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Co nanowire arrays on N-terminated Cu„110… surfaces
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~Received 3 November 2000; published 27 June 2001!

We demonstrate, using scanning tunneling microscopy, that the growth of Co onto Cu~110! surfaces can be
dramatically altered by first terminating the Cu~110! surface with an atomic nitrogen-induced (233) structure.
Co growth onto such surfaces results in the formation of ordered arrays of Co nanowires. These results are
contrasted with Co growth on clean Cu~110! surfaces and suggest that the N termination also prevents the
diffusion of Cu atoms into the Co layers.
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There is no denying the current interest in nanome
scale structures on surfaces. Characterizing both their s
ture and relevant properties is taxing. Methods of structu
characterization often require scanning probe technique1–3

whereas characterizing electronic or magnetic properties
require photoemission4 or optical-based techniques.5 The ex-
perimental facilities and technical expertise rarely coinc
to perform definitive complementary experiments.

Here we report the fortuitous discovery of a system t
results in ordered arrays of nanometer-scale structures
that also may have significantly interesting magnetic prop
ties. We have characterized this system with scanning
neling microscopy~STM! and low-energy-electron diffrac
tion ~LEED! to a sufficient degree that researchers w
capabilities for epitaxial growth and LEED can recreate th
structures. We have found that the growth of Co on
Cu~110! surfaces can be dramatically altered by first term
nating the Cu~110! surfaces with a (233) atomic nitrogen-
induced structure. Co growth onto such surfaces result
the formation of ordered arrays of Co nanowires. These
sults are contrasted with Co growth on clean Cu~110! sur-
faces.

These experiments were performed in a conventio
ultrahigh-vacuum chamber equipped with a commerc
room-temperature Omicron Vakuumphysik STM and ca
bilities for LEED. This STM allows for the storage of up t
8 samples or tips in vacuum. The Cu surfaces used in
study were cleaned using cycles of argon-ion bombardm
followed by annealing to 720 K. Atomic nitrogen-terminate
surfaces were prepared by bombarding Cu~110! surfaces
with 500-eV nitrogen ions followed by annealing to 600 K6

LEED observations afterwards showed sharp (233) pat-
terns. The Co evaporator consisted of a Co plate suppo
by W wires and heated by a feedback-controlled elect
beam. Deposition rates were determined by a quartz cry
thickness monitor. Co depositions are measured in mono
ers ~ML’s ! where 1 ML51.131015 atoms/cm2, the number
of atoms per unit area of a Cu~110! surface. Co evaporation
were performed on clean Cu surfaces at room temperatu
attempts to minimize the interdiffusion of Co and Cu. T
ensure a complete cooling to room temperature, the sam
were brought into thermal contact with a water-cooled c
per tube.

A driving force for studying these Co/Cu systems is
understand the magnetic properties of thin fcc Co films.7 To
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appreciate the effect that the (233)N structure has on the
growth of Co onto Cu~110! surfaces, one must understan
Co growth on clean surfaces. This has been given brief s
tiny in a recent combined study of STM and magneto-opti
Kerr effect~MOKE! showing that Co depositions resulted
three-dimensional islands that coalesced at a coverage o
ML and began displaying ferromagnetic properties only a
somewhat higher Co coverage of 4.6 ML.8 Studies of Co
growth on Cu~100! surfaces, in contrast, showed the onset
ferromagnetism at a coverage of 1.7 ML.9

We investigated these differences by making virtua
side-by-side comparisons of Co growth on clean Cu~110!
and Cu~100! surfaces. Figures 1~a! and 1~b! show the results
of exposing Cu~100! and Cu~110! surfaces to the same C
flux (431014 atoms/cm2).10 Figure 1~a! shows small atomi-
cally flat Co islands on a Cu~100! surface. Step height mea
surements are consistent with the 1.8-Å step height for
surface. On the Cu~110! surface@Fig. 1~b!#, one sees large
islands that are elongated in the^110& direction and are for
the most part two layers thick. Line scans show that th
layers are not imaged with the same interlayer spacings.
tip retracts 1.2 Å as it moves from the substrate to the fi
layer and then an additional 1.6 Å as it moves to the sec
layer. If we compute the fraction of surface area covered
the first- and second-layer growth, we obtain 0.50 and 0

FIG. 1. Two 30330-nm2 STM images and associated line sca
of ~a! Cu~100! and~b! Cu~110! surfaces exposed to the same flux
Co atoms (431014 cm22!. On Cu~100! surfaces, Co forms smal
single-layer islands. On Cu~110! surfaces, two-layer islands ar
formed with an unequal spacing between layers.
©2001 The American Physical Society11-1
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respectively. If each layer were due to Co, we would co
clude that we had evaporated 0.83 ML. This is far in exc
of the amount we believed was identically deposited on
surface shown in Fig. 1~a!. We explain this difference by
suggesting that Cu is diffusing on the surfaces to encapsu
or alloy with the Co as diagrammed in Fig. 2. Addition
evidence for this comes from the observation of single-lay
deep pits appearing on the surface after Co deposition. S
lar behavior has been demonstrated in a recent study o
growth on Cu~111! surfaces.11 Thus while Hopeet al. have
observed the coalescence of three-dimensional islands re
ing from Co growth on Cu~110! surfaces,8 we conclude that
these islands contained significant fractions of Cu ato
This most probably explains the different onsets of fer
magnetism for Co growth on Cu~110! and Cu~100!
surfaces.8,9 We note that Kief and Egelhof also expressed
belief that Co grown on Cu~110! surfaces resulted in Co-C
agglomerates.7

FIG. 2. Model for Co growth on Cu~110! surfaces. Cu is be-
lieved to diffuse and encapsulate the Co.

FIG. 3. Three 30330-nm2 STM images showing ~a!
Cu~110!-~233!N structures.~b! and~c! are results of 1 and 2 ML of
Co grown on Cu~110!-~233!N surfaces. Co forms~b! nanowires
and~c! ordered arrays of nanowires.~d! 1035-nm2 image showing
atomic resolution on the surface of the nanowires.
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Figure 3 shows STM images of Co growth o
N-terminated Cu~110! surfaces. Figure 3~a! shows an image
of a Cu~110!-~233!N surface. This structure is characterize
by rows of features running in thê110& direction.
Cu~110!-~233!N surfaces are sufficiently stable that the
may be removed from vacuum, then reinserted, briefly
gassed, and still display a (233) LEED pattern.12 Figures
3~b! and 3~c! show STM images of Cu~110!-~233!N sur-
faces following Co depositions of 1 and 2 ML, respective
Figure 3~b! shows an area of the (233!N structures and the
appearance of narrow rod-shaped structures running a
the ^110& direction. As the Co coverage is increased@Fig.
3~c!#, the surface appears to be covered by ordered array
these rod-shaped structures. The spacing between t
structures is 20 Å. Significantly, LEED also shows eviden
of these ordered arrays via the appearance of a (136) pat-
tern coexisting with the (233!N pattern. The (136) dif-
fraction spots are most easily observable for electron-be
energies of 12 eV. Figure 3~d! shows an image with atomic
resolution on the Co nanowires. Atomic resolution imag
like this show individual atomic rows running along th
^110& direction, with a 3.6-Å inter-row spacing and a 2.5-
spacing between features within the rows. These spacing
consistent with the fcc~110! unit cell found on the substrate

The following observations lead us to believe that lay
by-layer Co growth occurs on top of the nanowire arrays a
that the N structures are intact underneath the Co. We h
investigated Co growth up to 8 ML and still see rodlik
structures similar to those shown in Fig. 3~c! with no evi-
dence of three-dimensional growth occurring. This sugge
that layer-by-layer growth is occurring. If we anneal the su
strates after Co depositions much of the Co appears to
up on the surface and the N structures can again be obse
again with both STM and LEED. Similar results are obtain
for Co depositions onto heated Cu~110!-~233!N substrates.
This suggests to us that the (233)N structure is intact un-

FIG. 4. Model for Co growth on Cu~110!-~233!N surfaces. For
Co coverages between 0 and 2 ML, Co forms nanowires. Abov
ML, layer-by-layer growth occurs on top of the nanowires.
1-2
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derneath the Co. Thus the (233)N structure may preve
the diffusion of Cu atoms into the Co layers. A propo
model for the growth of Co onto N-terminated surface
diagrammed in Fig. 4. We contrast this with other result
particular, Co growth on Cu~110!-~231!O surfaces, whe
the oxygen floated to the top of the Co layers.13

In conclusion, we have compared the growth of Co
clean and N-terminated Cu~110! surfaces. From compariso
of STM images of Co deposited on clean Cu~110! and
Cu~100! surfaces, we suggest that Cu diffuses to encaps
Co on the Cu~110! surface. On Cu~110!-~233!N surfaces
Co forms arrays of nanowires running along the^110& direc-
on
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tion. Atomic resolution images suggest a well-ordered c
talline structure within these nanowires. We believe that
(233)N structures facilitate the directional growth of the
islands and that they also inhibit the diffusion of substr
Cu. It seems reasonable to expect different magnetic pro
ties for Co grown on the N-terminated surfaces as oppose
that grown on clean surfaces. One would expect the ons
ferromagnetism to occur at a lower coverage, and given
shapes of the Co islands one might expect these surfac
show strong magnetic anisotropies.
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