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Self-assembly and dynamics of oxide nanorods on NiAl(110)
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We observe the spontaneous formation of parallel oxide rods upon exposing a cleghlBiAlrface to
oxygen at elevated temperatu@50-1350 K. By following the self-assembly of individual nanorods in real
time with low-energy electron microscofyEEM), 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 temperatuse and O
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 proximity<<40 nm) to each other, which suggests that they do not compete for diffusing flux in
order to elongate. Both LEEM and scanning tunneling micros¢8dW) 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-A-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 gairflose atomic layers as they descefalimb) 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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[. INTRODUCTION cation specie$Ga,0; and ALO5) and form crystalline nano-

Recent advances in nanoscience have shown us that ds &long the100] and[010] directions of their templates.
can awaken exotic, new behavior and functionality in mate- € growth of these high-aspect-ratio structures has been
rials by reducing their size to characteristic length scalefroposed to result from anisotropic strain. That is, the lattice

over which certain physical processes occur. Learning tarameters of the oxide are well matched to those O.f the
synthesize objects on the nanometer length scales at whidyiPstrate along the rod axis but not along the perpendicular

effects like quantum confinement and spin-dependent tran&liréction.

port can be exploited has been among the major challenges ! this article, we show that high-temperature oxidation
in this field1=2 Building nanostructures from metal oxides results in the spontaneous formation of nanorods orithe

may prove particularly useful since, even in their bulk forms’surface of NiAl as well. We present the results of both static

these complex materials can exhibit exotic behavior, includf’Jlnd dynamic measurements that reveal the processes by

) - . which the nanorods assemble. In particular, by using low-
ing superconductivity and PO'O?S?" magnetoresistance. B'E'énergy electron microscopyl EEM) to observe their forma-
cause of the slow speed, size limitations, and expense as

Sf5n in real time, we are able to determine how the nanorods

ciated with lithographic aPPfoaCh’ija many scier’lti_sts havgsngthen, grow vertically, and interact with the atomic steps
worked to get these materials to “self-assemble” into patyf the substrate. In addition, we investigate how changes in

terned nanostructures. Unfortunately, it is rarely pOSSible tQhe oxygen Supp|y and temperature affect the growth dynam_
actually observe such self-assembly as it is happening. Ifts.

most studies of nanostructure formation, the mechanisms by NiAl is known to be useful as an oxidation-resistant ma-
which the structures grow have to be inferred from still im- terial, and several groups have investigated the oxidation of
ages recorded after a substrate is subjected to some proceits.surfaces:”-°>2°Early work® showed that many different
This has made it difficult to obtain basic knowledge thatoxide phases, including the, &, y, and 6 polymorphs of
would allow us to understand how self-assembly occurs anél,05; and the compound NiAD,, can form and protect the
to apply it more often. surface from further oxidation. These oxides all contain
One approach to self-assembling metal oxide nanostruclose-packed oxygen planes and are distinguished by the dis-
tures on surfaces has been the oxidation of metallic alloys. Itribution of metal cations at octahedral and tetrahedral sites
fact, the self-assembly of one-dimensional, ribbonlike nanobetween those planes. When prepared on {il0), these
structures appears to be quite prevalent during the oxidatiooxides are oriented such that their close-packed oxygen
of bimetallic alloy surface8.Particularly striking examples planes lie parallel to the surface. The more recent
are found in static, room-temperature STM images recordedtudie$'%2°were sparked by the discovery that protective,
after high-temperature oxidation of the CdG@l) (Ref. § ultrathin alumina films that were exceptionally flat and uni-
and NiIAI(001) (Ref. 7) surfaces. In each case, the heat ofform could be produced on this conducting substrate. When
formation of the oxide of one of the alloy’s constitue@a  the (110 face of NiAl is exposed to oxygen at550 K, an
and Al, respectivelyis much higher than that of the other amorphous oxide develops. Subsequent annealing to 1000—
element. The resulting oxides are thought to contain only on@200 K leads to crystallization of the oxide to form a 5-A-
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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
Al,05.2° This unique system made it possible to study a tech-
nologically important, insulating oxideAl ,O3) with power-

ful, electron-based surface probes, including electron diffrac-
tion and scanning tunneling microscop$TM), which are
typically inapplicable to studies of insulating materials. The
nanorod formation that we observe is entirely different from
the k-Al,O;3 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-studied-Al,O; films. These differences
lead us to suggest that, unlike the films, the rods are com-
posed of a spinel-like phase related tgAl,O; and
NiAl ,0,.2%

II. SYNTHESIS AND GROWTH DYNAMICS

Our LEEM and STM experiments were conducted in
separate ultra high-vacuum systems with base pressures be-
low 1.3x1071° Torr. Both systems were equipped with in-
strumentation for Auger spectroscopy and low-energy elec- ©)
tron diffraction (LEED). Temperatures were monitored with
W-5% Re vs W-26% Re thermocouples that were spot FiG. 1. Self-assembly of rod structures during high-temperature
welded to the sides of our disk-shaped crystals. A previousxidation of the NiA(110 surface. These pm field-of-view
wavelength-dispersive electron microprobe analysis showegEEM images show that upon exposing the hot substrate to 1.0
that our crystals were nickel rich, with a composition nearx 1077 Torr O,, nanorods form along the substr&@®1] direction.
Nig.57Al 4322 Our NiAlI(110 surfaces were prepared by sev- The rods elongate with continued exposure to oxygen. The two dark
eral cycles of sputtering with 700-eV Ar ions and annealingspots that are present in all images are a result of defective areas on
to 1200 K. The surfaces were then held at 800-1200 K andur detector and are not related to the morphology of the sample.
exposed to 3-20 1 L=107° Torr s) of high-purity oxygen
gas. Unless otherwise noted, the LEEM images that we wilexposure temperature from 1150 K to 950 K increased the
present were obtained in bright field—i.e., by forming annucleation density of the rods by a factor 6fL00.
image from the specularly reflected electron beam, at an While the nanorods grew, we often observed the nucle-
electron energy of about 4.0 V. ation of islands on the substrate that were not rod shaped.

Nucleation and growth of nanorods during high- The small, dark spot to the left of the symbol in Figs. 1e)
temperature oxidation of the substrate are evident in the twand Xf) shows one such nucleation event. Diffraction analy-
series of LEEM images in Fig. 1. Imagés) and (d) were  sis established that these features were patches of the well-
recorded just before the oxidation process began. The curvestudied«-Al,O5 phase(That is, these features exhibited the
edges of the atomic terraces—i.e., the monatomic surfaceame electron diffraction pattéin as thex-Al,O3 phase
steps—of the substrate can be seen in both images. As thieat is produced by low-temperature, ®xposure followed
surface was exposed to oxygen, rodlike structures formedy annealing.This phase nucleated at substrate steps or next
All of the rods were aligned along the substrf@1] direc-  to the nanorods. The relative abundance of the rodsxand
tion. With continued exposure to oxygen, the rods elongate@l,O5; on the surface could be controlled by varying the tem-
in this direction. This growth can be easily seen by comparperature at which the substrate was exposed to oxygen. After
ing image (c) to (b) and image(f) to (e) in Fig. 1. Rods exposures at 850-950 k;Al,O5 was virtually nonexistent.
eventually reached lengths in excess ofy@5. At higher temperatures and after long exposures, this phase

From Fig. 1, it is evident that rods nucleated both onbecame more abundant. This observation is consistent with
terraces and at steps, but that the substrate steps providdtbse of Ref. 9, in which transmission electron microscopy
preferred sites for nucleation. By comparing imagi to  (TEM) was used to analyze the oxides formed on X1AD)
image(e), it can be seen that an atomic step that was createslurfaces heated to 1073 K in air. In that study, transient oxide
where a bulk dislocation terminated at the surfacerked  species such as spin@liAl ,0,) and 5-Al,O4 formed before
with an arrow in imagegd)] also provided a nucleation site the more thermodynamically stabfeandy (and presumably
for a nanorod. The two series of imadéa—(c) and(d)—f)] k) manifestations of AlO; appeared.
show that decreasing the temperature at which the substrate LEEM gave us the unique capability to quantify the real-
was exposed to oxygen resulted in an increase in the numbéme growth dynamics of these structures. After nucleation,
of rods that nucleated within the field of view. This was individual rods lengthened from both ends at a constant rate.
generally the case. Specifically, we found that reducing thén each data set in Fig.(8), we traced the position of one
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FIG. 2. Temperature and pressure dependences of the growth rate of the rod striejubdsa fixed oxygen pressure of 1.0
X 1077 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 tnArrhenius plot of the temperature-dependent growth rate
of the nanorods, obtained from the datdah 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(t)eRtessure dependence of the growth rate
of the rod structures. The curves that connect that data points are drawn to guide tttg Ayeg-log plot of the data fronfc). The slopes
are 0.58 and 0.73 for the 1069 K and 1122 K data, respectively.

end of a given rod as a function of time during growth at fivefact that the local supply of oxygen has been doubled. This
different temperatures. The constant rate of growth is eviderduggests that the arrival of metal atoms can limit the growth
in the linearity of the five curves. Further analysis showedof the nanorods at elevated oxygen pressures.
that the ends of most rods within a given field of view at a The metal atoms could arrive at the ends of the rods via
given temperature elongated at the same steady rate. diffusion from the NiAl substrate or through the rod oxide
At a fixed oxygen pressure of 10107 Torr, the axial jtself. The so-called “triple defectltwo Ni vacancies and
growth rate of the nanorods increased exponentially as thgne Nj atom on an Al siteis thought to be involved in bulk
temperature was increased. The slope of the resultingyass transport in Ni-rich NiA(Ref. 23 and could be in-
Arrhenius plofshown in Fig. 20)] shows that the elongation qeq in the exchange of Ni and Al atoms between the bulk
rate is limited by the kinetics of a process with an activation, 4 e surface during oxidation. The formation energy of

barrier of 1.2+0.1 eV. Below, we explore the origin of this this defect was measured to be 1.28 eV in Ref. 22, which is

energy barrier. . - . close our measured valud.2+0.1 eV} for the activation
In an attempt to discover the rate-limiting step in the for- o
energy for nanorod growth on our Ni-rich crystal. If the

mation of the nanorods, we investigated the effect that vary .
ing the O, pressure had on the axial growth rate. The resultdn€t@l atoms that fuel nanorod growth diffuse through the
of this study are shown in Fig.(®. To obtain each of the oxu_je |'_[self, it un|d also be releva_nt to compare our value to
curves in the figure, the substrate was held at a fixed tenfiCtivation energies for surfaééattice?>®and boundars
perature and exposed to varied ickground pressures. Af- diffusion of cations in alumina. Unfortunately, due to diffi-
ter each exposur@ach data pointthe sample was heated to culties described in Refs. 25 and 26, which include inconsis-
1350 K to sublimate the oxide before the next exposure. Théencies due to impurities and the long half-life of Al tracer
data show that the growth rate does not increase linearly witisotopes used to measure Al diffusion, values for these ener-
the oxygen pressure. As the oxygen pressure is doubled, tigges that have been reported in the literature vary greatly and
axial growth rate increases by a factor less than 2, despite thare thought to be unreliabfé:26
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The shapes of the curves in FigcRindicate the balance rods. In other words, all of the O atoms needed for growth
in the rates of arrival of oxygen and metal atoms at the endsan come from the ©that impinges on a small50 nm
of the rods. At lower pressurésay, below 2< 1077 Torr O,) radiug area around the rod ends.
the growth rate is nearly linear in the oxygen pressure. In this If the growth rate were limited by either bulk or surface
pressure regime, the arrival of Al and/or Ni atoms is there-diffusion, the concentration of growth species would become
fore nearly sufficient to accommodate an additional influx ofdepleted in a regioka “diffusion field”) surrounding the ac-
O atoms. At higher pressurésbove 2< 1077 Torr O,) thisis tive sites(the end$of the growing rods. If two growing rods
no longer true. As the number of oxygen atoms impinging orpassed within each other’s diffusion fields, they would com-
the surface is increased, it becomes more and more difficuftete for growth species and their growth rates would de-
for the influx of Al and/or Ni to keep pace with that of the O crease. The rate at which the ends of given nanorods ad-
atoms. As a result, the rod growth rate is less sensitive to theanced during @ exposure was found to be constant, even
oxygen pressure as the pressure is increased. when the ends of the rods approached within distances as
As the temperature is increased, the growth rate becomdsw as 40 nm of each othefThis 40 nm length is the mini-
more sensitive to the oxygen pressure. This is evident in botmum separation at which we can readily resolve closely
Figs. 2c) and 2d). The log-log curves in Fig. @) reveal spaced nanorods in LEEMThis observation suggests that
that the growth rates increase roughly a€Op®® and the concentration of growth species is not noticeably de-
P(0,)%72 at 1069 K and 1122 K, respectively. The fact that pleted beyond a very small regio<40 nm radiug sur-
the exponent changes with temperature indicates that in thiounding the active sites on the growing rods. In other
temperature-pressure regime, the growth rate is not detewords, if growth is diffusion limited, this observation places
mined by one simple process. Again, we see that the arrivad rough upper bound of 40 nm on the radius of the field from
rates of the two ingredients of the nanorddsygen atoms Wwhich the ends of the nanorods draw atoms in order to ad-
and metal atomscompete in determining the growth rate. vance. This value is consistent with the calculation above,
The exponenti.e., the sensitivity of the growth rate to the suggesting that the atoms that are incorporated into the rods
oxygen pressudeis larger at 1122 K than it is at 1069 K come from a small region next to their ends. These observa-
since the diffusion of metal atoms is faster at the highetions alone do not allow us to determine whether attachment-
temperature and metal atoms are delivered to the ends of thigited or diffusion-limited kinetics governs nanorod growth,
rods at a higher rate. Since the metal atoms reach the ends lotit do allow us to conclude that if the growth rate is diffu-
the rods at a higher rate, they play less of a role in limitingsion limited, the diffusion length is very short. Additional
their growth. As a consequence, the rate at which oxygeinformation in Sec. Ill supports the idea that diffusion, and
atoms arrive(the oxygen pressuyréecomes more critical in  not an attachment barrier, limits growth.
determining the growth rate and the exponent is larger than it In the temperature rang@50-1350 K in which we ex-
is at the lower temperature. posed the surface to oxygen, substrate steps move signifi-
It is currently unclear whether the activation barfieee  cantly as the surface smootts.Real-time observations
Fig. 2(b)] that limits elongation is associated with the energyshowed that the steps interacted profoundly with the nano-
barrier for the diffusion of species, either on the surface orods. A common observation was that a moving step would
through the bulk, or by the energy barrier for their attach-impinge against a rod and then flow along the rod's axis.
ment to the ends of the rods. Independent of which factoSince the substrate steps did not flow across the rods, the
limits the growth, it is possible to estimate the area fromrods often defined the boundary between adjacent terraces
which the ends of the rods must draw oxygen atoms in ordelsee the STM images in Figs(a83 and 3b), which will be
to elongate at the observed rates. This estimate can be madigcussed in the next sectibrAnother common behavior
by calculating the ratéR) per unit area at which oxygen was for a step to be pinned against two parallel rods. The
atoms impinge on the NiAl surface and the réatpat which ~ Step segments next to the rods were connected by a curved
oxygen atoms are incorporated into the nanorods as theStep segment running between the réas in the step seg-
grow. The area is then given by the value of the ratie. R~ Ment above the arrows in imagéap] that bulged toward the
can be obtained from the ion-gauge pressure during oxygefigher atomic terrace. This step arrangement results from the

exposure(P) and the Hertz-Knudsen relation fact that upon cooling a NiAl crystal, atoms flow away from
the surface to fill vacancies in the bufkAs the surfaces in
R 1 P Figs. 3a) and 3b) were cooled from 900 K to room tem-
2 = E\WT perature, the upper terraces lost atoms to the bulk and the

surface steps retracted in the “uphill” direction indicated by

in which k is the Boltzmann Constam] is the mass of an p the small black arrows in the ﬁgure. The Step flow was im-
molecule, T is 298 K, and the factor of 2 on the left-hand Peded where the step met the rog., the step was partially
side of the equation accounts for the fact that there are Pinned. These step segments lagged behind the free seg-
atoms per @ molecule. The rate can be estimated from the Ments, and the concave shape developed.

observed nanorod growth rates by assuming that the area
density of oxygen atoms within a nanorod is similar to that
of Al,O; on NiAl(110.2” From the data in Fig. (), we
estimate that rods that are 10 nm wide must draw oxygen Since LEEM cannot accurately measure the height and
atoms from areas 50 nm in radius surrounding the ends of theidth of features as fine as the nanorods, we performed STM

IIl. APPARENT HEIGHT AND VERTICAL GROWTH
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oxide nanorods in STM image&) Series of STM images of one
FIG. 3. Room-temperature STM morphology of the NIO) nanorod recorded at different sample biagbsApparent height of
surface after exposure to 2&L0°7 Torr oxygen for 120 s at 900 K. three representative nanorods as a function of sample bias. Rods
Sample bias =+3.15 V|=0.19 nA. The diagonal stripes are the that imaged as trenchésegative heightat low bias were always
oxide nanorods, which run along the substf@@1] direction. The ~ found to appear 2.0 A high at biases greater thaB.0 V. These
atomic structure of the NiAL10) substrate is shown in the inset to rods are likely to be composed of a single oxygen-cation layer.

image(a). The lattice constants along th@01] and[1 —1 0] direc-

tions are 2.88 and 4.08 A, respectively. Substrate terraces at thrr%]gr%e mlcrof%g)pdiFM) Ifmagt;.;s that WFre recorded in dU|ftra'
different heights(dark, medium, and light grayare labeled 1, 2, Igh vacuum® and air after the sample was removed from
and 3 in image(a). the UHV chamber. The rods were observed to protrude from

the surface and were structurally stable after more than 5
studies of rods grown on an identical N{ALO) crystal to ~ days of exposure to ambient conditions.

obtain more detailed information about their size and struc- The profound dependence of the apparent height of the
ture. Representative STM images are shown in Fig. 3. As imanorods on the STM imaging bias is illustrated in Fig. 4. In
the LEEM images, the surfaces are marked by sharp, linedfig. 4(a-i), the rod images as an 18-nm-wide, 1.5-A-deep
structures that run along the substrg@®1] direction. As trench at a sample bias af 1.50 V. As the sample bias is
shown in the inset to Fig.(d), this direction is parallel to the increased4(a-ii), 4(a-iii)], the rod images as a protrusion of
alternating rows of nickel and aluminum atoms on the surincreasing height. At a sample bias-6f4.0 V [Fig. 4(a-iv)],

face of the substrate. At sample biases ab®v8.0 V, rods the nanorod appears as an 18-nm-wide, 2.0-A-high protru-
imaged as 2.0-8.0-A-high protrusions on the NiAl surfacesion. This behavior is entirely consistent with what might be
and were between 16 and 200 A wide. The imaging-expected for a wide-band-gap material on a metallic sub-
condition-induced variations in the height of these structurestrate. At low sample bigst+ 1.5 V in Fig. 4a-i)], there are

will be discussed in detail below. Under particular imagingno available electronic states in the insulating nanorod that
conditions, it was possible to scrape segments of the nan@an contribute to the tunneling current. Instead the nanorod
rods from the surface as the STM tip scanned across themcts as a dielectric barrier that makes it more difficult for the
This observation suggests that the rod structures lie abowelectrons to tunnel from the tip to the substrate. When the tip
the first atomic layer of the substrate and are not embeddegasses over the nanorod at this relatively low bias, it must
in it. This conjecture was confirmed by contact-mode atomianove downward in order to inject electrons into empty states
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FIG. 5. Evidence for layered rod growth in STM. The STM
image on the left was recorded at a sample bias-8f15 V. Indi-
vidual layers had an apparent height of 1.8-2.0 A in images re-
corded at biases greater thar3.0 V. The STM image on the right
was recorded at 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 LEEMa) The
of the NiAI(110) substrate and maintain the current set point.dashed arrow marks the end of a uniformly thick rod that is growing
As the sample bias is raised, electrons from the tip begin téoward the lower right of the image as _the substrate is exposed to
access the empty states above the band gap of the oxide? 10" Torr O, at 1050 K.(b) The solid arrow marks the loca-
nanorod. As this happens, the oxide material begins to corfion of the nucleation of a segmer_lt of _dn‘ferent contrast_ on_the
tribute to the tunneling current and its own features begin td'anorod. Because of STM observations like those shown in Fig. 5,
appear in the images. This behavior is similar to that ob Ve attribute this change in contrast to the nucleation of a second
served during STM imaging of insulating MgO fild¥son layer. Th's. IS S.hown in the sc.h.e.mat'c above the image. In imeyes
Ag(00D). In that system, the insulating MgO islands ap- and(d), it is evident tha_t the_ |n|t|a_l layer a_nd second layer segments
peared as depressions until the sample bias was raised hi o alﬁng the[O(;l] dwe_gnon with continued @ exposure. The
enough to allow electrons from the tip to access empty states as shown are 23n wide.

located above the band gap of MgO. proaches+ 2.0 V, and finally plateaus at 1.8 to 2.0 A at
In studies of the bias dependence of the heightvof biases abover 3.0 V31
Al,O; films on NiAl (110, Hansenet al. found that the The vast majority of oxide nanorods within a given imag-

oxide’s apparent height varied between 0.0 A and 3.5 A aing area are the same height. We have made several obser-
the sample bias was increased fram1.0 to + 4.2 V1230 vations, however, of height changes along the length of rods
Patches ok-Al,O; had a maximum height of 3.5 A in STM that suggest that the rods can grow vertically by adding lay-
images, despite the fact that the height of this oxide phase isrs, as illustrated in Fig. 5. The STM image at the left of Fig.
known to be 5.0 A from diffraction studiéS.Thus, STM 5 shows a rod composed of segments of different heights.
underestimated the thickness of the oxide. With this in mind;The line scan under the image shows that the heights of the
we report the following results of our STM measurementssegments are multiples of the characteristic 2.0 A height,
with the understanding that the absolute heights of the oxiderhich, as mentioned earlier, is consistently found in images
nanorods could differ considerably from the values that werecorded at sample biases 6f 3.0 V or greater. The line
observed. We will show that, despite this uncertainty, we carscan that is shown under the STM image at the right of Fig.
use STM to determine the number of oxygen/cation layer$ indicates that the corresponding rod is madehoée dis-
present in a nanorod. crete layers. The apparent layer height in that image is ap-
A typical behavior was for rods to have an apparent heighproximately 1 A, which is an underestimate of the true layer
that plateaued at 2.0 A at sample biases greatertha® V.  height since that image was recorded with a sample bias of
Since the layer spacing between close-packed oxygen layeosly + 1.35 V.
in Ni and Al oxides is typically 2.3 A, we cautiously consider ~ Under appropriate imaging conditions, changes in the
such rods to be “single-layer” rods since they are likely to beheights of segments of the nanorods could be distinguished
only one oxygen-cation layer in height. The curves in Fig.with LEEM as well. It was possible to monitor the individual
4(b) are just three of several observations of this behavior irsegments both during growth and during desorption in
single-layer rods. At negative sample biages., in filled-  vacuum. During growth, an additional layer often nucleated
state imagesthese rods image as trenches that are 1.0-1.5 At a point on an established, single-layer rod and then grew
deep. The apparent height remains at this level until the biasutward toward the ends of the rod. This process is shown in
is raised to+ 1.0 V, rises quickly as the sample bias ap- Fig. 6. (We did not observe higher layers growing inward
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E 2000 \ in (d) and the corresponding LEEM image (@)
= B, 137 nm/sec ‘*@i show a rod that gained speed as it climbed onto a
g ™ b | [ 2 rod ——» } monolayer-high island on the substrépeint A).

'g 1500 g 97" 296 nmisec By island —— Later, the rod lost speed as it dropped down one
2 1250 _f ] : T terrace as it reached the other side of the island
@ oint B).

1000 184 nmisec | "“f;:\\ \ B i :
[ R B T i
750o 1234567 g vsum
(d) time (sec) (e) B

from the end points of the nanorofisthis layer-by-layer growth did so as they crossed from a higher terrace to a
mode was not the only growth mode; during growth at 1000+4ower one. Similarly, rods that suddenly increased their rate
1300 K, we often observed the appearance of multilayeredf growth did so as they climbed up one substrate terrace.
rods (6—8 A high that proceeded as if the growth of the  The curve in Fig. 7a) traces the position of the end of the
individual layers was simultaneous. In other words, werod shown in Figs. ) and 7c). Close inspection of image
found that multilayer-high rods could be produced either via7(b) reveals that the step that the rod crosses is two NiAl
the addition of individual layers to existing rods or by a atomic layers high. The one-third reduction in the axial
process in which all layers appeared at once and then gregrowth rate of that rodfrom 338 nm/sec to 116 nm/sec
outward, along the axis of the rod, together. Thermal desorpaccurs exactly when the rod crosses the double step in Fig.
tion of the oxide nanorods could be induced by heating th&’(c). Given that the temperature and oxygen background
crystal to 1250-1300 K in vacuum. The desorption procespressure were held constant during growth, the supply of
proceeded as the reverse of the growth process in that trgrowth species and the probability for their attachment to the
rods shortened by losing material from their ends. In multi-end of the rod should have also been constant. We suggest
layered rods, we observed both layer-by-layer desorption anthat the 1/3 reduction in the growth rate occurs because the
the nearly simultaneous disappearance of all layers. In bottod shown becomes three times thicker after it crosses the
cases, the loss of material proceeded at a constant rate, asgp. With a fixed supply of material, growth of a rod that is
inward from the ends of the rods. 3 times as thick should be 3 times slower. With this in mind,
The layered nature of the nanorods profoundly impactedve propose that our observations could be explained by the
their growth as they elongated from one substrate terrace tmodel shown in the schematics below Figé&)7and 7c).
the next. We often observed a sharp change in the appearanceAnother example of this behavior can be found in the plot
and growth rate of a rod as it encountered a substrate stem Fig. 7(d), which tracks how the growth of the nanorod in
Two examples of this phenomenon are shown in Fig. 7. IrFig. 7(e) changed as it grew on and off of a single-layer-high
each case, a sudden change in a rod’s growth rate occurrétdAl (110 island. During the first, slower stage of growth, it
precisely when the rod’s end reached a step edge. Our LEEN4 likely that the rod in Fig. @) was growing as a two-layer-
and STM measurements have allowed us to determine thihick structure. When its end crossed the dgepint A) and
origin of this phenomenon. climbed to a higher terrace, it probably changed to a single-
In LEEM, it is straightforward to determine whether a layer mode. If the flux of oxygen atoms and metal cations to
given terrace on the NiAl surface is higher or lower thanthe end of the rod was fixed, growing in single-layer mode
neighboring terraces by slightly changing the temperaturevould presumably be about twice as fast as double-layer
and watching the direction of step motion. Because of masgrowth. When the rod reached the other side of the island
transport between the NiAl10) surface and the bulk of the (pointB), it dropped down one substrate terrace and began to
crystal?? NiAl (110 islands grow(shrink upon heating grow in double-layer mode agaifWe note that the rate of
(cooling the sample, while pits on the surface shrigkow) growth on the other side of the island is approximately half
upon heatingcooling. With knowledge of the local topog- of the growth rate that we observed while the rod was on the
raphy, we established that the rods that suddenly slowed theisland. In fact, we often observed the rates to change by
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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 nanorodsi2 A higher on the lower terradéeight
profile 1) than it is on the upper terra¢beight profile 2.
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factors of approximately 1/2 or 2 a.t step edgdhis model L5y Z;[om] 30V
is supported not only by the magnitude of the rate changes,
bUt_ also by STM Images such as the one shown in Fig. 8, £ 9. piffraction analysis of the nanorod&) Bright-field
which shows a rod that is one layer thicker on one terrace ggm image of a 2.5:mx 2.5,um are recorded after rod growth.
than it is on a terrace that is one atomic layer higher. The dark, diagonal band is a step bunch that happens to run along
The rate changes that we observe suggest that the gromie substrat¢001] direction. A high concentration of rods forms
process is more likely to be governed by the barrier for dif-ajong the bunch(b) Selected-area diffraction pattern from the re-
fusion of growth species to the ends of the rods rather thagion within the circle of imagea). A streak of diffraction intensity
by the energy barrier for their attachment. To illustrate this,runs between the diffraction spotislack arrows$ of the substrate.
let us consider an event in which a nanorod climbs a sub¢c) A dark-field LEEM image generated with intensity from the
strate step. The width of the rod and the oxygen flux remairpoint on the diffraction streak indicated by the white arrow in image
constant while the height of the nanorod decreases from tweb). The image shows that the rods are the origin of the streeks.
layers to one. This decrease in the rod’s cross-sectional aré#igher-energy diffraction pattern showing that, with the exception
leads to a reduction in the number of oxygen and metal atof the streaks, the nanorods have no diffraction spots distinct from
oms required to lengthen the rod. If the growth process weréhose of the substrate.
attachment limited, the elongation rate would be nearly in-
dependent of the rod’s cross-sectional area. This is due to thereaks result from the diffraction of electrons from the rods
fact that both the number of attachment sites and the numbemnd are not diffraction intensity from either the NiAl sub-
of oxygen atoms required to lengthen the rod scale with thetrate or thex-Al,O; islands. The image in Fig.(® was
cross-sectional area. In contrast, if the process were diffusiogenerated with electrons that passed through a small aperture
limited, the nanorod growth rate would incredbg a factor  that was placed at the position along the streak shown by the
of 2 in our hypothetical examplesince the fixed diffusing white arrow in Fig. 9b). All of the rods, including those on
flux of O and metal atoms would be fueling the growth of athe step bunch and on the adjacent terraces, appear bright in
rod that had a smaller cross-sectional area. The diffusionthis dark-field image, establishing that the rods diffract elec-
limited scenario is most consistent with our experimentaltrons into the streaks. Furthermore, the rods only appeared
findings. 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-
Our diffraction analysis of the rods, which is summarizedtion intensity distinct from that of the substrate. This is evi-

in Fig. 9 and its caption, provides insight into their structure.dent in Fig. 9d). In particular, there was no diffraction in-
The LEEM image in Fig. @) shows atomically smooth and tensity between the substrate spots along the substrate’s
moderately stepped regions of the Ni&LO) surface that are [001] direction—i.e., along the rods. Such intensity would be
separated by a large step bunch that runs along@9&] expected if the lattice parameter of the rod did not match that
direction. Because of the orientation of the step bunch, @f the substrate along its length. The streaks are oriented in
high concentration of rods formed along it. Selected-area difthe [1 —1 0] direction and are spaced by{@01] reciprocal
fraction patterns from this region of dense rod nucleation]attice vector, suggesting crystalline order and lattice match-
marked by the circle in Fig.(®), are shown in Figs.®) and  ing with the substrate in thg01] direction, with the inten-
9(d). A prominent streak of diffraction intensity runs betweensity in the[1 —1 0] direction resulting from the finite width

the NiAl diffraction spots. This streak is marked by black of the rods and/or atomic disorder along that direction. These
arrows in Fig. 9b). The streak runs perpendicular to the rodsstreaks are completely analogous to those found in diffrac-
(i.e., perpendicular to the NIA[001] direction), as one tion experiments on oxidized Fe@l0 surfaces® This
would expect for oriented, one-dimensional structures. Inleads us to propose that self-assembled nanorods are also
deed, dark-field microscopy shows conclusively that thepresent in that system. Indeed, oxidation of H&AOD) in the

IV. STRUCTURE AND COMPOSITION
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rod result from thec-Al,O3 unit cells(see Ref. § which are
rotated 24° from thg001] direction. (As we discussed in
Sec. I, thex-Al, O3 islands are observed to grow beside the
rods and not underneath them.

The 16-A corrugation that occurs along the width of the
oxide nanorods is also visible in this particular image. Here,
however, the substructure can be observedvamdifferent
layers. Laying an equally spaced 16-A 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(d0The 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-A- and
18-A-spaced features that are observed in STM images of
k-Al,O5 are related to the large unit cell of thealumina
phas€.1%1! Another possibility is that the corrugation re-
flects a Moiré pattern that forms along tHie—1 0] 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.
b) NiAl(110) The epitaxial relationship of the rods and the NIAO sur-

face provides one reason to suspect that the rods are not

FIG. 10. (a) High-resolution STM images of oxide nanorods Simply composed of the same phase of aluniraAl,O3)
that reveal quantized widths. The images show that the rods arthat forms uniform films on this surface. As mentioned ear-
composed of parallel “subrods” that are 16 A apart. The imagedier, it is well known thatk-alumina prefers to grow in two
show rods made df) one,(ii) two, (iii) seven, andiv) six of these  domains on the NiAfL10) surface with unit cells that are
fundamental units. The six rods that make up the top layer of theotated+ 24° with respect to thE001] direction. The rods do
rod in image(iv) do not completely cover the next lowest layer of not form along these directions. For the structures proposed
the rod.(b) Schematic of the stacking of the fundamental units ofin Ref. 11 and observed in Refs. 10 and 18, the oxygen-
the top two layers of the rod from image-iv). oxygen spacing inc-alumina on NiA[110) is 2.98 A. This

means that a largéapproximately 4.09% lattice mismatch
temperature range 773-973 K produces only streaks in theith NiAl would result if the close-packed oxygen rows
LEED patterr®® Longer periods of oxidation at higher tem- within «-Al,O; were forced to orient along the direction in
peratures(~1125 K) lead to a diffraction pattern that is which the rods grow.
identical to that of ak-Al,Oj3 film on NiAl(110).2 It would There is also evidence that the rods may not have the
be interesting to conduct a study like the present one osame elemental composition asAl,0;. Based on the re-
FeAl(110 substrates to confirm that nanorods can also beults of a TEM study by Doychak and co-workénsie sug-
produced on that surface. gest that the rods are closely related to nickel-aluminate spi-

Analysis of high-resolution STM images reveals funda-nel, NiAl,O,.2! In that study, elemental spectroscopy in the
mental structure within individual nanorods. Four of theseTEM showed that NiAJO, was the only oxide phase present
images can be seen in Fig. (80 Figure 1Qa-iii) is a  during the initial oxidation of NiAI110] at 1073 K. This is
close-up of a single rod located at the edge of a KiAD)  within the temperature range at which we prepared the oxide
atomic terrace. The 2-A height signature of the NiAl atomichanorods. Upon further oxidation and heating, the authors in
step is evident in the height difference between the areas dref. 9 reported that the “transient” Ni&D, oxide slowly
the left and right sides of the image. The gray scale in theonverted to alumindAl,03). While observing the disap-
image has been adjusted to highlight the corrugation of th@earance of the nanorods during vacuum annealing in
top of the nanorod. A substructure of seven rows which rurLEEM, we observed that the-Al ,03 islands grew while the
along the axis of the rod is evident in the image. The rowshanorods shrank. That is, the rod oxide was being converted
are evenly spaced about 16 A apart. Similar images of otheo the x-alumina phase. It is interesting to note that the con-
rods containing one, two, and six of these 16-A units haveversion process did not occur by some type of solid-state
also been obtained and are shown in ima@gsii), and(iv), phase transformation in which the one phase was directly
respectively. converted to the other. Instead, the conversion occurred as

Figure 1Qa-iv) is a 20 nmx 20 nm STM scan of an oxide the nanorods shrunk and lost mass to #Al,O; islands,
rod surrounded on both sides lyAl,O5 islands. We will  evidently through surface mass transport of an oxygen-
discuss this particular image thoroughly here, as it gives sewontaining species.
eral clues as to how the growth of these nanorods proceeds. If the nanorods have a spinel-like structételetermining
The diagonal stripe features on either side of the bold, brightheir composition is complicated by the fact thatAl ,O5

25 nm x 25 nm
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also has a spinel structure and forms a complete soligery high strain. The resulting anisotropic strain could lead
squFior? with NiAl,O,. That is, the Ni content can vary to the formation of these elongated structures. The same con-
continuously between AD; and NiALO,. Clearly, the el-  clusion is reached even if the rods contain na(iM., if they
emental composition needs to be directly measured. Somgonsist of y-Al,03) since the lattice parameter of the
information about composition, however, might eventually - Al,05/NiAl,O, solid solution varies litle with Ni
be obtained via further LEEM experimentation. For example content?
the free energies of formation of the nanorods and the \yhjle these uniaxial structures probably owe their exis-
«-Al,03 islands could be determined from the equilibrium yence 1o this anisotropy in the lattice matching of the oxide
oxygen pressure of the respective phases. The formation egyerjayer and the substrate, we note that a growth mecha-
ergy .Of the rods would be a fqnct|on of ;he Ni-content. In nigm that does not require anisotropic lattice mismatching
addition, if the nanorods contain some Ni, their growth andhas been observed in TEM studies of the self-assembly of
abundance relative te-Al ,O5 should be affected by the sto- . T . 4
ichiometry of the substrate. The calculations in Ref. 19 sho dysprosmm d|S|I|c_:|de Nanowires on the(B10) surface™ In

hose studies, high-aspect-ratio structures formed because

that upon exposing stoichiometric or Al-rich Ni@L0 sur- o ;
face to oxygen, it is energetically favorable for Ni vacanciesateral growth of the DySiwires required a great degree of

and Al anti-site<Ni sites occupied by Al atomso diffuse to growthinto the substrate, while lengthening of the wires did

the surface. This process ends to depletion of Ni in the suf?°t As mentioned earlier, our AFM studies and our ability to
face region and favors the formation of Al-rich oxides remove segments of the nanorods from the surface with the

(x-Al,0; and NiALO,) at the surface. In Ref. 19, different STM tip indicates that the nanorods lie entirely above the
oxidation kinetics are predicted if the substrate is Ni-rich. first atomic layer of the substrate and are not embedded in it.

For Ni-rich samples, the pathwagatomic hopsthat lead to Confirmation by TEM that the nanorods do not grow into the

Ni-depletion of the surface during.Gexposure are 0.5 ey Substrate, however, would be desirable.
costlier than in Ni-depleted sampl&EsWith this information
in mind, we plan to investigate the high-temperature oxida-

tion of Ni-depleted crystals. If the nanorods contain Ni, their  5r combined STM and LEEM studies have allowed us
abundance relative ta-Al,0; islands formed after given 5 gpserve the self-assembly of insulating nanorods during
oxygen exposures should be less on a Ni-depleted crysighe high-temperature oxidation of the N{AL0) surface and
than on our Ni-rich substrate. o _ , have uncovered some details of the growth process. We ex-
We next discuss the role of the epitaxial relationship beyect that our findings related to the growth dynamics could
tween the nanorods and the substrate in forming these high pply to other systems, including CoGa0),% NiAl (00),
anisotropic structures. The_ TEM study_ by Doychak andyng the(001) and (110 surfaces of FeA} On NiAl(110),
co-worker§ showed that NiAJO, was oriented such that |44g grow along the substrafe01] direction at a constant
Al;03 was oriented such that its close-packed metal atomgye that is exponentially dependent on the temperature. We
were along the substraf@01] direction. Indeed, this is the fing that the growth rate depends of the vertical thickness of
direction along which we observed nanorod formation. Thepe growing rods, but not upon their proximity to each other.
distance between neighboring metal atofand between The rods can grow or decompose vertically by adding or
neighboring oxygen atoms in the oxygen planiesthat ma-  gpiracting single oxygen-cation layers and come in widths
terial is approximately 2.845 A, which is less than 1.3%at are determined by fundamental 16-A units that form
smaller than the lattice constant of N{AlLO) along theg/001] next to each other along thé —1 0] direction. We hope to

direction (2.882 A). In this so-called Nishiyama-Wasserman mqtivate TEM studies to accurately determine the elemental
(NW) orientation, growth of spinel along the substrgd61] makeup of the nanorods.
direction would therefore be nearly lattice matched. The lat-

V. SUMMARY
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