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Real Space Investigation of the Roughening and Deconstruction Transitions of Au(110
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(Received 13 August 1996)

As established by diffraction techniques Au(110)-s1 3 2d, which is missing-row reconstructed at
300 K, consecutively undergoes two phase transitions upon heating: an Ising transition atø 650 K
and a 3D roughening transition atø700 K. Our teal space investigation with atomic scale resolution
by temperature-variable scanning tunneling microscopy reveals that—contrary to present theoretical
models—the Ising transition is due to antiphase domains developing during the 2D roughening of
s1 3 3d steps. The missing-row configuration of interior terrace regions remains completely stable until
the 3D roughening temperature, thus ruling out an order-disorder transition via lattice gas formation.
[S0031-9007(96)01915-1]

PACS numbers: 61.50.Ks, 61.16.Ch, 68.35.Bs, 82.65.Dp
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Owing to the superior experimental and theoreti
standards of surface sciences and thin film techn
ogy it nowadays has become feasible to prepare h
quality 2D (two-dimensional) systems with long-ran
periodic order over distances of several hundred nano
ters. From a theoretical point of view it is known at lea
since the celebrated solution of the 2D Ising model
Onsager [1] that 2D systems—as their counterparts 3D
can undergo phase transitions [2]. Until now seve
other 2D models have been solved exactly with the me
ods of statistical mechanics, but the number of exp
mental realizations of such model systems still is minu
Recently fcc(110) surfaces [Fig. 1(a)], aside from th
importance for catalysis, have attracted considerable
terest for the study of phase transitions in 2D. Thou
discussed controversially for many years, it is now w
established that fcc(110) surfaces of transition metals
hibit a pronounced tendency to reconstructions of the M
(missing-row) type either in the clean state or driven
adsorbates [3]. More recently another characteristic
ture of fcc(110) surfaces has been discovered, nam
that they undergo a 3D roughening transition at tempe
tures well below the bulk melting point (see reviews
Refs. [4,5]), which for the unreconstructed surfaces is
the Kosterlitz-Thouless type [6]. In the case of Au(11
and Pt(110), which ares1 3 2d MR reconstructed alread
in the ground state [Fig. 1(b)], the situation is even mo
complex, as on these two surfaces the processes o
construction and roughening are coupled [7]. Wher
on Pt(110) both processes proceed at the same tem
ture [8], for Au(110) an additional phase transition h
been identified from the disappearance of the half-or
diffraction spots [9–13]. The respective transition te
peratureTC given in literature varies between 650 an
735 K, but in any case lies about 50 K below the roug
ening temperatureTR. The critical exponents atTC are
in accordance with the 2D Ising universality class [1
Up to now, however, there is still controversy about t
structural models, particularly for the Ising transition [4
On the basis of Monte Carlo simulations Campuza
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et al. [14] suggested a 2D order-disorder transition cha
acterized by random distribution of the topmost half-lay
Au atoms between original and missing-row sites [i.
both sites of the same type, Fig. 1(b)]. The main d
fects nearTC therefore are the domain walls between t
s1 3 2d MR patches [Figs. 1(c) and 1(d)]. More refine
models additionally include the possibility of step excit
tions [15] [Figs. 1(e) and 1(f)] and step-step interactio
as well. As discussed by Vilfan and Villain [16], fo
strong interaction between a pair of opposites1 3 3d steps
[e.g., Fig. 1(g)] the surface undergoes first an Ising and
higher temperatures a roughening transition. In the c
of weak interaction, on the other hand, deconstruction a
roughening occur at the same temperature. According
a cell-spin model of den Nijs [7], which is based on sem
infinite s1 3 2d MR stripes separated by domain walls o
steps [Figs. 1(c)–1(f)], roughening induces simultaneo
deconstruction, when the wall energy exceeds twice
value of steps, though still exhibiting Ising exponen
So far, however, a conclusive study that unambiguou

FIG. 1. Top view sphere models of (a) the fcc(110) surfa
and (b) fcc(110)-s1 3 2d with every other close-packed row
missing. (c)–(g) Side view sphere models (i.e., in thef110g
direction) of thermal excitations of fcc(110)-s1 3 2d.
© 1996 The American Physical Society 5071
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distinguishes between the different models is still lackin
As is well known, diffraction techniques very accurate
determine the critical exponents of phase transitions,
the structural information obtained in reciprocal space
not unequivocally transformed into real space.

Here we report on a scanning tunneling microsco
(STM) investigation of the phase transitions of Au(110
s1 3 2d, performed in situ with a temperature-variable
STM at 300–700 K. Real space imaging with atom
scale resolution discloses many details of both the p
posed order-disorder and roughening transitions. In c
trast to the predictions of the theoretical models discus
above thes1 3 2d MR configuration is stable up to the
roughening temperature. Moreover, in all models t
paramount role of [001] steps [compare Fig. 3(b)] for d
order and roughening processes unquestionably has
underestimated so far.

The experiments were performed in an ultrahigh va
uum (UHV) chamber (base pressure,1 3 10210 mbar)
equipped with a temperature-variable UHV-STM, LEED
and the usual facilities for sample preparation [17]. T
sample holder of our home-built STM [17] includes a r
sistively heated oven onto which the sample is mount
The heater can be operated on the manipulator for pre
ration as well as in the position of the STM tip, whe
reliable STM experiments at temperatures of presen
up to ø1000 K are possible. Thermal drift converges
tolerable values within 30–45 min after the heating cu
rent has been changed. The Au(110) sample, which
investigated already in a previous study [17], was p
pared by repeated cycles of Ne sputtering and hea
to 670 K, until sharp LEED patterns of Au(110)-s1 3 2d
were obtained. At room temperature the sample exhi
extendeds1 3 2d reconstructed terraces [Fig. 2(a)] wit
dimensions that point to a miscut angle of less than 0±.
For the experiments at elevated temperatures the sam
was transferred to the STM immediately after preparat
and heated to the appropriate temperatureTS. The values
of TS given in the text are accurate to within630 K. All
STM images were taken in the constant current mode
tip voltagesUT and tunneling currentsIT specified in the
respective figure captions.

Figure 2(a) shows an STM top view image of Au(11
near room temperature. In good agreement with pre
ous studies (e.g., [18]) the surface is characterized
well ordereds1 3 2d MR reconstructed terraces that e
tend over several 100 nm in thef110g direction and
10–50 nm along [001]. Terraces are separated alm
exclusively by steps of single height, whereby the ste
preferentially run parallel to the close-packed rows [i.
along f110g , type Fig. 1(f)]. Au atoms located at kink
sites are quite mobile even at room temperature [
as is indicated by respective structural changes occ
ring at [001] steps from scan to scan. Heating t
sample toø420 K significantly increases edge diffusio
in the f110g direction. Figure 2(b) displays a respe
5072
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FIG. 2. In situ STM images illustrating the two phase tran
sitions of Au(110)-s1 3 2d in real space: (a)ø300 K, (b)
ø420 K, (c) ø550 K, (d) ø620 K, (e) ø700 K, (f ) and (g)
single scans along dashed lines marked in (a) and (e),
spectively. Images (a) and (e) are illuminated, (b)–(d) gre
scale top views with black (white) being low (high);UT ­
2826 mV andIT ­ 5 nA.

tive section with narrow terraces. Steps still predom
nantly havef110g orientation, but now the step edge
are composed of many small segments of close-pac
rows. Moreover, the segments are not stable concern
both their actual position and length [20]. The corrug
tion visible in some of the segments [e.g., A in Fig. 2(b
indicates that single mobile Au atoms were imaged
Fig. 2(b), though part of the step instability may aris
from the scanning tip itself. Occasionally a Au atom
is trapped by the STM tip for one or twos1 3 2d MR
periods; this explains why sometimes the corrugation
adjacent lower terraces appears to be raised by mo
step height to the next terrace [B in Fig. 2(b)]. Upo
further increase of the temperature [Figs. 2(c) and 2(d
the smooth edges off110g steps have disappeared com
pletely. The respective step profile is jagged and loca
characterized by irregular sawtooth and fjordlike shap
Figure 3(a) shows single sawteeth at higher magnificati
Obviously both the sawteeth and the area of the low
terraces surrounding them ares1 3 2d MR reconstructed.
Since considerable mass transport is necessary to cr
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FIG. 3. (a) In situ high resolution STM image of jagged
step profiles on Au(110)-s1 3 2d at ø550 K [Figs. 2(c) and
2(d)]; notice the perfects1 3 2d MR periodicity at and around
the sawtoothlike shapes and of inner terrace regions;UT ­
2826 mV, IT ­ 5 nA. (b) Schematic illustration of the 2D
roughening of an originally straights1 3 3d step (A) by atom
movement from rows A and B to rows C and D. Notic
that this restructuring necessitates only terrace and step-do
diffusion.

the jagged step configuration while preserving MR g
ometry, the observed step morphology of Figs. 2(c) a
2(d) certainly is not an experimental artifact generate
by the STM tip. A possible model for the 2D rough
ening is displayed in Fig. 3(b). Notice that in order t
grow sawteeth out of a previously straights1 3 3d step
(marked by A), themissingrows of the underlying terrace
necessarily have to be refilled with Au atoms. For th
structural rearrangement sketched in Fig. 3(b) only neig
boring atoms participate and diffusion proceeds excl
sively on the (110) terraces or downward thes1 3 3d
steps; i.e., no upward hopping is involved. Large sca
STM images taken atø620 K additionally reveal the
presence of extended terraces with dimensions similar
the room temperature surface, indicating that the av
age density ofs1 3 3d steps remains nearly constant upo
raising the temperature. A closer look [Fig. 4(a)] to th
broad terrace located in the center of Fig. 2(d) revea
that interior terrace regions are still perfectlys1 3 2d MR
reconstructed, thus underlining the remarkable stability

FIG. 4. In situ high resolution STM top view images of
Au(110)-s1 3 2d of (a) the perfects1 3 2d MR configuration
inside extended terraces atø620 K [Fig. 2(d)] and (b) co-
existing s1 3 2d MR reconstructed terraces (lower half) an
3D rough areas (upper half ) near the roughening transiti
sø700 Kd; UT ­ 2826 mV, IT ­ 3 nA.
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thes1 3 2d MR configuration even at aboutø620 K. Af-
ter heating the sample toø700 K flat (110) terraces no
longer are detected [Fig. 2(e)]. The surface consists
irregular mounds with lateral and vertical dimensions
several nanometers, thus demonstrating roughening in
We remark that the structural features presented above
not depend on whether the sample temperatureTS was
reached by heating or cooling indicating that—in agre
ment with the previous diffraction studies [9–13]—the
represent equilibrium atTS. A substantial influence on
surface impurities can also be excluded, particularly b
cause the observed morphology is not a local phenom
non but representative for the sample atTS. As shown by
McRaeet al. [21] surface segregation of Sn, which lead
to a decrease ofTC, requires prolonged annealing of th
sample at temperatures of 700–800 K, i.e., significan
higher than the temperatures used in the present inve
gation. STM itself, which has proven in the past to be
sensitive detector for small amounts of impurities as we
indicates contamination values less than 0.1%.

The scenario of the disordering of Au(110)-s1 3 2d 2D
and 3D visualizedin situ by STM certainly is at vari-
ance with the present theoretical models of deconstruc
and roughening. The order-disorder transition via latti
gas formation proposed by Campuzanoet al. [14] defi-
nitely can be excluded. Our STM results unambiguou
demonstrate that disorder processes preceding 3D rou
ening are confined to step edges, whereby thes1 3 2d
MR configuration of interior terrace regions [Fig. 4(a)
but also at the step edges itself definitely remains sta
until 3D roughening sets in [Fig. 3(a)]. This point is fur
ther corroborated by the STM image of Fig. 4(b) of th
Au surface close toTR sø650 Kd. Whereas in the up-
per half 3D mounds with dimensions of several nm ha
developed, the flat terraces of the lower half still exhib
the s1 3 2d MR periodicity. Notice also the absence o
s1 3 2d MR structures on the mounded region, which
in accordance with the predictions of den Nijs [7] that o
fcc(110) surfaces3D roughening induces a simultaneou
deconstruction transition.

Another feature predicted essentially by all theoretic
models, but not approved by our STM results concerns
increase off110g domain walls [e.g., Figs. 1(c) and 1(d)
or f110g steps [e.g., Figs. 1(e) and 1(f)] near the disord
transition atTC. Whereas the simple Ising domain wal
of Figs. 1(c) and 1(d), which should form inside broad
terraces, are not observed at all (see discussion above)
average density ofs1 3 3d steps remains constant within
experimental accuracy up to the roughening transition
TR. Between 400–600 K, however, a dramatic increa
of [001] steps [Figs. 2(c), 2(d), and 3] is observe
which gives rise to the jagged appearance of the s
profiles. Both findings are in agreement with the x-ra
diffraction study of Keaneet al. [11]. They concluded
that at the Ising phase transition of Au(110)-s1 3 2d
surfaceundergoes a reversible deconstruction transitio
5073
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characterized by a proliferation of compact antipha
defects[along f110g as displayed in Figs. 1(c) and 1(d
with no measurable change in the density of surfa
steps. Our STM results, however, clearly reveal th
the antiphase defects preferentially occur in the [0
direction rather than alongf110g.

On the basis of our real space investigation we s
gest the following two-stage mechanism for roughen
on Au(110)-s1 3 2d: (i) Because of the unavoidable mis
cut present in any human made surface, terraces ge
ally are finite sized and consequently separated by st
On Au(110)-s1 3 2d upon increasing temperature in
first stage the free energy ofs1 3 3d steps vanishes in
comparison with kinks, i.e., [001] steps. As a resu
steps no longer preferentially run parallel to the clo
packed rows, but are composed in the irregular man
of small f110g and [001] segments. In this stage terrac
still are flat ands1 3 2d MR reconstructed, though ex
hibiting jagged boundaries. The 2D roughening of s
edges on Au(110)-s1 3 2d resembles the structural mod
proposed by den Nijset al. [22] for the roughening of
vicinal (11 m) surfaces of fcc metals, where the ste
assume fractal structures and meander like coastlin
However, whereas the roughening transition of the (11
surfaces is of the Kosterlitz-Thouless type, the fact t
Au(110)-s1 3 2d andand stays reconstructed during ste
roughening favors an Ising transition for the disappe
ance of half-order diffraction spots. In the step-pairi
model of Vilfan and Villain [23], which originally was
proposed to account for the Ising criticality of Pt(110
s1 3 2d, pairs of steps are bound together and repres
the Ising domain walls. As illustrated in Fig. 1(g) th
corresponding Ising domains ares1 3 2d MR stripes of
neighboring terraces. As in the “disordered flat phase”
Rommelse and den Nijs [24] the surface remains flat
average and is characterized by a long-range up-d
order. Our experiments indeed reveal a similar Is
configuration at the jagged step edges, which divide
surface in smalls1 3 2d MR patches located on upper an
lower terraces, respectively [Fig. 3(b)]. The Ising doma
walls are formed by pairs of steps of the sawtooth str
ture. As the process of 2D step roughening is confined
preexisting steps, it probably explains the large scatte
of the Ising transition temperature given in the literatu
since the step density strongly depends on crystal q
ity and preparation. (ii) In a second stage, when the f
energy for the creation of steps vanishes at higher t
peratures, the surface roughens in three dimensions
simultaneously deconstructs.

In conclusion, thein situ investigation of Au(110)-
s1 3 2d with a variable-temperature STM provides a co
prehensive picture for the two phase transitions obser
previously by diffraction methods. The real space ima
ing of step roughening in 2D as well as 3D rougheni
and simultaneous deconstruction of Au(110), though o
incompletely described by present models, certainly
5074
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proves our understanding of phase transitions. It theref
hopefully will stimulate future theoretical and experime
tal studies, including Pt(110) and Ir(110), on this intere
ing and important topic.
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