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Self-assembled FePt nanodot arrays with mono-dispersion and -orientation
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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 composkiam,are all
crystallgraphically alignedThese 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 PhysidDOl: 10.1063/1.1849849

Self-assembled nanodots that are uniform in size, spatialeposition rate, the substrate temperature, and the total dos-
distribution, chemical composition, and crystallographic ori-age of Fe and Pt. The substrate temperature plays an impor-
entation are highly desirable for the applications of cata}ysistant role in defining the size, the density, and the size distri-
and high-density data stora@é.So far both chemical and bution of the dots. In general, the dot size increases and the
physical methods have been employed for nanodot growttdot density decreases with increasing temperature. The size
The chemical method has become very attractive after thaniformity can only be achieved in a narrow temperature
successful demonstration by Senal.to synthesize FePt dot window, with the optimal temperature being around 590 K.
assembly with uniform size, spatial order, and uniformFigure Xa) shows a 600 nix 600 nm AFM image of the
chemical compositiofiThe very nature of this chemical syn- FePt alloy dots grown at 585 K on a N&ODO0) substrate
thesis method, however, did not allow for the dots to crys-with a nominal thickness of 1.3 MonolayeidL ). Similar to
tallographically aligned. On the other hand, the physicakhe nanodots of pure Fethe FePt alloy dots were also
method of thin film epitaxy has been known as a convenienformed directly on the Na@01) surface without a wetting
way to control the crystallographic orientation using a de-layer. As shown by the marked line scan, the dots are about
sired substrate. To apply this technique for nanodots, ong—6 nm in height. While the values of the heights are precise
must utilize the Volmer-Webe(VW) growth mode. The for the AFM measurement, the lateral dimensions of the dots
challenge is to identify a proper substrate that allows one t@re overestimated due to the tip effect. However, based on
simultaneously achieve tunable uniformity in size, spatiakhe information of the shape, the height, and the density of
distribution, chemical composition, and crystallographic ori-the dots, plus the predetermined total dosage, we estimate
entation. that the real lateral size of the dots in Figajlis around 7

We used(00D-oriented NaCl single crystal substrate to nm. This has been confirmed by further TEM analysis, as
grow FePt nanodots by co-deposition of Fe and Pt onto thehown in Fig. 2a), which yields precise information on the
NaCk001) surface in an ultrahigh vacuurtUHV) system  shape as well as the lateral sizes of the dots. Interestingly,
with a base pressure of better thar 1072° Torr.> The mor-  dots shown in the TEM images have rectangular shape. Fig-
phology of the samples was studieusitu by an Omicron  yres 1b) and Xc) are the height and lateral size distributions
variable-temperature atomic force microscopyT-AFM).  of the dots along with the corresponding Gaussian fits. Con-
The samples were then capped with carbon filméRrsitu  sistent with the line profile and the lateral size estimation, the
transmission electron microscopyEM) study.” The chemi-  centers of the Gaussian fits of the height, the bregtita
cal composition and the size of the FePt_ dots can be tuned byortest dimension across the ceptemd the length(the
controlling the growth parameters that include Fe versus Rgngest dimension across the cepgistributions of the dots
appear at 5.5, 5.8, and 8.0 nm, respectively. The distributions
¥Electronic mail: shenj@ornl.gov of the width are very narrow. The standard deviatidn,
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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. Figureapclearly
displays the rectangular shape of the dots and their unani-
e S B o mous orientation, i.e., edges of those rectangles are all sur-
Height (nm) 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 dofas an ex-
ample, see Fig.(®)] show the same kind of lattice fringes of
(200) plane, which belongs to groupm-3m(221), with a
lattice constant of 0.39 nm. The most direct evidence of the
. : o v epitaxial growth came from the microelectron diffraction
0 80 100 150 200 250 ° | ° O (f‘m) 12 analysis® The insets of Figs. (@) and 2b) are the diffraction

Line Sgan (nm) patterns from a group of dots and a single dot, respectively,
_ _ indexed ag 220} and {200} spots. The pattern for the single
FIG. 1. (@ In situ AFM image of FePt alloy dots grown on cleaved qnt jg g single set of diffraction, indicating that the dots are

NaCl(001) surface with a nominal thickness of 1.3 ML at substrate tempera- _. | tals. M hile th it f f dot
ture of 585 K, the scan area is 600 MB00 nm. The line profile at the S'NGIE Crystals. Meanwhile the pattern from a group or dots

bottom of the image shows the uniformity of the height and width of the [the inset of Fig. 2a)] was taken from an are@00 nm in
dots.(b) and(c) are the height and lateral diameter distributidesigth and  diametey that contains 25 dots. This represents a set of simi-

brgadth of the aIIo_y dot_s. The_ height distribution was from the AFM data, |gr diffraction patterns with less than 5° misalignment to
e e e o e e s e stemons. T @ach other, which we believe originates fom the i o de-
formation of the thin carbon filngless than 5 nm We thus
conclude that all of the dots are crystallgraphically aligned.
=((h?)-(h)Y®)!2 of the height, breadth, and length distribu- Combining the diffraction and the energy dispersive
tions are only 0.65, 0.72, and 1.08 nm, respectively, whicrspectroscopy analysis, the chemical composition of the par-
are 12%, 12.5%, and 13.5% of the average height and lateriifular dots assembly is confirmed to be,P®, for each

size values. Such narrow dispersions are remarkable consigingle dot. Energy dispersive spectiDS) were collected
from individual dots to determine the chemical composition.

ering the fact that VW growth generally yields much broader. ; )
size distributions even for clusters formed by singIeTh(_a e_xpe_rlmental EDS spectra from the dOtS.'S presented as
element< solid line in Fig. Zc¢). 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 speclgra.

By using vicinal NaGl001) 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 an%Ie misoriented
NaCk001) crystals with water—-methanol mixtu 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-
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s 8| l T e tially ordered alloy nanodots assembly are formed. As an
= 6 | example, Fig. 3 shows a gmXx1 um AFM image of the
L2 4 ' ’ ‘ FePt alloy dots array grown on a 3.0° miscut N&OL)
§ Co I crystal. As shown in the inset of Fig. 3, both the sizes of the
o 2 | 1 dots and the distances between the dots’ chains are very uni-
0 ';L! . form.
02 4 6 8 10 12 14 16 18 20 The Volmer-Weber growth mode for FePt on Ne¢iDIL)
Energy (keV) can be rationalized by the large surface free energy imbal-

ance between the substrate and adsorbétet8 J/nt for
FIG. 2. TEM micrographs of the FePt dots assembly in Fig. 1 after it wasphgth Fe and Pt versus 0.18 J for NaCI). Very recently, the

transferred to a carbon thin filnga) Typical image of the dots assembly, _. : : : :
which is similar to the AFM images in the sense of the density and IateralSIze unlformlw of smgle element dots grown in VW gI’OW'[h

size after deconvolution. Note that the rectangular dots are all aligned upnode_was interpreted _by a phenomen()l()gica_\l _mean'ﬁeld
along the crystalline orientation of Na@001); (b) HRTEM image of a theor;] and a more detailed theoretical mo]dejutlmmg the

single dot revealed the00) lattice fringes, the distance between the white competition between the seIf-energy of a dot and the energy
lines is 0.193 nm, i.e., the lattice constant is 0.39 nm; the micro-electrorbf the strong dot—dot interactions. In the FePt aIon dots sys-

diffraction patterns from a group of dots @ (see the tejtand single dots . -
as(b) are shown as insets if@) and (b), respectively(c) EDS spectra of tem, the presence of the second element complicates the situ-

experimental and simulated patterns of the alloy nanodots. The simulatioAtion by introducing a new energy term which reflects the

were carried out by assuming Fe:Pt ratio as 4:21. selection of the chemical composition into the self-energy of
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FIG. 4. Zero field coolcircley and field cool(squarg¢ temperature depen-
dence of the magnetization of the N&@1) supported Fgt,, alloy dots.
The curves are measured at the field of 50 Oe. The inset is a typical hys-

FIG. 3. In situ AFM images of spatially ordered FePt alloy dots grown on terisis acquired at 30 K by SQUID magnetometer.

stepped Na@001) surface with nominal thickness of 1.3 ML at substrate

temperature of 585 K. Scan areauinX1 um. The inset picture is a

close-up of the dots chains, 110 nn90 nm. advantage makes the systematic study of the magnetic prop-
erties of alloy nanodots assemblies possible, and makes it

the dots. Nevertheless, the complexity of the current systermuch easier to search for new magnetic materials.

does not change the generic behavior of which a local energy . . .
minimum presents at the observed optimal size and chemical | IS Work was supported by Oak Ridge National Labo-
composition. The amazing mono-orientation of the dotgtory (ORNL), managed by UT-Battelle, LLC for the U. S.
likely originates from epitaxy of FePt alloy on Ngg01.  Department of Energy under Contract No. DE-ACOS5-
Assuming the Fe or Pt atoms in the FePt alloy lattice registeP0OR22725, and by the U.S. National Science Foundation
the Na and ClI sites alternately on tf@01) surface, the mis- under Contract No. DMR 0105232.
match between the two lattices is 3%. Based on these generig _
arguments, we thus anticipate that N@DI) can be used as zg' ,\'}' Henry, Surf. Sci. Rep31, 235 (1998.

’ o . Moriarty, Rep. Prog. Phys4, 297 (2001).
a common template to grow dot assemblies that have similary, A  shchukin and D. Bimberg, Rev. Mod. Phyg1, 1125(1999, and
uniformity in size, chemical composition, and crystalline ori- references therein.
entation. “S. sun, C. B. Murray, D. Weller, L. Folks, and A. Moser, Scierg&?,

The self-assembled two-dimensional array of FePt a”Oy 1?18e9i§c2)r?0a?1-d latinum were evaporated from Fe and Pt wBbspurity)
nanodots is ferromagnetic a,‘t room temper?‘ture' Figure 4heated by elegtron beam bomba‘:dment. The NaCl single crystF;I sa/bstrates
shows the results of thex situ superconducting quantum  ere cleaved in air, then were immediately loaded into the UHV chamber
interference devicéSQUID) magnetometer measurement of and were annealed to 530 Krf h to removesurface contamination prior
the dots assembly which was capped with NaCl before it was to the experiments.
taken out from the UHV chamber. The zero field cool and *TEM was carried out using a Hitachi HF2000 field emission TEM at 200

field cool magnetization data as a function of temperature in kY- The nanodots assemblies along with the thin carbon capping layer
were detached from the substrate by immersing the samples into distilled

an external field of 50 Oe show a dispersion up to 300 K, water and suspended on 400-mesh TEM copper grid right before the TEM
indicating that the superparamagnetic blocking temperaturemeasurements. A plasma cleaning of 90 s was applied to remove the
of the nanodots assembly should be higher than room tem-hydrocarbon and thin the carbon film.

perature. This is consistent with the results that hysteresisZ- Gai. B.- Wu, J. P. Pierce, G. A. Farnan, D. J. Shu, M. Wang, Z. Zhang,

; 5 and J. Shen, Phys. Rev. Le&9, 235502(2002.
loops persist at all temperature ranges we can r 80O 8Micro-electron diffraction was performed using a 50 m aperture setting.

K). Note that with our experimental setup, we can easily get The diffraction pattern was calibrated using a siliddn0) pattern.

all kinds of alloy dots assemblies by just tuning one or more °The 1 keV peak in the experimental spectra is theLine. In order to get
growth parameters, including the dosage for changing the proper background around the Fe peak, a high concentration of copper is
dots size, grovvth temperature for tuning the uniformity and m_odeled. The measured Cu peaks are fI_uoresceod from the '_I'EM ‘copper
density of the dot assemblies, substrate tilt angle for period- grid bars, therefore, the measurkdo L ratios are * off, which is quite

o . ’ . different from the simulated value.

icity, the growth rates ratio of elements for modifying the 19 Reichelt, J. Cryst. Growt8s, 55 (1976.

alloy composition, and also the elements combinations. Thi$'F. Liu, Phys. Rev. Lett.89, 246105(2002.
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