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Abstract, Low energy jon scattering [[35) and scanning tupmeling microscopy
(5TM) are powerful tools for the analysis of surface structures. ok technigues are
operative in real space. The jon seallering technigues afford quantitative data on
aurlace structure but as spatial averages only. STM provides nan- seraged local in-
formation but it is not necessarily quantitative. STM provides o= iled information
on surlace defects, e, g steps, and mesoscopie structures. The ey techoigues will
be compared in the case of (110] surfaces al Au and Ph,

INTRODUCTION

Surface structure analysis has reached a new aera sinee the mvention al the
seanming tunneling microseope [1]. This new Lool was proceeded by approgi-
mately 20 years of surface analysis using a large number of difli rent technigues
based on different basic phenomena of physics. Au{1L0] was D fiest surface
found to exhibit reconstruction [2]. Reconstruction means, th - actual surlace
is in a regular way different from the crystallographic structn v of an equivi-
lenit plane in the bulk of the matecial. [T the surface plane is equal n strucbuee
tir Uhie equivalent planes in the bulk, the situation s called “ban's terminated”,
Additionally te reconstruction there is a change ol lattice rameters suci
thal the planar distance between the outermost layer and the secand layer,
is changed, In most materials the change is a rechuetion called “eontraction”.
(he “standard data” for Au{110]) are: the surface is (1x2] rec nstructed with
o contraction of 0.20A and a lateral shift in the [001] diee ¢ on of the [110]

FIGURE 1: WMadel (perspective view) of a regular foce (110) surface and of {1x2) recon-
sructed surface. The recanstructed phase has been named "missing ow” structure.
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rows in the 2nd layer by 0.14A [3]. Fig. | shows a model of 2 regular {1x1]
surface of a fee metal and a (1x2) reconstructed surlace. For sbvious reasons
this structure is called “missing row” structure. Heside on Au (110) this type
of reconstrnction is alsoe found on {110

i
[
L}

STRUCTURE OF THE AU(110) SURFACE:
ISS-RESULTS

The data presented have been published in the past in a nuuber of papers,
With respect to structural data good agreement was obtained with the LELD
data [3, 4. 5]. Fig. 2 [6, 7] shows experimental [85 spectra in comparison with
caleulated spectra using the code MARLOWIE. The eode includes a simula
tion of the thermal displacement of the surface atoms. The “philosophy™ s
equivalent to the LIEETY analysis, i.eo a surface structure model 15 useld hased
on the sa called B-factor analysis. Best agreement is reached with the Moritz
and Wolf model 4, 3], The “saw touth”™ maodel [8] e g is b all means not
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satisfactory (Fig. 2}, For further details see the original papers 6, 71
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FIGURE 2. Comparison of experimental ion scattering spectra of K scattered from
Au({110)(1x2) [6] in comparisan with calculated spectra (histograms)[7]. The calculated
spectra are obtained from the structural models of Maritz and Welf [4, 5] and the saw
tooth model [8] respectively,

It is worth mentioning that the LEED analvsis [4.3, 9] is Juded not only
e “standard structural” data bl also a detailed analysis of possible *defects”
on fee (110) surfaces, which includes (1x1), (1x2), (1x3). ... i lands bordered
by the necessary steps which connect the different areas. In shwrt, the LEED
analysis led to a real space surface which is dominated by the { % 2] reconstruc-
Lion, but is organised in a mesa-like pattern with average dimeousions of aboul
604 along the [110] direction and of about 0A along [001]. B would have
heen interesting Lo have had an “in situ” STM analysis of the same surlace,
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Levnse recent STM results show moeh larper terraces m average [10, 11, 12|

anil abwionlsy, there are no extended [001] steps. The surface forms Ll s0

called #lish™ scale patiern,
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FIGURE 3: Defect structures [side view) of the (1x2) reconstructed foe (110) surface
with ereation energies per atom {glue model [28])

In the cotrse of our jon scatiering work we used also another approach, Le,
e NT10159 variation {Nentral lonpaet Collision Ton Sratlering Spectrometry )
(13, 14, 13]. The method is based on the classical shadow cone effeet [16].
Fig. 1 shows results of intensity vs plancing angle of meidence o wperiments in
comparison with “2 atom-mosdel” caleulations [17]. The criticar angle which we
locate at 008 of the intensity is a direct measure of the shadow cone racling a
the interatomic distance al the surface chain of atoms o quest on or Vieeversa
[14, 18]. The broadening towards smaller impact angles is a neasare for the
thermial displacements of the atoms. These displacements can be accurately
modelled using the Debye-theary [14]. This is included in the -alenlations the
lts of which are the solid lines in Figs. 4. The agreement of experiments
L0=% in most cases (least square deviations].

and calendation is belter than
Pl results of the NICISS experiments are summarized in Fie B owhich shows

e intensitios related 1o “perfect® [LT0] chains, to vacanci - in Lhe clains

aned 1o Tarper defeetas The appearance al U lareer defiele ar alion RN ]
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FIGURE 4: lon scattering results from Au(110) at low temperatures and above the
phase transition temperature 1. = 650K. The ion intensities are yields from a NICISS
experiment, i e double differential spectra with respect to angle and energy making
use of the shadow cone effect, Lines are caleulated from a two atom model. [17]

(the destruction temperature of the (1x2) structuee) [19] i in agreement with
g transition predicted theoretically [20] and
found experimentally [17. 21]. That s, we relate the appearanee o Hie lacge
defects (g, 37 with ronghening.
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FIGURE 5: Relative contributions of the ion yields in the expenments of Fig. 4 as
function of the target temperature. The different contributions are wvisualized i the
inset [17].

The experimental data for the [001] direction show no evulence for other
periodicities than (1x2) and a qualilative similar temperature dependence.,
Far passant we mention 155 results for PUOLLOY (13, 14, 22] end Te(110} [23.
20, In the Pr{110) case {room temperature results only) there is also clear

evidenee for the missing raw structure, The reconstruction = acearmpranied




v conlraction between the first and second layer. The order af .__rc. _un_“.,:_“_.”_
arface is apparently better than that af Aull10) in .._n_.m..nm::.,_:. ﬂ.:u.: f..n;L
results [10], In the 1e(110) case other periodicities are fonnd. §.e. [1x3) mainly
mixed with {(1x1) and some {1x2). There are also maore large defects present
al room temperature compared to Au and Pr In the rase ”_.;. Tr (110] there )
also evidenece for roughening al about the structure ranstbion temperature of
050K [25].
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FIGURE 6 Azimuthal dependence of the ion intensity from Au{110)(1x2}) at room
termperature and above T, = 650 K, i. . the phase transition temperature. Each data
point is the ion yield of double differential spectrum with respect to angle and energy.

[n the lasl section of this paragraph we will adress _.:.1 question: what
does the Au(110) surface aclually louk like above Lhe transiton temperalues
of 507 We liave one answer Trom ion scatlering [26, 27| and one H...m::. Lheory
[28] the jon scattering results are oblained using the ..._,.__c_ﬁ..r._:u. oflect” : __ ,... A_:,H
heam is incident grazingly onto the surface an the won speclromeler 1s _.;n:t.n.
al some large angle of scattering, In the experiment only the .n“.x:._:__.r:__ angle is
varied. The result (Fig. 6) 15 an intensity distribution reflective the H.EUL space
periodicity of L erystal, i. e, all Tow Tnelex surface directions ...“:_.,x, A 1N
. | particles are channeled essentially into the specular

i the intensily because : | ik | 2
angle of scattering. Looking at the ,._:..::ln;_ particles is usefnl A.._..E_ i.oa by
means of a position sensitive detector (29, 3l w: In :_w.,_.._ :”r__.._m ?_.:..A..q:..
| vs w2 plot (Fig. 6. “larpe” channels give wide minima ele. The minimum ..“_..:.E
to w measure for the order of the crystal as is the yield of ba: kseattered ions
al small angle of incidence in the | vs plots (Fig. 4). When he .....::.m::..,ﬁ.::,
i rnised the minima change characteristically but wilhont a s”.m_._m:ﬁ. change
Al GA0K. i, e the behaviour is rather smoolh as in Fig. 5 The ::..nm..ni.,.ow
{he minimum intensity shows, however, a threshold hehaviour .h_._u.,:._z ::E...z.x:.“.a..
Aeibuted to “background™ in Fig. 5. We note that the Au{110} above 650K
s cortainly not __;__._E like. A liquid surface canses a flat 1 M P curve as
ahiown in the case of sueface molten Ph{110) [30]. The compririson with the
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FIGURE 7: Structural models {top view) of the regular [1x2] strucrure, a "random”
model [27], 1. e. a randomized | menalayer on a regular (1x1) surface, and the disordered
structure from glue model calculations [28] [wath courtesy of the authors).

MARLOWIE |42] results (Fig. G) is satisfactory at room temperatore, e
agreement at TO0K 15 bad, probably because the “random”™ surface model
(g, 71 wsed is not the Treal” suelace structuee, We tried other models, oo g,
(Lx1) with point defects and adatoms, large "anomalous™, thermal vibrations
cle. with no better results [26]. Qualitatively, Aol 1100 aliose 650K is like
the rongh PR{TED) surface at 4201 33, the detailed structure of whicl is nol
known either. & surface as praposed by theory (Fig 7 right ) [28] has oot been
tested i comparison with our experiments. The Lheary is based on o "glae
poutential® calealation, A previous embedded atom (BEAM) caleulation shows
a breakop of the surface chains as o Fig, 7 (middle) bl less single alams or
single vacancies [34).

In summary: The pre-5TM experiments give a very aceurale struclure
todel of Aul 110 a good model for the [1x2)=2{1x1) phase transitions (20]
lsinng ) aoned soane ideas of the disordered surlace,

SCANNING TUNNELING MICROSCOPY ON
AU(110)

Aul 110} was one of the ficst surfaced probed by 5TM [33]. The strocture
wivh dorminantly (1x2) and with practically all the defects exected from the



(2000 x 20004)%, U, = 0.5V, | = 0.8nA. nght] Detail of the structure shawing an
antiphase domain wall. The tap terrace is in the lower right corner  The number of
gray scales is equalized to the number of terrace in arder to enhance the contrast of the
steps and the antiphase domain wall, i, & the perpendicular line in the middle. {1000
x 1000A)%, U, = 0.5V, |, = 0.8nA.

FIGURE 8: left) STM result from a clean. well annealed Au{110}(1x2} surface [12];

previensly LEED analysis, Further work on Aal110) [11, 12, 13] led to new
posnlts with respect o the step ol terrace structure on Au (11070 At lawe bt
not minimalized impurity levels steps are “oinned” by impurities. Hence pakler
long (2000A] terraces are found extending along the [LT0] direstion. The J0H01]
steps are not well defined. 'l T extension of the terraces i the [001] direction is
of Lhe order of 50A in many cases, Usually there are also (1x3) patches an the
aurfaces. 1t shonld be noted thal small concentrations of alkali metals an the
Au(110) surface canse & [1x2]=[1x3) phasc ransition [36]. Further cleaning
of the surlace releases the steps from the [Hnning sitwation and the mesoscopic
structure has been named “fish scale” structure (10, 11] {Fig. 8}, The patiern
ww enforeed by the principle of energy minimization, The free mergy fatom in
steps is lower for low Miller index steps compared Lo high Wi e dndex steps.
In case of Au{1l0]) the reconsiruction makes terraces Lo have [11) type steps
on one side and {331} type steps an the other side (Fig. 9). 9ne example ol
an antiphase line to compensate for the bordering both sides with (LLT) steps
mainly s shown in Fig. 8 (right). The dominating solution fer the problem
ta have, albeit kinked Tt (1 L1 Ay pe steps mainly, is the “hicden” antiphase
liw joining three terraces Gl seale like, These step structures have nol [reeent
predicted liy any pre-51TM work, neither by theory nor by exp ment.

A worle has been reported for temperatures abuve GHOK. Tp
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FIGURE 9; Structural models showing the principles possibilities to lower the surface

energy by preferentially creating (111) type steps. These steps have the lowest energy
compared to e g (331) or (001).

increasing step mobil

3 ..I_“ . Ta - H
Ler B s is ohserved manifested by the pes”
of Uie steps due to Lhe Tact Ut the seanning speed becomes

specd which with Lhe steps are chi

waller than Lhe

i . e se nEing Lheir position [37]0 Becently we ran
J A LA . e e Mia=s 5 E

_. experiments with “shock cooled”, surfaces i e, the swrface was cooled
rorn above GROW with o s A0 Fini i
. above GROI with a rate of 30K /min to room remperature. By Lhis means
some of the steneture of the disordered state is preserved (Fi, 10) [30]. The
. LI e . a . 1 ; _. i ;
surface is obviously disordered, but compared to a “random” surface {(Vig. T)
the [L10] chains are longer than o ee s

pected compared {o the I3 M-surface 1he
3 - o T 5 2
rongher” | i e, also the second layer is ool porfectly ordered

aclual surface is
A quantita

. ive analysis of the average distance of the [L10] rows shows that
there is more (1x3) than (1x2). The preference of the (1xd) distances pe
for quite some Lime in the annealing process. At room femporature it takes

shs



4 days to gel the fish scale patterns with a good developed (1x2) structure.
The “critical® phase for the shock cooling is probably the interval hetween
GR0I and 515K where we faund the vacancy formation to start, i e. the
temperature where the surface mobility is high in agreement with the frizziness
results [39]. From our STM results we propose that al the (1x11=(1%2) phase
Lransition temperature the [110] chains are nol complelely randomized. Tlis
finding agrees qualitatively with the jon seattering result {Fig. 6) which shows
“hetter® [110] channels Lhan expected from a random model.

FIGURE 10: STH image from a rapidly cooled Au{110) surface from above BEOK to
room temperature with a rate of S0K/min. The surface roughness extends over maore
than two layers. The dominating lattice constant in the [001] direction corresponds on
the lighter patches (2nd layer) to a (1x3) reconstruction, an the dark matches [3d layer}
to a {1x2) reconstruction. The irregular lengthy rows (light) of the top layer are ariented

parallel ta [1 1] {500 = 500 A2 1), = 0.5V, I, = D.8nA).

SUMMARY

The data presented here show clearly that 51TM is a complementary Lool to
other surface science techniques including 158, The strengel of STM is the
Lopography information especially about steps and related *defocts”. Crystal-
I techniques. High

lography data are more accurately obtained using pre-5
temperature studies may also remain a lorbicden realm for TN, sinee the
“eapturing” of the tip by the surface atoms under study may be a general
effeet (401, A further important difference, as well known as Lhe topography
e erystallography arguments [14], is the difference i ehemiical” information,
[ comes naturally e wowith 195, bot is rather a weak point of 5TM,
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