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For self-assembled nanodots, the ultimate dream is to simultaneously achieve tunable uniformity in
size, spatial distribution, chemical composition, and crystallographic orientation. By utilizing the
Volmer–Weber growth mode in thin film epitaxy, we have grown self-assembled two-dimensional
arrays of FePt alloy nanodots that are uniform in size, chemical composition,and are all
crystallgraphically aligned. These dot assemblies are ferromagnetic at room temperature and can be
easily transferred onto other templates without destroying the size and orientation uniformity. ©
2005 American Institute of Physics. [DOI: 10.1063/1.1849849]

Self-assembled nanodots that are uniform in size, spatial
distribution, chemical composition, and crystallographic ori-
entation are highly desirable for the applications of catalysis1

and high-density data storage.2,3 So far both chemical and
physical methods have been employed for nanodot growth.
The chemical method has become very attractive after the
successful demonstration by Sunet al. to synthesize FePt dot
assembly with uniform size, spatial order, and uniform
chemical composition.4 The very nature of this chemical syn-
thesis method, however, did not allow for the dots to crys-
tallographically aligned. On the other hand, the physical
method of thin film epitaxy has been known as a convenient
way to control the crystallographic orientation using a de-
sired substrate. To apply this technique for nanodots, one
must utilize the Volmer–Weber(VW) growth mode. The
challenge is to identify a proper substrate that allows one to
simultaneously achieve tunable uniformity in size, spatial
distribution, chemical composition, and crystallographic ori-
entation.

We used(001)-oriented NaCl single crystal substrate to
grow FePt nanodots by co-deposition of Fe and Pt onto the
NaCl(001) surface in an ultrahigh vacuum(UHV) system
with a base pressure of better than 1310−10 Torr.5 The mor-
phology of the samples was studiedin situ by an Omicron
variable-temperature atomic force microscopy(VT-AFM ).
The samples were then capped with carbon film forex situ
transmission electron microscopy(TEM) study.6 The chemi-
cal composition and the size of the FePt dots can be tuned by
controlling the growth parameters that include Fe versus Pt

deposition rate, the substrate temperature, and the total dos-
age of Fe and Pt. The substrate temperature plays an impor-
tant role in defining the size, the density, and the size distri-
bution of the dots. In general, the dot size increases and the
dot density decreases with increasing temperature. The size
uniformity can only be achieved in a narrow temperature
window, with the optimal temperature being around 590 K.
Figure 1(a) shows a 600 nm3600 nm AFM image of the
FePt alloy dots grown at 585 K on a NaCl(100) substrate
with a nominal thickness of 1.3 Monolayers(ML ). Similar to
the nanodots of pure Fe,7 the FePt alloy dots were also
formed directly on the NaCl(001) surface without a wetting
layer. As shown by the marked line scan, the dots are about
5–6 nm in height. While the values of the heights are precise
for the AFM measurement, the lateral dimensions of the dots
are overestimated due to the tip effect. However, based on
the information of the shape, the height, and the density of
the dots, plus the predetermined total dosage, we estimate
that the real lateral size of the dots in Fig. 1(a) is around 7
nm. This has been confirmed by further TEM analysis, as
shown in Fig. 2(a), which yields precise information on the
shape as well as the lateral sizes of the dots. Interestingly,
dots shown in the TEM images have rectangular shape. Fig-
ures 1(b) and 1(c) are the height and lateral size distributions
of the dots along with the corresponding Gaussian fits. Con-
sistent with the line profile and the lateral size estimation, the
centers of the Gaussian fits of the height, the breadth(the
shortest dimension across the center), and the length(the
longest dimension across the center) distributions of the dots
appear at 5.5, 5.8, and 8.0 nm, respectively. The distributions
of the width are very narrow. The standard deviation,Dha)Electronic mail: shenj@ornl.gov
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=skh2l−khl2d1/2, of the height, breadth, and length distribu-
tions are only 0.65, 0.72, and 1.08 nm, respectively, which
are 12%, 12.5%, and 13.5% of the average height and lateral
size values. Such narrow dispersions are remarkable consid-
ering the fact that VW growth generally yields much broader
size distributions even for clusters formed by single
elements.2

The most striking observation comes from the TEM
study of the dots assembly, which convincingly shows that
all the dots are crystallgraphically aligned in both the vertical
and lateral directions even after being transferred from the
NaCl (100) surfaces to the carbon films. Figure 2(a) clearly
displays the rectangular shape of the dots and their unani-
mous orientation, i.e., edges of those rectangles are all sur-
prisingly aligned in the same orientations, which reveals that
all of the dots are strongly bonded to the substrate during the
growth. High resolution TEM images of all dots[as an ex-
ample, see Fig. 2(b)] show the same kind of lattice fringes of
(200) plane, which belongs to groupPm-3m(221), with a
lattice constant of 0.39 nm. The most direct evidence of the
epitaxial growth came from the microelectron diffraction
analysis.8 The insets of Figs. 2(a) and 2(b) are the diffraction
patterns from a group of dots and a single dot, respectively,
indexed as{220} and{200} spots. The pattern for the single
dot is a single set of diffraction, indicating that the dots are
single crystals. Meanwhile the pattern from a group of dots
[the inset of Fig. 2(a)] was taken from an area(200 nm in
diameter) that contains 25 dots. This represents a set of simi-
lar diffraction patterns with less than 5° misalignment to
each other, which we believe originates from the tilt or de-
formation of the thin carbon film(less than 5 nm). We thus
conclude that all of the dots are crystallgraphically aligned.

Combining the diffraction and the energy dispersive
spectroscopy analysis, the chemical composition of the par-
ticular dots assembly is confirmed to be Fe4Pt21 for each
single dot. Energy dispersive spectra(EDS) were collected
from individual dots to determine the chemical composition.
The experimental EDS spectra from the dots is presented as
solid line in Fig. 2(c). The simulated spectra with the Fe and
Pt ratio of 4:21 is also shown in the same figure as a dotted
line, which fit well to the experimental spectra.9

By using vicinal NaCl(001) substrates, we can spatially
align the FePt alloy dots with uniform size, crystalline ori-
entation, and chemical composition. Such vicinal NaCl sub-
strates were prepared by polishing small angle misoriented
NaCl(001) crystals with water–methanol mixture,10 followed
by an annealing at 860 K in UHV chamber for about 40 min.
Uniform terrace-step morphology with monolayer high steps
can be formed on whole surfaces. The width of the terraces
can be tuned by the miscut angles. When Fe and Pt atoms are
co-evaporated onto stepped surfaces, the strong tendency for
step decoration drives the FePt dots to the step edges, spa-
tially ordered alloy nanodots assembly are formed. As an
example, Fig. 3 shows a 1mm31 mm AFM image of the
FePt alloy dots array grown on a 3.0° miscut NaCl(001)
crystal. As shown in the inset of Fig. 3, both the sizes of the
dots and the distances between the dots’ chains are very uni-
form.

The Volmer–Weber growth mode for FePt on NaCl(001)
can be rationalized by the large surface free energy imbal-
ance between the substrate and adsorbates(2.48 J/m2 for
both Fe and Pt versus 0.18 J/m2 for NaCl). Very recently, the
size uniformity of single element dots grown in VW growth
mode was interpreted by a phenomenological mean-field
theory7 and a more detailed theoretical model11 outlining the
competition between the self-energy of a dot and the energy
of the strong dot–dot interactions. In the FePt alloy dots sys-
tem, the presence of the second element complicates the situ-
ation by introducing a new energy term which reflects the
selection of the chemical composition into the self-energy of

FIG. 1. (a) In situ AFM image of FePt alloy dots grown on cleaved
NaCl(001) surface with a nominal thickness of 1.3 ML at substrate tempera-
ture of 585 K, the scan area is 600 nm3600 nm. The line profile at the
bottom of the image shows the uniformity of the height and width of the
dots.(b) and(c) are the height and lateral diameter distributions(length and
breadth) of the alloy dots. The height distribution was from the AFM data,
while the lateral size distributions were from the TEM measurements. The
dashed lines are the corresponding Gaussian fits of the distributions.

FIG. 2. TEM micrographs of the FePt dots assembly in Fig. 1 after it was
transferred to a carbon thin film.(a) Typical image of the dots assembly,
which is similar to the AFM images in the sense of the density and lateral
size after deconvolution. Note that the rectangular dots are all aligned up
along the crystalline orientation of NaCl(001); (b) HRTEM image of a
single dot revealed the(200) lattice fringes, the distance between the white
lines is 0.193 nm, i.e., the lattice constant is 0.39 nm; the micro-electron
diffraction patterns from a group of dots as(a) (see the text) and single dots
as (b) are shown as insets in(a) and (b), respectively.(c) EDS spectra of
experimental and simulated patterns of the alloy nanodots. The simulation
were carried out by assuming Fe:Pt ratio as 4:21.
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the dots. Nevertheless, the complexity of the current system
does not change the generic behavior of which a local energy
minimum presents at the observed optimal size and chemical
composition. The amazing mono-orientation of the dots
likely originates from epitaxy of FePt alloy on NaCl(001).
Assuming the Fe or Pt atoms in the FePt alloy lattice register
the Na and Cl sites alternately on the(001) surface, the mis-
match between the two lattices is 3%. Based on these generic
arguments, we thus anticipate that NaCl(001) can be used as
a common template to grow dot assemblies that have similar
uniformity in size, chemical composition, and crystalline ori-
entation.

The self-assembled two-dimensional array of FePt alloy
nanodots is ferromagnetic at room temperature. Figure 4
shows the results of theex situ superconducting quantum
interference device(SQUID) magnetometer measurement of
the dots assembly which was capped with NaCl before it was
taken out from the UHV chamber. The zero field cool and
field cool magnetization data as a function of temperature in
an external field of 50 Oe show a dispersion up to 300 K,
indicating that the superparamagnetic blocking temperature
of the nanodots assembly should be higher than room tem-
perature. This is consistent with the results that hysteresis
loops persist at all temperature ranges we can reach(5–300
K). Note that with our experimental setup, we can easily get
all kinds of alloy dots assemblies by just tuning one or more
growth parameters, including the dosage for changing the
dots size, growth temperature for tuning the uniformity and
density of the dot assemblies, substrate tilt angle for period-
icity, the growth rates ratio of elements for modifying the
alloy composition, and also the elements combinations. This

advantage makes the systematic study of the magnetic prop-
erties of alloy nanodots assemblies possible, and makes it
much easier to search for new magnetic materials.
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FIG. 3. In situ AFM images of spatially ordered FePt alloy dots grown on
stepped NaCl(001) surface with nominal thickness of 1.3 ML at substrate
temperature of 585 K. Scan area 1mm31 mm. The inset picture is a
close-up of the dots chains, 110 nm390 nm.

FIG. 4. Zero field cool(circles) and field cool(square) temperature depen-
dence of the magnetization of the NaCl(001) supported Fe4Pt21 alloy dots.
The curves are measured at the field of 50 Oe. The inset is a typical hys-
terisis acquired at 30 K by SQUID magnetometer.
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