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Nanopores with lateral dimensions as small as 33 nm have been fabricated by nuclear track
etching in 5 um thick, single crystal mica wafers. The nanopores have a diamond shape
with their axes aligned with the crystal axes of mica as a result of anisotropic etching.
Nickel nanowire arrays with a constant volume fraction have been fabricated by
electrodeposition into the nanopores. The magnetic properties of the nickel nanowire
arrays in the mica templates are reported. © 2000 Kluwer Academic Publishers

1. Introduction fects in gold and platinum nanowires [3, 4]. However,
Electrodeposition of metals into porous templates hashese reports did notinclude any details of the structural
been used as amethod to fabricate awide range of quasind morphological properties of the nanowires. Most
one-dimensional nanostructures [1-12]. Anisotropicrecent work has focussed on nanowire arrays fabricated
magnetic properties have been reported in ferromagn tracked polycarbonate membranes [6-12, 23]. How-
netic [6—9] and multilayer [10—12] nanowires. Tem- ever, polymer membranes are not ideal since the inter-
plates for electrochemical deposition of nanowire ar-nal surface of the pores can be quite rough [24]. The
rays include etched nuclear particle tracks [13—17]polymer membranes are also relatively soft so that char-
porous alumina films formed by anodic oxidation of acterization of the pore morphology and distribution by
aluminum [18-20], and nanochannel glass films [21].force microscopy is not straightforward. Further limi-
The intrinsic properties of nanowire arrays are directlytations associated with commercially available mem-
related to the properties of the nanoporous templatbranes are the high pore density and the large angle
such as the relative pore orientations in the assemblygetween the pore axis and the surface normal (as high
the pore size distribution, and the surface roughness afs 30), which can greatly reduce the shape anisotropy
the pores. [8].

Nuclear damage tracks in dielectric materials are cre- Here we report on the fabrication and characteriza-
ated by the passage of high energy particles. Alondion of nanoporous templates in single crystal mica
the trajectory of the particles, the so-called Coulombwafers. The pores are diamond-shaped with well de-
explosion phenomenon gives rise to regions of locafined crystal axes that are related to the crystal structure
structural disorder such as point defects in crystals andf the mica. We show that the coercivity and square-
bond breaking in polymers [16, 17, 22]. Due to the localness of nickel nanowire arrays in mica films are signifi-
disorder, the chemical activity of the damage tracks isantly enhanced compared to nanowires of the same
much higher than the bulk material. In the presence of @imension formed in polycarbonate membranes. Fur-
suitable etchant, the etch rate of the damage tracks madfermore, we show that the Curie temperature of nickel
be several orders of magnitude higher than the bulk maranowire arrays in mica films is dependent on wire dia-
terial so that the damage tracks can be etched to form ameter and follows finite size scaling theory.
array of uniform parallel sided pores. Further etching
results in enlargement of the pores at a rate determined
by the bulk etch rate. The area density of pores is detei2. Experimental
mined by the fluence of the particles and the pore size i¥he nanporous templates were fabricated by etching
determined by the etching time. Nuclear track etchingparticle tracks in Sum thick single crystal muscovite
has been widely used in particle identification, fissionmica wafers (Spruce Pine Co). Particle tracks were
track dating, and filtration [16]. created by exposure to approximately 6 Me\par-

The electrochemical deposition of nanowire arraysticles from a 10QuCi Cf?52 source (Isotope Products)
was first reported by Possin [1, 2] who deposited tinin a chamber at a base pressure of abouf Torr. The
nanowires in tracked mica films. Subsequently Gior-particle tracks were collimated to withiri by locating
dano and coworkers studied electron localization efthe micawafers 1.9 cm from the source. The track depth
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for 6 MeV « particles in mica was determined to be ' Ty’
9.7 um, consistent with an energy deposition of 11-12
MeV cm~2 mg~? for mica [25].

The particle tracks were etched by immersing the
irradiated wafers in 20 wt.% HF (11.4 M). The etch-
ing process was performed in a two compartment cell
and was monitored by measuring the resistance acros
the mica wafer using platinum wires located in each
compartment of the cell. The shape, density, orienta-*
tion, and uniformity of the pores in the mica films were
examined by scanning electron microscopy and atomic
force microscopy (AFM, Topometrix). The orientation
of the pores with respect to the mica lattice was de-'
termined by X-ray measurements performed on a four
circle diffractometer (Philips X'Pert MRD).

Nickel nanowire arrays were fabricated by electro-
chemical deposition into the porous films. The work- Figure 2 Scanning electron microscope cross-sectionalimagSefia
ing electrode was provided by a gold layer sputter depores in mica.
posited onto one side of the wafer. In order to ensure that
the gold layer was continuous, the thickness was abou
three times the pore diameter. Nickel was deposited
from a solution of 20 gt! NiCl,- 6H,0, 515 gt*
Ni(HoNSG3),- 4H,0), 20 g 1 H3BO;3 buffered to pH
3.4 at a potential of-1.0 V (Ag/AgCI). The experi-
mental details have been described elsewhere [4]. The
magnetic properties of the nickel nanowire arrays were
determined using a vibrating sample magnetometer.

3. Results and discussion

Fig. 1 shows a plan view scanning electron microscope
image of an irradiated and etched mica film. The pores
are diamond in shape with characteristic angles 6f 60

and 120 respectively, and are oriented with respect to

each other. The well defined corners indicate that the
etChmg. of mica in HI.: is highly an_lsotrop|c [_26]' For Figure 3 2umx 2um AFM image showing 50 nm nanopores in a
convenience, we define the effective pore diameter aggie-crystal mica film.

the diameter of the circle with the same area as the

diamond shaped pore. Fig. 2 shows a scanning electron. ,
microscope image of an irradiated and etched micafilr’rlilﬂ'Ckness of the film shows that the etch rate for the

sectioned to reveal the interior of the pores. It is evi-damage t[]acks is much fastec; than the bulk e;cﬂ rate.
dent that the pore axes are parallel and that the interio&':'g' 3 shows a contact mode AFM image of the sur-

surfaces of the pores are smooth and free from etchin fce of ggle mica f;:_m with SOr?m por:es ﬁnd a density
residues. The uniformity of the pores throughout the 1x 10" cr=. This Image shows that the nanopores
have the same shape, size, and orientation. The pores

are randomly distributed as expected from the stochas-
tic nature of the irradiation process. Images from both

sides of the mica wafers after etching were identical,

with no observable differences in pore size, pore den-
sity, pore shape, and orientation.

The density of particle tracks in the mica films, in-
ferred from the pore density, is proportional to the ir-
radiation time, as shown in Fig. 4. The slope of the
line corresponds to a track generation rate @71x
10° cm~? s~1. Since the half-life of californiumis 2.73
years, we note that the track generation rate decreases
with time. For experiments reported here, irradiation
times of 5x 10* to 2 x 10° s were used to obtain pore
densities between & 10’ and 2x 10° cm~2. Since

1|-u—_|m the fraction of overlapping pores is low (see below) the

pore density is essentially the same as the track density.

Figure 1 Scanning electron microscope plan view image of etched par- 1€ etching process and e_VOIUtion O_f the pore mor-
ticle tracks in single crystal mica. phology was monitored using electrical resistance
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Figure 4 Pore density obtained from SEM images versus irradiation Time (S)
time.

Figure 6 The effective pore diameter obtained from resistance measure-
ments versus etching time. The effective pore diameter is defined as the
diameter of a circle having the same area as the diamond shaped pore.
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Figure 5 Circuit for measurement of the cell resistance. For measure-
ments reported herdy; = 6002, R, = 5, R3 = 46.9Q. The mea-
surements were performed using an ac voltdfge\d at afrequency of
10 kHz.
0 ] |
measurements. The time dependent resist&{teis 0 5000 10000 15000
given by: Time (s)
_ 1Y Figure 7 The effective pore diameter obtained from scanning electron
R(t) =Ro+ nAr2 (1) microscope images versus etching time.

whereRy is the series resistance ofthe celland is depen-

denton cellgeometry, is the resistivity of the solution, probably due to the lower temperature used for etching
| is the thickness of the tracked filmis the irradiated (about 20C). We note that the vertical etch rate of the
arean is the pore density, andis the pore radius. The pylk material normal to the cleavage plane (i.e. in the
circuit used to measure the resistance of the etchinho1] direction) is effectively zero [17]. From the ratio
cell is shown in Fig. 5. From measurements withoutof the etch rates (about:8 10°) the taper of the pore

a film in the cell, Ry was determined to be 20.32  \yalls is determined to be.02°.

for 20wt.%HF (11.4 M). The average pore size can Fig. 7 shows a plot of the pore size for longer etching
then be determined from the measured resistance talimes obtained from scanning electron microscope im-
ing p = 4.7Q cm for the etchantA = 0.2025 cnf,  ages. From this Figure it can be seen that there is good
| = 5um, and using the pore density determined fromagreement between the pore size determined from the
the irradiation time. Fig. 6 shows a plot of pore diam-resistance measurements and from the scanning elec-
eter versus etching time obtained from the measuregon microscope images, resulting in the same value for
resistance for a track density of8x 10° cm~2. The  the lateral etch rate.

breakthrough time was typically 20-22 seconds for the The shape of the pores in the mica films is due to the
5 umthick mica films, corresponding to an etch rate foranisotropy in the in-plane etch rates, originating from
the damage tracks of 1136-1280s~. The slope in  the crystal structure of the mica. X-ray diffraction pat-
Fig. 7 corresponds to a lateral etch rate of 0381,  terns obtained from mica powder prepared by grinding
Values of about 0.6\ s~1 have been reported in the the wafers confirmed the monoclinic structure with the
literature for etching of mica in 20 wt.% HF at 25  expected lattice parametegs (= 5.18A, a = 9.02A,

[14, 27]. The slightly lower values obtained here areag = 10.02A, « = y = 90°, 8 = 955°) [28-30].

1099



X-ray 0 /20 diffraction of the single crystal mica wafers a,
revealed only the (0f) peaks, indicating that the cleav-
age surface is the (001) plane. The unit cell projection
on the (001) cleavage plane has a rectangular structur
with in-plane lattice vectora; anda,. By performing
X-ray ¢ scans we can measure the angular dependenca(
of the projections of diffraction vectors which are tilted
from the surface normal with an angle and hence we
can determine the orientations of the in-plane lattice
vectors in reciprocal spad® andb,. For the mono-
clinic mica lattice we have, //b; anday//b,. Thus by
comparing the lattice vectors with images of the pores!:igurg 9 Projection of the atomic arrangement in the (001) plar_le of
we can determine the crystal orientation of the porémca|||L_Jstrat|ng_thatth_e pore walls correspond to the oxygen terminated
walls. planes in the mica lattice.
_Fig. 8a shows three sets ¢fscans from thg112}, _

{112 and{023 planes superimposed on the same plot[0 1 O] directions in reciprocal space, we can determine
For the monoclinic structure of mica, the (112) andthe orientations of the reciprocal lattice vectbfsand
(112), (112) and 11 2), (023) and (02) planes have by, and hence tha; anda, directions in the sample.
the same @ andV values, as can be seen in Table |. Comparison of the lattice vectaag anda, with images
Since the in-plane projections of the these planes aref the etched pores reveals that the pore walls are par-
very close to the [110],[1 0], [110],[110],[010]and allel to the{110} planes in the mica lattice, as shown in

Fig. 8b. The pore walls correspond to the oxygen ter-
TABLE | Measureds angles for thé112), {112 and{023 planes  Minated planes as illustrated in Fig. 9, indicating that
these are the slowest etching planes, very similar to the
Plane 2 b4 Pmeas etching process in S¥OThe 60 angle of the diamond-
(112) 7 8681 45 45 854 _shaped pores determined from SEM anq AFM images
(112) 25 6112 50.74 20554 IS very close to the angle of 59 of the diamond en-
(112) 25.6112 50.74 2654 closed bya; = 5.18A anday, = 9.02A.
(112) 27.8681 45.45 25.46 In making measurements of the properties of nano-
(023) 33.4856 36.4 14542 \ire arrays that are a function of pore diameter, pore
(023) 33.4856 36.4 325.20 . : X . .

overlap is an important issue since pores derived from
multiple tracks result in a fraction of nanowires with
much larger effective diameter than of an isolated pore.
For measurements that are dependent on the volume of
material it is usually necessary to have a large volume
fraction of pores. However, the fraction of overlapping
pores increases with increasing volume fraction so that
the measurement may be significantly influenced by
the fraction of double and triple pores. The fraction of
overlapping pores can be approximated by [27]:

m@ _ (41
0 n q

0 100 200 300 wherem(q) is the number of pores derived fragrpar-
ticle tracksny is the track densityf is the area fraction
of pores assuming all single pores. Fig. 10 shows a plot
of the fraction of double and triple pores versus the vol-
- ume fractionf . From this Figure it can be seen that the
[110] (b) fraction of double pores is 1% at a volume fraction of
b, about 0.005 and increases to 10% at a volume fraction
of 0.07. This clearly illustrates the limitations in using
[110] high volume fractions.
[110] We have measured the dependence of the coercivity
and Curie temperature of nickel nanowire arrays as a
function of wire diameter. Arrays of nickel nanowires
_ with effective diameters from 30 nm to 200 nm have
[110] been fabricated by electrochemical deposition into mica
| templates. The nanowire density was systematically in-
¢=0 creased from 5 10’ cm~2 for the 200 nm pores to
Figure 8 (a) X-ray¢-scans of112} {1 12}, and{023} peaks of mica sin- 2 X 10° cm2 for the 30 nm pores. In Orde_r to main-
gle crystal film. (b) Crystal vectorsy anday), reciprocal lattice vectors ~ tain the same volume (area) fraction of nickel for all
(b1 andby), and reciprocal vectord [L 0], [1 10}, [110], and [11 0]. the samples. The relevant parameters are summarized
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TABLE Il Effective diameterd), number density of tracks), and 1

|
volume (area) fractionf() of pores.m(1)/n, m(2)/n, andm(3)/n rep-
resent the calculated fraction of pores derived from single, double, and
triple tracks
d(mm) n@cm?) f m(l)/n  m2)/n  m@3)/n
500 1x 107 0.0196  0.925 0.0363 0.000950
200 5x 107 0.0157  0.939 0.0295 0.000617 »n
150 1x 10° 0.0177  0.932 0.0330 0.000776 g 0
100 3x 108 0.0236  0.910 0.0429 0.00135 S
75 5x 108 0.0221  0.915 0.0404 0.00119 /
50 1x 1¢° 0.0196  0.925 0.0363 0.000950
33 2x 10° 0.0141  0.945 0.0267 0.000504
100E ——TTr T
[ : 4 ﬁ_.JJ e
-1k .
1077 F 3 -5000 0 5000
[ H (Oe)
. 1072} . . . . . _
c F Figure 11 Hysteresis loops for a nickel nanowire array with an effective
= pore diameter of 100 nm obtained with the magnetic field applied parallel
RS 3 1 (/) and perpendicularl() to the wires.
€ 107°F 3
104 q=3."" -
F 3 1000 . , : ,
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Figure 10 Calculated fractions of doublej(= 2) and triple § = 3) g 600 7
pores versus volume fraction. =
4]
I
in Table 1. The calculated fractions of double and 400 - .

triple pores also remain the same for these sample

at approximately 4% and 0.1% respectively. The val-

ues for the densities of overlapping pores were con- 200
firmed by analysis of a mica film with a track den-

sity of 31 x 10° cm™2 and relatively large pores

(d = 1.6 £ 0.1 um). In this case the calculated val- 0 ' : : :
ues for double and triple pores are 9.6% and 0.78% 0 50 100 150 200
respectively. Analysis of 220 pores revealed the frac- Effective diameter (nm)

tional densities of double pores to be 8.2% and triple

poresto be 0.91%, in good agreement with the predicter 1.00 ' ' ' 6
values.

Fig.11 shows typical hysteresis loops for a nickel 0.95 7]
nanowire array with an effective pore diameter of ¢
100 nm obtained with the magnetic field applied paral- & 0.90F 7]
lel (/) and perpendicularl() to the wire axes. The easy §>
directions are along the wire axes, whereasthe hardaxe 8 0-85 7
are perpendicular to the wires with a saturation field, &
due to the demagnetization field, of B = 3.0 kOe at 0.80 n
room temperature. Fig.12a shows the size dependenc
of the coercivity H) as a function of the effective wire 0.75F -
diameter with the field applied parallel to the wires
(perpendicular to the film). The measured coercivity 0.70 : . : .
increases with decreasing effective diameter, reachin 0 50 100 150 200

avalue of 800 Oe at an effective wire diameter of 30 nm.
For smaller diameters, coercivities in excess of 1 kOe

can readily be _antiCipated- These values are slightligure 12 (a) Coercivity and (b) squareness of nickel nanowire arrays
larger than previous results for nickel nanowire arraysn single-crystal mica films as a function of the effective wire diameter.

Effective diameter (nm)

1101



in polycarbonate membranes [6] suggesting that the im- 650 I T I I T
proved collimation and lower surface roughness of the (a)

pore surface play an important role in determining the
properties of the nanowires.

Fig.12b shows the magnitude of the remanent mag-
netization obtained from the hysteresis loops and plot-
ted as the squareness (SQ), defined as the ratio of re-
manence and saturation magnetization £S®1,/My).

The value of SQ is as high as 0.96 for the 30 nm dia-
meter wires, decreasing gradually to 0.83 for the 200 nm 550 . . . L .
diameter wires. The maximum value of 0.96 is signi- 0 100 200 300 400 500
ficantly larger than the value of 0.90 obtained for 30 nm d (nm)
diameterwiresin polycarbonate membranes [6-8]. Fur-

thermore, the value of 0.83 for the 200 nm diameter

wires is more than a factor of two larger than the value

o(d K)

600 [~ -

of 0.3 obtained for 200 nm wires in polycarbonate mem- 01 ————rrrm — T
branes. These enhancements can be attributed directly % ' (b)
to the improved collimation of the pores, the uniform o ]
pore cross-section, and the low density of overlapping E
pores. 2

A significant advantage in using mica as a nano- K
porous template is its excellent thermal stability thatal- &
lows measurement of high temperature magnetic phase |::" 0.01 F © E
transitions. Fig.13 shows normalizéd-T curves for ]
nickel nanowire arrays illustrating that the Curie tem-  ——
perature decreases with decreasing wire diameter. The 10 100 1000
Curie temperature, determined from the derivative of d (nm)

the M-T curves, is plotted versus wire diameter in
Fig.14a illustrating a shift of 51 K for the 33 nm di- Figure 14 (a) Curie temperatur@,(d) of nickel nanowire arrays ver-
ameter nanowires. The Curie temperatures obtained kpps wire diameted. (b) log-log plot showing the reduced temperature
this method were independent of the app“ed magneuErc(OO) —Te(d)]/ Te(o0) normalized to the Curie temperature for bulk
- Ni [Te(oo) = 631 K] versus wire diameter. The solid line corresponds
field over_the measure_d range 2,000 to ;2,000 Oe._ 07 — 0.94 andg — 22 A,

The shift of the Curie temperature with decreasing

diameter can be described by finite size scaling. The

correlation lengtte (T) of a magnetic system at tem- wheres, is the correlation length extrapolatedito= 0,
peratures close to the bulk transition temperalyfec)  andy is the critical exponent for correlation [31]. For a
exhibits asymptotic behavior described by: magnetic system, such as a nanowire with diameter
the growth oft (T) will be limited by the wire diameter
atd, resulting in a reduced Curie temperature defined

by:
A
() = Tc(oo>[1 -(%) } @

Te(00) — Te(d) (@)A
Te(o0) —\d

—V

§(M=¢% ®3)

- Te(o0)

or
®)

where Tc(d) is the Curie temperature for nanowires
with diameterd, andA = 1/v is the shift exponent.
Fig. 14b shows a log-log plot of the reduced temper-
ature [T¢(o0) — Te(d)]/ Te(oo) versus wire diameted,
from which we obtairh = 0.94 andgy, = 22 A.
Since the wire diameters are larger than the lat-
tice spacing the nanowire are expected to behave as
300 400 500 600 700 a constrained 3D system. However, the value. a$
T (K) lower than the theoretical values predicted by the 3D
Heisenberg modeli(= 1.4) and the 3D Ising model
Figure _13 Normali_zed_ magnetization versus temperature for nickel ()\ — 1.58) [32, 33]_ The correlation |eng% — 22,&
nanowire arrays with diameters (from left to right) 33 nm, 50 nm, 100 nm, . . . 2
150 nm, 200 nm, 500 nm, bulk nickel. The temperature was calibrate(lLor the nickel nanowires IS_ close to values of ato)ouAlo
prior to each measurement using a bulk nickel sample and all measurdeported for ferromagnetic layers and about/”20b-
ments were obtained &t = 2000 Oe. tained for antiferromagnetic CoO layers [33, 34].

M/M
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4. Conclusions

Nanoporous, single-crystal mica films fabricated by
nuclear track etching exhibit many unique properties13
and are excellent templates for electrochemical depoy,

sition of nanowire arrays. We have demonstrated thais.

the improved collimation of the pores, the uniform pore

cross-section, and the low density of overlapping pored6-

results in enhancements in the magnetic anisotropy in
comparison to other templates. Furthermore, the therg
mal stability of mica allows measurements of magnetic

phase transitions that occur at elevated temperatures.

The Curie temperature for nickel nanowire arrays ist®:

found to be reduced by as much as 51 K for the 30 n
diameter nanowires. The Curie temperature shift with

wire diameter follows the finite-size scaling relation 21

with % = 1.054 0.02 andgy = 36.9 + 3 A.
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