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Two-Dimensional Needle Growth of Electrodeposited Ni on Reconstructed Au(111)
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In situ scanning tunneling microscopy experiments reveal a new growth morphology in the form of
highly anisotropic monolayer islands (needles) during the electrodeposition of submonolayer coverages
of Ni on reconstructed Au(11l). To explain the well-defined orientation and shape of these Ni
needles a model is suggested where the interaction with the underlying substrate lattice induces a
pronounced structural anisotropy in the Ni deposit. The unusual nucleation and growth behavior allows
the generation of novel Ni nanogratings. [S0031-9007(96)01327-0]

PACS numbers: 68.35.Bs, 61.16.Ch, 68.55.Jk, 81.15.Pq

The formation of nanometer scale structures by deef about—0.60 V, with nucleation at defect sites (elbows
position of submonolayer amounts is a nonequilibriumand U connections) of the Au reconstruction starting at
process, which is controlled by the deposition conditionsslightly higher potential§=—0.60 V) than nucleation at
The shape of such structures depends mainly on the diffisteps of the Au substrates—0.62 V). The typical mor-
sion of adatoms across the surface and along the edgesptiology of a Au(111) surface covered with submonolayer
already existing deposits and hence is influenced stronglgmounts of Ni, after deposition at0.62 V, is shown
by the substrate symmetry. On surfaces with hexagonah Fig. 1. Several monatomic Ni islands with an aver-
lattices compact islands, randomly ramnified aggregatesge height of 1.7 A can be seen on an atomically flat
and dendrites have been found [1-3]. In contrast, exAu terrace. On the bare Au surface in the center of the
tremely anisotropic, needlelike structures usually require anage the characteristic double rows of the Au(111) re-
pronounced effective anisotropy [4] and are observed onlgonstruction [5], arranged in a zigzag pattern (“herring-
on substrates with considerable lattice anisotropy such dsone”), are still visible. Two types of Ni islands can
fcc (110) surfaces [2]. Here we present scanning tunbe distinguished: compact, often triangular shaped islands
neling microscopy (STM) results showing needle growthand strongly anisotropic, needlelike islands (arrows). The
of electrodeposited Ni on reconstructed Au(111). Themost obvious feature of the compact islands is a pro-
atoms in the surface layer of the reconstructed Au(111hounced,~0.6 A high, long-range modulation (“white
substrate are contracted uniaxially by 4.5% along thelots”). From atomic-scale observations, which reveal a
[110] direction [5] and the surface anisotropy is conse-hexagonal lattice with a next-neighbor spacing of 2.50 A
quently very small £3% difference in spacing between and the same orientation as the Au substrate lattice, this
the nearest- and next-nearest neighbor atoms). A strongiywodulation can be shown to originate from the mismatch
anisotropic growth of a simple metallic adsorbate is therebetween the hexagonal lattices of substrate and adlayer
fore highly unusual. To explain this phenomenon we sug{moiré pattern) [8]. Hence, the atomic arrangement in
gest a model where the needle growth is caused by these islands is similar as in the (111) plane of bulk Ni.
structural anisotropy in the Ni deposit, namely, a uniaxialThe preferred orientation of the island steps corresponds
contraction induced by the underlying reconstructed Auo the close-packed direction of the Ni lattice.
lattice. Much more unusual is the growth of needlelike mono-

The homebuilt electrochemical STM used in thelayer islands, examples of which are marked by arrows
experiments and the experimental procedures are déa Fig. 1. These needles are usually less than 40 A wide
scribed in detail in Ref. [6]. Modified Watts electrolyte but reach lengths of several hundred A.  Their height is
(1072M H3BO;, 107*M HCI, and 1073M NiSQ;), pre- 1.4 A, which is close to the minimal height of the com-
pared from suprapure #BO;, suprapure HCI, p.a. grade pact islands. The steps of the needles are very smooth
NiSO, and Milli-Q water, and freshly flame annealed along the longitudinal direction, and often seem to consist
Au(111) sample were used. The sample was immersed af a single, kink-free, atomic row. The orientation of the
—0.2 V with the potentials of sample and tip controlled needle islands is strictly determined by the local orien-
potentiostatically versus an A8gCl (KCl sat.) reference tation of the Au(111) reconstruction. The needles run
electrode. At this and at lower sample potentials thealways perpendicular to the double rows of the reconstruc-
herringbone reconstruction of the Au surface is preservetlon, i.e., along th¢110] direction, where the topmost Au
[7]. STM images were obtained in constant current modédayer is 4.5% contracted. If a needle approaches a recon-
with the tip potential usually kept 50—100 mV below the struction domain of different orientation, as, e.g., in the
sample potential. lower left corner of Fig. 1, it stops growing. In no case

As described in detail elsewhere [7,8], Ni depositionwas a change in orientation or even ramnification of the
on top of the Au(111) surface commences at a potentiateedles observed.
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FIG. 2. STM images showing the growth of Ni monolayer
needles on reconstructed Au(11I) = 4 nA, 520 X 760 A2).
(a) After a potential change te-0.63 V nuclei of the needle

FIG. 1. STM image showing the morphology of Ni submono-
layer coverages electrodeposited-a@.62 V on reconstructed

Au(111) (I, = 4 nA, 550 X 840 A?). Beside Ni monolyaer - :
: : ; : .. islands start growing. (b) Image recorded successively at a
islands with compact shapes, needlelike deposits are visibl otential of—0.6 V. (c) Parallel cuts along the lines indicated

(arrows). in (b).

The growth of these needle islands can be directly obeompact type, which can be observed in the upmost part
served in Fig. 2. Figure 2(a) shows a single reconstrucef the needles in Fig. 2(b), where the typical white dots
tion domain on a Au terrace 3 min after a potential changef the corresponding moiré pattern have emerged. The
from —0.59 to —0.63 V. At this potential Ni nucleates structural instability of wider needles may indicate that
predominantly at the Au steps, causing the formation othe needles are stabilized by the island edges.
several small Ni islands at the lower edge of the Au step From these observations we can directly conclude on
in the upper part of the image [7]. One of these islandghe kinetics of the growth process and on the correspond-
exhibits a rectangular shape and can hence be identifigdg structural properties of the needles. The growth of Ni
as a needle in the initial stages of growth. At the begindislands proceeds via deposition of Ni adatoms and their
ning of the subsequently recorded image [Fig. 2(b)] thesubsequent diffusion across the surface until they are at-
potential was changed back t€0.60 V to slow down the tached at a Ni step edge. Even for the slightly anisotropic
growth of the Ni islands. Nevertheless, the islands haveurface diffusion expected on reconstructed Au(111) con-
already evolved to pronounced, parallel needles, with theiderably more adatoms should arrive at one of the long
longest one extending 500 A into the terrace. Figure 2(b¥teps along the needle than at the needle tip. Hence, pre-
suggests that the widths of the needles are not randomggominant growth along the needle direction is possible
distributed but that certain (“magic”) values are preferredonly if the probability to nucleate a new row of atoms is
An analysis of about 30 different needles indicates thamuch higher at the steps forming the needle tip than at the
these magic widths am(11.5 = 1.0 A) with n = 4. Al-  steps along the needle. In other words, the adatom mo-
though the needles grow predominantly in the longitudi-bility along the latter steps has to be considerably higher
nal direction, thickening of the islands is possible by twoand most of the impinging adatoms are hence transported
mechanisms: either by nucleation and growth of singlealong these steps to the needle tips, supplying the growth
additional atomic rows along the needle edge [arrow irnin needle direction. The differences in edge diffusion in-
Fig. 2(b)] or by the parallel growth of a directly neigh- dicate distinct structural differences between steps along
bored second needle, consisting of several atomic rowthe needle and at the needle tip (see below).

(to the right of the longest needle). In the latter case the As visible in Figs. 1(a) and 2(b), the needle islands do
shape of the added needle is preserved; i.e., the gromot exhibit the pronounced modulation pattern found on
ing island maintains a constant width up to the needle tighe compact islands, indicating a different atomic structure
during the growth. For thicknesses exceedinfp) A (or  of the two island types. Atomic-resolution STM images
n = 4), however, the needles transform into islands of theof the needles, which would allow one to prove this idea
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directly, could not be obtained up to now due to experi- A

mental difficulties (narrow island width, low tip stability D@

due to H; evolution). However, a weak long-range modu- . @g{;@@ P
lation can be detected on the needles, which clearly dif- © = % %@%@ =
fers from the moiré pattern on the compact islands and £ @@@@% £
allows conclusions on the atomic structure. To show this 1ug.step %@g@_¢ {111 }etap
modulation more clearly, a surface profile running along e g
the center of the longest needle in Fig. 2(b) (Ni) is pre- o I@@@ 1 bt
sented in Fig. 2(c). For comparison, Fig. 2(c) also shows= /=, AL =1 =)

a profile of the neighboring Au substrate surface (Au). In } - [T = (oostee

both profiles the typical vertical modulation of the Au re-
construction with 63 A spacing between pairs of rows and
~20 A spacing between the rows of one pair [5] is dis-FIG. 3. Two alternative models illustrating the potential ar-
cernible (0.2—0.3 A corrugation amplitude). Furthermore f@ngement of :\“ at_omﬁ (Sha‘éﬁd Cf'rC'eS) on (tjhe Au ﬁwface 'atd'
in both profiles the maxima are found at the same positiorﬂcgngggigﬂycggrif’gé?eé ?B;]i?rucetirg.r a pseudomorphic (A) an
i.e., the double rows of the Au reconstruction appear to
continue on the Ni needles. Finally, close inspection of
the images reveals a long-range lateral displacement of thevely (see Fig. 3). The difference in free energy and
edge along the two needle steps (amplitadieA), which  edge mobility between these two facets [3,9] also causes
reflects the lateral displacement of the Au atoms alonghe triagonal, rather than hexagonal, shape of the com-
[110] in the unit cell of the reconstruction [5]. These ob- pact Ni islands. In addition, the pseudomorphic structure
servations can be explained in two scenarios, which diffeshould easily adapt to changes in the orientation of the re-
only with respect to the underlying Au lattice but not with construction. This should result in changes of the needle
respect to the lateral arrangement of the Ni atoms: in thdirection at the domain boundaries of the reconstruction,
first one the underlying Au surface layer is reconstructedvhich was never observed. Finally, the model completely
and the Ni atoms in the needle have the same spacing as tfals to explain the preference for certain magic widths of
Au surface atoms (at least alofigi0]; see below); i.e., the the needles.
Au reconstruction is maintained. Inthe second one the Au In search for alternative structures all models with a
reconstruction is lifted by the Ni deposit but the Ni atomsdifferent atomic spacing along the needle direction can
attain a lattice spacing, which mimics the former recon-be eliminated, since this would cause an additional long-
structed Au layer. The latter model seems less likely inrange modulation pattern. The only remaining possibility
view of the good alignment of the modulation maxima onis a uniaxial contraction of the Ni lattice perpendicular
Au and on the Ni needle as well as due to the considerablio the needle, i.e., along tHd12] direction of the Au
smaller Ni spacing observed in the compact islands, whiclattice. Such uniaxial contracted metal adlayer structures
should be preferred also in the needle structure. We therérave been observed in electrochemical environment [10]
fore plausibly assume that the Ni needles grow on top o&s well as under UHV conditions [11] and result from
the reconstructed Au substrate, without rearranging the Athe tendency of the adlayer to improve the packing den-
surface atoms. sity and simultaneously avoid occupation of the energeti-
Possible models for the atomic arrangement in thecally unfavorable top sites. A pronounced influence of the
needle islands are illustrated in Fig. 3. (For simplicity uniaxial contraction on the growth morphology, however,
the Au lattice is depicted as unmodulated and uniformlyhas not been reported up to now. In model B in Fig. 3
contracted alond110].) At a first glance a pseudomor- a uniaxial contraction to a nearest-neighbor Ni distance
phic structure with all Ni atoms placed in threefold-hollow of 2.50 A, the Ni spacing in the compact islands, was as-
sites of the reconstructed Au surface appears most obvésumed, corresponding to a unit cell vector aldng?2]
ous (model A). However, this model fails to explain the of 5(v/3/2)aa, = 12.5 A (with ax, = 2.885 A). Since
characteristic features of the Ni needles and, in particuthe Ni atoms occupy various sites from bridge to hollow
lar, does not provide an apparent driving force for thesites on the Au surface, a weak modulation perpendicular
extremely anisotropic growth. As indicated above, a mato the needle direction should result (with 0.15 A ampli-
jor structural difference between the steps forming theude according to a ball model). Although the observation
tip and the steps along the needle is required to explaiof this effect is usually complicated by the step broaden-
needle growth. For a pseudomorphic structure one mighhg caused by the finite size of the STM tip, some of the
attribute this difference to the 0.1 A different spacing ofwider needles seem to exhibit a shallow minimum along
the Ni atoms along the two types of steps, caused bthe center, which may correspond to this modulation. As
the contraction within the reconstructed Au surface layercan be seen in Fig. 3 needles with the magic width in
However, this effect should be more than compensatethis model have (111) microfacet steps along both sides
by the well-known structural difference of opposite stepwhile the steps at the tip both are close to (100) facets.
edges, which form (111) and (100) microfacets, respecHence, both the pronounced anisotropy as well as the
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occurrence of magic widths can be explained by thisafter needle growth was initiated by a potential step from
model. Since the growth anisotropy in this model is re-—0.62 to —0.64 V.  Since the islands grow rapidly
lated to the intrinsic structure of the needle rather tharand continuously during the recording of the image, the
to the substrate surface structure, the absence of chandesal coverage increases from top to bottom, reflecting the
in needle direction also is not surprising. It is hotewor-increasing deposition time. The domains of the underlying
thy that the anisotropic islands observed during homoepiAu reconstruction form a regular zigzag pattern and the
taxial growth of Au on reconstructed Au(100), where, Ni nuclei are localized at well-defined positions (elbows)
however, the substrate anisotropy is much stronger, weraf this pattern. Hence, the starting points as well as the
explained by a very similar model [12]. The orientation of growth directions of the needles are also well defined
the needles is determined by the anisotropy of the recorand a regular arrangement of needles (or troughs between
structed Au substrate, which provides three close-packedeedles) results. Because of the proceeding growth this
directions with slightly different atomic spacings. Our re-regular pattern is discernible only locally. However, by
sults indicate that the contraction of the Ni needles al-optimizing this procedure, e.g., by stabilizing the needle
ways occurs along the uncontracfdd2] direction of the  growth at potentials<—0.6 V after short-time deposition
reconstructed Au surface layer, i.e., along the directiorat —0.64 V, well-ordered herringbone gratings formed by
where the interatomic distance of pseudomorphically arNi monolayer needles with potentially unusual chemical
ranged Ni atoms would be maximal. and magnetic properties may be created.

The growth of Ni needles on Au(111) seems to be re- In summary, we have observed an unsuspected two-
stricted to the electrochemical environment. STM studieslimensional needle growth during Ni electrodeposition on
of vapor deposited Ni on reconstructed Au(111) surfaces iu(111). The needlelike island shape is explained by a
UHV only find compact Ni islands, of apparently pseudo-structural anisotropy in the Ni deposit itself, namely, a
morphic structure [13]. This difference may be caused byniaxial contraction across the needle caused by epitaxial
the negative deposition potential for Ni electrodepositiongffects, whereas the orientation of the needles is deter-
which is well below the potential of hydrogen adsorptionmined by the weak anisotropy of the reconstructed sur-
on Ni, so that the Ni layer is covered by a H adlayer, and byface layer. The unusual nucleation and growth behavior
the corresponding negative surface charge. The H adsoof this system may be utilized for the generation of regu-
bate may weaken the bond of the Ni with the Au substratelar Ni nanogratings.
which is a general and well-known tendency for H adsorp-
tion [14]. H adsorption may hence lower the tendency of
the Ni atoms to occupy the energetically preferred hollow
sites in a pseudomorphic arrangement. In addition, hy-
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