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The surfaces of flame annealed Au(111) and Au(100) single crystals have been investigated by synchrotron X-ray diffraction and
reflectivity. Electropolished crystals were flame annealed for various lengths of time and studied for structural changes.
Electropolishing of the Au(111) and Au(100) crystals produced smooth surfaces with no evidence for reconstructions. Upon flame
annealing the Au(111) was slightly roughened, possibly due to stacking fault growth at the surface, while the Au(100) was smoothed

with evidence for the hexagonal reconstruction.

1. Introduction

There have been a number of electrochemical
and surface reconstruction studies on single crys-
tal Au surfaces [1-8]. The preparation of these
surfaces has primarily involved two distinct meth-
ods, vacuum annealing—sputtering [1-5] and
flame-annealing [6—8]. It was demonstrated that
vacuum prepared surfaces can be successfully
transferred from the vacuum system to an elec-
trochemical cell while maintaining the prepared
surface [1]. A substantial amount of work has
been carried out to establish the structure of
vacuum prepared Au crystals including LEED (3],
RHEED [9] and X-ray diffraction [10,11]. The
use of UHV preparation and characterization
prevents the use of crystals prepared in this way
by a large number of people. On the other hand a
number of groups [6—8] have demonstrated that
the flame-annealing technique developed by
Clavilier [12] leads to consistent reproducible
cyclic voltammograms. However very little has
been done to confirm the structure of the flame-
annealed surfaces. Kolb et al. [6] use the similar-
ity of the double layer capacity of the vacuum
prepared and flame-annealed crystals to verify
the existence of a (5 X 20) type structure on a

flame-annealed Au(100) although capacitance
measurements performed by Hamelin [13] argues
against the Kolb results. In the work reported
here, synchrotron X-ray radiation has been used
to study the structure of flame-annealed Au sin-
gle crystal surfaces in air.

2. Experimental

The Au crystals were studied by measuring the
X-ray specular reflectivity and the crystal trunca-
tion rods. The scattering vector is defined for
both reflectivity and crystal truncation rods as
Q=gq,+4q,, where ¢, =c*/, and ¢,=a*h +b*k.
The vectors a*, b* and c¢* are the reciprocal
lattice vectors for the bulk crystal. For specular
reflectivity measurements, A =k =0, while for
truncation rods A, k have integer values. The
vertical index, /, is not constrained to be integral
due to the termination of the bulk crystal [11,14]).
The data reported in this paper will use the
crystallographic Miller indices, hkl.

Crystal truncation rods, also referred to as
non-specular reflectivity, were discovered by
Robinson on single crystal surfaces in vacuum
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[14]. In reciprocal space, truncation rods are visu-
alized as lines of scattering perpendicular to the
terminated surface passing through bulk Bragg
peak positions. In real space, the rods can be
described as the constructive interference be-
tween bulk lattice planes as these planes termi-
nate at the surface where the diffraction con-
straint on the vertical component of @ is re-
moved. For an abruptly terminated surface the
intensity of the rods goes as 1/Aq?2, where Agq,,
is the distance, along the g, direction, from a
Bragg reflection. By allowing the surface termina-
tion to deviate from an abrupt surface to a rough
surface, which can be described by a roughness
parameter, B, the intensity of the rod, in ¢,
drops more rapidly than the ideal profile. The
roughness parameter is described as a layer-to-
layer occupancy of atomic positions. Starting with
an abruptly terminated surface, the subsequent
layer has B occupied sites, the second layer has
2, and the third has B2 and so on. As § — 1, the
surface appears more rough. Similarly, as g — 0,
the surface approaches an atomically flat surface.
The truncation rod data are fit to [11,14}:

(1-8)°
— 2B cos( qzc)]
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1
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where N;? are the crystal dimensions in the plane,
B is the roughness parameter related to the rms
roughness, o, =cB'/?/(1 — B) and c is the real
space unit cell dimension in the surface normal
direction. The calculation of o, is only an esti-
mate based on a highly ordered termination,
which is not expected in this work, hence only the
value of B will be used. The rod data were first
visually fit to eq. (1) then a least-squares fit was
performed on N’N;7 and B. As the intensity
from the bulk positions is a constant, N2N7 (I =
Bragg reflection) was constrained to a constant
value. Incorporating surface reconstruction form
factors into the fit had no significant effect on the
results.

Specular reflectivity has been used extensively
to study density profiles of liquid/vapor inter-

faces and liquid crystalline surfaces [15]. Solid
systems have only recently begun to employ this
technique {4,5,16,17]. More precise details con-
cerning the theory of reflectivity are discussed
elsewhere [4,5]. Briefly, the reflectivity from the
surface is the interference caused by X-ray scat-
tering among the surface layers. By summing the
interference from successive layers of the crys-
talline surface, a reflectivity profile based on sin-
gle layer deviations from an ideal termination can
be constructed. The crystal truncation rod profile,
eq. (1), is equivalent to the summing process
except that the density variations are character-
ized by the roughness parameter 8. Prior work on
Au(100) and Au(111) faces has shown that the
first layer gives the most significant contribution
to the reflectivity profile [4,5]. Combining these
two observations, the specular rod can be fit with
eq. (1), which combines bulk roughness effects in
B, and a first layer correction for density, disloca-
tion and fluctuation:

R(q,) = |F(a,, B) (CTR)|?
X [{p, exp(—qZo/2)

x explig,(a/2)(1 —e)]) 1% (2
The first part of eq. (2) contains the bulk
roughness conditions, while the second part of
eq. (2) contains the first layer interference terms.
The layer density, p,, is relative to the bulk layer
density. The layer fluctuation term, oy, acts as a
first layer Debye~Waller correction. The layer
displacement term, €;, allows the top layer to
deviate from the bulk spacing. If the surface were
ideally terminated on the crystalline plane with
no reconstruction, p; =1 and €;=0, and the
reflectivity profile would appear as an ideal crys-
tal truncation rod. Use of eq. (2) with data pre-
sented reports by Gibbs et al. [4] and Ocko et al.
[5] gave identical results. In this work, the layer
fluctuation term, o, provides only a slight distor-
tion, usually less than the measured experimental
error, to the specular rod profile, therefore this
term was held constant in the fitting process. In
this work, only the surface density, p,, layer dis-
placement term, €,, and the truncation rod
roughness parameter were allowed to vary in a
least-squares fit.
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The Au crystals (discs of 4 mm diameter X 2
mm thick) were cut from a Au boule (Materials
Research corp.), with a bulk FWHM measured
on the (111) Bragg peak < 0.3°, and aligned by
Laue backscattering to < 0.2°. The faces were
polished using a succession of alumina particles
down to 0.33 pum. The crystals were then an-
nealed at 850°C for 12 h in air. Initial X-ray
scattering measurements indicated the need for
additional polishing, which was done by elec-
tropolishing in a 1:1:2 mixture of gly-
col : ethanol : HCI (conc.) at 4.5 V [18].

This electropolishing technique removes layers
of atoms from the surface. Dropping the voltage
to 2-3V produces a very strong etch on the
crystal that removes large quantities of the sur-
face [18]. Once a strong surface diffraction inten-
sity was obtained, the crystal was flame annealed
and re-electropolished to produce repeatable
starting conditions. The crystals were transferred
from the laboratory to the beamline in air and
mounted onto a standard 4-circle diffractometer,
and aligned on low index bulk diffraction peaks.
The first set of scans were on the electropolished
surfaces. Once the electropolished surface was
measured, the crystals were removed from the
diffractometer and flame-annealed in a propane
torch. The crystals were kept in the flame while
red-hot for 10 s. We used two different ways of
cooling the crystals. (1) The crystals were rapidly
quenched in a beaker of Millipore water or (2)
the crystals were allowed to cool approximately
10-15 s before immersion. The first method re-
sulted in the twinning of one sample and was
therefore not used further. The flamed crystals
were remounted in the diffractometer and re-
aligned on the same bulk Bragg peaks where an
identical set of scans were measured.

The X-ray scattering was measured on beam-
line X-16B at the National Synchrotron Light
Source, with fixed wavelength of 1.689 A. The
experimental setup is shown in fig. 1 for reflectiv-
ity and truncation rod measurements. The k-space
diagrams show the bulk Bragg positions and the
rods of scattering. The boxed regions are the
reflectivity and truncation rods that were mea-
sured on each surface.

The crystal truncation rods and the specular
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Fig. 1. (a) Top and side views of the experimental setup on
beamline 16B. (M) Monochromator crystal, (Io) Beam Moni-
tor, (S1, S2, S3) Slits, (Isc) Scattering Monitor. The 20 arm on
the diffractometer is not shown. (b) The reciprocal space
representation of crystal truncation rods. The X mark bulk
Bragg positions, using indices based on the lattices described
in fig. 2 and the lines passing through the X perpendicular to
the surface are the truncation rods. The boxed in areas are
the regions over which data were collected.

reflectivity were measured by rocking the crystal
through a series of (hkl) positions in k-space.
The data were background subtracted, integrated
and corrected for Lorentz, monitor and geomet-
ric factors according to standard procedures
[10,11,15]. The integration of the scattered inten-
sity removes detector noise and thermal diffuse
scattering from the rod profile, which gives a
more accurate determination of the roughness
parameter and the reflectivity profile. The polar-
ization correction is 1 with vertical scattering
plane. A full set of scans consisted of measure-
ments along the specular reflectivity rod and a
low index, usually the (111), truncation rod. The
scattering indices from each crystal were defined
according to a surface crystalline lattice analo-
gous to LEED measurements. The real and re-
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Fig. 2. (a) The surface lattice in real and reciprocal space for
Au(100). The X are bulk Bragg positions and the O are
surface diffraction positions from the 20 X5 hexagonal recon-
struction (— — —), which is not shown in the real space
figure. (b) The surface lattice in real and reciprocal space for
Au(111). Similarly, the X mark bulk Bragg positions and the
O are truncation rods intersecting the surface. The ABC
stacking of the (111) interface is shown in the side view.

ciprocal surface lattices are defined in fig. 2 for
the two crystal surfaces.

3. Results and discussion
3.1. Au(111)

The reflectivity and crystal truncation rods for
the Au(111) electropolished and flame annealed
surfaces are shown in figs. 3 and 4, respectively.
The reflectivity curves are nearly identical in
shape for the electropolished and flamed sur-
faces. This indicates that there is little difference
between the state of the surface before and after
flame annealing. The data from the crystal trun-
cation rod also indicates little difference between
the two surfaces.

The fits of egs. (1) and (2) to the data in figs. 3
and 4 are summarized in table 1. The crystal
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Fig. 3. (a) Reflectivity data for the electropolished (a) and
flame annealed (+) Au(111) surfaces. The lines are the best
fits for the electropolished ( ) and flame annealed

surfaces (— — —). The deviation at /= 2.2 is due to beam-
line harmonics. (b) Reflectivity profiles for the electropolished
( ), flame annealed (— ——), ideally terminated
[CERERR ) and 23X V3 reconstructed (- - —-) surfaces for
Au(111).
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Fig. 4. (101) truncation rod data for the electropolished (a)
and flame annealed (+) Au(111) surfaces. The solid line is
the best fit for both surfaces. The deviation at low [ is due to
the low angle of incidence to the surface.
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Fig. 5. Wide h scan of the (1,1, 0.3) truncation rod. The
arrows indicate scattering from the (23 x ¥3) reconstruction.

truncation rods for both the electropolished and
flame annealed Au(111) surfaces indicate a sur-
face with a B = 0.3 + 0.05. Both the electropol-
ished and flame annealed surfaces gave a bulk
Debye—Waller factor of (u2)/?=0.09 A, which
i§ very similar to the reported bulk value of 0.08
A [17]. The reflectivity curves indicate that both
the electropolished and flame annealed surfaces
have an €, = 1.0 + 0.05 and a density p, =1.0+
0.1. The error allows no observation of the excess
4.4% atomic surface packing observed at high
temperatures [4]. The roughness parameters that
were used to fit the reflectivity curves are consid-
erably higher than the truncation rods. The in-
crease in the surface roughness for the reflectivity
is possibly due to termination of stacking faults
and/or surface buckling, which is a product of
the Au(111) reconstruction [1,16]. These effects
would not be observed by the truncation rods,
which are sensitive to the termination of the bulk
planes. A wide scan in A about the (1,1, 0.3)
position, fig. 5, suggests the presence of a 23 X V3
surface structure, however the signal-to-noise ra-
tio is insufficient, due to background noise, to
further analyze this structure.

As a note of caution, we would like to point
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Fig. 6. (101) truncation rod showing the growth of (111)
stacking ts as a result of lateral pressure during the flaming
process. A slight stacking fault before flaming (A ) existed,
however after flaming (+) the fault has grown to a size
comparable with the bulk diffraction peak.

out the observation of the growth of stacking
faults in one of our Au(111) crystals. During the
flame annealing process, the crystals were held by
delicate tweezers in the propane torch. In most
cases this caused no surface distortions as the
surface diffraction of the crystals presented here
demonstrates. In one particular Au(111) crystal, a
stiffer pair of negative tweezers were used to hold
the crystal and this resulted in the growth of
stacking faults in the bulk of the crystal as shown
in fig. 6. The presence of stacking faults did not
change the surface roughness to any major de-
gree, however they did distort the crystal trunca-
tion rods sufficiently to prevent a good fitting of
the curves. Crystals in which stacking faults were
observed were not used to obtain the data pre-
sented here.

3.2. Au(100)
The reflectivity and crystal truncation rod for

the electropolished and flame annealed Au(100)
surfaces are shown in figs. 7 and 8, respectively. It

Table 1
Fitting parameters for the Au(111) crystal truncation rod and reflectivity profiles

Bcrr @2 Q) P1 € o! Bres NENF
Polished 0.30 + 0.02 0.09 1.0+ 0.1 1.0 +0.05 0.1 0.75 £ 0.02 60
Flamed 0.30 + 0.02 0.09 1.0+0.1 1.0 £ 0.05 0.2 0.80 +£0.02 120
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Fig. 7. (a) Reflectivity data for the electropolished (a) and
flame annealed (+) Au(100) surfaces. The lines are the best

) and flame annealed

fits for the electropolished (

surfaces (— ~ —). (b} Reflectivity profiles for the electropol-
ished ( ), flame annealed (— ~— —), ideally terminated
(CERERE ) and 5 20 reconstructed (- —-—-) surfaces for
Au(111).

is apparent from the data that the flame anneal-
ing has altered the Au(100) surface. The data
were fit to egs. (1) and (2) with the parameters in
table 2. The reflectivity curve for the electropol-
ished surface was best fit with a p, =1.110.1
and ¢,=10+01 and a p=03+0.05 A bulk
Debye—Waller factor of 0.08 A was fit to the
baseline, which is within error of the bulk value.
The crystal truncation rod for the electropolished
surface was also fit with a 8 =0.25 + 0.05. The
fits of the reflectivity and the truncation rod

6

(L)
Fig. 8. (111) truncation rod data for the electropolished (a)
and flame annealed (+) Au(100) surfaces. The lines are the
best fits for the electropolished ( ) and flame annealed
surfaces (— — —).

describe a relatively flat surface with the possibil-
ity of the reconstruction. The data were suffi-
ciently noisy at low / that the fit of the surface
density could indicate either the hexagonal top
layer or ideally terminated. It is possible that the
data reflect an average of the two possibilities
since the reconstruction has been observed to
have only partial coverage at low (< 523 K) tem-
peratures [2]. Surface diffraction scans at the
(1.2, 1.2, 0.3) position, which would indicate large
domains of the hexagonal top layer, were feature-
less.

The reflectivity curve for the flame annealed
Au(100) surface was fit with p, = 1.18 + 0.02, ¢,
=1.16 £ 0.04 and a surface roughness of B8 =
0.10 + 0.02. The crystal truncation rod is fit with
a roughness parameter of g =045+ 0.08. The
fitting parameters indicate that the surface recon-
struction is equivalent to that reported in the
vacuum studies [4,5] and describes a hexagonal
top layer with a increased surface displacement
from the bulk. The surface appears, by reflectiv-

Table 2
Fitting parameters for the Au(100) crystal truncation rod and reflectivity profiles

Berr wWH? A P1 € ol Bret N{NG
Polished 025 + 0.05 0.08 1L1+01 1.0 + 0.05 0.2 0.30 + 0.05 380
Flamed 0.45 +0.08 0.08 1.2+ 002 1.16 + .02 0.2 0.10 +0.02 200
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Fig. 9. Wide &, k scan of the (1, 1, 0.3) truncation rod. The
large peak at (1, 1, 0.3) is the truncation rod. The second peak
at (1.2, 1.2, 0.3) is scattering from the hexagonal overlayer.

ity, to be less rough than the polished surface
except for the increased roughness of the trunca-
tion rods. This discrepancy can be accounted for
by the loss of atoms from the terminated bulk
planes to fill small steps in the surface. This
would cause the reflectivity to appear smoother
at the expense of increased roughness of the
truncation rods which are sensitive to the bulk
planes. The structure of the filled in steps would
probably be hexagonal; a slight increase in the
density of the second layer does improve the
visual appearance of the fit but does not signifi-
cantly alter the chi-squared fitting parameter.
The samples which were flamed for different
time spans all gave nearly identical reflectivity
and truncation rod profiles and the fitting param-
eters reported are based on the averages of these
profiles. Separate scans of the (1.2, 1.2, 0.3) posi-
tion were also made of these time dependent
scans. The scans of the 5 and 10 s flame anneal-
ing samples were featureless, however the 30 s
scan clearly shows the surface diffraction from
the hexagonal top layer, fig. 9. In vacuum pre-
pared surfaces the surface diffraction peak is
usually comparable in intensity with the (1, 1, 0.3)
bulk truncation rod [4,5,17] which indicates a
small domain size compared with the bulk. A
rocking scan through the (1.2, 1.2, 0.3) position is
much broader, FWHM = 4°, than the (1, 1, 0.3)
truncation rod peak, FWHM = 0.5°. Although the
reflectivity curves support the presence of the
reconstruction, only the 30 s flame annealed sur-

face contains direct evidence. This indicates some
time dependence to the annealing of the recon-
struction by flame annealing. Longer periods of
flame annealing may be necessary to produce
large domains of the 5 X 20 surface.

4. Conclusions

It can be concluded from the arguments pre-
sented here that flame annealing produces sur-
faces similar to those prepared in vacuum. Flame
annealing the Au(111) surface produces a rough
surface possibly composed of stacking faults or
the buckled reconstruction observed at higher
temperatures [4]. There is no evidence that flame
annealing Au(111) enhances the reconstruction.
Flame annealing the Au(100) surface produces a
hexagonal overlayer reminiscent of the vacuum
prepared surfaces, however the domain size of
the reconstruction is dependent upon the anneal-
ing time. The electrochemical quality of the sur-
faces produced by flame annealing has previously
been documented [7,8,19,20]. Further work on
the effect of electrochemical cycling on the sur-
face structure is in progress.
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