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We observe the spontaneous formation of parallel oxide rods upon exposing a clean NiAls110d surface to
oxygen at elevated temperaturess850–1350 Kd. By following the self-assembly of individual nanorods in real
time with low-energy electron microscopysLEEMd, we are able to investigate the processes by which the rods
lengthen along their axes and thicken normal to the surface of the substrate. At a fixed temperature and O2

pressure, the rods lengthen along their axes at a constant rate. The exponential temperature dependence of this
rate yields an activation energy for growth of 1.2±0.1 eV. The rod growth rates do not change as their ends
pass in close proximitys,40 nmd to each other, which suggests that they do not compete for diffusing flux in
order to elongate. Both LEEM and scanning tunneling microscopysSTMd studies show that the rods can grow
vertically in layer-by-layer fashion. The heights of the rods are extremely bias dependent in STM images, but
occur in integer multiples of approximately 2-Å-thick oxygen-cation layers. As the rods elongate from one
substrate terrace to the next, we commonly see sharp changes in their rates of elongation that result from their
tendency to gainslosed atomic layers as they descendsclimbd substrate steps. Diffraction analysis and dark-
field imaging with LEEM indicate that the rods are crystalline, with a lattice constant that is well matched to
that of the substrate along their length. We discuss the factors that lead to the formation of these highly
anisotropic structures.
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I. INTRODUCTION

Recent advances in nanoscience have shown us that we
can awaken exotic, new behavior and functionality in mate-
rials by reducing their size to characteristic length scales
over which certain physical processes occur. Learning to
synthesize objects on the nanometer length scales at which
effects like quantum confinement and spin-dependent trans-
port can be exploited has been among the major challenges
in this field.1–3 Building nanostructures from metal oxides4

may prove particularly useful since, even in their bulk forms,
these complex materials can exhibit exotic behavior, includ-
ing superconductivity and colossal magnetoresistance. Be-
cause of the slow speed, size limitations, and expense asso-
ciated with lithographic approaches, many scientists have
worked to get these materials to “self-assemble” into pat-
terned nanostructures. Unfortunately, it is rarely possible to
actually observe such self-assembly as it is happening. In
most studies of nanostructure formation, the mechanisms by
which the structures grow have to be inferred from still im-
ages recorded after a substrate is subjected to some process.
This has made it difficult to obtain basic knowledge that
would allow us to understand how self-assembly occurs and
to apply it more often.

One approach to self-assembling metal oxide nanostruc-
tures on surfaces has been the oxidation of metallic alloys. In
fact, the self-assembly of one-dimensional, ribbonlike nano-
structures appears to be quite prevalent during the oxidation
of bimetallic alloy surfaces.5 Particularly striking examples
are found in static, room-temperature STM images recorded
after high-temperature oxidation of the CoGas001d sRef. 6d
and NiAls001d sRef. 7d surfaces. In each case, the heat of
formation of the oxide of one of the alloy’s constituentssGa
and Al, respectivelyd is much higher than that of the other
element. The resulting oxides are thought to contain only one

cation speciessGa2O3 and Al2O3d and form crystalline nano-
rods along thef100g and f010g directions of their templates.
The growth of these high-aspect-ratio structures has been
proposed to result from anisotropic strain. That is, the lattice
parameters of the oxide are well matched to those of the
substrate along the rod axis but not along the perpendicular
direction.

In this article, we show that high-temperature oxidation
results in the spontaneous formation of nanorods on thes110d
surface of NiAl as well. We present the results of both static
and dynamic measurements that reveal the processes by
which the nanorods assemble. In particular, by using low-
energy electron microscopy8 sLEEMd to observe their forma-
tion in real time, we are able to determine how the nanorods
lengthen, grow vertically, and interact with the atomic steps
of the substrate. In addition, we investigate how changes in
the oxygen supply and temperature affect the growth dynam-
ics.

NiAl is known to be useful as an oxidation-resistant ma-
terial, and several groups have investigated the oxidation of
its surfaces.5,7,9–20 Early work9 showed that many different
oxide phases, including thea, d, g, and u polymorphs of
Al2O3 and the compound NiAl2O4, can form and protect the
surface from further oxidation. These oxides all contain
close-packed oxygen planes and are distinguished by the dis-
tribution of metal cations at octahedral and tetrahedral sites
between those planes. When prepared on NiAls110d, these
oxides are oriented such that their close-packed oxygen
planes lie parallel to the surface. The more recent
studies7,10–20 were sparked by the discovery that protective,
ultrathin alumina films that were exceptionally flat and uni-
form could be produced on this conducting substrate. When
the s110d face of NiAl is exposed to oxygen at,550 K, an
amorphous oxide develops. Subsequent annealing to 1000–
1200 K leads to crystallization of the oxide to form a 5-Å-
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thick alumina film. This film consists of two oxygen-
aluminum bilayers and has very recently been found to have
an atomic structure closely related to the kappa phase of
Al2O3.

10 This unique system made it possible to study a tech-
nologically important, insulating oxidesAl2O3d with power-
ful, electron-based surface probes, including electron diffrac-
tion and scanning tunneling microscopysSTMd, which are
typically inapplicable to studies of insulating materials. The
nanorod formation that we observe is entirely different from
the k-Al2O3 film-forming process described above. Near the
end of this article, we discuss the differences in the epitaxial
relationship and formation conditions that exist between the
rods and the well-studiedk-Al2O3 films. These differences
lead us to suggest that, unlike the films, the rods are com-
posed of a spinel-like phase related tog-Al2O3 and
NiAl 2O4.

21

II. SYNTHESIS AND GROWTH DYNAMICS

Our LEEM and STM experiments were conducted in
separate ultra high-vacuum systems with base pressures be-
low 1.3310−10 Torr. Both systems were equipped with in-
strumentation for Auger spectroscopy and low-energy elec-
tron diffraction sLEEDd. Temperatures were monitored with
W–5% Re vs W–26% Re thermocouples that were spot
welded to the sides of our disk-shaped crystals. A previous
wavelength-dispersive electron microprobe analysis showed
that our crystals were nickel rich, with a composition near
Ni0.57Al0.43.

22 Our NiAls110d surfaces were prepared by sev-
eral cycles of sputtering with 700-eV Ar ions and annealing
to 1200 K. The surfaces were then held at 800–1200 K and
exposed to 3–20 Ls1 L=10−6 Torr sd of high-purity oxygen
gas. Unless otherwise noted, the LEEM images that we will
present were obtained in bright field—i.e., by forming an
image from the specularly reflected electron beam, at an
electron energy of about 4.0 V.

Nucleation and growth of nanorods during high-
temperature oxidation of the substrate are evident in the two
series of LEEM images in Fig. 1. Imagessad and sdd were
recorded just before the oxidation process began. The curved
edges of the atomic terraces—i.e., the monatomic surface
steps—of the substrate can be seen in both images. As the
surface was exposed to oxygen, rodlike structures formed.
All of the rods were aligned along the substratef001g direc-
tion. With continued exposure to oxygen, the rods elongated
in this direction. This growth can be easily seen by compar-
ing image scd to sbd and imagesfd to sed in Fig. 1. Rods
eventually reached lengths in excess of 25µm.

From Fig. 1, it is evident that rods nucleated both on
terraces and at steps, but that the substrate steps provided
preferred sites for nucleation. By comparing imagesdd to
imagesed, it can be seen that an atomic step that was created
where a bulk dislocation terminated at the surfacefmarked
with an arrow in imagesddg also provided a nucleation site
for a nanorod. The two series of imagesfsad–scd andsdd–sfdg
show that decreasing the temperature at which the substrate
was exposed to oxygen resulted in an increase in the number
of rods that nucleated within the field of view. This was
generally the case. Specifically, we found that reducing the

exposure temperature from 1150 K to 950 K increased the
nucleation density of the rods by a factor of,100.

While the nanorods grew, we often observed the nucle-
ation of islands on the substrate that were not rod shaped.
The small, dark spot to the left of the3 symbol in Figs. 1sed
and 1sfd shows one such nucleation event. Diffraction analy-
sis established that these features were patches of the well-
studiedk-Al2O3 phase.sThat is, these features exhibited the
same electron diffraction pattern11,14 as thek-Al2O3 phase
that is produced by low-temperature O2 exposure followed
by annealing.d This phase nucleated at substrate steps or next
to the nanorods. The relative abundance of the rods andk-
Al2O3 on the surface could be controlled by varying the tem-
perature at which the substrate was exposed to oxygen. After
exposures at 850–950 K,k-Al2O3 was virtually nonexistent.
At higher temperatures and after long exposures, this phase
became more abundant. This observation is consistent with
those of Ref. 9, in which transmission electron microscopy
sTEMd was used to analyze the oxides formed on NiAls110d
surfaces heated to 1073 K in air. In that study, transient oxide
species such as spinelsNiAl 2O4d andd-Al2O3 formed before
the more thermodynamically stableu andg sand presumably
kd manifestations of Al2O3 appeared.

LEEM gave us the unique capability to quantify the real-
time growth dynamics of these structures. After nucleation,
individual rods lengthened from both ends at a constant rate.
In each data set in Fig. 2sad, we traced the position of one

FIG. 1. Self-assembly of rod structures during high-temperature
oxidation of the NiAls110d surface. These 5-µm field-of-view
LEEM images show that upon exposing the hot substrate to 1.0
310−7 Torr O2, nanorods form along the substratef001g direction.
The rods elongate with continued exposure to oxygen. The two dark
spots that are present in all images are a result of defective areas on
our detector and are not related to the morphology of the sample.
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end of a given rod as a function of time during growth at five
different temperatures. The constant rate of growth is evident
in the linearity of the five curves. Further analysis showed
that the ends of most rods within a given field of view at a
given temperature elongated at the same steady rate.

At a fixed oxygen pressure of 1.0310−7 Torr, the axial
growth rate of the nanorods increased exponentially as the
temperature was increased. The slope of the resulting
Arrhenius plotfshown in Fig. 2sbdg shows that the elongation
rate is limited by the kinetics of a process with an activation
barrier of 1.2±0.1 eV. Below, we explore the origin of this
energy barrier.

In an attempt to discover the rate-limiting step in the for-
mation of the nanorods, we investigated the effect that vary-
ing the O2 pressure had on the axial growth rate. The results
of this study are shown in Fig. 2scd. To obtain each of the
curves in the figure, the substrate was held at a fixed tem-
perature and exposed to varied O2 background pressures. Af-
ter each exposureseach data pointd, the sample was heated to
1350 K to sublimate the oxide before the next exposure. The
data show that the growth rate does not increase linearly with
the oxygen pressure. As the oxygen pressure is doubled, the
axial growth rate increases by a factor less than 2, despite the

fact that the local supply of oxygen has been doubled. This
suggests that the arrival of metal atoms can limit the growth
of the nanorods at elevated oxygen pressures.

The metal atoms could arrive at the ends of the rods via
diffusion from the NiAl substrate or through the rod oxide
itself. The so-called “triple defect”stwo Ni vacancies and
one Ni atom on an Al sited is thought to be involved in bulk
mass transport in Ni-rich NiAlsRef. 23d and could be in-
volved in the exchange of Ni and Al atoms between the bulk
and the surface during oxidation. The formation energy of
this defect was measured to be 1.28 eV in Ref. 22, which is
close our measured values1.2±0.1 eVd for the activation
energy for nanorod growth on our Ni-rich crystal. If the
metal atoms that fuel nanorod growth diffuse through the
oxide itself, it would also be relevant to compare our value to
activation energies for surface,24 lattice,25,26 and boundary25

diffusion of cations in alumina. Unfortunately, due to diffi-
culties described in Refs. 25 and 26, which include inconsis-
tencies due to impurities and the long half-life of Al tracer
isotopes used to measure Al diffusion, values for these ener-
gies that have been reported in the literature vary greatly and
are thought to be unreliable.25,26

FIG. 2. Temperature and pressure dependences of the growth rate of the rod structures.sad At a fixed oxygen pressure of 1.0
310−7 Torr, the ends of the nanorods were found to grow across virgin areas of the NiAl substrate at a constant rate. The data points in each
curve track the position of one end of an oxide nanorod as a function of time.sbd Arrhenius plot of the temperature-dependent growth rate
of the nanorods, obtained from the data insad. The rates were measured in nm/sec. The slope is the negative of the activation energy divided
by the Boltzmann constant. The plot yields an activation energy for rod growth of 1.2±0.1 eV.scd Pressure dependence of the growth rate
of the rod structures. The curves that connect that data points are drawn to guide the eye.sdd A log-log plot of the data fromscd. The slopes
are 0.58 and 0.73 for the 1069 K and 1122 K data, respectively.
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The shapes of the curves in Fig. 2scd indicate the balance
in the rates of arrival of oxygen and metal atoms at the ends
of the rods. At lower pressuresssay, below 2310−7 Torr O2d
the growth rate is nearly linear in the oxygen pressure. In this
pressure regime, the arrival of Al and/or Ni atoms is there-
fore nearly sufficient to accommodate an additional influx of
O atoms. At higher pressuressabove 2310−7 Torr O2d this is
no longer true. As the number of oxygen atoms impinging on
the surface is increased, it becomes more and more difficult
for the influx of Al and/or Ni to keep pace with that of the O
atoms. As a result, the rod growth rate is less sensitive to the
oxygen pressure as the pressure is increased.

As the temperature is increased, the growth rate becomes
more sensitive to the oxygen pressure. This is evident in both
Figs. 2scd and 2sdd. The log-log curves in Fig. 2sdd reveal
that the growth rates increase roughly as PsO2d0.58 and
PsO2d0.73 at 1069 K and 1122 K, respectively. The fact that
the exponent changes with temperature indicates that in this
temperature-pressure regime, the growth rate is not deter-
mined by one simple process. Again, we see that the arrival
rates of the two ingredients of the nanorodssoxygen atoms
and metal atomsd compete in determining the growth rate.
The exponentsi.e., the sensitivity of the growth rate to the
oxygen pressured is larger at 1122 K than it is at 1069 K
since the diffusion of metal atoms is faster at the higher
temperature and metal atoms are delivered to the ends of the
rods at a higher rate. Since the metal atoms reach the ends of
the rods at a higher rate, they play less of a role in limiting
their growth. As a consequence, the rate at which oxygen
atoms arrivesthe oxygen pressured becomes more critical in
determining the growth rate and the exponent is larger than it
is at the lower temperature.

It is currently unclear whether the activation barrierfsee
Fig. 2sbdg that limits elongation is associated with the energy
barrier for the diffusion of species, either on the surface or
through the bulk, or by the energy barrier for their attach-
ment to the ends of the rods. Independent of which factor
limits the growth, it is possible to estimate the area from
which the ends of the rods must draw oxygen atoms in order
to elongate at the observed rates. This estimate can be made
by calculating the ratesRd per unit area at which oxygen
atoms impinge on the NiAl surface and the ratesrd at which
oxygen atoms are incorporated into the nanorods as they
grow. The area is then given by the value of the ratior /R. R
can be obtained from the ion-gauge pressure during oxygen
exposuresPd and the Hertz-Knudsen relation

R

2
=

1
Î2p

P
ÎkmT

,

in which k is the Boltzmann constant,m is the mass of an O2
molecule,T is 298 K, and the factor of 2 on the left-hand
side of the equation accounts for the fact that there are 2
atoms per O2 molecule. The rater can be estimated from the
observed nanorod growth rates by assuming that the area
density of oxygen atoms within a nanorod is similar to that
of Al2O3 on NiAls110d.27 From the data in Fig. 2scd, we
estimate that rods that are 10 nm wide must draw oxygen
atoms from areas 50 nm in radius surrounding the ends of the

rods. In other words, all of the O atoms needed for growth
can come from the O2 that impinges on a smalls50 nm
radiusd area around the rod ends.

If the growth rate were limited by either bulk or surface
diffusion, the concentration of growth species would become
depleted in a regionsa “diffusion field”d surrounding the ac-
tive sitessthe endsd of the growing rods. If two growing rods
passed within each other’s diffusion fields, they would com-
pete for growth species and their growth rates would de-
crease. The rate at which the ends of given nanorods ad-
vanced during O2 exposure was found to be constant, even
when the ends of the rods approached within distances as
low as 40 nm of each other.sThis 40 nm length is the mini-
mum separation at which we can readily resolve closely
spaced nanorods in LEEM.d This observation suggests that
the concentration of growth species is not noticeably de-
pleted beyond a very small regions,40 nm radiusd sur-
rounding the active sites on the growing rods. In other
words, if growth is diffusion limited, this observation places
a rough upper bound of 40 nm on the radius of the field from
which the ends of the nanorods draw atoms in order to ad-
vance. This value is consistent with the calculation above,
suggesting that the atoms that are incorporated into the rods
come from a small region next to their ends. These observa-
tions alone do not allow us to determine whether attachment-
limited or diffusion-limited kinetics governs nanorod growth,
but do allow us to conclude that if the growth rate is diffu-
sion limited, the diffusion length is very short. Additional
information in Sec. III supports the idea that diffusion, and
not an attachment barrier, limits growth.

In the temperature ranges850–1350 Kd in which we ex-
posed the surface to oxygen, substrate steps move signifi-
cantly as the surface smooths.22 Real-time observations
showed that the steps interacted profoundly with the nano-
rods. A common observation was that a moving step would
impinge against a rod and then flow along the rod’s axis.
Since the substrate steps did not flow across the rods, the
rods often defined the boundary between adjacent terraces
fsee the STM images in Figs. 3sad and 3sbd, which will be
discussed in the next sectiong. Another common behavior
was for a step to be pinned against two parallel rods. The
step segments next to the rods were connected by a curved
step segment running between the rodsfas in the step seg-
ment above the arrows in image 3sadg that bulged toward the
higher atomic terrace. This step arrangement results from the
fact that upon cooling a NiAl crystal, atoms flow away from
the surface to fill vacancies in the bulk.22 As the surfaces in
Figs. 3sad and 3sbd were cooled from 900 K to room tem-
perature, the upper terraces lost atoms to the bulk and the
surface steps retracted in the “uphill” direction indicated by
the small black arrows in the figure. The step flow was im-
peded where the step met the rodsi.e., the step was partially
pinnedd. These step segments lagged behind the free seg-
ments, and the concave shape developed.

III. APPARENT HEIGHT AND VERTICAL GROWTH

Since LEEM cannot accurately measure the height and
width of features as fine as the nanorods, we performed STM
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studies of rods grown on an identical NiAls110d crystal to
obtain more detailed information about their size and struc-
ture. Representative STM images are shown in Fig. 3. As in
the LEEM images, the surfaces are marked by sharp, linear
structures that run along the substratef001g direction. As
shown in the inset to Fig. 3sad, this direction is parallel to the
alternating rows of nickel and aluminum atoms on the sur-
face of the substrate. At sample biases above1 3.0 V, rods
imaged as 2.0–8.0-Å-high protrusions on the NiAl surface
and were between 16 and 200 Å wide. The imaging-
condition-induced variations in the height of these structures
will be discussed in detail below. Under particular imaging
conditions, it was possible to scrape segments of the nano-
rods from the surface as the STM tip scanned across them.
This observation suggests that the rod structures lie above
the first atomic layer of the substrate and are not embedded
in it. This conjecture was confirmed by contact-mode atomic

force microscopysAFMd images that were recorded in ultra-
high vacuum28 and air after the sample was removed from
the UHV chamber. The rods were observed to protrude from
the surface and were structurally stable after more than 5
days of exposure to ambient conditions.

The profound dependence of the apparent height of the
nanorods on the STM imaging bias is illustrated in Fig. 4. In
Fig. 4sa-id, the rod images as an 18-nm-wide, 1.5-Å-deep
trench at a sample bias of1 1.50 V. As the sample bias is
increasedf4sa-iid, 4sa-iiidg, the rod images as a protrusion of
increasing height. At a sample bias of1 4.0 V fFig. 4sa-ivdg,
the nanorod appears as an 18-nm-wide, 2.0-Å-high protru-
sion. This behavior is entirely consistent with what might be
expected for a wide-band-gap material on a metallic sub-
strate. At low sample biasf1 1.5 V in Fig. 4sa-idg, there are
no available electronic states in the insulating nanorod that
can contribute to the tunneling current. Instead the nanorod
acts as a dielectric barrier that makes it more difficult for the
electrons to tunnel from the tip to the substrate. When the tip
passes over the nanorod at this relatively low bias, it must
move downward in order to inject electrons into empty states

FIG. 3. Room-temperature STM morphology of the NiAls110d
surface after exposure to 1.8310−7 Torr oxygen for 120 s at 900 K.
Sample bias =+3.15 V,I =0.19 nA. The diagonal stripes are the
oxide nanorods, which run along the substratef001g direction. The
atomic structure of the NiAls110d substrate is shown in the inset to
imagesad. The lattice constants along thef001g andf1 21 0g direc-
tions are 2.88 and 4.08 Å, respectively. Substrate terraces at three
different heightssdark, medium, and light grayd are labeled 1, 2,
and 3 in imagesad.

FIG. 4. Imaging bias dependence of the apparent heights of
oxide nanorods in STM images.sad Series of STM images of one
nanorod recorded at different sample biases.sbd Apparent height of
three representative nanorods as a function of sample bias. Rods
that imaged as trenchessnegative heightd at low bias were always
found to appear 2.0 Å high at biases greater than1 3.0 V. These
rods are likely to be composed of a single oxygen-cation layer.
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of the NiAls110d substrate and maintain the current set point.
As the sample bias is raised, electrons from the tip begin to
access the empty states above the band gap of the oxide
nanorod. As this happens, the oxide material begins to con-
tribute to the tunneling current and its own features begin to
appear in the images. This behavior is similar to that ob-
served during STM imaging of insulating MgO films29 on
Ags001d. In that system, the insulating MgO islands ap-
peared as depressions until the sample bias was raised high
enough to allow electrons from the tip to access empty states
located above the band gap of MgO.

In studies of the bias dependence of the height ofk-
Al2O3 films on NiAl s110d, Hansenet al. found that the
oxide’s apparent height varied between 0.0 Å and 3.5 Å as
the sample bias was increased from1 1.0 to 1 4.2 V.12,30

Patches ofk-Al2O3 had a maximum height of 3.5 Å in STM
images, despite the fact that the height of this oxide phase is
known to be 5.0 Å from diffraction studies.10 Thus, STM
underestimated the thickness of the oxide. With this in mind,
we report the following results of our STM measurements
with the understanding that the absolute heights of the oxide
nanorods could differ considerably from the values that we
observed. We will show that, despite this uncertainty, we can
use STM to determine the number of oxygen/cation layers
present in a nanorod.

A typical behavior was for rods to have an apparent height
that plateaued at 2.0 Å at sample biases greater than1 3.0 V.
Since the layer spacing between close-packed oxygen layers
in Ni and Al oxides is typically 2.3 Å, we cautiously consider
such rods to be “single-layer” rods since they are likely to be
only one oxygen-cation layer in height. The curves in Fig.
4sbd are just three of several observations of this behavior in
single-layer rods. At negative sample biasessi.e., in filled-
state imagesd these rods image as trenches that are 1.0–1.5 Å
deep. The apparent height remains at this level until the bias
is raised to1 1.0 V, rises quickly as the sample bias ap-

proaches1 2.0 V, and finally plateaus at 1.8 to 2.0 Å at
biases above1 3.0 V.31

The vast majority of oxide nanorods within a given imag-
ing area are the same height. We have made several obser-
vations, however, of height changes along the length of rods
that suggest that the rods can grow vertically by adding lay-
ers, as illustrated in Fig. 5. The STM image at the left of Fig.
5 shows a rod composed of segments of different heights.
The line scan under the image shows that the heights of the
segments are multiples of the characteristic 2.0 Å height,
which, as mentioned earlier, is consistently found in images
recorded at sample biases of1 3.0 V or greater. The line
scan that is shown under the STM image at the right of Fig.
5 indicates that the corresponding rod is made ofthreedis-
crete layers. The apparent layer height in that image is ap-
proximately 1 Å, which is an underestimate of the true layer
height since that image was recorded with a sample bias of
only 1 1.35 V.

Under appropriate imaging conditions, changes in the
heights of segments of the nanorods could be distinguished
with LEEM as well. It was possible to monitor the individual
segments both during growth and during desorption in
vacuum. During growth, an additional layer often nucleated
at a point on an established, single-layer rod and then grew
outward toward the ends of the rod. This process is shown in
Fig. 6. sWe did not observe higher layers growing inward

FIG. 5. Evidence for layered rod growth in STM. The STM
image on the left was recorded at a sample bias of13.15 V. Indi-
vidual layers had an apparent height of 1.8–2.0 Å in images re-
corded at biases greater than13.0 V. The STM image on the right
was recorded at1 1.38 V. The line scan shows that this rod consists
of three separate layers. Rod curvature in the right image is an
instrumental artifact.

FIG. 6. Evidence for layered rod growth in LEEM.sad The
dashed arrow marks the end of a uniformly thick rod that is growing
toward the lower right of the image as the substrate is exposed to
1.0310−7 Torr O2 at 1050 K.sbd The solid arrow marks the loca-
tion of the nucleation of a segment of different contrast on the
nanorod. Because of STM observations like those shown in Fig. 5,
we attribute this change in contrast to the nucleation of a second
layer. This is shown in the schematic above the image. In imagesscd
andsdd, it is evident that the initial layer and second layer segments
grow along thef001g direction with continued O2 exposure. The
areas shown are 2.3µm wide.
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from the end points of the nanorods.d This layer-by-layer
mode was not the only growth mode; during growth at 1000–
1300 K, we often observed the appearance of multilayered
rods s6–8 Å highd that proceeded as if the growth of the
individual layers was simultaneous. In other words, we
found that multilayer-high rods could be produced either via
the addition of individual layers to existing rods or by a
process in which all layers appeared at once and then grew
outward, along the axis of the rod, together. Thermal desorp-
tion of the oxide nanorods could be induced by heating the
crystal to 1250–1300 K in vacuum. The desorption process
proceeded as the reverse of the growth process in that the
rods shortened by losing material from their ends. In multi-
layered rods, we observed both layer-by-layer desorption and
the nearly simultaneous disappearance of all layers. In both
cases, the loss of material proceeded at a constant rate, and
inward from the ends of the rods.

The layered nature of the nanorods profoundly impacted
their growth as they elongated from one substrate terrace to
the next. We often observed a sharp change in the appearance
and growth rate of a rod as it encountered a substrate step.
Two examples of this phenomenon are shown in Fig. 7. In
each case, a sudden change in a rod’s growth rate occurred
precisely when the rod’s end reached a step edge. Our LEEM
and STM measurements have allowed us to determine the
origin of this phenomenon.

In LEEM, it is straightforward to determine whether a
given terrace on the NiAl surface is higher or lower than
neighboring terraces by slightly changing the temperature
and watching the direction of step motion. Because of mass
transport between the NiAls110d surface and the bulk of the
crystal,22 NiAl s110d islands grow sshrinkd upon heating
scoolingd the sample, while pits on the surface shrinksgrowd
upon heatingscoolingd. With knowledge of the local topog-
raphy, we established that the rods that suddenly slowed their

growth did so as they crossed from a higher terrace to a
lower one. Similarly, rods that suddenly increased their rate
of growth did so as they climbed up one substrate terrace.

The curve in Fig. 7sad traces the position of the end of the
rod shown in Figs. 7sbd and 7scd. Close inspection of image
7sbd reveals that the step that the rod crosses is two NiAl
atomic layers high. The one-third reduction in the axial
growth rate of that rodsfrom 338 nm/sec to 116 nm/secd
occurs exactly when the rod crosses the double step in Fig.
7scd. Given that the temperature and oxygen background
pressure were held constant during growth, the supply of
growth species and the probability for their attachment to the
end of the rod should have also been constant. We suggest
that the 1/3 reduction in the growth rate occurs because the
rod shown becomes three times thicker after it crosses the
step. With a fixed supply of material, growth of a rod that is
3 times as thick should be 3 times slower. With this in mind,
we propose that our observations could be explained by the
model shown in the schematics below Figs. 7sbd and 7scd.

Another example of this behavior can be found in the plot
in Fig. 7sdd, which tracks how the growth of the nanorod in
Fig. 7sed changed as it grew on and off of a single-layer-high
NiAl s110d island. During the first, slower stage of growth, it
is likely that the rod in Fig. 7sdd was growing as a two-layer-
thick structure. When its end crossed the stepspoint Ad and
climbed to a higher terrace, it probably changed to a single-
layer mode. If the flux of oxygen atoms and metal cations to
the end of the rod was fixed, growing in single-layer mode
would presumably be about twice as fast as double-layer
growth. When the rod reached the other side of the island
spoint Bd, it dropped down one substrate terrace and began to
grow in double-layer mode again.sWe note that the rate of
growth on the other side of the island is approximately half
of the growth rate that we observed while the rod was on the
island. In fact, we often observed the rates to change by

FIG. 7. Changes in rod growth rates observed
as the rods cross substrate steps. In each plot in
sad and sdd, the change in velocityssloped of the
nanorod growth coincides with the point in time
at which the end of the rod reached the edge of a
substrate terracespoint 3d. The LEEM images in
sbd andscd are 1.4µm wide and correspond to the
particular rod whose growth is plotted in the
curve insad. The images were recorded beforesbd
and afterscd the rod crossed the substrate stepsa
double stepd that is visible in the images. The plot
in sdd and the corresponding LEEM image insed
show a rod that gained speed as it climbed onto a
monolayer-high island on the substratespoint Ad.
Later, the rod lost speed as it dropped down one
terrace as it reached the other side of the island
spoint Bd.
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factors of approximately 1/2 or 2 at step edges.d This model
is supported not only by the magnitude of the rate changes,
but also by STM images such as the one shown in Fig. 8,
which shows a rod that is one layer thicker on one terrace
than it is on a terrace that is one atomic layer higher.

The rate changes that we observe suggest that the growth
process is more likely to be governed by the barrier for dif-
fusion of growth species to the ends of the rods rather than
by the energy barrier for their attachment. To illustrate this,
let us consider an event in which a nanorod climbs a sub-
strate step. The width of the rod and the oxygen flux remain
constant while the height of the nanorod decreases from two
layers to one. This decrease in the rod’s cross-sectional area
leads to a reduction in the number of oxygen and metal at-
oms required to lengthen the rod. If the growth process were
attachment limited, the elongation rate would be nearly in-
dependent of the rod’s cross-sectional area. This is due to the
fact that both the number of attachment sites and the number
of oxygen atoms required to lengthen the rod scale with the
cross-sectional area. In contrast, if the process were diffusion
limited, the nanorod growth rate would increasesby a factor
of 2 in our hypothetical exampled since the fixed diffusing
flux of O and metal atoms would be fueling the growth of a
rod that had a smaller cross-sectional area. The diffusion-
limited scenario is most consistent with our experimental
findings.

IV. STRUCTURE AND COMPOSITION

Our diffraction analysis of the rods, which is summarized
in Fig. 9 and its caption, provides insight into their structure.
The LEEM image in Fig. 9sad shows atomically smooth and
moderately stepped regions of the NiAls110d surface that are
separated by a large step bunch that runs along thef001g
direction. Because of the orientation of the step bunch, a
high concentration of rods formed along it. Selected-area dif-
fraction patterns from this region of dense rod nucleation,
marked by the circle in Fig. 9sad, are shown in Figs. 9sbd and
9sdd. A prominent streak of diffraction intensity runs between
the NiAl diffraction spots. This streak is marked by black
arrows in Fig. 9sbd. The streak runs perpendicular to the rods
si.e., perpendicular to the NiAlf001g directiond, as one
would expect for oriented, one-dimensional structures. In-
deed, dark-field microscopy shows conclusively that the

streaks result from the diffraction of electrons from the rods
and are not diffraction intensity from either the NiAl sub-
strate or thek-Al2O3 islands. The image in Fig. 9scd was
generated with electrons that passed through a small aperture
that was placed at the position along the streak shown by the
white arrow in Fig. 9sbd. All of the rods, including those on
the step bunch and on the adjacent terraces, appear bright in
this dark-field image, establishing that the rods diffract elec-
trons into the streaks. Furthermore, the rods only appeared
bright in dark-field images that were formed by selecting
electrons from along the streak.

In varying the energy of the electron beam we found that,
beside the diffraction streaks, the nanorods have no diffrac-
tion intensity distinct from that of the substrate. This is evi-
dent in Fig. 9sdd. In particular, there was no diffraction in-
tensity between the substrate spots along the substrate’s
f001g direction—i.e., along the rods. Such intensity would be
expected if the lattice parameter of the rod did not match that
of the substrate along its length. The streaks are oriented in
the f1 21 0g direction and are spaced by af001g reciprocal
lattice vector, suggesting crystalline order and lattice match-
ing with the substrate in thef001g direction, with the inten-
sity in the f1 21 0g direction resulting from the finite width
of the rods and/or atomic disorder along that direction. These
streaks are completely analogous to those found in diffrac-
tion experiments on oxidized FeAls110d surfaces.33 This
leads us to propose that self-assembled nanorods are also
present in that system. Indeed, oxidation of FeAls110d in the

FIG. 8. STM image and linescans that show that a rod can gain
or lose atomic layers upon crossing substrate steps. The relative
height of the nanorod is 2 Å higher on the lower terracesheight
profile 1d than it is on the upper terracesheight profile 2d.

FIG. 9. Diffraction analysis of the nanorods.sad Bright-field
LEEM image of a 2.5mm32.5mm are recorded after rod growth.
The dark, diagonal band is a step bunch that happens to run along
the substratef001g direction. A high concentration of rods forms
along the bunch.sbd Selected-area diffraction pattern from the re-
gion within the circle of imagesad. A streak of diffraction intensity
runs between the diffraction spotssblack arrowsd of the substrate.
scd A dark-field LEEM image generated with intensity from the
point on the diffraction streak indicated by the white arrow in image
sbd. The image shows that the rods are the origin of the streaks.sdd
Higher-energy diffraction pattern showing that, with the exception
of the streaks, the nanorods have no diffraction spots distinct from
those of the substrate.
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temperature range 773–973 K produces only streaks in the
LEED pattern.33 Longer periods of oxidation at higher tem-
peraturess,1125 Kd lead to a diffraction pattern that is
identical to that of ak-Al2O3 film on NiAl s110d.33 It would
be interesting to conduct a study like the present one on
FeAls110d substrates to confirm that nanorods can also be
produced on that surface.

Analysis of high-resolution STM images reveals funda-
mental structure within individual nanorods. Four of these
images can be seen in Fig. 10sad. Figure 10sa-iiid is a
close-up of a single rod located at the edge of a NiAls110d
atomic terrace. The 2-Å height signature of the NiAl atomic
step is evident in the height difference between the areas on
the left and right sides of the image. The gray scale in the
image has been adjusted to highlight the corrugation of the
top of the nanorod. A substructure of seven rows which run
along the axis of the rod is evident in the image. The rows
are evenly spaced about 16 Å apart. Similar images of other
rods containing one, two, and six of these 16-Å units have
also been obtained and are shown in imagessid, sii d, andsivd,
respectively.

Figure 10sa-ivd is a 20 nm320 nm STM scan of an oxide
rod surrounded on both sides byk-Al2O3 islands. We will
discuss this particular image thoroughly here, as it gives sev-
eral clues as to how the growth of these nanorods proceeds.
The diagonal stripe features on either side of the bold, bright

rod result from thek-Al2O3 unit cellsssee Ref. 9d, which are
rotated 24° from thef001g direction. sAs we discussed in
Sec. II, thek-Al2O3 islands are observed to grow beside the
rods and not underneath them.d

The 16-Å corrugation that occurs along the width of the
oxide nanorods is also visible in this particular image. Here,
however, the substructure can be observed ontwo different
layers. Laying an equally spaced 16-Å grid over the image
shows that the height maxima of the upper layer are spatially
in phase with the height minima of the lower layer. This
suggests the simple model for the stacking of these funda-
mental units shown in the schematic in Fig. 10sbd. The origin
of the fundamental width units is currently unclear. One pos-
sibility is that these features correspond to the width of the
unit cell of the nanorod oxide phase, just as the 9-Å- and
18-Å-spaced features that are observed in STM images of
k-Al2O3 are related to the large unit cell of thek-alumina
phase.7,10,11 Another possibility is that the corrugation re-
flects a Moiré pattern that forms along thef1 21 0g direction
due to a mismatch in the lattice constants of the substrate and
the oxide overlayer along that direction.

At present, the precise details of the composition and
atomic registry of the rods with the substrate are unknown.
The epitaxial relationship of the rods and the NiAls110d sur-
face provides one reason to suspect that the rods are not
simply composed of the same phase of aluminask-Al2O3d
that forms uniform films on this surface. As mentioned ear-
lier, it is well known thatk-alumina prefers to grow in two
domains on the NiAls110d surface with unit cells that are
rotated6 24° with respect to thef001g direction. The rods do
not form along these directions. For the structures proposed
in Ref. 11 and observed in Refs. 10 and 18, the oxygen-
oxygen spacing ink-alumina on NiAls110d is 2.98 Å. This
means that a largesapproximately 4.0%d lattice mismatch
with NiAl would result if the close-packed oxygen rows
within k-Al2O3 were forced to orient along the direction in
which the rods grow.

There is also evidence that the rods may not have the
same elemental composition ask-Al2O3. Based on the re-
sults of a TEM study by Doychak and co-workers,9 we sug-
gest that the rods are closely related to nickel-aluminate spi-
nel, NiAl2O4.

21 In that study, elemental spectroscopy in the
TEM showed that NiAl2O4 was the only oxide phase present
during the initial oxidation of NiAlf110g at 1073 K. This is
within the temperature range at which we prepared the oxide
nanorods. Upon further oxidation and heating, the authors in
Ref. 9 reported that the “transient” NiAl2O4 oxide slowly
converted to aluminasAl2O3d. While observing the disap-
pearance of the nanorods during vacuum annealing in
LEEM, we observed that thek-Al2O3 islands grew while the
nanorods shrank. That is, the rod oxide was being converted
to thek-alumina phase. It is interesting to note that the con-
version process did not occur by some type of solid-state
phase transformation in which the one phase was directly
converted to the other. Instead, the conversion occurred as
the nanorods shrunk and lost mass to thek-Al2O3 islands,
evidently through surface mass transport of an oxygen-
containing species.

If the nanorods have a spinel-like structure,21 determining
their composition is complicated by the fact thatg-Al2O3

FIG. 10. sad High-resolution STM images of oxide nanorods
that reveal quantized widths. The images show that the rods are
composed of parallel “subrods” that are 16 Å apart. The images
show rods made ofsid one,sii d two, siii d seven, andsivd six of these
fundamental units. The six rods that make up the top layer of the
rod in imagesivd do not completely cover the next lowest layer of
the rod.sbd Schematic of the stacking of the fundamental units of
the top two layers of the rod from imagesa-ivd.
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also has a spinel structure and forms a complete solid
solution9 with NiAl 2O4. That is, the Ni content can vary
continuously between Al2O3 and NiAl2O4. Clearly, the el-
emental composition needs to be directly measured. Some
information about composition, however, might eventually
be obtained via further LEEM experimentation. For example,
the free energies of formation of the nanorods and the
k-Al2O3 islands could be determined from the equilibrium
oxygen pressure of the respective phases. The formation en-
ergy of the rods would be a function of the Ni content. In
addition, if the nanorods contain some Ni, their growth and
abundance relative tok-Al2O3 should be affected by the sto-
ichiometry of the substrate. The calculations in Ref. 19 show
that upon exposing stoichiometric or Al-rich NiAls110d sur-
face to oxygen, it is energetically favorable for Ni vacancies
and Al anti-sitessNi sites occupied by Al atomsd to diffuse to
the surface. This process ends to depletion of Ni in the sur-
face region and favors the formation of Al-rich oxides
sk-Al2O3 and NiAl2O4d at the surface. In Ref. 19, different
oxidation kinetics are predicted if the substrate is Ni-rich.
For Ni-rich samples, the pathwayssatomic hopsd that lead to
Ni-depletion of the surface during O2 exposure are 0.5 eV
costlier than in Ni-depleted samples.19 With this information
in mind, we plan to investigate the high-temperature oxida-
tion of Ni-depleted crystals. If the nanorods contain Ni, their
abundance relative tok -Al2O3 islands formed after given
oxygen exposures should be less on a Ni-depleted crystal
than on our Ni-rich substrate.

We next discuss the role of the epitaxial relationship be-
tween the nanorods and the substrate in forming these highly
anisotropic structures. The TEM study by Doychak and
co-workers9 showed that NiAl2O4 was oriented such that
Al2O3 was oriented such that its close-packed metal atoms
were along the substratef001g direction. Indeed, this is the
direction along which we observed nanorod formation. The
distance between neighboring metal atomssand between
neighboring oxygen atoms in the oxygen planesd in that ma-
terial is approximately 2.845 Å, which is less than 1.3%
smaller than the lattice constant of NiAls110d along thef001g
direction s2.882 Åd. In this so-called Nishiyama-Wasserman
sNWd orientation, growth of spinel along the substratef001g
direction would therefore be nearly lattice matched. The lat-
tice matching between the cation sublattice in spinel and the
aluminum atoms in the NiAl substrate is illustrated in Fig. 15
of Ref. 9. Along the substrate’sf1 21 0g direction, the re-
spective lattice constants of NiAl and NW-oriented spinel are
4.08 Å and 4.92 Å,9 resulting in an enormous misfit of
18.9%. In agreement with our diffraction data, this simple
ball model of NW-oriented spinel on NiAls110d predicts lat-
tice matching with low strain along the axes of the rods and
that lattice matching along the perpendicular would lead to

very high strain. The resulting anisotropic strain could lead
to the formation of these elongated structures. The same con-
clusion is reached even if the rods contain no Nisi.e., if they
consist of g -Al2O3d since the lattice parameter of the
g -Al2O3/NiAl 2O4 solid solution varies little with Ni
content.9

While these uniaxial structures probably owe their exis-
tence to this anisotropy in the lattice matching of the oxide
overlayer and the substrate, we note that a growth mecha-
nism that does not require anisotropic lattice mismatching
has been observed in TEM studies of the self-assembly of
dysprosium disilicide nanowires on the Sis110d surface.34 In
those studies, high-aspect-ratio structures formed because
lateral growth of the DySi2 wires required a great degree of
growth into the substrate, while lengthening of the wires did
not. As mentioned earlier, our AFM studies and our ability to
remove segments of the nanorods from the surface with the
STM tip indicates that the nanorods lie entirely above the
first atomic layer of the substrate and are not embedded in it.
Confirmation by TEM that the nanorods do not grow into the
substrate, however, would be desirable.

V. SUMMARY

Our combined STM and LEEM studies have allowed us
to observe the self-assembly of insulating nanorods during
the high-temperature oxidation of the NiAls110d surface and
have uncovered some details of the growth process. We ex-
pect that our findings related to the growth dynamics could
apply to other systems, including CoGas100d,6 NiAl s001d,7
and thes001d and s110d surfaces of FeAl.33 On NiAls110d,
rods grow along the substratef001g direction at a constant
rate that is exponentially dependent on the temperature. We
find that the growth rate depends of the vertical thickness of
the growing rods, but not upon their proximity to each other.
The rods can grow or decompose vertically by adding or
subtracting single oxygen-cation layers and come in widths
that are determined by fundamental 16-Å units that form
next to each other along thef1 21 0g direction. We hope to
motivate TEM studies to accurately determine the elemental
makeup of the nanorods.
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