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Structure and phases of the Au(001) surface: Absolute x-ray reflectivity

B. M. Ocko, Doon Gibbs, and K. G. Huang
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

D. M. Zehner
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

S. G. J. Mochrie
Center for Materials Science and Engineering and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 6 November 1990; revised manuscript received 24 May 1991)

Specular and nonspecular absolute x-ray-reflectivity measurements have been performed on the
Au(001) surface between T'=300 and 1250 K. At all temperatures the surface-normal vibrational ampli-
tudes are increased above the corresponding bulk thermal vibrational amplitude (Debye-Waller factor).
Below T'=1170 K, the surface is well described by an incommensurate, corrugated, hexagonal overlayer.
The corrugation propagates several layers into the bulk. Above T=1170 K there is an abrupt decrease
in the specular and nonspecular reflectivities, which we interpret in terms of surface disordering.

I. INTRODUCTION

Despite the planes of square symmetry lying immedi-
ately beneath, the Au(001) surface exhibits a room-
temperature reconstruction in which the top layer forms
a distorted-hexagonal monolayer. In this and a previous
paper,! we present the results of a comprehensive x-ray-
diffraction study of this surface between room tempera-
ture and close to the bulk triple point (7, =1337 K). The
results presented in Ref. 1 demonstrate that below
T=1170 K the structure is hexagonal and incommensu-
rate with the bulk substrate. The existence of satellite
peaks spaced at intervals equal to the wave-vector
difference between hexagonal and substrate periodicities,
however, suggests that these lattices are modulated (and
lead to our designation of this phase as ‘‘distorted-
hexagonal”). In addition, for temperatures less than
T=970 K, there exist domains of the hexagonal over-
layer which are rotated by +0.81° away from the cubic
[110] direction (in coexistence with the aligned domains).
At T=970 K, there is a reversible, rotational transforma-
tion at which the rotated domains become aligned. Final-
ly, at T=1170 K there is a disordering transition, at
which temperature all scattering associated with the hex-
agonal reconstruction disappears. In Fig. 1, the observed
in-plane (H-K plane) diffraction patterns are shown for
the three phases of the Au(001) surface.

In this paper, we give a complete account of measure-
ments of the absolute x-ray reflectivity for the Au(001)
surface. We refer to reflectivity as the coherent scatter-
ing along the surface-normal direction through the al-
lowed in-plane wave vectors.!™3 Specifically, specular
reflectivity corresponds to the rod of scattering through
the origin of Fig. 1, while nonspecular reflectivity corre-
sponds to the rods through all other, in-plane wave vec-
tors. For the present experiments, involving a recon-
structed surface layer, we further classify the nonspecular
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reflectivity into the overlayer reflectivity, which corre-
sponds to the reflectivity through in-plane hexagonal
wave vectors, and the substrate reflectivity, which corre-
sponds to the reflectivity through the bulk-allowed in-
plane wave vectors. In the literature, the substrate
reflectivity is called a truncation rod.* It is important to
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FIG. 1. In-plane diffraction pattern for the Au(001) surface.
(a) disordered phase (T > 1170 K); (b) distorted-hexagonal phase
(970K <T <1140 K); (c) rotated, distorted-hexagonal phase
(T'<970 K). Each point represents a rod of scattering normal
to the surface. (d) Real-space schematic view of a rotated
domain. The square symbols represent the in-plane reflections
from the underlying square symmetry of the (001) face and per-
sist above the hexagonal disordering transition at 1170 K. Only
one of the two symmetry equivalent domains is represented.
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note that, in the present work, the specular and nonspec-
ular reflectivities of the Au(001) surface have been ob-
tained on an absolute scale. This imposes stringent con-
straints on subsequent modeling, and leads to a detailed
three-dimensional characterization of the surface and
near-surface structure, including the determination of the
enhanced surface vibrational amplitudes, of the relaxa-
tions of the interplanar spacing at the surface, and of the
corrugation amplitudes.

Briefly, for temperatures above 7=1170 K, we find
that the measured Q, dependence (Q, denotes the normal
wave-vector transfer) of the reflectivity is consistent with
a thin disordered surface film a few layers thick®~'? and
not with an ideally terminated crystal. In contrast, in the
distored-hexagonal phase below T=1170 K, we have
found that the top layer supports an incommensurate
corrugation which propagates approximately five layers
into the bulk. In addition, the interplanar spacing be-
tween the top and second layers is increased by 20%. At
all temperatures, the thermal vibrational amplitudes
(Debye-Waller factors) within the surface and near-
surface layers are enhanced relative to their bulk values.
Besides presenting our experimental results for the struc-
ture of the Au(001) surface, another purpose of this paper
is to illustrate the dependence of the reflectivity on the
layer-dependent crystalline order parameters
pg(n).” %1314 By definition, pg(n) is the Fourier com-
ponent of the electron density of the nth layer with in-
plane wave vector G. The variation of the nonspecular
reflectivity with Q, may be directly related to the real-
space decay of pg(n) in the neighborhood of the surface.
A summary of these results and those of Ref. 1 has ap-
peared previously. 13

Before presenting the results of our x-ray-scattering
measurements, we summarize the highlights of some re-
cent discussions of surface disordering. Surface-induced
disorder is plausibly a key to understanding bulk melting.
For example, a liquid overlayer provides a nucleation site
for bulk melting, which may explain the absence of su-
perheating at the triple point.!> Recent interest in sur-
face melting has been rekindled in papers by Lipowsky
and Speth. 16,17 Within mean-field theory, these authors
considered a semi-infinite system described by a scalar or-
der parameter and a free-energy functional which ordi-
narily gives rise to a discontinuous, first-order phase tran-
sition. However, even in the simplest case, that in which
the interatomic coupling strength of surface atoms differs
from that of bulk atoms by a constant, they discovered an
elaborate phase diagram,!” and predicted the possibility
that a melted surface region may exist below the bulk or-
dering transition. The decay of the layer-dependent crys-
talline order parameter was calculated using a Landau
theory of surface melting.””®'* In this case pg(n) was
found to decay as a function of n over a G-dependent
length scale (kg') such that xg=x,[(1+G?/k3)]'2
Within the context of the theory, higher-order Fourier
components decay more rapidly. The temperature
dependence of each order parameter at the surface was
described by G-dependent exponent.

The preceding calculations considered the simplest
modification of the continuum free energy to incorporate
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the effect of a surface. There are other possibilities. For
discrete systems, surface melting may proceed either con-
tinuously, for temperatures greater than the liquid-solid
roughening temperature, or in a layer-by-layer fashion. !
In materials where long-ranged forces are important, the
thickness of the liquid layer may diverge as a power
law.’ In analogy to the phenomenology of wetting, 2°
there may also occur surface premelting transitions, at
which a disordered layer grows to a finite thickness
discontinuously, or incomplete surface melting, where the
liquid film thickness remains finite up to the melting tran-
sition.

A complementary theoretical approach to understand-
ing surface disordering has been provided by molecular-
dynamics (MD) simulations of crystal surfaces.?! 2% As
an example, Schommers* examined the behavior of a
Kr(001) surface using a realistic pair potential at T=7,
70, and 102 K [T,(Kr)=116 K]. These results include a
determination of root-mean-square displacements and of
the relaxation of interlayer spacings in the near-surface
layers. At low temperatures, the vibrational amplitudes
perpendicular to the surface are larger than in the plane
of the surface, but at 7=102 K there is evidence that the
surface layer is in a liquid state—in particular, atoms
there experience diffusive motion. Simple two-body po-
tentials are not adequate to describe metal surfaces,
where metallic cohesion plays a dominant role.?>~%5 To
overcome this difficulty, empirical®® and ab initio®* poten-
tials have been employed. Carnevali, Ercolessi, and To-
satti**?7 simulated the Au(111) surface and found that
the reconstructed surface remains stable up to the bulk
melting temperature and beyond. In contrast, the top-
most two layers of a hypothetical, unreconstructed
Au(111) surface disorder below T,. Stoltze, Ngrskov, ad
Londeman®* studied the behavior of the Al(111) and
AI(110) surfaces. They found evidence for disordering of
the less densely packed Al(110) surface at temperatures
significantly below the bulk melting temperature. The
Al(111) surface was found to be ordered at all tempera-
tures.

Experimentally, the most-studied material exhibiting
surface disordering is Pb.>®%10:12.19.28.29 14 scattering
experiments have shown that the Pb(110) surface is well
ordered up to T~450 K. Between T ~450 and 580 K
this surface gradually disorders. For temperatures be-
tween T'~580 K and T,(Pb)=600.8 K, a liquid surface
layer forms and its thickness increases in a manner con-
sistent with the predictions of Ref. 15, eventually reach-
ing a thickness of 25 layers 0.1 K below T,(Pb). Very
near T,(Pb), subsequent measurements'® suggest a cross-
over to a power-law temperature dependence for the
growth of the fluid film, as expected for long-ranged in-
teratomic forces. The crystal-face dependence of surface
melting was investigated in Ref. 28. As might be expect-
ed, the more densely packed (111) facet does not undergo
surface disordering. Other reports of surface melting be-
havior include the melting of ice’® and the melting of
thick adsorbed films on graphite substrates,®' although
the latter experiments are complicated by the possibility
of triple-point wetting.3%33

The format of this paper is as follows. A discussion of
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x-ray reflectivity from surfaces is given in Sec. II. In Sec.
III, we present our results for the specular reflectivity. In
Sec. IV, we present measurements of the overlayer
reflectivity associated with the distorted-hexagonal recon-
struction. Here, we make a comparison between our ex-
perimental results and the room temperature, structural
predictions of Ercolessi, Tosatti, and Parrinello®* based
on MD simulations of the Au(001) surface—in particu-
lar, for the surface corrugations and interlayer spacings.
In Sec. V, we extend consideration to the nonspecular
(substrate) reflectivity for temperatures greater than the
disordering temperature (7> 1170 K). Finally, we draw
our conclusions in Sec. VI.

II. X-RAY SCATTERING FROM SURFACES

A. Cross-section, reflectivity, and real-space models

In this section, we discuss the x-ray intensity scattered
from a crystal with a well-defined surface, including the
effects of the spectrometer resolution. The reflectivity
from an arbitrary unit cell is formulated and simplified to
the (001) surface of a face-centered cubic (fcc) lattice. In
the following, we consider scattering of monochromatic x
rays from a sample in the standard four-circle
geometry>>36 with spectrometer angles 26, 6, x, and ¢.
The incident and scattered x rays have wave vectors k;
and k, respectively. The projections of these wave vec-
tors within the scattering plane, defined by the concentric
motions € and 26 of the goniometer, are described by the
angles 0, and 6,, respectively, while the deviations of
these same wave vectors from the scattering plane are de-
scribed by the angles ¥, and ,, respectively. By con-
struction, 0, 6, is equal to the scattering angle (26) and
we use the standard convention that 6,=0 when the
four-circle y axis (orthogonal to the 0 axis) is normal to
the incident x-ray beam.>> The probability that a photon
is incident between 6, and 6,+d 6, and between v, and
¥, +dy;, is given by g(6,,¥,)d6,dy,. Under the as-
sumption that all the incident x rays strike the sample,
we have

[g(6,9)d6,dy,=1. 1

After the sample, the x ray is scattered at an angle 6, in
the diffraction plane and v, out of the diffraction plane
and the detector acceptance is defined as G (6,,1,).
When limited by slits, the acceptance is unity within a
range A8, and Ay, and zero outside this range. With
these definitions, the x ray intensity reflected into the
detector I, normalized to the number of photons in-
cident on the sample, I, is

I, 1

___:_fd01d92|T(a)|2|T(ﬁ)]2dt/1,d1l!2

I, A4,
Xg(0,,4,)G (6,4,) | 2< 2
g 1 %1 2¥2 dQ ’

where do /dQ is the x-ray-scattering cross section, A4 is
the cross-sectional area of the beam, and a and f3 are the
incident and exit angles, respectively. The Fresnel
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transmission coefficient describing the enhancement of
the incident and scattered fields, T(x)=2sinx/
[sinx + (cos®x, —cos?x)!/2], is close to unity for the range
of the present data and will be neglected in subsequent ex-
pressions.’” (X, is the critical angle for total external
reflection.) Polarization effects are negligible for scatter-
ing in the vertical plane with synchrotron radiation
sources and have also been ignored in the present
analysis.

The x-ray cross section from a crystal with an ordered
surface and real space lattice vectors a, b and c is given
by

do _ (27"‘0)2(""13)2 id iQ,z, 2
aa . néosn(Q)e
X3y SQX*HTXSQ,,—KQ , (3)

'rx'ry

where r,=2.818X107!°> m is the Thomson radius,
v=(aXb)-c is the unit-cell volume, A is the illuminated
surface area, i is a unit vector in the surface-normal
directions, and z,, is the z coordinate of the nth layer nor-
mal to the surface. In reciprocal space, the dimensions of
the unit cell are 7,, 7,, and 7,. Thus Q,=H7, and
Q,=Kr7, where H and K are the usual Miller indices.
We have incorporated the bulk Debye-Waller and form
factors into the layer-dependent structure factor, which
for the nth layer may be written

J1 iQ-r, - N
S,(Q)="3 F,,(Qle'¥ime Vin . @
j=0
F;, is the form factor, W, is the Debye-Waller factor

for the jth atom (in the nth unit cell), and we have as-
sumed that there are J atoms per unit cell.

When the diffractometer is set to accept a particular
Txs Ty, and Q,, we substitute Eq. (3) into Eq. (2) to find
2

L _ 4 (ag,/ne,|2eed)
—I;_ AO 0 Qz 1
© . 2
X| 3 8,(Qe%m |, (5)
n=0

where L,=(k%in26)"! is the Lorentz factor and AQ, is
the range of Q, that falls within the acceptance of the
detector. In the nonspecular geometry, AQ, may be lim-
ited either by the out-of-plane opening angle of the detec-
tor (Av,) at small Q,, or by the in-plane opening angle of
the detector (A6,) at large Q,. It may be shown that the
angles of incidence (a) and exit (B) are given by
cosa=mh-k; and cosf=mn-k,. With the four-circle
geometry, it is possible to set the spectrometer to collect
data at an arbitrary wave-vector transfer and simultane-
ously impose the condition that the angles of incidence
and exit be equal (i.e., a=p). 36 This is done in the exper-
iments reported here. Then, AQ,=2k cosfsin6AH,/
sina. This expression is appropriate only at large in-
cident angles and provided that the longitudinal resolu-
tion is defined by A6, and not by Af,. For typical sam-
ples (10 mm diam) and for grazing angles greater than
several degrees, the size of the incident beam may be
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chosen so that all of the incident beam impinges on the
sample. In this case 4 /A4,=1/sina, and we refer to the
scattered intensity as the reflectivity (R):

I, 2

R:——:
IO

wro(c-1) 2

vQ,

It is important to note that the reflectivity need not de-
pend on the instrumental parameters, so that absolute
measurements are possible.

Up to this stage, we have considered an arbitrary unit
cell. We now consider the unrelaxed, unreconstructed
(001) surface of a primitive, fcc crystal with cubic lattice
constant a. By unrelaxed, we mean that the interplanar
spacing between top and second layers equals the bulk
value. An unreconstructed surface is one in which the
in-plane structure is identical to that of a bulk lattice
plane. For the purpose of illustration, we take the sur-
face Debye-Waller factor to be equal to its value in the
bulk. Then, we may write

S(Q)=F(Qle™ "s(H,K,L), (7

(6)

S 5,(Qe %
n=0

where s(H,K,L) is the ordinary x-ray structure factor.
Since H and K are integers, the structure factor simplifies

to
s(HK,L)=1+(— DI K4 [(—1)H+(—1)K1ei"™L . (8)

For H and K both even, |s(H,K,L)| is equal to
4 cos(wL /2); for H and K both odd, |s (H,K,L)| is equal
to 4sin(wL /2); and for H even and K odd, and vice ver-
sa, the structure factor is zero. For an unrelaxed surface,
all of the interlayer spacings are equal to the bulk inter-
layer spacing (d), i.e., z, =nd =an /2. To calculate the
reflectivity, we perform the sum over the half-space

2
X iQ.dn
2e”

n=0

1

= 9
4sin*(Q,d /2) ©)

Then, the specular and nonspecular reflectivities are ob-
tained by substituting Egs. (8) and (9) into Eq. (6):
2

_ F(Q)e -w 2mry
RQ= 150 sin(0.d/2) | | a2 1o
for H and K even, and
2
_ F(Q)e‘W 2mrg
RQ 2Q,cos(Q,d /2) a? (an
for H and K odd.

For reconstructed or disordered surfaces the scattering
amplitudes from each layer near the surface are no longer
equivalent to those in the bulk. The reflectivity may then
be written as

227 [P 242002
R(Q): F(Q) 2O (. + y)aE
Qz a
hd —Q202(m)/2_iQ,d(m—¢,,) 2
X 3 pgime e ,  (12)
m=0

where G is the projection of Q onto the surface plane and
exp[ — (72 +7’§ Jo4] is the in-plane bulk Debye-Waller
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factor. In this expression, we have allowed for a layer-
dependent surface-normal root-mean-square (rms) dis-
placement amplitude o,(m) and a relaxation €,,, which is
the fractional interlayer expansion with respect to the
un-distorted bulk. For large m, the surface-normal dis-
placement amplitude o,(m) equals the bulk thermal vi-
brational amplitude obtained from the Debye-Waller fac-
tor. A displacement amplitude significantly different
from the bulk thermal vibrational amplitude has a pro-
nounced effect on the reflectivity if Q, is far from a Bragg
peak, but a minimal effect near Bragg peaks. The layer-
dependent crystalline order parameter pg(m) corre-
sponds to the amplitude of the electron density wave of
wave vector G for the mth layer. Thus, for specular
reflectivity pg o)(m) is the mean density of the mth layer
normalized with respect to the average bulk layer densi-
ty. For nonzero G, pg(m) depends both on the lateral
order (through G) and the depth of the reconstructed or
disordered surface region (through m). As we will show,
the decay of pg(m) near m=0 may significantly alter the
nonspecular reflectivity for Q, lying between bulk Bragg
peaks, and especially near Q, =0. It is worth noting that
the definition of pg(m) does not presuppose a particular
structure for any layer, so that both reconstructed and
unreconstructed layers may be accounted for through the
dependence of these order parameters on the in-plane
wave vector (G). In the limit of large m, pg(m)—1 for
G equal to any cubic wave vector, and pg(m)—O0 for G
equal to any wave vector associated with the hexagonal
reconstruction.

B. Experiment

Experiments were performed at Cornell High Energy
Synchrotron Source (CHESS) beamline A-2 and at Na-
tional Sychrotron Light Source (NSLS) beamlines X20C
and X22B. The experimental chamber has been de-
scribed previously.>> For the present experiments, the
base pressure was 107° Torr at a sample temperature of
T=300 K and 102 Torr at T=1250 K. From earlier ex-
periments!3 we believe that clean Au(001) surfaces may
be prepared and maintained at these base pressures and
temperatures. A complete discussion of the sample
preparation and characterization procedures has been
given in Ref. 1. All measurements were performed in a
vertical scattering geometry with A=1.59 A at X22B,
A=1.45 A at X20C, and A=1.39 A at A-2. Data ac-
quired at all three beamlines at 7=300 K are identical
and consistent with the results of our earlier rotating
anode studies of the specular reflectivity of the Au(001)
surface.® In the present work, performed at synchrotron
sources, an absolute sensitivity of 10™° was achieved. In
contrast, sensitivities of only 10”7 were achieved using a
rotating anode source.

The reflectivity measurements were carried out by
rocking the sample about an axis perpendicular to the
scattering plane with the spectrometer initially set to a
position in reciprocal space (H, K, L), where (H,K,0) cor-
responds to an allowed in-plane wave vector. The in-
tegrated intensity measured at the detector was then nor-
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malized to the properly integrated direct beam intensity
to obtain the absolute reflectivity.>3 Typical rocking
curves obtained through the specular rod at the bulk-
forbidden (0,0,1) position are shown inset in Fig. 2. They
have a width of 0.1° full width at half maximum, which is
half the width of the detector acceptance. This is expect-
ed for crystals with near-perfect mosaic and surface
figure.

In these experiments, the incident and exit angles were
held equal,® a=p. The illuminated area of the sample
was controlled by the incident slits (and not by the sam-
ple size), and the detector acceptance was determined by
slits placed immediately before the detector. Detector
slits were set to be 2 mm in the scattering plane and 10
mm out of the scattering plane and were located about
600 mm from the sample. The resultant resolution paral-
lel to Q was AQ, /c*=~0.01. The out-of-plane acceptance
was set to be five times larger so that the entire fan of x
rays scattered from the surface was collected. Near-
grazing incidence AQ,=kAW,/cosa and the expression
for the reflectivity given by Eq. (6) fails. We estimate that
the crossover between these two regimes occurs at
sina=A0,/A¥,, which is at Q,/c*=0.15 for
AB;=5X10"*and A¥,=2X10"2

III. SPECULAR REFLECTIVITY

In this section, we present the results of our measure-
ments of the specular reflectivity and its dependence on
sample temperature. As has been discussed in Sec. II, the
specular reflectivity is sensitive to the average electron
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FIG. 2. X-ray specular reflectivity from the Au(001) surface.
The dashed line is the predicted reflectivity for ideal termina-
tion. The solid line is the reflectivity for a reconstructed surface
discussed in the text. Typical @ scans are shown in the inset.

6433

density along the surface-normal direction. It follows
that analysis of the specular reflectivity is straightforward
with simple real-space models. In a previous rotating
anode study the x-ray specular reflectivity obtained from
the Au(001) surface at 7=300 K was interpreted in terms
of a buckled, expanded, hexagonal overlayer.3 With the
additional flux (X 1000) available at a synchrotron
source, we have extended our measurements to larger
wave vectors and to higher temperatures.

The specular reflectivity obtained at temperatures
T=300, 1100, and 1200 K is shown in Fig. 2. The main
features of the profiles include an L ~* decrease at small
L, characteristic of the Fresnel law of optics** and a
sharp peak at L=2, which corresponds to the (0,0,2)
Bragg reflection. In addition, there is a pronounced
asymmetry in the intensity of the wings above and below
the (0,0,2) Bragg reflection. Between T=300 and 1100 K
the reflected intensity decreases so that above the (0,0,2)
reflection the reflectivity measured at 7=1100 K is about
a factor of 5 smaller than the reflectivity measured at
T=300 K. There is a much more dramatic decrease in
the reflectivity in going from 7=1100 to 1200 K. In par-
ticular, the intensity above L =2 decreases by more than
a factor of 10 over this range.

The dashed line in Fig. 2 shows the profile predicted
for the Au(001) surface at 7=300 K from Eq. (10) assum-
ing ideal bulk termination (i.e., no reconstruction or re-
laxation). It is clear that this profile does not represent
the data at any temperature. On the other hand, the
room-temperature reflectivity can be satisfactorily de-
scribed, as in Ref. 3, by a model involving only a single
layer with a structure different from that of bulk layers
(solid line, Fig. 2). In this model the interlayer spacing
between the top and second layer is expanded, €,=20%,
the average top-layer density is increased, p(g,0)(0)=1.26
(corresponding to a hexagonal overlayer), and there is a
slightly enhanced surface displacement amplitude. This
model, however, is inadequate at higher temperatures. In
order to fit the reflectivity at the highest temperatures, it
has been necessary to allow for a surface-normal rms dis-
placement amplitude o,(n) for several near-surface lay-
ers. For the purpose of analyzing the specular
reflectivity, we take the displacement amplitude to in-
clude both the effects of enhanced surface vibrations and
surface corrugation. Only by measuring the overlayer
reflectivities together with the specular reflectivity has it
been possible to separate these two contributions (see Sec.
Iv).

We have analyzed the specular reflectivity profiles
from the Au(001) surface in the rotated, distorted-
hexagonal phase at 7=300 K (Fig. 3), in the distorted-
hexagonal phase at 7=1100 K (Fig. 4), and in the disor-
dered phase at T=1200 K (Fig. 5). These profiles have
been fit to Eq. (12). In the model, the scattering ampli-
tude from each atomic layer is the product of the average
layer density po)(m), the phase factor exp[iQ,d(m
—¢€,,)], and the factor containing the displacement am-
plitude exp[ —QZ202(m)/2]. For an ideal bulk layer the
density po,0)(m) equals one, the relative interlayer expan-
sion €,, equals zero, and the displacement amplitude
o,(m) equals the bulk vibrational amplitude (o). In the
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FIG. 3. X-ray specular reflectivity from the Au(001) surface
at T=300 K. The model line shapes are discussed in the text.

fitting, each time an additional layer was allowed to relax,
€,, and o,(m) were varied for that layer. Except for the
top layer density po )(m=0), which was allowed to vary,
all other layer densities were fixed to 1.0. The data were
then fit assuming first a single relaxed layer (single layer),
and then assuming up to five relaxed layers (multilayer).
For large m, we required that the displacement amplitude
o,(m) approach the bulk vibrational amplitude (o) and
we assumed that the temperature dependence of the bulk
vibrational amplitude was given by o5=0.085
AVT(K)/300K .*® A review of the bulk Debye-Waller
factor for gold has been prepared by Withrow, Barret,
and Culbertson. *

The specular reflectivity was fit over the range
0.5<L <3.5, excluding data within 0.02 of the Bragg
peaks, and weighting each data point by the inverse of

107*
I (0,0,L)
1075 | T=1100K
S 108
i—-
S
- %
71 0,=0.16
b 10 - oﬁe layer .
o —— five layer -~
108} °
10—9 ) . 1 s !
0 1 2 3

L (UNITS of c*)

FIG. 4. X-ray specular reflectivity from the Au(001) surface
at T=1100 K. The model line shapes are discussed in the text.
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FIG. 5. X-ray specular reflectivity from the Au(001) surface
at T=1200 K. The model line shapes are discussed in the text.

the measured reflectivity. The results obtained at room
temperature are presented in Fig. 3. The fit to a single-
layer reconstruction (dotted line) clearly describes the
general features of the data at room temperature. The
fitted parameters ¢€,=0.20, 0,(00=0.32 A, and
P0,0)(0)=1.29 are close to those obtained in the earlier,
rotating anode study.? The surface displacement ampli-
tude 0,(0) is larger than the bulk vibrational amplitude
(05 =0.085 A). By allowing the parameters for addition-
al layers to vary in the model, it turned out that the pa-
rameters for the top layer were left nearly unchanged,
and the fit was somewhat improved (solid line, Fig. 3).
The best-fit parameters are summarized in Table 1.

The specular reflectivity obtained at 7=1100 K is
shown by the open circles in Fig. 4. Although the hexag-
onal overlayer persists at 7=1100 K, the domains rotat-
ed by 0.8° have now vanished.! From the high-resolution
in-plane measurements' it is known that there is little
change in the lattice constants of the hexagonal overlayer
between T=300 and 1100 K. This suggests that the den-
sity of the overlayer remains constant. The results of fits
of this data to a single-layer model with o5 =0.16 A
(dashed line in Fig. 4) provide an inadequate description
of the data above L=2. However, by varying both the
displacement amplitudes for the top five layers and an in-
terlayer expansion for the top two layers the fits were
greatly improved, as shown by the solid line in Fig. 4.
The best-fit values for the top-layer density and the inter-
layer spacings are close to those obtained at 7=300 K.
An important difference at 7=1100 K is that the dis-
placement amplitudes o, are significantly increased
(Table I).

In going between 7=1100 and 1200 K there is a
dramatic decrease in the reflectivity profiles (Fig. 2),
which is accompanied by the disappearance of the in-
plane hexagonal peaks (see Ref. 1). Fits to a single-layer
reconstruction (dashed line, Fig. 5) provide a poor
description of the data, especially at large L. On the oth-
er hand, excellent fits are again obtained by varying the
displacement amplitudes for several layers (as shown by
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TABLE 1. The rms surface displacement amplitudes, o, in angstroms, and relative interlayer expansion coefficients for the top lay-
er and several succeeding layers derived from the analysis of the specular reflectivity. These parameters include the effect of thermal
vibrations and surface corrugation. The parameters have been derived from fitting the specular reflectivity to Eq. (12) as described in
Sec. III at =300, 1100, and 1200 K. The asterisk denotes parameters that are held fixed.

Temp. op o,(0) 0251) 0.(2) o,(3) o,(4) € €
(°C) X2 P00 (A) (A) (A) (A) (A) (A)
300 0.04 1.29 0.085* 0.32 0.085* 0.085* 0.085* 0.085* 0.20* 0.0*
300 0.02 1.27 0.17 0.33 0.17* 0.17* 0.17* 0.17* 0.22 0.0*
300 0.008 1.25 0.085* 0.30 0.16 0.085 0.085 0.085 0.25 0.03
300 0.007 1.25 0.11 0.31 0.16 0.11 0.11 0.11 0.25 0.03
1100 0.5 1.50 0.16* 0.39 0.16* 0.16* 0.16* 0.16* 0.14 0.0*
1100 0.02 1.36 0.27 0.43 0.27* 0.27* 0.27* 0.27* 0.10 0.0*
1100 0.008 1.30 0.16* 0.38 0.31 0.25 0.21 0.17 0.21 0.03
1100 0.005 1.31 0.20 0.40 0.30 0.25 0.22 0.20 0.22 0.02
1200 82 1.58 0.17* 0.35 0.17* 0.17* 0.17* 0.17* 0.08 0.0*
1200 0.17 0.93 0.43 0.19 0.43* 0.43* 0.43* 0.43* 0.10 0.0*
1200 0.030 0.95 0.17* 0.48 0.35 0.29 0.23 0.19 0.13 0.03
1200 0.025 0.96 0.22 0.52 0.38 0.32 0.27 0.23 0.15 0.04

the solid line in Fig. 5). The best-fit parameters (Table I)
at 1200 K for the surface displacement amplitudes are
larger than at 1100 K—which suggests a more disor-
dered surface above T=1170 K. In addition, the top lay-
er density is closer to that of an ideally bulk terminated
surface than to a close-packed hexagonal layer, whereas
the interlayer expansion (10%) is intermediate between
the values of the ideally terminated and reconstructed
surfaces.

We have also fit the data to single- and multiple-layer
models in which the bulk vibrational amplitude was
varied (Table I). For the single-layer model, the fitted
value is approximately twice the expected value. Reason-
able values for the bulk vibrational amplitude are, howev-
er, obtained from the multiple-layer model (Table I).
These fits appear indistinguishable from the multiple-
layer model with a fixed bulk vibrational amplitude even
though the fitted value is 10-20 % larger than expected.

Real-space density profiles along the [001] direction
have been calculated from the multilayer fits with op

. . 1.25
fixed at the bulk value, and are shown in Fig. 6 at — T=300K
T=300, 1100, and T=1200 K. The decrease in the peak — —- T=1100K
height and the increase in the peak width for the top few 100 F T=1200K 4

layers is a direct consequence of larger rms displacement
amplitudes at the surface. (For Fig. 6, the projected
charge density was approximated by fitting the form fac-
tor of gold to a single Gaussian, which was then con-
volved with a Gaussian representing the distribution of
surface displacement amplitudes.)

In summary, a detailed description of the density
profile along the surface-normal direction has been ob-
tained for the Au(001) surface between 7=300 and 1200
K by analysis of the specular reflectivity. The surface-
layer rms displacement amplitude obtained from the
fitting procedure is significantly greater than the bulk
thermal vibrational amplitude at all temperatures. In or-
der to obtain satisfactory fits to the specular reflectivity
at T=1100 and 1200 K, it was also necessary to include
enhanced rms surface displacement amplitudes of four
subsurface layers. (This includes both an enhanced vibra-

tional amplitude and a corrugation amplitude.) The aver-
age surface density p ()(0) decreases from about 1.3 at
T=1100 K to approximately 1 at 7=1200 K. Finally,
the top-layer expansion €,—¢€; decreases from about 0.20
at T=1100 K to about 0.10 at the highest temperatures.

IV. OVERLAYER REFLECTIVITY-SUBSURFACE
CORRUGATION

As noted in Ref. 1 and shown in Fig. 1, an important
feature of the distorted-hexagonal phase is the existence
of satellite peaks about each hexagonal rod and trunca-
tion rod along the [110] direction. All of the satellite
peaks may be indexed by a wave vector equal to the
difference between the substrate in-plane wave vector
(1,1,0)c and the principal hexagonal wave vector (1,0)A.
This suggests that both lattices—the hexagonal overlayer
and the square substrate—are modulated. In this sec-
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FIG. 6. Calculated electron density profiles vs depth ob-
tained from fits to the specular reflectivity vs temperature. The
peak density for the bulk material is normalized to unity at each
temperature.
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tion, we describe the results of overlayer reflectivity mea-
surements which elucidate this modulation. The experi-
ments were performed by setting the spectrometer to al-
lowed in-plane wave vectors (see Fig. 1), and measuring
the integrated intensity along the surface-normal direc-
tion (L). In the rotated, distorted-hexagonal phase the
intensities from both rotated and unrotated domains were
summed. In the following, we distinguish between two
different contributions to the surface-normal displace-
ment amplitude o,(n) and include both a layer-
dependent corrugation amplitude (§,) and a surface-
normal vibrational amplitude [o,(n)].

The overlayer reflectivities obtained at the principal
hexagonal wave vectors (1,0,L)h at T=300 and 1100 K
and at (0,1,L)h at 300 K are shown in Fig. 7. As dis-
cussed in Ref. 1, it is convenient to express the scattering
from the distorted-hexagonal overlayer in hexagonal
coordinates. We denote the principal hexagonal wave
vectors (1,0,L)h =(1.207,1.207,L)c and (0,1,L)h
=(1,0,L)h R (120°) (see Fig. 1). (The latter coordinate is
not oriented along a cubic symmetry direction.) As may
be seen in Fig. 7, the overlayer reflectivity decreases with
increasing L, falling off somewhat faster than L 2
There are no sharp peaks at any L, however, these
profiles appear weakly modulated. As the temperature is
increased from T=300 K (open circles) to T=1100 K
(solid circles), the reflectivity decreases. We believe that
the decrease in reflectivity with increasing temperature
occurs as a result of increased vibrational amplitudes.
The measured (1,1,L)A (not shown in Fig. 7) and (0,1,L)A
rods are indistinguishable at all temperatures below
T=1170 K.

Under the assumption that only a single undistorted
layer contributes to the scattering at the primary hexago-
nal positions, Eq. (12) for the reflectivity reduces to
2
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1 | PonrF(Q)e 2mrg
R(Q)=— - (13)
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FIG. 7. Overlayer reflectivity profiles for the primary hexag-
The solid line is the
reflectivity calculated from Eq. (13), for an undistorted hexago-

onal peaks of the Au(001) surface.

nal overlayer with no bulk relaxations.
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We assume p(0,1)h (n =0)=1.26 for the hexagonal over-
layer. The factor of J arises because there are two sym-
metry equivalent [110] directions. The reflectivity ex-
pected for an undistorted, hexagonal monolayer is shown
by the solid line in Fig. 7. As may be seen, Eq. 13 de-
scribes the overall Q, dependence quite well. However,
there are clear deviations (discussed in more detail below)
which we believe result from subsurface relaxations. (De-
viations at small L in Fig. 7 result from incorrectly in-
tegrating reflectivity as discussed in Sec. II. Therefore
data obtained for L less than 0.8 have been eliminated in
the analysis.)

The reflectivity at the principal modulation wave vec-
tor (8,8,L) is shown in Fig. 8, along with the reflectivity
at the principal hexagonal position (1,0,L)h at T=1100
K. The most striking feature of the reflectivity along
(8,8,L) is the broad peak near L=2. In the absence of a
modulation, the intensity along this rod would be zero. If
only one layer were modulated with in-plane wave vector
(5,6,0), then the reflectivity along (8,8,L) would exhibit
a monotonic decay (dashed line, Fig. 8). In order for this
rod to develop a peak, as observed, more than a single
layer must contribute to the scattering.

A second important feature of the reflectivity along
(8,8,L) is that the average L dependence (dashed lines in
Fig. 8) is weaker than for (1,0,L)A. In this regard, the ab-
sence of a significant increase of the reflectivity at small L
along (8,6,L) suggests that the modulation is a corruga-
tion with the atomic displacements perpendicular to the
surface. To model this, we assume that a corrugation
may be formally approximated as a one-dimensional
sinusoidal displacement of the atoms along the surface
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FIG. 8. Overlayer reflectivity from the Au(001) surface at
T=1100 K. The solid line is the result of fitting the (0,0,L),
(1,0,L), and (8,8,L) reflectivities simultaneously to the model
described in the text. A single corrugated layer, dashed lined,
does not describe the (8,8,L) rod.
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normal direction 2, with amplitude §,. Specifically, we
include in the layer-dependent structure factor a displace-
ment u;, =§,Zsin(d'1; ,), where r;, is the jth atom in
the nth layer and 8§=(§,5,0), is the mcommensurability
Previous helium scattermg studies®® and x-ray specular
reflectivity studies® have considered a single corrugated
layer. Here, we allow the amplitude of the distortion &,

to propagate several layers into the bulk. For a

J

_ | F(Q)
R(§,8,L)= *_Qz e J1(£00Q,)(1.26)e
and
2 20_, _
R(1,0,L)= F((QQ) 77"0 |Jo(§on — 0 f(ome

where five layers are included in the analysis (N=4). The
first term in each of these sums is the contribution from
the incommensurate hexagonal overlayer, while the
remaining terms are the contributions from the substrate
layers which support an incommensurate corrugation. It
is important to note that in the limit of small Q, the mea-
sured reflectivity at (8,8,L) in Fig. 8 is approximately in-
dependent of Q,, in contrast to the reflectivity at (1,0,L)A,
which decreases roughly as (1/Q,)%. This behavior fol-
lows analytically from the small-argument limit of the
mth-order Bessel function, confirming that the corruga-
tion amplitude §, lies principally along 2. Note that in
the model we have also allowed for surface normal vibra-
tional amplitudes o;(n) and an interlayer expansion ¢,.
It is possible, therefore, to determine independently both
the corrugation amplitude and the surface-normal vibra-
tional amplitude. In the analysis of the specular
reflectivity discussed in Sec. III, these two contributions
were included together in the surface-normal displace-
ment amplitude o,(n).

We have fit the reflectivities along the rods at (0,0,L),
(1,0,L)h, and (8,8,L) obtained at 1100 K to Eq. (15) al-
lowing £(n) and o,(n) to vary. In Fig. 8, the results of
the fits are shown by solid lines. The resultant best fit pa-
rameters are €,=0.23, e]—O 03; £(0—3)=0.31, 0.21,
0.10, and 0.04 A; and o »(0—3)=0.32, 0.20, 0.19, and
0.17 A. As before, the surface vibrational amplitude ap-
proaches that for the bulk Debye-Waller factor of 0.16 A,
as n becomes large. The fit provides an excellent repre-
sentation of the rods at (0,0,L) and (8,8,L), but there are
deviations for the rod at (1,0,L)h. Specifically, while the
data and the fit each display a dip, the position and depth
of the dip are not in precise agreement. It is clear, how-
ever, that if subsurface corrugation is not included in the
analysis, so that only the top layer is corrugated, the
resultant line shape decreases monotonically (dashed
lines, Fig. 8) and fails to describe the nonspecular

— 02,52
Qla) (0)/2e -
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sinusoidal distortion, the layer-dependent crystalline or-
der parameter for the nth layer, pg(n), may be modeled
using Bessel functions (see Ref. 40), that is,

n)<J,(Q.5,), (14)

where J,,, is the mth-order Bessell function. Then, using
Eq. (12), the overlayer reflectivities for the (8,5,L), and
(1,0,L)h rods are*

2
iQ de N —Q2%0'%n)/2 iQ.d(n—e. )
: 0+ 2 Jl(gan)e s e Qudn o

n=1

(15)

Q202 /2 iQ. d(n—e,)

0. d N _
oy S 7,0, TS|

n=1

reflectivity. It follows that the “rigid substrate” approxi-
mation, in which the substrate is regarded as undistorted
in the reconstruction, provides an inadequate description
of the structure of Au(001) surface.

We were unable to observe intensity scattered at
(28,26,L) and at (1—28,1—28,L) for any L at T=2300
and 1100 K. The absence of higher harmonics supports
our assumption that the corrugation is primarily
sinusoidal, and suggests that the in-plane displacements
along the [110] direction are weak. Further modeling has
confirmed that deviation from uniform spacing of just a
few percent would give rise to observable peaks at these
positions.

To carry the analysis further (that is away from the
[110] axis), we have developed an atomistic model of the
in-plane structure. As emphasized in Ref. 1, the Au(001)
top layer is incommensurate with respect to the underly-
ing bulk and therefore cannot be described by a simple
real-space model. However, if the reconstruction is com-
posed of a sufficiently simple motif, such as a structure
which is locally fivefold commensurate, then the
reflectivities can be calculated using this motif and com-
pared to the measured results. Guided by this observa-
tion, we have developed a unit cell with six atoms in the
top layer and five atoms in subsequent layers. It turns
out that along the [110] direction, the uniaxial incom-
mensurate model discussed above and the atomistic mod-
el discussed below give identical results for the
reflectivity, if it is assumed that the modulation is purely
sinusoidal. We emphasize that our goal in the following
is mainly to examine the surface corrugation and vibra-
tional amplitudes, and not to deduce in-plane atomic po-
sitions.

Specifically, we define a unit cell in which there are six
uniformly spaced atoms (initially) in the top layer, ar-
ranged on a triangular lattice. We also assume a
sinusoidal corrugation (&, ) with a wave vector (0.2,0.2,0),
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increased vibrational amplitudes [o,(n)], and an inter-
layer relaxation (€,). (The bulk vibrational amplitude
was fixed at the bulk valve). Undistorted positions of the
bulk atoms, in a coordinate system where (1,0,0) is
equivalent to (1,1,0) a /V'2, and (0,1,0) is equivalent to
(1,1,0)aV2, are given by (1,—2,0), (1,—1,0), (1,0,0),
(1,1,0), and (1,2,0) for even layers. The positions are de-
cremented by (0,0.5,0) for odd layers. For the top layer
(n =0), the atomic positions are given by (1.25,—2.08,0),
(0.75,—1.25,0), (1.25,—0.42,0), (0.75,0.42,0),
(1.25,1.25,0), and (0.75,2.08,0). A small distortion (less
than 0.1) in the position of the atoms in the second layer
along the [110] direction helps to explain some of the
differences between the (1,0,L)Ah and (0,1,L)A rods. The
uncertainty of this distortion obtained from the least-
squares analysis, however, is nearly as large as the distor-
tion.

Specular and nonspecular reflectivities obtained at
T=1100 and 300 K for six rods and hundreds of data
points were then simultaneously fit to this model. The re-
sults of the fitting at 7=1100 K are shown by solid lines
in Fig. 9. The corrugation parameters obtained at
T=1100 K, £(0—3)=0.28, 0.14, 0.06, and 0.02 A, are
close to the values obtained from fits to Eq. (15). A real-
space depiction of the surface corrugation generated by
these parameters is shown in Fig. 10. For comparison,
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FIG. 9. Absolute reflectivity of Au(001) at T=1100 K for
various different in-plane wave vectors. The solid lines are fits
to a (5X 1) unit cell model as described in the text.
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FIG. 10. Real-space model of the Au(001) surface corruga-
tion.

helium diffraction measurements of the Au(001) surface
yield a top-layer corrugation amplitude of {,=0.235 A
(Ref. 39) (0.47 A peak to peak). In a related effort, Er-
colessi, Tosatti, and Parrinello® calculated the corruga-
tion amplitudes using a “glue Hamiltonian” with a
(34X5) unit cell. They have reported corrugation ampli-
tudes of £(0—3)=0.235, 0.105, 0.065, and 0.04 A. Thus
our fitted top-layer corrugation amplitude {,=0.28 A, is
in close agreement with previous experimental® and
theoretical®* results. However, Ercolessi, Tosatti, and
Parrinello also predict a top-layer expansion of 3.6%,
whereas our reflectivity measurements convincingly show
an expansion of 20£3%.

It is also possible to describe the measured dependence
of £, on the distance from the surface (z,) using an ex-
ponential decay §,=Cqexp(—z,/A). Fitting §, at
T=1100 K (see Fig. 8), we find §{,=0.28+0.02 A with
A=3.340.6 A. This form is consistent with the mea-
sured values of the corrugation amplitude as shown by
the open circles in Fig. 11. Simple elasticity theory leads
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FIG. 11. Corrugation amplitude §, vs the distance from the
surface at T7=1100 K. Open circles are fitted corrugation am-
plitudes and solid lines correspond to exponential decay of am-
plitude discussed in the text.
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TABLE II. The thermal rms amplitudes derived by simul-
taneously fitting the specular, nonspecular and overlayer
reflectivity profiles. The results at 7=300 K and 1100 K are
discussed in Sec. IV. The results at 7 =1200 K are discussed in
Sec. V.

Temp.
(°C) 0 1 2 3 4 Bulk
300 0.18 0.19 0.15 0.10 0.085 0.085

1100 0.31 0.25 0.21 0.18 0.17 0.16
1200 0.48 0.35 0.29 0.23 0.19 0.17

one to expect that A be of the order of the modulation
wavelength divided by 2, i.e., 2.3 A.

The main differences between the overlayer reflectivity
observed at T=300 K and that at T=1100 K are attri-
butable to an increase of the surface-normal vibrational
amplitudes (see, for example, Fig. 7). Allowing the corru-
gation amplitudes to vary in the analysis at T=300 K
yielded values indistinguishable from the results at
T =1100 K. In order to extract changes in the vibration-
al amplitudes we have fixed the corrugation amplitudes at
T =300 K to the values obtained at 7=1100 K. The
corresponding vibrational amplitudes obtained at 7'=300
K are given in Table II, along with the results of fitting
the profiles obtained at T=1100 K. In the hexagonal
phases (T"=300 and 1100 K), the vibrational amplitudes
o,(n) are about twice the bulk value. Comparable
enhancements in the surface-normal vibrational ampli-
tudes have been predicted for the (001) surface of kryp-
ton?? using molecular-dynamic simulations far from the
melting point. For the closed-packed, reconstructed
Au(111) (Ref. 23) surface simulations predict an enhance-
ment of 1.5 at temperatures close to the melting point.

In summary, measurements of the overlayer
reflectivities have led to a model of the Au(001) surface in
which the top, hexagonal layer is corrugated with an in-
commensurate wave vector (§,5,0),. To explain both the
small-Q, behavior of the rod at (8,8,L ), and the finite-Q,
modulations of the rods at (1,0,L)A and (8,8, L)h, it has
been necessary to consider a structure in which up to five
succeeding substrate layers are also corrugated (with the
same wave vector), but with an amplitude which decays
exponentially with depth.

V. NONSPECULAR REFLECTIVITY-SURFACE
DISORDERING

In this section, we discuss the nonspecular reflectivities
obtained for the Au(001) surface for temperatures above
T=1170 K. As discussed in Ref. 1 and in Sec. III, the
intensities of the in-plane hexagonal reflections disappear
and the specular reflectivity decreases dramatically in
this phase. We have argued that this behavior is con-
sistent with a disordering transition of the top, and possi-
bly succeeding, layers. The profiles of the nonspecular
reflectivity are particularly useful since they directly
probe the crystalline order parameter pg(n). Specifically,
in the high-temperature phase above 1170 K, the devia-
tions of the order parameter from unity, |pG(n)| <1, for
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substrate wave vectors G, measure the degree of disorder
of the nth layer. To study these effects in detail, we have
carried out absolute, nonspecular reflectivity studies
along the (1,1,L) and (2,0,L) truncation rods above and
below the hexagonal disordering transition.

Nonspecular reflectivity was obtained at 7 =300, 1100,
1150, 1200, and 1250 K for the (1,1,L) and (2,0,L) rods,
as shown in Figs. 12 and 13. As with the specular
reflectivity (Fig. 3-5), each data point represents an in-
tegrated intensity® obtained by rocking the sample
through © and subtracting the background. Typical
rocking curves (transverse scans) of the specular
reflectivity and of the substrate reflectivity along the
(1,1,L) direction are shown at 7=1100 and 1250 K in
Fig. 14. It is clear from Fig. 14 that to within the present
counting statistics and resolution, no change in the trans-
verse line shapes is observed above T=1170 K. This sug-
gests that to within the x-ray coherence area, the surface
remains a smooth facet. "

Referring now to Figs. 12 and 13, it is clear that the
reflectivity is too weak, and the background too large, to
carry out reliable measurements between neighboring
Bragg peaks at the highest temperatures. Nevertheless,
important features emerge from the (1,1,L) reflectivity
profiles. First, at each temperature the nonspecular
profile is considerably more symmetric about the Bragg
peaks than is its specular counterpart. Second, as the
temperature is raised, the reflectivity decreases by about a
factor of 100 at (1,1,0.5) (see Fig. 12). The corresponding
change in the specular reflectivity at (0,0,0.5) (see Fig. 2)
is much smaller (X5). We highlight the behavior at
small Q, in Fig. 15, which shows the ratio of the
reflectivity obtained along the (1,1,L) direction at
T=1250 K to that obtained at 7=1100 K. At the small-
est Q, studied (Q,~0.15¢*), the ratio is reduced by

1073 — T
1074 (1,0
r ideal
L o T=300K
10°% e T=1100K
=) s
— a =
E | a2 T=1250K
-6
% 10
L
Ll ]
o 1077 - 2 oo oa o
L2 a ®9 °qa
L 4 : . a
o o
-.8 o g . Ll a -4
0 I :+ B E o 8
eoo®
10—9 N | !

0.5 1.0 14.5 2.0 2i5 3.0
L (UNITS of c*)

FIG. 12. Nonspecular reflectivity along the (1,1,L) direction
at several temperatures. The solid line is the calculated
reflectivity for an ideally terminated surface.
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FIG. 13. Nonspecular reflectivity along the (2,0,L) direction
at different temperatures. The solid line is the calculated
reflectivity for an ideally terminated surface.

about a factor of 30. Referring to Eq. (12) it may be seen
that the nonspecular reflectivity is most sensitive to la-
teral disorder (lpGl <1) for Q, near zero, where the
influence of the interlayer spacing €,, and surface dis-
placement amplitudes o,(m) are minimal. In addition,
the change in the bulk vibrational amplitude from 0.16
(T=1100 K) to 0.17 A (T'=1200 K) reduces the
reflectivity by a negligible amount. Therefore, in order to
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FIG. 14. Rocking curves through specular and nonspecular
reciprocal wave vectors at 7=1100 and 1200 K. There are no
evident changes in the profiles shapes with temperature.

FIG. 15. Ratio of the intensity obtained along the (1,1,L)
direction at T=1200 K to that at T =1100 K.

understand the large decrease in the reflectivity at
(1,1,0.5) in going from T =1100 to 1200 K we are led to
consider models of the surface structure which incorpo-
rate lateral disorder at the highest temperatures
(T'>1170 K).

The calculated nonspecular reflectivity for an ideally
terminated surface is shown by the solid lines in Figs. 12
and 13. At all temperatures the measured reflectivity lies
below the solid lines with the largest differences occur-
ring at the highest temperatures. As shown in Sec. IV,
these deviations can be understood on the basis of the
hexagonal reconstruction for temperatures less than 1170
K. However, for temperatures greater than 1170 K the
surface diffraction pattern has the (1X1) symmetry
characteristic of the unreconstructed bulk. In the follow-
ing we have fit the (1,1,L) and (2,0,L) rods to the same
model as used for the specular reflectivity, Eq. (12), in
which each layer is described by a displacement ampli-
tude [o,(m)], an expansion parameter (€,,), and a crys-
talline order parameter [pg(m)]. Since we expect that
€,, and o, should be the same for specular and nonspecu-
lar reflectivities, we have fixed these parameters to the
values obtained from the fits to the specular reflectivity at
each temperature discussed in Sec. III (see Table I). The
solid lines in Figs. 12 and 13 for an ideally terminated
surface correspond to €,, =0, o,(m)=0g, and pg(m)=1.

The integrated intensities measured along the (1,1,L)
truncation rod at 7”=300, 1100, and 1200 K are collected
in Fig. 16 along with fits to different models of the
crystalline order parameter p(; ;. The -calculated
reflectivities for an ideally terminated crystal are shown
by the dotted lines. This model describes the data at
T=300 K over the range 0.5<L <1.5. Beyond this
range, however, there are noticeable deviations and by
T=1100 K this simple model deviates even in the wings
of the Bragg peaks. At T=1200 K the intensity observed
at Q,=0.5 is more than a factor of 10 lower than pre-
dicted for ideal termination.
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Our next approach in describing the data was to as-
sume that the crystalline order parameter decays as a
Gaussian:
|G|*[0(n)—0%]

2

pg(n)=exp— (16)

When this term is combined in Eq. (12) with the term for
the surface-normal vibrational amplitude, the net vibra-
tional amplitude is isotropic. For T'=300 and 1100 K,
we set p(; 1),(0)=0 since the hexagonal surface layer is in-
commensurate with the bulk. As may be seen in Fig. 16,
the isotropic approximation does not alter the fits for
T =300 K since 0,|G| << 1; it does, however, provide a
better representation at 77=1100 K (dashed line). Never-
theless, the measured reflectivity decreases dramatically
(see Fig. 12) in going from T"=1100 to 1200 K —more
than may be accounted for by the corresponding change
in the surface-normal displacement amplitudes [o,(n)]
obtained from the fits to the specular reflectivity. For
this reason, the isotropic approximation fails to describe
the data adequately at 7=1200 K (dashed line in Fig.
16).

In order to describe the results at the highest tempera-
tures, we have explicitly included disordered near-surface
layers by modeling the crystalline order parameter pg by
an error function

|p¢,(z)|=% 1—erf (17)

z—D
w
According to this model, the disordered region extends
from the surface at z =0, where pg =0, to z =D since at
this position pg=1/2. The width of the interface be-
tween ordered and disordered regions is given by W. It
should be noted that the essential features of the model
can be equally well represented by other functional
forms. In particular, to within the confidence limits of
the present analysis, the decay of pg with z can be satis-
factorily described by a hyperbolic form and similar
values of the thickness of the disordered region and of the

width of the transition region result.!?

At T=1100 and 1200 K the (1,1,L) rods have been fit
to Eq. (12) over the range 0.5 <L < 1.5 by inserting the
best-fit parameters obtained from the specular reflectivity
for €,, and os(n) (see Table I), using Eq. (17) for pg(n),
and by varying W and D. The resulting fits are shown by
the solid lines in Fig. 16. At all temperatures the use of
an error function for p(; ;) improves the description of the
data by further reducing the reflectivity at 77=1100 and
1200 K in the wings of the Bragg peak. (It is important
to recall that for 7 <1170 K we have already described
the nonspecular reflectivity on the basis of the hexagonal
reconstruction discussed in Sec. IV.) As a result of the
fitting, we find W=1.5£0.2 A and D=3.0%£2.0 A at
1100 K and W=3.3+0.2 A and D =5.031+3.0 A at 1200
K, which is suggestive of a disordered surface region for
T>1170 K. It is noteworthy that the fits are more sensi-
tive to the width of the interface between ordered and
disordered regions than to the thickness of the disordered
region. The dependence of p(; ;) on distance from the
surface is shown in Fig. 17 for 7=300, 1100, and 1200
K. From the figure it is seen that the reduction of the
reflectivity above T'=1170 K is associated with the decay
of the sharp interface in real space, consistent with 1-2
disordered surface layers.
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FIG. 16. Nonspecular x-ray reflectivity along the (1,1,L)
direction at T'=300, 1100, and 1200 K. The reflectivity calcu-
lated using the parameters obtained from the analysis of the
specular reflectivity is shown by the dotted lines. The calculat-
ed reflectivities from an isotropic model of the surface vibra-
tional amplitudes are shown by dashed lines. Fits to a disor-
dered surface region, Eq. (16), are shown as solid lines.
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FIG. 17. Layer-dependent crystalline order parameter p(; ;)

obtained from fits to Eq. (16).
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The nonspecular reflectivity along (2,0,L) is shown by
the open circles at T=1200 K in Fig. 18. The reflectivity
calculated from Eq. (12) using the parameters from the fit
to the (1,1,L) rod (see above) is shown by the dashed
line. A better description of the (2,0,L) data is obtained
by allowing W and D to again vary in the fitting pro-
cedure. The parameters obtained are W=4.21+0.4 A
and D=5.0+3.0 A.

On the basis of the results presented so far, it seems
reasonable to conclude that the top and possibly one or
two succeeding layers of the Au(001) surface are structur-
ally disordered at temperatures between 7'=1170 and
1250 K. In order to distinguish among different possible
models of disordered near-surface layers, we attempted to
detect the weak ring pattern expected from liquid or me-
lted overlayers.>!%32 Measurements were performed at
fixed L =0.5 to prevent the beam from spilling off the
sample. Radial scans were then performed at tempera-
tures above and below T'=1170 K at several azimuthal
angles. The primary features of the scans performed at
high temperatures included broad, weak peaks, which we
were able to identify with diffuse scattering from the
(1,1,1) and (2,2,2) bulk reflections. These features were
unchanged for temperatures below T=1170 K.

In summary, the x-ray diffraction pattern obtained for
the Au(001) surface at elevated temperature is character-
ized, in part, by the abrupt disappearance of the hexago-
nal order above T=1170 K!. From analysis of the specu-
lar reflectivity, we have found that the average top-layer
density is decreased from the hexagonal value of
P0,0(0)~1.26 below T=1170 K to a value nearer the
bulk density p( ¢y~ 1 above T=1170 K. In addition, we
have found that the surface-normal vibrational ampli-
tudes o, (n) abruptly increase above T=1170 K. Except
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FIG. 18. Nonspecular x-ray reflectivity along the (2,0,L)
direction at T'=1200 K. The dashed line is the reflectivity cal-
culated assuming p(y,0)(n)=p1,1)(n). The solid line is a fit to the
data as described in the text.
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for their amplitudes, the transverse line shapes obtained
in specular reflectivity measurements seem little changed
for temperatures above or below the hexagonal disorder-
ing transition, suggesting that the surface remains
smooth. (Better statistics will be required before a de-
tailed line-shape analysis is warranted.) From the sharp
decrease of the nonspecular reflectivity, we have deduced
that the in-plane crystalline order parameter |pg| <1 in
the first one to two layers above T'=1200 K, consistent
with decreased lateral order. We have been unable, how-
ever, to detect the weak scattering associated with a two-
dimensional liquid. We are unable, on the basis of our
data, therefore, to distinguish between, for example, a
two-dimensional isotropic liquid, or a structure which is
more properly viewed as crystalline layers with enhanced
lateral vibrations. It should be pointed out, however,
that even though the surface is disordered in plane, sur-
face atoms appear to reside in well-defined layers, since
the rms displacements are always much smaller than the
separation between atomic planes. These observations
are consistent with molecular-dynamic simulations of the
AI(110) surface®* and of the Kr(001) surface.?? In contrast
to these results at the (001) surface, there is no corre-
sponding evidence for microscopic surface disordering at
the (111) face of gold.?” It seems clear that experiments
closer to the triple point and with larger in-plane wave
vectors will be required to further elucidate the nature of
the disordered surface region. Complementary x-ray-
scatter experiments performed under electrochemical
conditions have shown the Au(001) surface forms a hex-
agonal reconstruction when a negative potential is ap-
plied and that the reconstruction is lifted for positive po-
tentials.*!

VI. CONCLUSION

In conjunction with the in-plane measurements de-
scribed in Ref. 1, we have carried out detailed, absolute
measurements of the specular and nonspecular
reflectivities from the Au(001) surface. Below T'=1170
K, the surface is well described by a corrugated, incom-
mensurate hexagonal overlayer. The corrugation propa-
gates several layers into the bulk. The effect of the distor-
tion on the reflectivity appears to be the same at 7 =300
as at 1100 K even though the surface undergoes a first or-
der rotational transition at 7=970 K. We have also ob-
served an increase with temperature of the thermal vibra-
tional amplitudes for several near-surface layers. Above
T =1170 K the hexagonal rods disappear and the Q,
dependence of the (1,1,L) and (2,0,L) rods is consistent
with a disordered surface extending over several atomic
layers. Although the effective surface-normal displace-
ment amplitudes are large, atoms still reside in well-
defined layers.
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