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Magnetic force microscopy of ferromagnetic nanoparticles formed
in Al ,O5; and SiO, by ion implantation
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Magnetic force microscopyMFM) has been used to investigate the properties of ferromagnetic
FePt nanoparticles produced by the implantation of Fe and Pt ions into single-cry$balokifused

SiO, followed by thermal processing. The MFM results are compared to cross-section and plan
view transmission electron microscopy images of the same samples. We demonstrate that MFM can
detect magnetism in nanosized particles that are situated several hundred nm below the sample
surface. MFM is shown to be a promising tool for studying the characteristics of magnetic
nanoparticles produced by ion implantation. 2002 American Institute of Physics.
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I. INTRODUCTION cally orderedL1, phase, and they exhibit extremely high
magnetic coercivities (greater than 20 kOe at low
The production of magnetic nanoparticles with a con-temperatures'’ In the case of implantation into 4Dz, by
trolled particulate size is currently of significant technologi- controlling the implantation temperature we have produced
cal interest. An increasing number of applications of materi-either large or small nanoparticles of FePt. MFM images are
als of this type include ultrahigh-density magnetic recordingpresented from samples containing these microstructures.
materials. magnetooptically active nanocomposifesnd  For the case of FePt particles precipitated in an,Si0st,
nanoparticle fluids with applications in both medical MFM images are shown for a sample with embedded nano-
imaging and drug delivery. particles as large as 70 nm in diameter. For all of the im-
Magnetic force microscopyMFM), from its inception, planted samples, images of the topography of micron-sized
has been widely used to study magnetism on the nanoscaigeas are obtained sequentially with the magnetic force im-
for a variety of systems ranging from thin-film surfaces toages that were obtained by using phase detection. The MFM
biological samples:’ The principles of the method are dis- results are also compared to transmission electron micro-
cussed in detail in several review articBSMFM has also  scope(TEM) micrograph$’ that provide indications of the
been used to study the magnetic properties of twophysical size and spatial distribution of the embedded par-
dimensional nanoparticle arrd§s! and of nanoparticle as- ticles. Magnetic force microscopy was able to detect nano-
semblies in thin film$2-1°Samples produced by the shallow Sized ferromagnetic particles located several hundred nanom-
imp|antation of Fe into amorphous Sé{cmms followed by eters below the surface. A Comparison with TEM images
annealing in N have also been studied using both atomicconfirmed that the particles observed by TEM are ferromag-
force microscopy and MFNE These latter results were ob- Netic.
tained for composites in which the magnetic phase was situ-
ated at the sample surface, and the magnetic images could be
directly correlated with the specimen topography. Il EXPERIMENT

In the work reported here, we have used magnetic force  Fept nanoparticles were formed using the sequential ion
microscopy to study ferromagnetic FePt nanoparticles encagmplantation of Fe(350 keV, 1x 10" cm™2) and Pt(910
sulated in the near surface of ) or fused SiQ matrices.  keV, 8.2<10'® cm™?) into single-crystakx-Al,O3 or amor-
These nanoparticles are produced by the sequential implaphous SiQ, followed by thermal annealing. These implan-
tation of Fe and Pt followed by thermal annealing. The FePtation conditions lead to overlapping Fe/Pt profiles centered
nanoparticles synthesized in this process are in the chemit a depth of~160 nm in ALO; and~260 nm in SiQ. For
the case of single-crystal-Al,O;, the implantation was car-

aAuthor to whom correspondence should be addressed; electronic maili€d out either at high temperatu{®50 °C for Fe and 500 °C
valletce@ornl.gov for Pt), or at a somewhat lower temperat290 °C for each
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species The implanted samples were annealed at 1100 °C / b
. . . . - ] - - - ° &
for 2 h in flowing Ar+4%H,. Annealing is necessary to re- a) L ):‘ W ;\ = ‘ )

move lattice damage induced by the ion implantation proces:Surface > ‘

and to precipitate the chemically ordered, phase of FePt. et / > .

Our previous work’ has established that small FePt nano- / - o o ‘®
particles(2—10 nm diameter with a few particles as large as ’ gl ‘-'*‘ : - A"

25 nm diameterare produced by implantation at the higher £ ". R "‘l.
temperatures, whereas very large particles up gn®long . - " .“ [ N q
in a thin layer parallel to the surface result from the 200 °C "‘_..‘O_ e s0a
implantation. Hence, the size of the nanoparticles can be al g e Qe
tered dramatically without changing the total implant doses Cross Section Plan View

or the alloy composition. For the case of the Siast, the FIG. 1. (@ C _ &) plan-view TEM | f odt
H H H -1G. 1. (9 ross-section an plan-view Images or anneal
Fe and Pt ions were implanted only at the higher temperay % 1 S % 00 o with 850 keV, 1x 107/cr?) and P90 ke,
ture§, and the samples We_re annealed at 1090 fQtoin 8.2x10%/cn?). The scale bar on the cross-section vigsit) is 50 nm, and
flowing Ar+4% H,. Assuming complete alloying, the par- that on the plan viewright) is 200 nm.

ticles formed in both the AD; and SiQ hosts have the

Fe-rich composition FgPys. diffraction results indicate that at least some of the FePt is

A magnetl_c force mlcroscorié)lgltal_ Instruments Nano- oriented with its(111) axis directed along the axis (normal
.SCOpe Il MultiModg was used to obtain surfa_ce topographyaxis) of the ALO; host crystal. Magnetic measurements
images as well as 1o locate the FePt pamgleg, below thghow that the particles are ferromagnetic with a magnetic
sample surface. The topography and magnetic images Werc%ercivity of ~23 kOe at 5 K and-17 kOe at 300 K.

Obt‘?"”e.d seqqenﬂally. Aline scan was first taken.wr.[h th_e tp Magnetic images obtained by scanning the surface of the
oscillating at its resonant frequency and establishing inter-

. ; . sample used in Fig. 1 are presented in Fig. 2. Results are
mittent contacts with the surfadéapping mode(TM)] to P 9 P g

. . iven for 2umx2 um scans for lift heights ranging from 25
obtain an image of the surfage fegtureg. Then, 'the' Same S 250 nm. The images were obtained after magnetization of
was repeated in the same direction with the tip lifted from

. 3 th le i tic field of kOe that li
the surface by a selected constant distatiife mode) to e sample in a magnetic field of 65 kOe that was applied

_ . .. _normal to the sample surface. The phase scale is 0°—1°. Dark
generate a magnetic-force image. Standard etched silico

I}eas in these images correspond to the detection of magnetic
tips covered with a thin magnetic coatifgESP from Digi- g P Y

signals from the FePt particles. The image recorded at the
tal Instrumentswere used. The resonance frequency of the 9 P 9

free oscillating tips was-63 kHz. The tip was magnetized closets tip separation from the surface, 25 nm, exhibits rather
along its axis, i.e., during recording, the tip magnetic field

was perpendicular to the inspected surface. While surveyincLift 25 nm
magnetic material, the tip oscillating frequency was shifted 1
by an amount proportional to the vertical gradients in the
magnetic forces exerted on the tpThe small frequency
shifts were detected through corresponding phase shifts
Consequently, each raster of a magnetic image detects magy

Lift 50 nm

the surface directly below the tip. In this sense, the magnetic
image directly mimics a plan-view TEM image of magnetic
particles embedded in the substrate. For selected sample
additional topography images were obtained in the tapping
mode with a nonmagnetic tip and by using the contact modey if¢ 250 nm
technique in which the tip was in constant contact with the
surface.

Lift 100 nm

Ill. RESULTS
A. a-Al,O5 implanted at 200 °C

Plan-view and cross-section TEM micrographs from |
Al,O5 implanted at 200 °C and then annealed are shown in
Fig. 1. Large FePt particles up togn long in a thin layer
(~50 nm thick are located about 150 nm from the surfate.
The depth of these particles corresponds to the peak Of thi@em—— 2 pm ® @ 2pm ——p
implanted-ion distribution profiles for the implant conditions ) ) ) )
of the Fe and Pt. In addition to the large particles, muchzfl'jj'a%:1%?;g{etépgstuzrg"gfgmfgagglg”k?\?g&ef&;fgﬁ%’Eﬁgest'(gfgea'ed
smaller nanosized particles formed at a depth-@50 nm, ey ‘g 2¢10%cn?). Magnetic images were taken with tip/surface separa-
which corresponds to the implantation end-of-range. X-raytions of 25, 50, 100, and 250 nm and are shown on a 0°~1° phase scale.
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FIG. 3. (a) Topography(TM) of a (1 umXx1 um) area on a 0—10 nm height
scale ofa-Al,O; implanted at 200 °C with FE350 keV, 1x 10'"/cn?) and
Pt (910 keV, 8. 10'%cn?), annealed at 1100 °C in Ar4%H, and mag-
netized in a 65 kOe field normal to the surfa@®; Magnetic(phasé image
obtained sequentially witfe) on a 0°-~1° phase scale. Lift height was 50 nm
for magnetic imaging;c) Topography(TM) of a (1 umX1 um) unim-
planted area of the annealed sample with a 0—2 nm height scale.

——05Spm —eo o&—— (03 pm —o

FIG. 4. (a)—(d) clockwise: a-Al,O3 (0001 implanted with F&350 keV, 1

X 10/ cn?, 550 °Q and Pt(910 keV, 8.2 10'%cn?, 500 °Q. Sample was

magnetized along the axis in a 65 kOe field after annealing at 1100 °C in

Ar+4%H,. (@) TM topography of(0.5 umx0.5 um) area on a 0-5 nm

mottled features on the order of 7—10 nm that are superimf2€ight scale(b) Magnetic image of the same area(ason a 0°-0.3" phase
d h larger areas of strong light/dark contrast Bscale, (c) Cross-section TEM image; an@) Magnetic image of unim-

pose O_n muc g glig ] ) o ¥Ianteda-AI203 on a 0°-2° phase scale obtained with a lift height of 5 nm.

comparison to the surface topograglsge the image in Fig.

3(a)], the small granular regions correspond to topographical

features whereas the dark/light features are due to detecti®ia) on a 0—10 nm height scale. A roughening of the surface
of the magnetic signal. For lift heights from 50 to 250 nm, js indicated by the contrasting small light and dark areas. The
the magnetic images retain the large dark/light regions bujverage mean roughness of the implanted surface is 1-1.5
are free from topographic features. However, the images beym. In addition, some surface contamination is likely to be
come increasingly blurred as the tip/surface separation is inpresent as indicated by the bright white areas.

creased and, therefore, may overestimate the area of mag- The magnetic phase image shown in Fi¢p)3obtained
netic material. These results indicate that for this sample lifyith a lift height of 50 nm, is from the same area as the TM
heights greater thar 50 nm from the surface are suitable for image of Fig. 8a). No indication of the topography remains
detecting magnetic signals that are free from the topologica4t this lift height. On the other hand, the network of dark
features of this sample. It should be noted that the necessaf¥atures can be directly correlated with the FePt particles
separation to detect magnetic phases independent of topoghserved in the plan-view micrograph of Figbll The fea-
raphy is highly dependent on the depth and magnetic naturgres are on the same scale and have the same disconnected
of the particles. morphology. Hence, it can be concluded that MFM is ca-

Tapping mode and magnetic images from the same pable of detecting magnetic particles formed well below the
umx1 um surface area of a 200 °C-implanted,@® sample  syrface.

are shown in Figs. (@) and 3b). For comparison, a TM scan
of an unimplanted area of the same,®} sample is also
given in Fig. 3c). The image of the unimplanted area shows
a terrace/step morphology that may indicate a small miscut Tapping-mode and lift-mode images from QuBn<0.5
along the A}O; [001] face®® The unimplanted surface has um areas of a sample implanted at high temperature are
an average roughness of 0.2 nm. The tip used for obtainingiven in Figs. 4a) and 4b), respectively. The measured
the image shown in Fig. (8 was a sharp NanoDevices roughness of the implanted surface +sl.7 nm—slightly
TAP300 that is nonmagnetic and has a resonance frequencyore than that seen for the case of implantation at 200 °C.
of about 260 kHz. This probe produces a sharper image thafhe magnetic image was recorded on a 0°-0.3° scale with a
the tips coated with a magnetic oxide that were used for théift height of 80 nm. Although the contrast in the magnetic
TM and MFM images in Figs. (& and 3b). image is partially correlated to the topography due to charg-
After implantation and annealing, the surface topograding at the surface, many small darker spots appear over both
phy changes considerably as seen in the TM image of Fighe light and dark regions. These are an indication of mag-

B. a-Al,O; implanted at 550 /500 °C
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Cross section TEM ticles have a magnetic coercivity in excess of 30 kOe. The
tapping-mode and contact-mode images presented in Figs.
5(b) and Fc) show the surface topography from auim
square of an ion-implanted fused SiGsubstrate. The
contact-mode image was obtained using a standard Digital
Instruments SN, tip that is in contact with the surface at all
M 1t ) points. The measured surface mean roughness is on the order
Surface] ** cEsiEREN of 0.3 nm for the results shown in both Figgbband 5c). A
> contact-mode image from unimplanted $i@ot shown is
very similar to that seen after processing, indicating that the
implantation and thermal anneal has not significantly altered
the topography. This suggests that the small particles close to
the surface don't break through the surface as was the case
reported in Ref. 16. A MFM image obtained from the same
area as the TM image is shown in Figdh The magnetic
interaction between the tip and surface was somewhat weak,
and the lift height was fixed at 100 nm in order to obtain
contrasted MFM images on a 0°—0.5° scale. Both large areas
of magnetic signal as well as much smaller regions of mag-
netic interaction distributed over the whole image can be
seen in Fig. &). The features in the magnetic image corre-
FIG. 5. (a—(d) clockwise: SiQ implanted with Fe (350 kev, 1 late with both the large and small particles seen by TEM.
% 104/cm?, 550 °Q and Pt(910 keV, 8.2 10%/cn?, 500 °Q and magne-  The magnetic interaction from the small particles appears to
tized in a 65 kOe field after annealing in A#%H,. (@) Cross section TEM  pe less than that exerted by the embedded larger particles,
image:(b) TM topography of(1 umx1 um) area on a 0-2 nm height scale; 1yt gimjlar to that observed in-Al,O; implanted at 550/
(c) Topography of a1 umXx1 um) area obtained using the contact mode o . . . .
shown with same height scale of 0—2 nm (ag and (d) Magnetic force 500°C [Flg. 4(b)] which contains small nanOpamCIeS of
image obtained sequentially witth) on a 0°—0.5° phase scale with a lit FePt. The MFM measurements confirm that the implant and
height of 100 nm. annealing conditions were adequate to produce ferromag-
netic phases) of FePt in SiQ. Very likely, the overall mag-

. ) . . _. hetic properties of the sample are dominated by the large
netlc_ mterac_tlon. The pattern of the magnetic signal in F|g.Fes5Pt45 particles. The results presented here provide infor-
4(b) is considerably different than that seen for the lower-4iin regarding the formation, morphology, and location of
temperature implant in Fig.(8). A cross-section TEM mi- magnetic phases. This information, in turn, provides an in-

crograph from the sample implanted at high temperature iﬁreased understanding of the effects of annealing on the for-

give_n in F‘Q- 4‘_3)’ and this image shows discrete FePt nanoy, 44 of magnetic FePt nanoparticles in ion-implanted,SiO
particles with sizes on the order of 10—20 nm that are locate

. gamples.
~100 nm or more below the surface. The magnetic structure

seen in Fig. 4) is comparable in size to the spherical par-

ticles observed in the cross-section TEM image. A very dif-IV' CONCLUSION
ferent magnetic image, shown in Figd4, was obtained for Magnetic force microscopy has been utilized to detect
an unimplantedx-Al,O; sample with a magnetized tip sur- magnetic FePt nanoparticles that were formed igOland
veying at an even closer distance, 5 nm, from the surface. I8i0, by ion implantation followed by annealing and subse-
Fig. 4d) no features attributable to magnetic signals arequently magnetized perpendicular to the sample surface.
seen. These results suggest that MFM using a standard tip 8mall particles, on the order of a few tens of nm near the
capable of detecting particles with high coercivity as small asurface, and larger particles buried up+850 nm below the

a
) Tapping Mode

® 1 pm ®

a few tens of nm in diameter. surface have been imaged. The identification of the FePt al-
loy phase has been confirmed by comparison to TEM results.
C. SiO, implanted at 500-550 °C A major advantage of the MFM technique is that it is non-

destructive. Improvements in the sharpness of the magnetic
) ] ¢ ! g probes and observations under in-plane magnetic fields
implantation and annealing. A cross-section TEM miCro-gjq|d lead to a more detailed analysis of the magnetic prop-
graph, shown in Fig. @), indicates that the FePt alloy par- gries of nanoparticles formed by ion-beam methdds.

ticles are nearly spherical and have a bimodal size distribu-

tion, with small particles near or at the surface and larger
particles situated at a depth of about 250 nm from the sur'—A‘CKNOWLEDGMENTS

face. The size of the smaller particlesi2—-10 nm, which is This research was sponsored by the Division of Materi-
comparable to the resolution limit of a standard magnetic tipals Sciences, Office of Basic Energy Sciences, U.S. Depart-
The larger particles in the TEM image have diameters on thenent of Energy under Contract No. DE-AC05-000R22725.
order of 60—80 nm. X-ray diffraction data demonstrate thatOak Ridge National Laboratory is managed and operated by

these nanoparticles are randomly oriented@he nanopar- UT-Battelle, LLC.

FePt nanoparticles have also been formed in,S®
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