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For a complete experimental and theoretical explanation of the magnetic processes in an interacting
collection of submicron magnetic particles, a fundamental understanding of the magnetic properties
of individual single-domain particles must first be achieved. We have prepared elongated Ni
columns ranging in diameter from 0.15 to 1ufn by electroplating into specially prepared,®}

and glass channeled pore membranes. We have also prepared controlled arrays of Ni columns using
e-beam lithography, subsequently electroplating into the written patterns. Using transmission
electron microscopy, we have characterized the shape, size, morphology, and crystal structure of the
columns. Magnetic force microscopy has been used to determine the switching fie&isus the
applied field angle of the columns. Although the switching field data can be fit to the functional form
for nucleation by curling in an infinite cylinder, the observed weak dependenkl of column
diameter is inconsistent with that expected for curling, particularly for columns of diarn€t&

um. © 1996 American Institute of Physid$s0021-8976)40408-4

I. INTRODUCTION tions used have been previously repoftetihe standard
Whatman A}O; filters have diameters ranging frot0.25—
0.45um and we can vary the length of the columns prepared
by changing the duration or the current density used in the

description. The complexity is due mostly to the long rangeplatIngl Process. We have also_ ut|_I|zed a series of custom
magnetostatic interactions between every pair of particlesmade filters for which the anpdlzat|on condlthns have been
Before a fundamental theory for the magnetization reversa?dIUSted to produce pores with smaller hole sizes.

of an interacting collection of particles can be formulated,
one must first understand the reversal properties of the ind
vidual constituents, single-domain particles.

Our approach to this problem is to gather experimental A second type of porous membranes are nanochannel
data for the behavior of model single-domain particles speglass arrays developed by Tonuetial.? with pore diam-
cifically prepared for this purpose. Over the past few yearseters of Lum. Nanochannel glass membranes contain highly
studies of the switching field versus applied field angle haveuniform parallel pores or channels in large arrays. Samples
been made on single-domain rectangular permalloyare prepared by polishing a channel glass wafer to a thick-
platelets’ barium-ferrite plateletd, y-Fe,0; particles’ Fe  ness appropriate for the desired column length. The wafer is
particles? rectangular Ni plateletsand long Ni cylinder§.  then etched with a weak acetic acid solution exposing the
In this article, we describe the preparation, characterizatiorghannels in the array. The channel glass wafer is then sealed
and magnetic measurements of single-domain elongated Niver a hole in a glass cover slip in preparation for elec-
columns, and a method used to prepare controlled assemblit]@deposition. Details of the plating conditions were similar
of Ni columns in designed configurations. to that used for the anodized aluminum samples discussed

above.

The magnetization state of a collection of magnetic par
ticles is generally a complicated function of the applied field
history and is a problem still lacking a complete theoretical

B. Nanochannel glass arrays

Il. SAMPLE PREPARATION

The method we have used to prepare samples consists of

electroplating Ni into channel pore membranes prepared by |_—|
three different techniques:

A. Anodized aluminum

One type of porous membrane which we have filled by \
electroplating are AD; filters commercially available from .

Whatman Inc. Details of the set up and the plating condi-

FIG. 1. Bright field TEM image of columm which has an aspect ratio of
dCurrently at Read-Rite Corp. 63:1...Scale bar is &m.
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FIG. 2. Dark field TEM image of a particle written ®tbeam lithography. I ]
The scale bar is 0.zm. 600
. 400 -
C. Electron-beam lithography ]
A third method for preparing columnar pores utilizes 200_:
electron-beam lithography as reported by Cletal® The ]
details of our lithography will be included in Ref. 10. In o —
brief, a thin gold layer is evaporated onto a semiconducting 20 0 20 40 60 80
or insulating substrate in a pattern that consists of a beam- 0(°)

writing pad and two electrically connected probe contact

pads. We then spin-coat a single, high molecular weight
FIG. 4. Switching field vs angle between external field and the long axis,

p_oly.methyl methacrylat@SOk PMMA) resist layer' The re- H4(6) of columnC, and a pair of similar columns aligned end-to-ede-1
sistis then patterneq using a Phillips E_M-430 scanning trans;m, andL =44 um), and for columnB (d=.15 um, L =1.65 xm). The solid
mission electron microscop€STEM) with an acceleration and dashed curves correspondHg(6) for nucleation by curling in an infi-
Vo|tage of 250 kV. F0||Owing the ||thograph|c exposure, the nite cylinder. .FOI’ Ni,Rg= \sA/MS is 20(:? A,_whereA is the exchange con-
exposed patterns are developed in a 3:7 cellulose-methangf™ aMs is the saturation magnetization.

mixture. Electrodeposition at constant current is then carried

out using a nickel sulfamate electrolyte. Using this tech- I iously desi dad d usi
nigue, we have prepared columns ranging from 0.02 to 0 olumn previously eS|gn§1te prepared using an AD,
' ' “Tilter. This column has a diametdr,=0.27 um, lengthL =17

um in diameter, and exceedingudm in length. um, and an aspect ratio of 63:1.
L. SAMPLE CHARACTERIZATION Figure 2 is a dark field image of a particle written by
: e-beam lithography. As can be seen in this image, the crystal

To determine the size, shape, morphology, and crystadtructure is polycrystalline with a decrease in the grain size
structure of the Ni columns, we first remove the surroundingas the plating progresses. We intend to improve the crystal-
membrane. The AD; filters and nanochannel glass mem- linity by varying and optimizing the plating parameters. An
branes are removed by etchingi M NaOH. The PMMAis illustration of an array of columns written ®tbeam lithog-
removed by an oxygen plasma etch. The columns can themphy as visualized by SEM after the removal of the PMMA,
be observed directly in a SEM or placed in water, ultrasoniis shown in Fig. 3.
cated, and evaporated onto a transmission electron micro-

scopic(TEM) grid. Figure 1 shows a bright field image of a |\, MEASUREMENT OF MAGNETIC PROPERTIES

Using a magnetic force microscog®FM)* with an
in situ electromagnet, we have measured the switching field
versus applied field angle for several different columns. Col-
umns are first located and characterized by TEM on a grid,
and then relocated by correlation of various marking features
in the MFM. The measurement sequence is as follows. A
reverse field of 1650 Oe is pulsed in a direction making an
angle @ with the long axis of the column for 1 s. This field is
verified to be sufficient to reverse saturate the column’s mag-
netization. A forward fieldH, is then applied for 2 s. Before
the fields are applied, the MFM tip is backed away to a
distance of 12um. After the application of the field pulses,
the column is then imaged in thlemanent stateto see if the
forward field H was sufficient to reverse the direction of
magnetization. The lowest necessary to switch the direc-
tion of the magnetization of the column is defined as the
FIG. 3. SEM micrograph of an array of columns written d»peam lithog- switching fieldH for that E_mgle' .
raphy after removal of the PMMA layer. Column heightid um, d=0.1 The results for an isolated column, prepared with
um, and the spacing between columng um. nanochannel glass membraridssignated a€) and for two
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FIG. 5. MFM images of colum® (d=.45 um, L=12.7 um) scanned in 100 4
remanence after applying a field &) H=0 and(b) H=475 Oe. For this |
particular caseH ;=480 Oe.
similar columns aligned end-to-end, each wdtk1 «m and 0

L=44 um, and for an isolated column prepared with an 00 o1 0203 04 08 08

Al O; filter (designateqB) are presented in Fig. 4. The solid
a”O_' daShe_d CUrvVes correspond t20_ the a_na_ly_tlcal mlcromag:'lG. 6. Switching field when the external field is aligned with the column
netic solution ofHy(6) for curling' in an infinite cylinder long axis vs column radius. Solid line is the solution given for nucleation by
where we have adjustd®l R, to get a best fit, wherR is the  curling in an infinite cylinder.

cylinder radius andR, is the critical radius for curling. Even

though we don't expect curling to be valid over the entire T nding t ding in an infinit linder. althouah at
range, in Fig. 4 we plot the relationships for comparison.CO espo g to curiing in a € cylinder, afthough a

MFM images, such as those in Fig. 5, show that magnetixg‘e expense of reassigning théR, value to get a best fit.

charge is concentrated only at the ends of the columns, wit or Fig. 4 that adjustment is from 24.3 to 6.5 for colu@n

negative charge at one end and positive at the other, with th nd frgm 3'6;_' 0 4'5_ for ::olgmlﬂ. iorr?'>h0:3 ’“n: the_
polarity (of the magnetizationdependent on whether the ependence ofis on diameter 1S weak which Is not consis-
tent with curling and may indicate another mode for initiat-

previously applied fieldH>H,. At remanence a multi- . | h leati t th ticl d
domain state has never been observed, even if the previous'fg/g reversai such as hucleation at tne particie ends.

applied field was neaH (see Fig. 5. It is surprising that
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V. CONCLUSION

J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 O’'Barr et al. 5305

Downloaded-18-Dec-2005-t0-131.215.240.9.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



	I. INTRODUCTION
	II. SAMPLE PREPARATION
	III. SAMPLE CHARACTERIZATION
	IV. MEASUREMENT OF MAGNETIC PROPERTIES
	V. CONCLUSION
	ACKNOWLEDGMENTS

