The basis of this statement is the
observation that acoustic phonons provide the appropri-
ate fluctuation modes to consider at a rotational transfor-
mation. A similar proposal has been made previously in
the context of structural phase transformations at which
a homogeneous deformation of the unit cell is the pri-
rnary order parameter.

We start by writing a Hamiltonian for the long-
wavelength translational and orientational degrees of
freedom of a hexagonal overlayer:

8=+v'v/w about 8=0'. The parameters v and w are to
be determined from a microscopic theory —this form of
the interfacial energy approximates that predicted by No-
vaco and McTague with suitable expressions for v and w.
In this sense, our calculation is merely an extension to
nonzero temperature of any theory which yields an expli-
cit prediction for v and w. It is convenient to rewrite the
first contribution in terms of the local orientation of the
overlayer, using the relationship between orientation and
displacement: 8(K)=iKXu(K)/2. Then

gf =—$ [(2p+ A, )[K.u(K) ][K u( —K) ]
Q

K (%0)

+4p8(K)8( —K) ]

H= —g {pE u(K) u( —K)+(@+A,)[K u(K)]0
K (%0) +Id r( ,' v 8 +——,

' w 8 ) .— (5)

X[K u( —K)]]+Jd r( —
—,'v8 +—,'w8 ) .

(4)

The first term describes the energy associated with dis-
placements [u(r)] of the overlayer atoms from their posi-
tions on an ideal, hexagonal lattice, and u(K) is the am-
plitude of the displacement mode of wave vector K. The
quantities A, and JM are Lame coefficients, and 0 is the
overlayer area. This contribution is identical to that
written by Nelson and Halperin (Ref. 49, Eq. 5.12). We
have added to this the second term, which gives the inter-
facial energy as a function of the overlayer orientation
[8(r)] at a position r within the overlayer. We have
chosen a specific form for the interfacial energy with two
equal minima, which are symmetrically placed at

I

The first term of the sum in Eq. (5) is the energy of the
longitudinal phonons and the second term is the energy
of the transverse phonons, written in terms of the corre-
sponding orientational modes. Each of these terms corre-
sponds to different, independent normal modes of the
overlayer. Therefore, for a discussion of rotational trans-
formations, we need to consider only the transverse
modes —the long wavelength longitudinal modes may be
neglected. To allow for a nonzero, mean rotation angle
(80), we introduce

8(r) =80+ g 8(K)e'»'
K (%0)

to finally obtain

&=Q —
—,'v 80+ —,'w80+ —,

' g (4p+ 3w80 —v )8(K)8( —K)
K (WO)

+ 4w
K ] K~ K3(%0)

8(Ki )8(K2)8(K3)8( —Ki —K2 —K3} (7)

Equation (7) provides a complete description of the long-
wavelength orientational degrees of freedom of the over-
layer.

The mean-field theory was developed as follows. We
assume that the amplitude of each orientational mode is a
Gaussian random variable. Then, the internal energy of
the hexagonal overlayer E(80) is equal to the mean value
of the Hamiltonian and is given by

E(80)=Q[ —
—,
' v80+ —'w80

+—,'(4p+3w80 —v+ —', w(8 ))(8 )] (g)

where (8 ) =g» (~0)(8(K)8( K)) is the mean-square
angular fluctuation about 00. Gibb s variational principle
states that the correct free energy (F) is greater than or
equal to E (80)—TS, where T is the temperature and S is
the entropy. Therefore, an optimum value of 00 is ob-
tained by minimizing F with respect to 00. This amounts
to minimizing E(80) with respect to 80, because the en-

tropy is independent of 00. In this way, we obtain

—v+w80+3w(8 ) =0 (9)

for the rotated phase and 80=0 for the aligned phase.
We may also calculate

any
a8(K)88( K)

Q P+ 8

+3w g 8(K&)8( —K&) . (10)
Kl (%0)

Using Eq. (10), self-consistent application of the classical
equipartition-of-energy theorem yields

(8(K)8( —K) ) =k T/(8 &/88(K)88( —K) )

Q(4p+3w80 —v+3w(8 ) )

k~T

Q(4p+2w80}
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for the amplitude of orientational fluctuations in the ro-
tated phase. The last equality in Eq. (11) is obtained by
employing Eq. (9). Because p, is a constant, Eq. (11)
shows that orientational fluctuations are of finite ampli-
tude for all temperatures (T & T, } and all wave vectors.
Therefore, the approximation that the amplitude of each
mode follows a Gaussian distribution is expected to be
accurate. In contrast, at an ordinary continuous-phase
transformation the amplitude of the order-parameter
fluctuations diverges as the wave vector of the mode goes
to zero. As a result, the amplitude of the fluctuations
does not follow a Gaussian distribution and there are im-
portant corrections to the mean-field results. In the case
of a rotational transformation, the mean-square angular
fluctuation about t9p is given by

Ak~T A k~Te') =
A(4@+2w Oo) 4'(4p+ 2w 9o)

(12)

where N is the total number of orientational modes and A
is the Debye wave vector. (This may be compared to Eq.
4. 1 et seq. of Ref. 49.) Equation (9) then can be rewrit-
ten:

3A wk&T—v+wO + =0
4n.(4@+2m Ho)

(13)

3A w
W p

k~T

4p+2w Op

k~T, =0.
4p

(14)

Near T„Hp is small so that we may make the approxima-
tion that

At a continuous phase transformation, Op goes to zero at
T, . Therefore, T, may be defined by

—v + 3A wk~ T, /16~@=0,
and Eq. (13) becomes

face (Sec. III). However, even at temperatures immedi-
ately below the rotational transformation of the Au(001)
surface, there is coexistence among domains with
differing rotation angles, suggesting the existence of mul-
tiple minima in the angle dependence of the interfacial
energy. This possibility is not described by Eq. (5},nor is
the coexistence of domains with different rotation angles
for the Pt(001) surface at temperatures below 1580 K.

For overlayers with an interfacial Hamiltonian that
can be approximated by Eq. (5), we expect that mean-field
theory should apply. In particular, it may apply to the
rare gases on graphite. In this regard, we note that, while
the behavior of Ar ' and Kr on graphite is quantitative-
ly predicted by the calculations of Novaco and McTague'
and of Shiba, the rotational behavior of Xe ' on graph-
ite cannot be understood on this basis. Specifically, in the
study of Hong et al. it was found that the Xe overlayer
showed a discontinuous rotational transformation from a
rotated to an aligned phase with increasing incommen-
surability. The transformation further showed a
significant history dependence and, in addition, rotated
and unrotated domains were observed in coexistence. In
the experiment of D'Amico et al. , a continuous de-
crease of the Xe rotation angle with increasing incom-
mensurability was observed. For Xe on graphite, it is im-
portant to note that the incommensurability increases
with increasing temperature; ' thus, rotational transfor-
mations at which the rotation angle increases continuous-
ly or discontinuously with decreasing temperature have
already been observed for Xe on graphite. Further work
is necessary to clarify whether the mean-field theory
presented in this section is relevant for this system. Fi-
nally, we note that Clark et al. found that the orienta-
tion 0 of incommensurate Cs intercalated into a graphite
host varies as 0= A [(T,—T)/T, ]~, with P=0.47, a re-
sult which is also consistent with a mean-field descrip-
tion.

Ho[1 —3A wk~T, /(32mp )]=3A ks(T, —T)/(16vrp) .

(15)

X [(T, —T)/T, ]'I (16)

The one-half-power-law dependence of the rotation angle
on reduced temperature is as expected for a mean-field
theory, and is consistent with our observations for the
hexagonally reconstructed Pt(001) surface near T, . For

3A w kTs, (/3 m2.p, )&1,
it is straightforward to show that there is a discontinuous
change of the rotation angle with temperature (first-order
transformation). Such behavior is reminiscent of the ro-
tational transformation of the hexagonally reconstructed
Au(001) surface which is primarily discontinuous (Ref. 22
and Sec. IV), in contrast to the mainly continuous trans-
formation of the hexagonally reconstructed Pt(001) sur-

If 3A wk~T, (/32 p7r) &1, there is a continuous phase
transformation with

1/2
v

w[1 —3A wk~T, /(32rrp )]

VI. SUMMARY AND CONCLUSIONS

In this paper, we have presented the results of a syn-
chrotron x-ray-diffraction study of the lateral structure of
the clean Pt(001) surface between 300 and 1820 K.
Throughout this temperature range the surface exhibits a
reconstruction in which atoms in the surface layer are ar-
ranged on a corrugated, hexagonal lattice, in spite of the
planes of square symmetry immediately beneath. For
temperatures decreasing from 1820 K, the average hexag-
onal lattice distorts slightly, expanding along the cubic
[110]direction and contracting along the [110]direction
compared to the bulk lattice. Its areal density relative to
that of hexagonal (111) planes in the crystal interior is

nearly temperature independent and compressed by
—8%. The most dramatic evolution occurs for the orien-
tation of the hexagonal overlayer with respect to the cu-
bic substrate. Between 1820 and 1685 K, the (1,0) hexag-
onal wave vector is aligned with the cubic (1,1,0) wave
vector. However, at a critical temperature of 1685 K, the
hexagonal overlayer undergoes a transformation into a
phase in which there is nonzero rotation angle between
these two directions. Between 1685 and —1590 K, the
relative rotation angle evolves smoothly with tempera-



45 ORIENTATIONAL EPITAXY AND LATERAL STRUCTURE OF. . . 9289

ture, following a one-half-power dependence on the re-
duced temperature. At —1590 K, domains with a second
rotation angle appear. With decreasing temperature,
domains with both orientations coexist. Their rotation
angles are only weakly temperature dependent between
1590 and 300 K. An additional feature of the hexagonal
reconstruction is that the extent of translational order de-
creases with decreasing temperature from many
thousands of Angstroms at 1820 K to -2000 A at 300 K.

We have also presented measurements of the orienta-
tional epitaxy of the hexagonally reconstructed Au(001)
surface. We find a predominantly discontinuous rotation-
al transformation at temperatures below which domains
with several discrete rotation angles coexist. When tem-
peratures are scaled to the bulk melting temperature, the
overall phase behavior of the Au(001) surface is strikingly
similar to that of the Pt(001) surface. Furthermore, the
rotation angles observed for the Au(001) surface are simi-
lar to those of the Pt(001) surface ( -0.8 ).

It seems clear that current theories of orientational epi-
taxy are inconsistent with our results: First, that a rota-
tional transformation takes place for the hexagonally
reconstructed Au(001) and Pt(001) surfaces accompanied
by only a very small corresponding change in the over-
layer incommensurabilities; second, that the observed
low-temperature rotation angles are nearly an order of
magnitude smaller than predicted; and third, that hexag-
onally reconstructed domains with different rotation an-
gles can coexist. We have developed a mean-field theory
of rotational transformations, which describes our obser-
vation that the rotation angle of the Pt(001) overlayer fol-
lows a one-half-power law versus the reduced tempera-
ture. We hope that the measurements presented in this
paper will lead to renewed theoretical and experimental
interest in rotational transformations, and that more so-
phisticated and detailed calculations of the structure of
Au(001) and Pt(001) surfaces may elucidate their rota-
tional phase behavior.
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APPENDIX

An important variable to emerge in the present studies
is the rate of sample cooling. More specifically, it seems
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that rapid decrease in sample temperature can lead to
structures which are quantitatively, or even qualitatively,
different from those following slow cooling to the same
final temperature. While we are unable to prove that the
structures produced by slow cooling are at thermal equi-
librium, we can illustrate some of the differences which
depend on thermal history. Figure 19(a) shows the re-
sults of angular scans through the (1,0) hexagonal peak of
the Pt(001) surface. The data shown as open circles were
collected after slowly cooling the sample from the disor-
dered phase (T ) 1820 K) to 300 K over a period of
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FIG. 20. Angular scans of the (1,0) hexagonal peak of the

Au(001) surface obtained after (a) slow cooling and (b) quench-
ing from the disordered phase.
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FIG. 19. (a) Angular and (b) radial scans through the (1,0)
hexagonal rod of the Pt(001) surface. Open circles correspond
to data taken after slow cooling from the disordered phase.
Filled circles correspond to data for a quenched state, as de-
scribed in the text. The two profiles shown as open circles in (b)
correspond to radial scans through the two rods, which are
shown in (a), one with a positive and the other with a negative
sense of rotation.
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greater than 24 hours, reproducing the profile shown in
Fig. 8(h). In contrast, the solid circles in Fig. 19(a) show
data which were obtained by first sputtering the surface
at 300 K for 30 min (4 pA, 1 keV), then increasing the
temperature rapidly to 1000 K, holding the temperature
at 1000 K for 5 min, and finally turning off the sample
heater, allowing the sample to cool to 300 K. The angu-
lar profile obtained after this procedure shows a single
broad peak (0.6' FWHM), which is aligned with the cubic
[110]direction (quenched structure). Evidently, a surface
prepared in this way shows a hexagonal reconstruction;
however, it does not exhibit distinct, nonzero rotation an-

gles. This result is consistent with that of Heinz, Heil-
mann, and Miiller. Figure 19(b) shows the corresponding
radial scans through the (1,0) hexagonal peak. Closed
circles indicate data collected after rapid cooling. Open
circles indicate data collected after slow cooling. It is
clear that the radial width of the peak obtained from the
quenched structure is three times broader than that ob-
tained from slow cooling, consistent with the presence of

smaller ordered domains in the quenched case.
Finally, we illustrate in Fig. 20 that the rate of cooling

can have a profound effect on the angular profiles ob-
served for the Au(001) surface. Figure 20(a) reproduces
the data shown in Fig. 15(h) and was obtained by slowly
cooling the sample from 1200 to 435 K over a period of
24 h. In contrast, the profile of Fig. 20(b) was obtained
by rapidly quenching the sample from the disordered
phase. The sample temperature, in this case, decreased
through the transformation to the aligned-hexagonal
phase and through the rotational transformation in only
a few minutes. Below -800 K the cooling rate was
slower, but the sample temperature reached 300 K within
a few hours. For the quenched sample, the unrotated
component of the angular profile appears both more in-
tense and broader than for the slowly-cooled sample. In
addition, there are no "0.9'-rotated" domains for the
quenched sample. In all cases, it seems that the most or-
dered surfaces (narrowest radial and angular widths) re-
sult from slow cooling.

*Present address: European Synchrotron Radiation Facility,
Grenoble, France.
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