PHYSICAL REVIEW B

VOLUME 47, NUMBER 19

15 MAY 1993-1

Step-induced deconstruction and step-height evolution of the Au(110) surface
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We use temperature-dependent high-resolution low-energy electron diffraction and spot-profile
analysis low-energy electron diffraction to study the Au(110) surface at room temperature up to 786 K.
The experimental data were analyzed within the framework of the kinematic theory. Oscillations were
determined of the positions of half order and fundamental Bragg peaks as well as of the full width at half
maximum of the specular peak as a function of perpendicular momentum transfer. Evidence of mono-
atomic steps occurring in the [001] direction was found below and around the (2X1)—(1X 1) transition
at T,. Above T, the surface gets smoother in the [001] direction; at the roughening temperature, Tk,
the evolution of multiple-height steps starts in both symmetry directions.

I. INTRODUCTION

In recent years, the (110) surface of Au has been of
great interest because of multilayer relaxation, recon-
struction, deconstruction, roughening, and premelting.
At low temperature, this surface spontaneously forms a
(2X 1) missing-row reconstruction.! ~3 At a certain criti-
cal temperature T, it undergoes a deconstruction transi-
tion.! ™12 In Fig. 1 the cross section of the fcc(110)(2X 1)
surface is shown with steps and domain walls, which also
appears spontaneously on the Pt(110) surface.

Earlier investigations furnished evidence of the decon-
struction transition on these surfaces being in the two-
dimensional (2D) Ising universality class.>!>* At or
above T,, these surfaces are expected to show a
Kosterlitz-Thouless- (KT) type roughening transi-
tion.!*!® For the Pt(110) surface, Robinson, Vlieg, and
Kern!© discussed their x-ray-diffraction results of decon-
struction within the framework of a roughening-induced
deconstruction transition. That description is in contrast
to a model proposed by Villain and Vilfan,'* although the
critical exponents for the Pt(110) deconstruction transi-
tion as deduced from the temperature dependence of the
intensity and the full width at half maximum (FWHM) of
a half-order peak are in good agreement with the theoret-
ical 2D Ising exponent.”” In a detailed low-energy
electron-diffraction (LEED) study of the critical behavior
of the deconstruction transition on the Au(110) surface,
Compuzano et al.!® derived critical exponents in agree-
ment also with the 2D Ising model, but the authors
offered no possible mechanism responsible for that transi-
tion.

In theoretical studies of the reconstructed fcc(110) sur-
faces'* %20 various mechanisms have been discussed
which might account for the deconstruction transition
and the role of steps in that transition. Villain and Vil-
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fan!# predicted a deconstruction transition within a 2D
Ising model and found a roughening transition occurring
at a temperature T, approximately 100 K above T..
Deconstruction should be initiated by the creation of
domains with different structures [(2X 1) and (1X1)]
causing domain walls (antiphase boundaries). Simple en-
ergetic arguments suggest that the domain boundaries
should not produce steps.'* In a theoretical study by
Roelofs et al.,?' on the other hand, the deconstruction
transition was investigated by the extended embedded-
atom method (EAM), and the activation energy for a
monoatomic step in the [001] direction was found to be
very low and of the same order as the activation energy
for a domain wall, which suggests that steps play an im-
portant role in initiating ordering. Therefore, the authors
concluded that “the calculated static energies that
emerge from this approach support the hypothesis that
steps are involved in the genesis of order in the missing
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FIG. 1. Cross section of a (2X 1)-reconstructed fcc(110) sur-
face (a) with steps, and (b) with domain walls (Ising defects), but
without steps. In (a), the displacement vectors AQj for a
monoatomic step-up and a double step-down and in (b), the dis-
placement vectors AQF according to each type of Ising defect
considered, are shown as arrows.
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row-type structures.” Also the pronounced anisotropy of
the step formation found by those authors is remarkable.
Also other theoretical studies of reconstructed fcc(110)
surfaces based on a modified solid-on-solid (SOS) mod-
el'671820 independently predicted the existence of
monoatomic steps already below T,. As opposed to the
KT roughening transition, this was termed preroughen-
ing.?® This preroughening may be a precondition for
step-induced deconstruction and the roughening transi-
tion for premelting. Molecular-dynamics calculations
seem to show that the Au(110) surface starts to melt al-
ready below some 1000 K.??

This study was conducted to prove various theoretical
predictions of roughening phenomena. The main ques-
tions were whether preroughening as predicted occurs at
T <T,, whether step formation influences the decon-
struction transition, and whether the roughening transi-
tion occurs at T~T, (Ref. 15) or at T=T,+AT.'»1618
In Ref. 14, AT was predicted to be approximately 100 K.
In the course of this investigation some new results relat-
ed to the phenomena discussed above were published
based on LEED,? x-ray diffraction,?* thermal energy
atom scattering (TEAS) with helium atoms,?® and low-!2
as well as medium-?° energy ion scattering.

LEED experiments?® provided some first evidence of
preroughening and a roughening transition at 7> T,.
The temperature dependence of superlattice and
integral-order peaks was observed in a synchrotron x-ray
study?* to study the deconstruction transition, and sur-
face roughening was observed above T, with a difference
of less than 50 K between the two transition tempera-
tures. It was concluded from the temperature depen-
dence of the width of the antiphase specular peak studied
by TEAS (Ref. 25) that the Au(110) surface undergoes a
roughening transition at about 40 K above T.. Further-
more, it was shown that, above T, the diffraction profile
changes from Lorentzian to power law as expected for a
KT roughening transition. Low-energy ion-scattering ex-
periments'? demonstrated that the threshold for vacancy
formation in the [110] strings is 120 K below T, while
the threshold for the formation of atomic steps is around
T.. Recently, indications of surface roughening and evi-
dence of surface premelting were found in medium-
energy ion-scattering (MEIS) experiments.®

In this paper, results will be reported of high-resolution
low-energy electron-diffraction (HRLEED) experiments
for the temperature-dependent structure of the Au(110)
surface in the range between room temperature and 786
K. The profiles of the specular (00), the half-order
(10), (10), and the fundamental (10), (10) Bragg peaks
were measured in a wide energy range between 16 and
164 eV at temperatures between 298 and 643 K and be-
tween 16 and 73 eV at higher temperatures. The step
density was derived from the FWHM of the (00) peak
and the shift of the half-order peak positions as a func-
tion of perpendicular momentum transfer k;, which leads
to an average terrace-width and step-height distribution.
In measurements of the FWHM of the (00) peak in the
two main crystallographic surface directions ([001] and
[110]), a strong asymmetry of the step density below T,
was observed, as had been proposed in the theoretical
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work of Roelofs et al.?! Oscillations of the half-order
peak position as a function of k, were detected by
HRLEED for the first time. Just above T, we detected a
surface smoothing. At T'>700 K we determined steps
with multiple-height steps, which indicate the beginning
of the roughening transition.

Section II will contain a short description of the exper-
imental conditions. The theoretical background of the
data analysis is given in Sec. III; the results are described
in Sec. IV and discussed in Sec. V.

II. EXPERIMENT

As has been shown in earlier studies of surface struc-
tures, HRLEED (Refs. 27-34) is well suited to surface-
defects analyses. Details of the high-resolution low-
energy electron diffractometer used in this study—the
so-called SPA-LEED (spot-profile analysis LEED)—have
been described previously.”’” In this type of
diffractometer the diffraction angle between the incident
and the outgoing electron beam is fixed at 7.5°.

The diffractometer is mounted to a vacuum chamber
with a base pressure of p =5X 10~ !! mbar and with the
sample at room temperature. The commercial Au crystal
was spark-cut as a disk (10 mm in diameter, 2 mm thick)
from an Au ingot. The surface was aligned to the (110)
plane within 0.17° and showed a mosaic spread of less
than 0.17° averaged over the whole sample area as
verified by x-ray diffraction.

The sample was mounted to a molybdenum holder by
means of two thin Mo plates fitting into a notch (0.5 mm
wide) on the circumference of the crystal. The sample
holder was heated with a bifilar resistance heater. With
this setup, temperatures up to 1200 K have been
achieved. The temperature was measured with a NiCrNi
thermocouple fixed at the edge of the crystal. For correct
surface-temperature readings, the crystal was replaced by
a polycrystalline gold dummy of the same size and shape.
Another thermocouple was pressed onto the surface of
that dummy and the temperature was calibrated with an
accuracy of about 0.1 K. The temperature was con-
trolled electronically and stabilized within +1 K.

The polished crystal surface was prepared in a separate
UHV chamber. The surface was cleaned with Ar™ ions
of 2 keV by successive sputtering (at room temperature)
and annealing (at about 850 K) cycles. After several cy-
cles, a diffuse (2X 1) LEED pattern was observed. Addi-
tional sputtering and annealing cycles with 500-eV Ar™*
ions at 523 K produced a well-ordered (2 X 1) structure.
The cleanness of the surface was checked by Auger-
electron spectroscopy (AES). After this cleaning pro-
cedure no contamination was detectable on the surface,
but after several hours of annealing at 800 K we observed
approximately 0.07% of a Ca monolayer on the surface.
To reduce this contamination the sample was heated to
800 K for several hours and afterwards sputtered again at
523 K. This procedure was repeated until the contamina-
tion had been reduced again below the detection limit of
AES to allow experiments to be made without any sur-

face contamination at 786 K for a period of more than 48
h.
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During transfer to the SPA-LEED chamber the sample
remained fixed to the Mo holder to avoid physical dam-
age and stress. After its transfer in air it was possible to
prepare the surface again within a few cycles of sputter-
ing with 500 eV Ar* ijons and subsequent annealing at
523 K until sharp LEED spots appeared. Before each
measurement started, the crystal surface was sputtered
for 1-3 min and annealed for at least 8 h at 523 K to en-
sure a clean and well-ordered surface.

The SPA-LEED system has a momentum resolution
parallel to the surface which corresponds to a spot width
of 3.7X1073A ~1.27:32 1 this study, however, the nar-
rowest spots with a width corresponding to 2X 1072 A ~!
were observed at the in-phase energy of 72 eV. This en-
larged peak width is mainly caused by crystal imperfec-
tions, such as the finite size of grains and the mosaic
spread. Before a measurement was started, the crystal
was kept at the selected temperature for 8—12 h to reach
thermal equilibrium.

III. THEORETICAL

To analyze the experimental results we performed cal-
culations with a one-dimensional model according to the
kinematic-scattering theory developed by Lu, Lagally,
and co-workers.3*™%® That model starts with a surface
containing only randomly distributed and noninteracting
steps (Markovian disorder®*>*°) and leads to the following
geometrical terrace-width distribution:

P(W)=y(1—p)¥ 1. (1)

In this formula, ¥ is the probability of finding a step be-
tween sites (W —1) and W. Therefore, (1—7/)W_1 is the
probability of finding no step when crossing (W —1) lat-
tice sites. In other words, P (W) defines the probability of
occurrence of terraces with a width of Wa, where a is the
lattice constant in the direction considered. The average
terrace width, {( W )a, is defined by

(W)a=a3S WP(W) . (2)
w

In Ref. 37 the average terrace width for a Au(110) surface
was defined as ((W)—1)a and for the geometric
terrace-width distribution given in Eq. (1), this average
terrace width can be calculated by*’

(W)—1la= a . (3)

11—y
14

For the (2X1) surface the lattice constant in the [001]
direction is doubled, coxglpared to the (1X1) structure
[for Au(1X1): a=4.08 A at T'=300K].

To calculate an intensity profile by means of a
geometric terrace-width distribution, a complex ‘“bound-
ary structure factor” is introduced according to®’

[(a =2)kya+k d] [(a—2kya—k,d]

f=1—y+y(pe’ +(1—pe’ ]
=pe', @)
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which describes an average phase factor associated with
neighboring lattice sites along the reconstructed [001]
direction, with only monoatomic step heights on the sur-
face. k| and k, are the parallel and perpendicular com-
ponents, respectively, of the momentum transfer. B de-
scribes a step asymmetry (8=1.0 means a monotonic
‘“step-up’’ case, and =0.5 means no misorientation, i.e.,
equal probability for up and down steps), and d is the step
height for a monoatomic step. The parameter a de-
scribes the phase shift of the surface lattice in the [001]
direction due to a step on surfaces with 4B AB stacking.
In our calculations, we assumed a commensurable phase
shift which leads to a value of @=0.5. The peak profiles
can be calculated® in connection with Eq. (4) by the ex-
pression

1—p?
1+p>—2pcos(2ka +¥)

I(kja)= 5)

The peak profile I (kja) approximately corresponds to a
Lorentzian. Among other things, from this relation it
follows that the position of the half-order peaks will oscil-
late as a function of k,,3” an effect which has been ob-
served in recent x-ray experiments on the Pt(110)(2X1)
surface.!® The analysis of diffraction data by comparing
results according to Eq. (5) with experimental data re-
veals the density of monoatomic steps.

To also simulate models not restricted to the mono-
atomic step case, the boundary structure factor for mono-
atomic steps as given, Eq. (4) was expanded to the mul-
tilevel step case™
i®;

H ioT
f=1=y+ 3 yulBe "+(1—PBe "], (6)
h=1

where @ is defined as the phase jump due to a step, “+”
defines the “‘step-up” case, “—” the ‘“‘step-down” case
with ®7=AQj ‘K, and AQ} is the shift of the lateral
surface periodicity due to a step [see Fig. 1(a)] and K the
total momentum transfer. Therefore, the phase jump can
be written as

@ =[(ah —2)k a+hdk,] . ™

The values of y, are the probabilities for steps with
height hd, satisfying the equation

H
S V=7, (8)
=1

with H as the maximum step height in atomic units, d.
For the reconstructed Au(110)(2X1) surface, domain
walls have to be included in the boundary structure fac-
tor. These domain walls, like local (1X1),(3X1),...
structures which produce no steps [see Fig. 1(b)], will be
referred to below as “Ising defects.” We considered only
two different types of such defects, which produce the
same phase shift, but with opposite signs

Q7 =[+ka]. 9
®; is the phase shift according to a (3X 1) groove, and

@, is the shift due to a local (1X 1) wall [Fig. 1(b)]. The
“overall boundary structure factor’ therefore can be
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written as

H —
f=1_,y_6+ 2 ‘}’hBe [(ah 2)k“a+hdkl]

h=1
H i[(ah —2)kya —hdk, ]
+ 3 y4(1—Be e~ hdk
h=1
+efre F10H(1—n)e™ 19
=pe'V . (10)

In the last term, € is the probability of finding an Ising
defect and A is an asymmetry term for the Ising defects
[A=0.5 means equal probability of (1X1) and (3X1)
walls, and A=1.0 allows only (1X1) walls]. The first
term, 1—y —e¢, in Eq. (10) is the probability of finding
neither steps nor Ising defects when going from one
atomic position to the next. Obviously, ¥ and € must
satisfy the relation, y +e=1.

We were able to confirm by calculations with different
values of €, that only the FWHM of the half-order peaks
is influenced by the Ising defects. Also no significant
change in all peak positions (half-order and integral-
order) and in the FWHM of the (00) peak was found
while varying €. As a rough estimate we set €=0.01 in
all calculations concerning the peak positions and
FWHM of the (00) peak by applying Egs. (5) and (10).

For simulation of the peak profiles above T, Eq. (10)
was modified to allow a (1X1) structure to be described.
In that case, “2” in the exponents must be replaced by
“1.” If we do not assume any interaction to take place
between steps in the [001] and [110] directions, this
random-step model is also able to simulate the peak
profiles in the [110] azimuth.

Above the roughening transition temperature T, mul-
tiple steps are created and the peak profile should change
from an approximate Lorentzian form [Eq. (5)] to a
power law3041

I(k)=Alk —gu| 27"l 4 =const (11

expressed as

with the magnitude of the reciprocal-lattice vector gj.
The exponent n(T) is a measure of the height-height
correlation function in the case of a KT roughening tran-
sition and is a monotonically increasing function with ris-
ing temperature, as shown in a previous paper on the
Pb(110) surface.’® In particular, in the case of T =Ty we
have n(T)=1.

IV. RESULTS
A. General

With the diffraction angle ofo 7.5°% the relation between
the momentum transfer K (in A ~!) and E (in eV) is given
by |K|=|k,—k;|=4mcos(7.5°/2)(E /150.4)"/2. Thus,
the perpendicular momentum transfer k, is defined by

|K| for the (00) peak
[|IK|?—(7/a)*]"/? for the (10) and (10) peaks

[IK|>*—(27/a)?*]"/* for the (10) and (10) peaks .
(12)

k,=
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In this study, the peak profiles, i.e., the intensity as a
function of parallel momentum transfer k; of the (00),
(40), (30), (10), and (10) reflexes were measured at ener-
gies between 16 and 164 eV. These measurements were
performed by variations of the deflection voltage applied
to octopole field plates. To determine the peak position
of the half-order and integral-order peaks in units of k,
the differences between the corresponding deflection volt-
ages and the deflection voltage attributed to the (00) peak
maximum were plotted as a function of E. The deflection
voltage showed a square-root dependence, as expected.*?

These measurements were done between 298 and 786
K. At temperatures above 643 K, the intensity of all
spots decreased to the background level for energies
higher than 72 eV. This is caused by the Debye-Waller
factor [bulk Debye temperature of Au: Op,,=174 K
(Ref. 43)] and the increased background. For all energies
and temperatures the peaks showed no splitting or shoul-
ders. This observation indicates a random distribution of
steps (see Fig. 2).

The step density on the surface can be determined from
the peak broadening and the shift of the half-order peak
position as a function of k| as described in Sec. III. If
the path difference of the electrons scattered from ter-
races with different height levels is a multiple of the elec-
tron wavelength, the electrons interfere in-phase, i.e., the
perpendicular momentum transfer k, matches integer
multiples of the reciprocal step height, n27/d or, in ab-

solute units, k,-d =n2r, with n =1,2... . The scatter-
T=529K } T=T745K

)]

e )

)]

C

(]

e

5

(]

>

-

o

= . .

C
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FIG. 2. Profiles of the (00) peaks at k,d =37 for three
different temperatures. The maxima are normalized. The upper
curves correspond to the [001] direction, the lower ones, to the
[170] direction. The zero level of the upper curves is indicated
by dashed lines. The solid curves are fits to the data. The fits
are calculated according to Eq. (5) with parameters given in
Table I and convoluted with the corresponding resolution func-
tion; furthermore, a linear background, as deduced from the
raw data, was added after the convolution. The magnitude of
the reciprocal:lattice vector  goo1; is defined by
27/a (a =4.08 A). At this antiphase condition, the FWHM of
the Gaussian contribution obeys a value of about half the width
of the measured peak in the [001] direction at 529 K.
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ing at k,-d =(2n +1)7, with n =0,1,2, ..., is called an
antiphase condition. It is known that the first interlayer
spacings of the Au(110)(2X1) surface are relaxed.”?
Our results show that the step heights are always multi-
ples of the bulk interlayer spacings d within a relative er-
ror of <5%. For room temperature with d =1.44 A the
following in-phase energies of the (00) peak were derived:
E=18.2eV (n=1), E=72.8¢V (n=2), and E =163.8
eV (n=3).

The measured peak profiles 7 (k) can be described by
three different components: first, a Lorentzian function
containing all information about steps on the surface;
second, a Gaussian function including the instrumental
resolution and crystal imperfections;?”3? and third, an
approximately linear background caused by diffuse
scattering. All three components of the measured peak
are energy dependent. Each measured profile was fitted
to a functional form resulting from the convolution of the
Lorentzian with the Gaussian and the additive linear
background. This analysis was performed by this numer-
ical procedure.

The width of the Gaussian was varied in discrete steps
from zero (& function) to the full width of the measured
peak. For each Gaussian, the parameters of the
Lorentzian and the linear background were varied until a
minimum in y? was found. Fitting a polynomial to ¥? as
a function of the Gaussian widths, we determined the op-
timal Gaussian FWHM by looking for the absolute
minimum in ¥2. This yields the FWHM of the Lorentz-
ian, but with a large error at the in-phase energies.
Therefore, a different analysis was applied to the
Lorentzian FWHM. The energy-dependent Gaussian
widths resulting from the convolution fit, as described
above, were smoothed with splines (e.g., solid line in Fig.
3). All those curves did not show any significant depen-
dence on the sample temperature. The values of the
smoothed curves were used to calculate the Lorentzian
FWHM with the empirical formula,

N [}
(@] o
T T
s L

Gaussian FWHM (% of BZ)
o

2.0 2.0 - 6.0
k,d (units of ™"

FIG. 3. Width of the Gaussian at 77=529 K as a function of
k,. The points are the results of the procedure of fitting (see
text) to the (00) peak in the [001] direction. The solid curve is a
smoothing spline fit used for the deconvolution of the measured
FWHM according to Eq. (13). The error bars indicate the step
width of the Gaussian FWHM of the fitting procedure.
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2
I=x—&_ . (13)
x

In this expression, x is the FWHM of the measured peak,
g the FWHM of the Gaussian resolution function, and /
of the Lorentzian peak profile [Eq. (5)]. The FWHM x of
the measured peak was determined from the raw data by
a numerical procedure in which the background was as-
sumed to be linear under the peak. We found the empiri-
cal formula Eq. (13) by numerical analysis of convolu-
tions of Lorentzian with Gaussian peaks. This formula
was seen to be correct within a relative error on the order
of 1077.%? The Lorentzian FWHM calculated in this way
is in excellent agreement with the results of the convolu-
tion fits at the antiphase energies.

B. Peak shifts

In an earlier paper, Robinson found a peak shift of the
half-order peak on the Au(110)(2X 1) surface at 300 K.5
A more detailed x-ray study of the Pt(110)(2X 1) (Ref.
10) surface by Robinson, Vlieg, and Kern revealed a
temperature-dependent oscillatory peak shift as a func-
tion of k,. The oscillatory peak shifts could be attributed
to steps, as proposed in a theoretical study by Fenter and
Lu’? according to their theoretical description discussed
above [Egs. (4) and (5)]. The amplitude of the oscillation
is a direct measure of the average terrace width

3.5}

W
o

k,d (units of ™"
N
an

N
(@)

FIG. 4. Spot profiles of the (;0) peak for different k, at
T=663 K. Each profile is normalized to its maximum. The
maximum of each peak indicates the corresponding k,. The
solid curve is the result of a model calculation according to Eqgs.
(4) and (5). The parameters of this calculation were a=0.5,
Y =0.043, and a step asymmetry of 3=0.314, which leads to a
misorientation angle © = —0.17".
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({(W)—1)a. In HRLEED experiments, similar oscilla-
tions were found by He, Zuo, and Wang>? at the edge of a
Pt(110)(2X 1) crystal at room temperature, where addi-
tional steps and a misorientation due to a rounding effect
during polishing occurred. Furthermore, He, Zuo, and
Wang found an oscillation of the (00) peak position which
was attributed to the misorientation of the surface with
respect to the (110) plane. Such behavior was predicted
in a theoretical study by Presicci and Lu.?¢

Figure 4 shows the measured (%O) peak profiles as a
function of perpendicular momentum transfer as mea-
sured by SPA-LEED on the Au(110)(2X 1) surface. This
result yields an obvious oscillatory shift of the peak maxi-
ma. No additional structures appear in the peak profiles.
Figure 5 shows the k, dependence of the positions of all
measured nonspecular peaks at 298 K. The oscillations
were detected over two periods, corresponding to an en-
ergy range from 16 to 164 eV, for temperatures up to 642
K. Using Eqgs. (5) and (10) we calculated the peak posi-
tions as a function of k, for different sets of parameters
and compared them to the oscillations presented in Fig.
5. All peak positions were determined numerically from

1.004

1.000

0.996f 1

0.504f b) ﬁiﬁ% L (300 ]
0.500 %‘gﬁ% TMT,

0. 496}

Ik” /90013

0. 4961

-0.500

-0.504}

-0.996} 1
-1.000 %ﬂé‘;ﬁﬂ’%ﬂw\
-1.004} @ % (10) ]

.

2.0 4.0 6.0
k,d (units of 17"

FIG. 5. Positions of the peak maxima as a function of k,d for
nonspecular peaks at =298 K measured in the [001] direction:
(a) (10) peak, (b) (-;—0) peak, (c) (;—-O) peak, and (d) (10) peak.
The error bars indicate an estimated error due to the asym-
metric oscillations of the (%0) and the (n0) peak positions. The
solid curves are results of fits using Egs. (4) and (5) with the pa-
rameters given in the text.
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Eq. (5) within a relative accuracy of 10”°. By comparing
the measured data with the calculated ones, shown in
Fig. 5 as solid lines, we found the parameters, ¥ =0.030,
B=0.209 for Figs. 5(a) and 5(b), and y =0.047, 3=0.320
for Figs. 5(c) and 5(d) as best fits to the data. Both values
of B yield a mean misorientation of ©= —0.17°+0.02° of
the surface with respect to the (110) plane projected on
the [001] direction, calculated from the following expres-
sion,?” with =0.5:

(2B—1)yd

©=arct
arctan 2+ay)a

(14)

The value derived for © corresponds to the error in sur-
face orientation (see Sec. II) due to the cutting of the
crystal.

The different oscillation amplitude of equivalent posi-
tions of peaks, e.g., (10) and (10), is due to an asymmetry
of the SPA-LEED optics and has been taken as an esti-
mate of the maximum errors shown as bars in Fig. 5. No
change in the misorientation angle © of the surface was
observable for temperatures between 298 and 786 K
within the error of A©=0.02".

In Fig. 6(a) we present the temperature dependence of
the amplitude of the shift for the half-order peaks. The

a) <(30),(30)>

shift (% of BZ)

(<W>-1)alnm)

60
50
4O}
30}
20}
10tc)

(<W>-1)alnm)

(00) :0 [1701
300 Z00 500 600
T (K)

FIG. 6. Peak shift and average terrace width as a function of
temperature. (a) The amplitude of the peak-shift oscillations
averaged for the (%0) and the (17-0) peaks, (b) the average terrace
width ({ W) —1) a for the [001] direction as determined by the
v values given in Table I (open squares) and by the amplitude of
the peak-shift oscillations of the half-order peaks (solid dia-
monds), (c) the average terrace width ({ W) —1)a for the [110]
direction as determined by the ¥ values given in Table I. The
vertical lines at the points between 298 and 683 K indicate that
the points are only lower limits of the terrace size. The other
curves are spline fits to the data designed to guide the eyes.

700 800
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shift is determined by fits to the measured oscillations for
each temperature, as shown in Fig. 5 for T=298 K.
There is a slight increase in the amplitude from room
temperature up to 642 K. Above 642 K a stronger in-
crease in the shift is seen. In Fig. 6(b) the solid diamonds
denote the average terrace width deduced from Eq. (3)
with the y values for each temperature which result from
the fits to the oscillations of the peak positions. A de-
tailed discussion of this fact can be found in Sec. V of this

paper.

C. FWHM of the integral-order peaks

From the measured profiles of the (00) peak the decon-
voluted FWHM were determined as a function of k,d for
each temperature by the procedure described above [Eq.
(13)]. The results are shown in Fig. 7 for the [001] (a) and
[110] (b) directions. These results are compared to model
calculations. The best fits are shown as solid lines for
each temperature and the corresponding fit parameters
are presented in Table I.

Let us concentrate first on the shape of the FWHM os-
cillations. For the [001] direction at T=298 K we see an
oscillation which is due to monoatomic steps and a small
amount of double steps (=~10%) as revealed by model
calculations. At higher temperatures up to 704 K, only
monoatomic steps are present within a detection limit for
higher steps of less than 5%. For the [110] direction, no
oscillations are detectable for temperatures up to 684 K.
The relatively large fluctuation of the FWHM values at
298 K for the [110] direction is due to the deconvolution
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procedure and can be used to estimate the maximum er-
ror of this procedure (see comment in Ref. 44). No oscil-
lations are detectable below about 680 K. Above 704 K,
clear oscillations appear for both directions, but the
shape of the oscillations is different from the shape at
lower temperatures in the [001] direction. These different
shapes can be attributed to multilevel steps as shown by
the detailed analysis (see Table I) and the discussion
below.

There is a strong anisotropy in the step density below
704 K for the [001] and [110] directions. This result cor-
roborates the result of model calculations by Roelofs
et al.?!' The widths for the [110] directions show no os-
cillations, as is evident from Fig. 7(b) for T=298 K and,
therefore, the missing-row_structure must extend over
more than 640 A in the [170] direction. From the com-
parison of the experimental data with calculated data we
obtained the average terrace widths corresponding to the
v values (Table I) as a function of the temperature of
both main crystallographic symmetry directions ([001]
and [110]). The results are shown in Figs. 6(b) and 6(c).
For all temperatures above 684 K, the change of the unit
cell in the [001] direction was considered for the calcula-
tions. If we compare the average terrace width deter-
mined by the peak shift of the half-order peak [solid dia-
monds in Fig. 6(b)] with the terrace width obtained from
the FWHM of the (00) peak [open squares in Fig. 6(b)],
the two terrace widths are similar below T, but differ
significantly at 684 K. We shall discuss this discrepancy
in Sec. V B.

In Fig. 8 the deconvoluted FWHM of the (00), (10),

TABLE I. Parameters resulting from best fits to the FWHM oscillations are presented in Fig. 5. For
all calculations we used a=0.5, and assumed a misorientation angle of © = —0.17°. The step probabili-

ty y is defined in Eq. (1).

The columns with h =1, ...

, show the probabilities y, for each individual

step height [see Eq. (8)]. The last column contains the average step height (H ). The horizontal line
between 684 and 704 K indicates the change from the (2X 1) structure to the (1X1) structure. All
values are within an estimated error of approximately £5%.

T (K) y h=1 h=2 h=3 h=4 h=5 (H)

[001] direction

298 0.039 90% 10% 1.1

529 0.047 100% 1.0

580 0.047 100% 1.0

642 0.050 100% 1.0

663 0.064 100% 1.0

634 0.040 100% 1.0

704 0.014 100% 1.0

725 0.024 83% 7% 4% 6% 1.3

745 0.031 70% 13% 9% 8% 1.6

786 0.031 58% 15% 18% 9% 2.2
[110] direction

298 <0.004

684 <0.005

704 0.008 100% 1.0

725 0.021 72% 6% 11% 11% 1.6

745 0.028 57% 10% 20% 9% 4% 1.9

786 0.020 68% 7% 13% 12% 1.7
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and (10) peaks are presented as measured for different
electron energies as a function of the temperature. The
values for the (00) peaks shown in Figs. 8(b) and 8(c) were
obtained from the widths of the calculated peak profiles
under the antiphase condition (k,d=3w) with the pa-
rameters presented in Table I. The width of the (10)
peak, which was also measured under an antiphase condi-
tion (k,d =4m), in principle shows a temperature depen-
dence similar to that of the width of the specular reflex
[Fig. 8(b)]. The FWHM of the half-order peak [Fig. 8(a)]
is constant up to 642 K and shows a strong increase for
higher temperatures, which indicates the decay of the or-
der in the reconstructed domains. From the deconvolut-
ed FWHM of the half-order peaks (40), a deconstruction
temperature of 7, =654+10 K was estimated by applica-
tion of the equation for the critical behavior of the corre-
lation length.!*> As the FWHM was measured only at two
temperatures above T, as shown in Fig. 8(a), the error
for T, is relatively large. This deconstruction tempera-
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FIG. 7. FWHM of the deconvoluted (00) peak as a function
of k,d for various temperatures in the (a) [001] and (b) [110]
directions. The oscillations are shifted with respect to each oth-
er for clearer representation. No significant changes in shape
can be observed between 529 and 704 K (a) and between 298
and 704 K (b). The solid curves are best fits to the data accord-
ing to Eqgs. (4) and (5) with the parameters given in Table I. The
statistical errors are smaller than the symbol size. The relative-
ly large scattering of the data points at 7=298 K in (b) is due to
the fitting procedure (see the comment in Ref. 44). The solid
line is a linear fit to the data. Zero FWHM is indicated by a
short line on the abscissa for each dataset.
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ture T, is between two extremely different values as indi-
cated in the literature [T, =545 K (Ref. 45) and T,=735
K (Ref. 24)]. This difference in T, may be attributed to
traces of impurities on the surface and/or to the influence
of finite-size effects.*” Additionally, as mentioned by
Keane et al.,?* it can be related to different resolutions of
the diffraction methods used.

The FWHM of the specular peak in the [001] direction
shows a very interesting temperature dependence [see
Figs. 8(b) and 8(c)]. First, we see a slight increase below
T,. Around T,, the width increases more rapidly, indi-
cating the enhanced creation of monoatomic steps
around the deconstruction transition. But above 663 K,
the FWHM falls below the value at room temperature.
The smallest width is observed at 704 K. This unexpect-
ed behavior gives rise to the assumption that the surface
becomes smoother above the deconstruction transition.
Above 704 K, however, the width increased again and
the evolution of multiple-height steps was observed, indi-
cating the onset of the roughening transition. An esti-
mate of the roughening temperature of T, =710+10 K is
given. The estimated roughening temperature is in agree-
ment with a result of a recent experiment with thermal
helium-atom scattering (TEAS).?> As seen in Table I, the
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FIG. 8. Deconvoluted FWHM as a function of temperature
for various peaks and directions. (a) (%O) reflex at E=32.8 eV
(k,d=2.667) in [001]; (b) (00) reflex at E=40.5 eV (k,d =37)
and (10) reflex at E=72.0 eV (k,d =3.94r), both in [001]; (c)
(00) reflex at E =40.5 eV (k,d=3#) in the [110] direction. All
solid curves represent spline fits to the data designed to guide
the eyes. The dashed line in (b) connecting the two high-
temperature points indicates that the FWHM of the (00) spot
has its maximum at about 765 K. This was found by repeated
measurements with standard LEED (Ref. 23). The dashed verti-
cal lines indicate the locations of T, and T in this study.
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average step height increases, as expected for roughening.
The temperature dependence of the FWHM for the (00)
peak will be discussed in the next section on the basis of a
simple model.

As expected for a KT-type roughening transition, the
peak profile should change from Lorentzian [Eq. (5)] to a
power law [Eq. (11)].3%#! In contrast to recent TEAS re-
sults?® on the Au(110) surface, we found no significant
change in the deconvoluted peak profile. A change from
a Lorentzian to a power law is expected when the temper-
ature changes from T < Ty to a temperature T > Ty (see
the solid line in Fig. 2, where Lorentzians convoluted
with Gaussian functions fit the data well, even for
T>Tg).

V. DISCUSSION

Let us now discuss a structural model and so describe
the temperature dependence of the experimental results.
Let us consider five different temperature ranges in con-
nection with different phases for the structure on the
Au(110) surface.

(1) The low-temperature (2X1) reconstructed phase
(T <<T,).

(2) The (2X1)«>(1X1) mixed-phase [(T,—AT
< T <T,+AT) range of deconstruction transition].

(3) The smooth (1X 1) phase above T, (T, <T <Ty).

(4) The rough phase above T (T <T <T*).

(5) The smoothed, laterally disordered quasiliquid
phase (T >T*).

A. The low-temperature (2 X 1) reconstructed phase
(T<<T,)

In the low-temperature range no completely flat sur-
face is found in the [001] direction, as reported already by
other authors."*%?%25 Reasons for the appearance of
monoatomic steps parallel to the [110] direction are
given by Roelofs et al.?! For the [110] direction, the
missing-row structure extends at least over more than
640 A subject to the limit of resolution of the instrument.
At room temperature we find a small number of double
steps in the [001] direction which disappear above 529 K.
This might be due to additional annealing. Before the
measurement at 7=298 K started, the crystal had been
annealed for 24 h at 529 K. After the measurement at
T=298 K the temperature had been raised again to 529
K and maintained for more than 48 h before the measure-
ment at 529 K started. Therefore, we conclude that an-
nealing for more than 72 h at 529 K is needed to remove
thermodynamically unstable double steps and that in
equilibrium at T < T, only monoatomic steps parallel to
the [ 110] direction would appear.

Qualitatively, such behavior corresponds to the
preroughening phenomenon predicted by den Nijs?® and
other authors.!”!® These theoretical studies revealed
that a preroughened state may exist on unreconstructed
fcc(110) surfaces below the temperature of the KT-type
roughening transition which is characterized by the pres-
ence of monoatomic steps only. Unlike the predictions,
these experiments have shown that preroughening ap-
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pears also on a reconstructed fcc(110) surface.

Steps in the [001] direction were observed whereas, in
the [110] direction, no steps develop [Figs. 8(b) and 8(c)].
From this result we would conclude that the surface is in
a preroughened state, as proposed by den Nijs?® and oth-
er theoretical studies.!®”!® The anisotropy observed is in
agreerzrient with the theoretical description by Roelofs
et al.

B. The (2X1)«>(1X1) mixed phase
[(T,—AT <T < T,+ AT), range of deconstruction transition]

The temperature range in which the deconstruction
transition takes place and different structures coexist is
indicated by AT. The role of steps in this transition is an
essential feature to be clarified by experiments since first
theoretical models have been worked out, !4~ 820,21

In the range between 7,—10 K and 7,+10 K, a
significant enhancement of the step density can be detect-
ed. This effect is reproduced by the peak shift of the
half-order peak [Figs. 6(a) and 6(b)] and by the FWHM of
the (00) and (10) peaks under the antiphase conditions
[Fig. 8(b), k,d =3m(00) and k,d ~4m(10), respectively].
In the [110] direction no change of the FWHM of the
(00) peak is observed so that the increase in step density
at the deconstruction transition is assumed to occur only
in the [001] direction.

At 684 K there is a discrepancy in the average terrace
widths resulting from the (10) peak shift and from the
width of the specular reflex (see Fig. 6). While the calcu-
lation of the average terrace width from the peak shifts
furnishes a relatively small average terrace width of
about 5 nm, the width calculated from the FWHM of the
(00) spot is about 20 nm. This observation is explained as
follows.

At temperatures around 7., domains with different
surface structures coexist, e.g., as proposed by model cal-
culations.'® The peak shift of the half-order peak is only
sensitive to domains on the surface where a (2X 1) struc-
ture exists. However, the FWHM of the (00) peak is
determined by (2X1) as well as by (1X1) domains. If
the height levels for two different (2X1) domains, which
are separated by a (1X 1) domain, differ by one unit d, a
correspondingly large shift of the (10) peak is caused.
This situation is visualized in Fig. 9(a), where two (2X1)
domains with widths W1 and W2 are separated by the
distance, D > W1+ W2. If D is less than the transfer
width, electrons diffracted from both (2 X 1) domains will
interfere with each other. As both domains are at a
different height level, the half-order peak position is
determined by the step between the two domains. There-
fore, the average terrace width calculated from the peak
shift is (W1+ W2)/2. The specular reflex, on the other
hand, does not distinguish between reconstructed and
(1X1) domains. Thus, the average terrace width de-
duced from the FWHM of the (00) profile is
(W1+D+ W2)/2, which is larger indeed. The terrace
width, averaged over the surface area covered by the elec-
tron beam and containing (2X1) and (1X1) domains,
appears to be larger, i.e., the surface appears to be
smoother, when derived from the (00) peak FWHM rath-
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FIG. 9. Cross section of the Au(110) surface at T, < T << Ty.
(a) Mixed phase with steps, (b) stepped (2X 1) surface illustrat-
ing the mechanism of smoothing above T,. For details, see text.

er than from the (10) peak position.

For calculation of the average terrace width at 684 K
by Eq. (3), a (2X1) surface was assumed. However, near
T, the surface contains (2X1) and (1X 1) domains, as ex-
pected for a second-order phase transition'® and, hence,
the question arises whether the calculated average terrace
width therefore depends on the size of the unit cell in the
[001] direction. When a change is made to a model sur-
face in the pure (1X1) state, the resulting ¥ will change
by a factor of about 2. This will be compensated by the
change in the lattice parameter a by a factor of 1. There-
fore, the average terrace width for small ¥ calculated for
the (1X1) structure from Eq. (3) is approximately the
same as that for a (2X 1) structure. This approximation
was checked numerically. The expected difference in ter-
race widths as presented in Figs. 6(b) and 6(c) is smaller
than the size of the symbols.

C. The smooth (1X 1) phase above T, (T, <T <Ty)

We assumed that deconstruction into the (12X 1) struc-
ture is complete at T=704 K because the half-order
peaks were no longer seen. At that temperature, the sur-
face is flatter, i.e., the terrace width in the [001] direction
is larger by a factor of about 4, compared to the low-
temperature range 7 <<T.. During deconstruction,
there is considerable mass transport to form a (1X1)
structure.

Figure 9(b) will help discussing the smoothing of the
surface above T, based on the presence of steps on the
surface near T,. Surface atoms of the (1X1) structure
(site C) are higher coordinated than those of the (2X1)
structure and, therefore, will have a higher binding ener-
gy than atoms at top sites of the (2X1) structure. Be-
cause of steps on the surface, level 1 is not completely
filled with atoms. Due to the migration of atoms in the
outermost layer of the (2X 1) domains the empty sites of
level 2 (sites 4 and B) will successively be filled at the ex-
pense of the population of level 1. Therefore, steps are
removed and a flat (1X 1) structure is created. Accord-
ing to our results obtained at =704 K, smoothing obvi-
ously, as is to be expected, is effective only in the [001]
direction, as we observe a decrease by a factor of 2 in the
average terrace width in the [110] direction.
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D. The rough phase above Ty (Tx <T <T?*)

A roughening transition takes place at a temperature
above 704 K. The measurements show an increased
FWHM of the (00) peak in both surface directions result-
ing in a decreased average terrace width [see Fig. 6(b)].
In accordance with the theory of roughening,® the in-
crease in average step height ( H) is observed directly.
The relative probabilities of each individual step height
are given in Table I. A decrease of the relative probabili-
ty of single-height steps, with increasing temperature and
an increased probability of occurrence of higher steps up
to fivefold steps, is evident. At T=745 and 786 K, the
average terrace width has approximately the same value
for both main symmetry directions. The slight difference
in the results for the [001] and [110] directions does not
exceed the uncertainties of the values.

Although a roughening transition had been detected in
the analysis of the oscillations of the FWHM of the (00)
peak, we did not observe an influence of this transition on
the shape of the peak profiles themselves. In the case of
the KT roughening transition, a change from a Lorentz-
ian [Eq. (5)] to a power-law profile [Eq. (11)] would have
been expected.*! Therefore, two possible reasons for the
experimental results will be discussed.

First, the roughening transition may not be of the KT
type. van Beijeren and Nolden*® discussed the possibility
of roughening transitions not attributable to the KT class
because the roughening transition is affected by impuri-
ties. In this case, undetectable traces of impurities of Ca
or other elements could have caused the behavior ob-
served. The second explanation lies in the relatively large
Gaussian width at the k, values considered. The Kum-
mer function, which is a power law convoluted with a
Gaussian, cannot be distinguished clearly from a
Lorentzian convoluted with a Gaussian, if the width of
the Gaussian is large compared to peak broadening due
to steps.

We believe the second explanation to be the most
reasonable, for the increasing average step height with in-
creasing temperature indicates the divergence of the
heig};t-height correlation, as expected for KT roughen-
ing.

E. The smoothed, laterally disordered quasiliquid phase
(T>T*)

In a recent ion-scattering study?® the Au(110) surface
was shown to start melting at a temperature of T*=770
K. This formation of a laterally disordered quasiliquid
layer gives rise to the assumption that surface roughening
is a precursor to the premelting observed. The steps
created at T > Ty disappear at temperatures above T*
because of the enhanced lateral diffusion. The enhanced
diffusion in the quasiliquid state was detected on the
Pb(110) surface.*’

Our conclusion concerning smoothing of the surface
above the roughening transition is confirmed in a recent
study with standard LEED,? in which a decrease of the
FWHM above 780 K was found to indicate smoothing of
the surface. In those measurements, the FWHM of the
(00) peak has its maximum at about 765 K. This is indi-
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cated in Fig. 8 by the dashed line connecting the points at
745 K and 786 K as published previously.?* It was possi-
ble to reproduce the decreasing FWHM by repeated mea-
surements with standard LEED. In a study by Yang, Lu,
and Wang, the Pb(111) surface’® showed a similar
smoothing behavior.

VI. CONCLUSIONS AND SUMMARY

We studied the structure of the Au(110) surface as a
function of the temperature by HRLEED. Investigating
the (00), (10), (10),(10), and (10) peaks, we found oscil-
lations of the peak positions of the half-order and
integer-order peaks. For the Au(110) surface
temperature-dependent peak shifts of the half-order
peaks were observed for the first time. They might be at-
tributable to monoatomic steps in the [001] direction at
T <T,.. The oscillation of the integer-order peaks could
be attributed to a misorientation of the surface.

From the temperature dependence of the FWHM of
the half-order peaks we deduced the deconstruction tem-
perature, T,.=654110 K. The roughening temperature
is estimated to be TR =710%£10 K from the observation
of multiple-height steps above 704 K, which is in accor-
dance with the result of a TEAS experiment.?’

The FWHM as a function of k; of the (00) peak was
determined in the temperature range between 298 and
786 K. An investigation of the FWHM of the (00) peak
and the shift of the half-order peak position revealed evi-
dence of the existence of monoatomic steps below T,
with strong anisotropy with respect to the main crystallo-
graphic directions. We conclude that the Au(110) surface
shows preroughening!®!%2° below T.. But the mono-
atomic steps appear only in the [001] direction.
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In our opinion, the description of the deconstruction
transition in the 2D Ising model will not imply restric-
tions concerning the creation of monoatomic steps and,
therefore, our results are not in contradiction with the
theoretical model as proposed by Villain and Vilfan.'* In
conformity with a theoretical paper?! published recently
we conclude that the presence of monoatomic steps is im-
portant for the deconstruction mechanism. Therefore,
step formation may be a precondition of deconstruction.

Above T, the surface smooths down, i.e., the step den-
sity in [001] direction reaches the smallest value at 704
K. The roughening transition takes place after the
deconstruction is completed.

The roughening transition was detected by the observa-
tion of multiple-height steps at T'>705 K for steps ap-
pearing in the [001] as well as in the [110] directions.
The analysis yielded up to fivefold step heights at 786 K.
However, no significant change from Lorentzian to
power-law behavior of the peak shape can be observed
above Ty.

Our results of the roughening transition are in agree-
ment with other experimental results of Au(110) (Refs. 24
and 25) with respect to the difference, (T —T,)~50%10
K.

In summary, anisotropic preroughening and isotropic
roughening have been detected on the Au(110) surface
below and above the (2X1)—(1X1) transition, respec-
tively. The deconstruction is influenced by steps.
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