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FORMATION OF NANOSTRUCTURES
COMPRISING COMPOSITIONALLY
MODULATED FERROMAGNETIC LAYERS
BY PULSED ECD

magnetic elements and an excess amount of ferromagnetic

elements is generally used to form the ferromagnetic/non
magnetic layered structures. At a relatively loW negative
potential, pure elemental nonmagnetic material is electro
chemically deposited, While the ferromagnetic elements are
not deposited. At a relatively high negative potential, both the
nonmagnetic and the ferromagnetic elements are electro

CROSS-REFERENCE TO RELATED
APPLICATION

chemically deposited. Due to the small amount of nonmag

The present application is related to US. patent application

netic species available in the solution, the ferromagnetic ele

Ser. No. 1 1/ 620,445 entitled “MEMORY STORAGE
DEVICES COMPRISING DIFFERENT FERROMAG
NETIC MATERIAL LAYERS, AND METHODS OF MAK
ING AND USING THE SAME”, now US. Patent Applica

ments are deposited at a much faster rate than the

tion Publication No. 2008/0165576, and US. patent
application Ser. No. 11/620,497 entitled “FORMATION OF

used for forming compositionally modulated structures that
comprise alternative layers of different ferromagnetic mate
rials, Which have very close reversible potentials and Which
may interact With each other during electrodeposition.

nonmagnetic elements, thereby resulting in a deposited layer
With ferromagnetic characteristics.
The conventional bottom-up ECD process has never been

VERTICAL DEVICES BY ELECTROPLATING”, now

US. Patent Application Publication No. 2008/0166874,
Which Were ?led on even date herewith and are as signed to the

SUMMARY OF THE INVENTION

same assignee as the present application. The entire contents

of such US. patent applications are incorporated hereWith by

20

US. Patent Application Publication No. 2008/0165576,

reference for all purposes.

Which Was ?led on even date hereWith and is assigned to the
same assignee as the present application, describes a memory

FIELD OF THE INVENTION

The present invention relates to nanostructures comprising

25

compositionally modulated ferromagnetic layers, and a
method of forming such nanostructures using pulsed electro
chemical deposition (ECD) or electroplating techniques.
BACKGROUND OF THE INVENTION

tions. The present invention correspondingly provides a
method to form such a memory storage device using a pulsed
ECD or electroplating process.
In one aspect, the present invention relates to a method
30

electroplating the substrate structure by immersing the

shoWn in FIGS. 1A-1C. Speci?cally, a substrate structure
35

pores 104 and a conductive base layer 102 is ?rst provided, as
shoWn in FIG. 1A. Each of the open pores 104 extends

substrate structure in an electroplating solution that
comprises at least one ferromagnetic metal element and
one or more additional, different metal elements, either

magnetic or nonmagnetic, and applying a pulsed elec
troplating potential With alternating pulses to the con

through the supporting matrix 100 onto the conductive base
layer 102. An ECD or electroplating process is then carried
out to deposit a metal material 106 over the conductive base

comprising:
forming a substrate structure comprising a supporting
matrix having at least one open pore extending there
through onto a conductive base layer; and

Metal nanoWires have been conventionally formed by a
bottom-up ECD or electroplating through mask process, as
comprising a supporting matrix 100 With one or more open

storage device comprising a plurality of alternating ?rst and
second ferromagnetic layers of different material composi

40

ductive base layer of the substrate structure to deposit a

plurality of alternating ferromagnetic layers of different

layer 102 and to ?ll the open pores 104, as shoWn in FIG. 1B.
After the open pores 104 are completely ?lled With the metal

material compositions in the at least one open pore of the

material 106, the ECD process is terminated, folloWed by
selective removal of the supporting matrix 1 00, thereby form
ing free-standing metal nanoWires 106, as shoWn in FIG. 1C.
FIG. 2 is a picture of multiple metal nanoWires formed by

Preferably, the at least one open pore has a cross-sectional
diameter ranging from about 10 nm to about 1000 nm.
In a preferred, but not necessary, embodiment of the

supporting matrix.
45

such a conventional bottom-up ECD process.
The conventional bottom-up ECD process as described

present invention, the electroplating solution comprises a ?rst

hereinabove has also been used for forming compositionally
modulated structures that comprise alternating layers of fer
romagnetic materials and nonmagnetic materials, such as

magnetic metal element. Some of the resulting ferromagnetic
layers may comprise the ?rst (but not the second) ferromag
netic metal element, and others of the resulting ferromagnetic
layers may comprise the second (but not the ?rst) ferromag
netic metal element. Alternatively, all of the deposited ferro
magnetic layers comprise the ?rst and second ferromagnetic
metal elements, but in different proportions.

ferromagnetic metal element and a second, different ferro
50

Co/Cu, Co/Ru, Co/Au, Ni/ Cu, NiCo/ Cu, NiFe/Cu, CoFe/Cu,
FeCoNi/Cu, etc. Such compositionally modulated ferromag
netic-nonmagnetic structures are particularly useful in giant

magnetoresistance (GMR) applications, Which require alter
nating layers of ferromagnetic and non-magnetic materials.
HoWever, the conventional bottom-up electrodeposition of

55

In an alternative embodiment of the present invention, the

electroplating solution comprises a ferromagnetic metal ele
ment and a non-ferromagnetic metal element. The resulting

the above ferromagnetic/nonmagnetic layered structures
relies on the large difference betWeen the reversible potentials
of the ferromagnetic/nonmagnetic materials. In most cases,

60

the nonmagnetic elements, such as Cu andAu, are much more

In still another alternative embodiment of the present

noble than the ferromagnetic elements, such as Fe, Ni and Co.
In other Words, the nonmagnetic elements are electrodepos
ited at a much less negative potential than the ferromagnetic

elements. In addition, the nonmagnetic and ferromagnetic

ferromagnetic layers are ferromagnetic and all comprise the
ferromagnetic metal element and the non-ferromagnetic
metal element, but in different proportions.

invention, the electroplating solution comprises a ferromag
65

netic metal element, a ?rst non-ferromagnetic metal element,
and a second, different non-ferromagnetic metal element.

elements do not interact With each other during electrodepo

Some of the resulting ferromagnetic layers comprise the fer

sition. Therefore, an electrolyte With a small amount of non

romagnetic metal element alloyed With the ?rst (but not the

US 7,736,753 B2
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second) non-ferromagnetic metal element, and others of the

may comprise a ferromagnetic metal element alloyed With a
?rst non-ferromagnetic metal element, and others of the fer

resulting ferromagnetic layers comprise the ferromagnetic

romagnetic layers may comprise the same ferromagnetic

metal element alloyed With the second (but not the ?rst)
non-ferromagnetic metal element.

invention, potential pulses With multiple high and/or loW

metal element alloyed With a second, different non-ferromag
netic metal element. Still further, the alternating ferromag
netic layers may comprise the same ferromagnetic and non

potential values can be applied, and the at least one open pore

ferromagnetic metal elements, but in different proportions.

in the substrate matrix may be ?lled With alternating ferro
magnetic layers of more than tWo different material compo
sitions. The different material compositions may contain dif

present invention, the ?rst and second ferromagnetic layers
both comprise NiiFe alloys but With different proportions of

In still another alternative embodiment of the present

In an exemplary, but not necessary embodiment of the

ferent ferromagnetic elements, different non-ferromagnetic

Ni and Fe.
The nanostructure of the present invention may further

elements, same ferromagnetic elements at different propor
tions, or same ferromagnetic and non-ferromagnetic ele
ments at different proportions.
For a speci?c example, the electroplating solution com
prises a Ni salt and a Fe salt, so that the resulting ?rst and

comprise a plurality of alternating magnetic domains of
opposite directions that are separated from each other by
domain Walls located therebetWeen. Such magnetic domains
and domain Walls are movable across the ?rst and second

second ferromagnetic layers both comprise NiiFe alloys but

ferromagnetic layers upon application of a driving current.

With different proportions of Ni and Fe.

Therefore, the nanostructure of the present invention can
function as a magnetic storage device, in Which data can be
stored as the magnetiZation of magnetic domains and the
presence of domain Walls.

The supporting matrix as described hereinabove may com

prise any suitable materials, e.g., photoresists, e-beam or
x-ray dielectric resist materials, etc., Which can be patterned
to form open pores therein. Preferably, but not necessarily, the
supporting matrix comprises a material selected from the

20

Other aspects, features and advantages of the invention Will
be more fully apparent from the ensuing disclosure and

group consisting of Si, SiO2, Si3N4, Al, Al2O3, and mixtures
thereof.

appended claims.
25

The conductive base layer may comprise any material that
is conductive, such as metals, metal alloys, metal suicides,
metal nitrides, doped semiconductors, etc. Preferably, but not
necessarily, the conductive base layer comprises a material

selected from the group consisting of Au, Cu, Pt, Pd, Ag, Si,
GaAs, and alloys thereof.
The pulsed electroplating potential as described herein
above may have high pulses ranging from about —l.0 V to
about —1 .8 V (as measured against a saturated calomel elec
trode or SCE) and loW pulses ranging from —0.3 V to about
—l.4 V (as measured against the SCE), provided that a high
potential pulse alWays has a potential higher than those of the

BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1A-1C are cross-sectional vieWs that illustrate the

processing steps of a conventional bottom-up ECD or elec
30

ires.
FIG. 2 is a pictorial vieW of multiple metal nanoWires

formed by the conventional bottom-up ECD process.
35

pulsed electroplating potential can comprise high and/ or loW
40

structure formed comprises alternating ferromagnetic layers

potential that comprises abruptly alternating high and loW

changes, as discussed in more detail hereinafter, so that the
45

The method of the present invention may further comprise

the step of magnetiZing the alternating ferromagnetic layers
50

55

thicker sections of the Wire contain the NiSOFe2O alloy, and the
thinner sections of the Wire contain the Ni45Fe55 alloy.
FIG. 7 shoWs the potential pro?le of a pulsed electroplating
a ramping period therebetWeen, according to one embodi
ment of the present invention.

structure having a cross-sectional diameter ranging from

FIG. 8 shoWs SEM pictures of ferromagnetic nanoWires

about 10 nm to about 1000 nm and comprising a plurality of
60

that contain alternating layers of Ni45Fe55 and NiSOFe2O
alloys, as electroplated using a pulsed potential With a poten

sitions. For example, some of the ferromagnetic layers may
comprise a ?rst ferromagnetic metal element, and others of
the second ferromagnetic layers may comprise a second, dif
ferent ferromagnetic metal element. Alternatively, the alter

nating ferromagnetic layers may both comprise the ?rst and
second, different ferromagnetic metal elements, but in differ
ent proportions. Further, some of the ferromagnetic layers

to that shoWn in FIG. 5, according to one embodiment of the
present invention. The Wires are shoWn after being etched in
an acid solution to selectively remove the Ni45Fe55 alloy. The

potential that comprises alternating high and loW pulses With

In another aspect, the present invention relates to a nano

alternating ferromagnetic layers of different material compo

pulses, according to one embodiment of the present inven
tion.

FIGS. 6A and 6B shoW scanning electron microscopy
(SEM) pictures of ferromagnetic nanoWires that contain alter
nating layers of Ni45Fe55 and NiSOFe2O alloys, as electro
plated using a pulsed potential With a potential pro?le similar

compositional changes.
to form a plurality of alternating magnetic domains of oppo
site directions that are separated from each other by domain
Walls located therebetWeen. Such magnetic domains and
domain Walls are movable across the alternating ferromag
netic layers upon application of a driving current. In this
manner, a magnetic storage device is formed, in Which data
can be stored as the magnetiZation of magnetic domains and
the presence of domain Walls.

according to one embodiment of the present invention.
FIG. 4 is a graph that plots the Fe contents of NiiFe alloys
as deposited from tWo different NiiFe electroplating solu
tions as a function of the applied electroplating potentials.

FIG. 5 shoWs the potential pro?le of a pulsed electroplating

of more than tWo different material compositions. Further, the

pulsed electroplating potential can comprise continuous
nanostructure formed comprises continuous and gradual

FIG. 3 is a cross-sectional vieW of compositionally modu

lated nanostructures comprising alternating ?rst and second

ferromagnetic layers of different material compositions,

preceding and subsequent loW potential pulses. Further, the
pulses of more than tWo potential values, so that the nano

troplating through mask process for forming metal nanoW

tial pro?le similar to that shoWn in FIG. 7, according to one
embodiment of the present invention. The Wires are shoWn
after being etched in an acid solution to selectively remove the
65

Ni45Fe55 alloy. The thicker sections of the Wire contain the
NiSOFe2O alloy, and the notched sections of the Wire contain

the Ni45Fe55 alloy.

US 7,736,753 B2
6

5
FIGS. 9A-9H show various exemplary pulsed electroplat

second ferromagnetic layers 14B contains a second, different

ing potentials of different potential pro?les.

ferromagnetic material B. In an alternative embodiment of

the present invention, the ?rst and second ferromagnetic lay
DETAILED DESCRIPTION OF THE INVENTION,
AND PREFERRED EMBODIMENTS THEREOF

ers 14A and 14B both comprise the ?rst ferromagnetic mate

rial A and the second, different ferromagnetic material B, but
in different proportions. In another alternative embodiment of
the present invention, each the ?rst ferromagnetic layers 14A

In the following description, numerous speci?c details are
set forth, such as particular structures, components, materials,
dimensions, processing steps and techniques, in order to pro
vide a thorough understanding of the present invention. HoW
ever, it Will be appreciated by one ordinarily skilled in the art
that the invention may be practiced Without these speci?c

contains a ferromagnetic material A mixed With a ?rst non

ferromagnetic material C, and each of the second ferromag
netic layers 14A contains a ferromagnetic material A mixed
With a second, different non-ferromagnetic material D, pro
vided that such non-ferromagnetic materials C and D do not
affect the overall ferromagnetic characteristic of layers 14A
and 14B. In still another embodiment of the present invention,
the ?rst and second ferromagnetic layers 14A and 14B both
comprise a ferromagnetic material A mixed With a non-fer

details. In other instances, Well-known structures or process

ing steps have not been described in detail in order to avoid

obscuring the invention.
It Will be understood that When an element as a layer, region
or substrate is referred to as being “on” another element, it can
be directly on the other element or intervening elements may
also be present. In contrast, When an element is referred to as

being “directly on” another element, there are no intervening
elements present. It Will also be understood that When an
element is referred to as being “connected” or “coupled” to
another element, it can be directly connected or coupled to the
other element or intervening elements may be present. In
contrast, When an element is referred to as being “directly

romagnetic material C, but in different proportions, provided
that such non-ferromagnetic material C does not affect the

overall ferromagnetic characteristic of layers 14A and 14B.
20

The ferromagnetic materials A and B as disclosed herein

above may comprise any suitable ferromagnetic element(s).
For example, the ferromagnetic materials A and B may com
prise one or more ferromagnetic elements, including, but not

limited to: Fe, Ni, Co, Gd, Dy, Th, Ho, Er, and mixtures or
25

combinations thereof. Such ferromagnetic materials A and B

connected” or “directly coupled” to another element, there

can present either in pure form, or as mixtures With other

are no intervening elements present.
The term “ferromagnetic material” as used herein refers to

ferromagnetic or non-ferromagnetic elements.

any material that can be magnetiZed by applying an external
magnetic ?eld and exhibit remnant magnetiZation after the
external magnetic ?eld is removed.

hereinabove may comprise any non-ferromagetic element(s)

The non-ferromagnetic materials C and D as disclosed
30

Mn, Cr, Si, Ge, Ga, As, Cu, Rh, Pt, Au, Pd, etc.

The term “ferromagnetic layer” or “ferromagnetic layers”

The ferromagnetic nanoWires of FIG. 3 can be magnetized
in small sections to form alternating magnetic domains of
opposite directions and domain Walls located therebetWeen.

as used herein refers to one or more layered structures that

exhibit spontaneous magnetiZation overall. The ferromag
netic layer or layers of the present invention comprise(s) at

35

least one ferromagnetic element, With or Without additional

ferromagnetic or non-ferromagnetic elements.

The present invention provides compositionally modu
lated ferromagnetic nanostructures that each has a cross
sectional diameter ranging from about 10 nm to about 1000

40

nm and comprises alternating ferromagnetic layers of differ
ent material properties. The present invention is also broadly
applicable to ?lm structures comprising alternating ferro
magnetic layers of different material properties.
Such ferromagnetic nanostructures can be magnetiZed to

45 current.

It is important to note that although the ferromagnetic
nano structures of the present invention may have any regular
or irregular cross-sectional shape, such as circular, square,

netic domains and domain Walls are movable across the fer

romagnetic layers, and the alternating ferromagnetic layers of

rectangular, triangular, polygonal, semi-circular, ellipsoidal,
50

etc. Further, the ferromagnetic nanostructures of the present
invention may be either solid nanorods With relatively homo
geneous interior and exterior compositions, or tubular nano

structures With insulating or highly resistive semiconductor
cores that are non-magnetic.
55

Although the ferromagnetic nanostructures as shoWn in

FIG. 3 comprise only tWo different ferromagnetic layers, it is

devices, please see the US. Patent Application Publication
No. 2008/0165576.
Speci?cally, FIG. 3 shoWs a cross-sectional vieW of mul
tiple ferromagnetic nanoWires 14 located on conductive base

magnetic domain in each segment, 14A, and the domain Walls
betWeen adjacent magnetic domains can be pinned in the
Writing device When the magnetic domains are moved across
such a reading or Writing device upon application of a driving

directions With domain Walls located therebetWeen. The mag

Walls at very discrete and precise increments or steps, Without
any drifting. In this manner, the ferromagnetic nano structures
can be used as memory storage devices, in Which data is
stored as locations of the magnetic domains and domain
Walls. For more information about such memory storage

The magnetic domains and domain Walls can be moved upon
the application of a driving current. In this manner, the ferro
magnetic nanoWires function as memory storage devices, in
Which digital data is stored as the magnetiZation of each

segments, 14B. Information can then be read from or be
Written to such a memory storage device by a reading or a

form a plurality of alternating magnetic domains of opposite

different material properties are particularly effective in pin
ning the domain Walls and ensuring movement of the domain

or mixtures thereof, including, but not limited to: Ru, Mo,

understood that the ferromagnetic nanostructures of the
present invention can comprise more than tWo different lay

ers, i.e., additional layers of different material compositions
60

can be provided betWeen the alternating ?rst and second

layer 12, each of Which has a cross-sectional diameter ranging

ferromagnetic layers 14A and 14B, and such additional layers

from about 10 nm to about 1000 nm and contains alternating

present invention, each of the ?rst ferromagnetic layers 14A

can be either ferromagnetic or non-ferromagnetic.
The ferromagnetic nanoWires as described hereinabove
can be formed by a pulsed ECD process. Speci?cally, a sub
strate containing a supporting matrix With at least one open
pore and a conductive base layer 12 is ?rst formed. The

contains a ?rst ferromagnetic material A, and each of the

supporting matrix may comprise any suitable material,

?rst and second ferromagnetic layers 14A and 14B of differ
ent material compositions.
In an exemplary, but not necessary embodiment, of the

65
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including, but not limited to: Si, SiO2, Si3N4, Al, A1203, and

high electroplating potential of about —l.6V (as measured

mixtures thereof. Therefore, the open pore preferably has a

against the SCE), the Fe content reduces to about 20%.

Therefore, by applying a pulsed electroplating potential

cross-sectional diameter from about 10 nm to about 1000 nm.

Further, the open pore preferably extends through the sup

With alternating high and loW pulses to the conductive base

porting matrix onto the conductive base layer, so that the
conductive base layer can be used as a seed layer for subse

layer of the substrate structure as described hereinabove,

quent electroplating. The shape of the open pore determines
the shape of the ferromagnetic nanoWires to be formed. The
conductive base layer may comprise any suitable conductive
material for electroplating, Which includes, but is not limited

positions can be formed using the same electroplating solu
tion in a continuous electroplating process. The thicknesses
of the alternating ferromagnetic layers can be precisely con

alternating ferromagnetic layers With different material com

trolled by duration of each potential pulse.
FIG. 5 shoWs the potential pro?le for an exemplary pulsed

to: Au, Cu, Pt, Ag, Si, GaAs, and alloys thereof.

electroplating potential that can be used in the present inven

For example, anodiZed A1203 ?lm or commercially avail
able Whatman® membrane (manufactured by Whatman, Inc.

tion. Speci?cally, the pulsed electroplating potential com
prises loW pulses of potential value E1 and high pulses of
potential value E2, While the high and loW pulses abruptly

at Florham Park, N.J.), Which contains a supporting matrix of
aluminum oxide With open pores therein, can be used for

forming the substrate of the present application by sputtering

alternate from one to the other over time. Preferably, but not

a metal on one side of the membrane to form the conductive

necessarily, the high pulses have potential values ranging

base layer.

from about —l.0 V to about —1 .8 V (as measured against the

Electroplating of the above-described substrate structure is
then carried out in an electroplating solution under a pulsed
electroplating potential, so as to form alternating ferromag

SCE), and the loW pulses have potential values ranging from
20

about —0.3 V to about —l.4 V (as measured against the SCE).
FIG. 6A shoWs a SEM picture of ferromagnetic nanoWires
that contain alternating layers of Ni45Fe55 and NiSOFeZO, as
electroplated from the exemplary electroplating solution as

25

With a potential pro?le similar to that shoWn in FIG. 5. Spe

netic layers of different material compositions. Subsequently,
the supporting matrix is selectively removed to form the
desired ferromagnetic nanostructures.
The electroplating solution as used herein comprises one or
more salts of ferromagnetic metal species and one or more

described hereinabove using a pulsed electroplating potential
ci?cally, the high pulses have a potential value of about
—l.6V, and the loW pulses have a potential value of —l.3V,

supporting electrolyte salts. The electroplating solution may
further comprise one or more components, such as pH buff

ering agents, complexing agents, surfactants, organic addi
tives (e.g., brighteners or suppressants), etc., for enhancing
the material quality of the deposited layers.
For example, the electroplating solution may comprise a

30

ing. Typically, the higher Fe content in the NiFe alloy, the
faster the NiFe alloy is dissolved in the HNO3 ethanol solu

tion. Therefore, the segments containing the Ni45Fe55 alloy

?rst salt of a ?rst ferromagnetic metal element and at least one

additional salt of a second, different ferromagnetic metal
element, Which can be used to form alternating ferromagnetic

With respect to a saturated calomel reference electrode. The
A1203 matrix Was dissolved in a NaOH solution, and the
Wires Were etched in a HNO3 ethanol solution before imag

35

are much thinner than the segments containing the NiSOFe2O
alloy, due to the selective etching of the Ni45Fe55 alloy over

layers that comprise different ferromagnetic metal elements,

the NiSOFe2O alloy. Consequently, the compositional modula

or ferromagnetic layers that comprise the same ferromagnetic
metal elements but in different proportions. Alternatively, the
electroplating solution may comprise a salt of a ferromag

tion canbe readily observed. FIG. 6B is an enlarged picture of
the region circled by White in FIG. 6A. The Ni45Fe55 layers as

netic metal element and at least one additional salt of a non
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FIG. 7 shoWs the potential pro?le for another exemplary
pulsed electroplating potential that can be used in the present

ferromagnetic metal element, Which can be used to form

alternating ferromagnetic layers that comprise both the fer

invention. Speci?cally, the pulsed electroplating potential

romagnetic metal element and the non-ferromagnetic metal
element but in different proportions. Further, the electroplat
ing solution may comprise a salt of a ferromagnetic metal
element, a ?rst additional salt of a ?rst non-ferromagnetic
metal element, and a second additional salt of a second,
different non-ferromagnetic metal element, Which can be
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non-ferromagnetic metal elements.
An exemplary electroplating solution comprises about
0.05-0.5 mol/L nickel sulfate, 0.1-1 mol/L nickel chloride,
0.005-0.2 mol/L ferrous sulfate, 0.l-0.5 mol/L boric acid,
0.1-1 mol/L sodium chloride, and 01-2 g/L sodium saccha
rin, and 0.05-0.l g/ L sodium lauryl sulfate, Which can be used
to form alternating ferromagnetic layers that comprise

50

pictures of ferromagnetic nanoWires that contain alternating
layers of Ni45Fe55 and NiSOFeZO, as electroplated using a
pulsed electroplating potential With a potential pro?le similar
to that shoWn in FIG. 7.

The pulsed electroplating potential may have any suitable
potential pro?le, as long as such potential pro?le contains
55

alternating high and loW pulses. For example, additional
potential pro?les as shoWn in FIGS. 9A-9H can also be used

for forming the ferromagnetic nanostructures of the present

NiiFe alloys With different Ni and Fe contents.
The same electroplating solution can be used for deposit

ing metal layers of different material compositions When
different electroplating potentials are applied. FIG. 4 shoWs
the change of Fe contents in electroplated NiiFe alloys in
response to the change of electroplating potentials. Speci?
cally, under a relatively loW electroplating potential of about
—l.3V (as measured against the SCE), the Fe content in the

comprises alternating loW pulses of potential value E1 and
high pulses of potential value E2, While a ramping period (T)
is provided betWeen E1 and E2. The composition of the
electroplated layers can be more continuously and gradually
controlled With such a ramping period. FIG. 8 shoWs the SEM

used to form alternating ferromagnetic layers that comprise
the same ferromagnetic metal element mixed With different

shoWn in FIG. 6B have a layer thickness of about 400 nm, and
the NiSOFe2O layers have a layer thickness of about 200 nm.

invention. Further, the pulsed electroplating current can com

prise high pulses of different potential values or loW pulses of
60

different potential values or both, so that the nano structure so

formed comprises additional layers of different material com

positions betWeen the ?rst and second ferromagnetic layers.
It is important to note that the present invention broadly
covers any ferromagnetic nanostructure With alternating fer

NiiFe alloys electroplated from solutions 1 and 2 ranges

romagnetic layers of different material compositions. The
number of alternating ferromagnetic layers may range from

from about 40% to about 55%. HoWever, under a relatively

tWo to hundreds. Further, each ferromagnetic layer may com
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prise any ferromagnetic elements mixed With any number of
additional ferromagnetic or non-ferromagnetic elements, as

magnetic layers comprise a ?rst ferromagnetic metal element

long as the overall characteristic of such a layer remains

and a second, different ferromagnetic metal element, but in

ferromagnetic.

different proportions.

The ferromagnetic nanostructures of the present invention
can be used for forming memory storage elements, as
described hereinabove, or any other spinstronic devices that

magnetic layers comprise a ferromagnetic metal element and

3. The nanostructure of claim 1, Wherein all of the ferro

4. The nanostructure of claim 1, Wherein all of the ferro

a non-ferromagnetic metal element, but in different propor
tions.
5. The nanostructure of claim 1, Wherein some of the fer

require alternating ferromagnetic layers of different material

compositions.
While the invention has been described herein With refer
ence to speci?c embodiments, features and aspects, it Will be
recogniZed that the invention is not thus limited, but rather

romagnetic layers comprise a ferromagnetic metal element
alloyed With a ?rst non-ferromagnetic metal element, and
Wherein others of the ferromagnetic layers comprise the fer
romagnetic metal element alloyed With a second, different
non-ferromagnetic metal element.

extends in utility to other modi?cations, variations, applica
tions, and embodiments, and accordingly all such other modi
?cations, variations, applications, and embodiments are to be
regarded as being Within the spirit and scope of the present

6. The nanostructure of claim 1, Wherein the plurality of

alternating ferromagnetic layers comprise ?rst and second
ferromagnetic layers both comprising NiiFe alloys With

invention.
What is claimed is:
1. A nanostructure comprising a plurality of alternating

ferromagnetic layers of different material compositions
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directly contacting a conductive base layer, Wherein each of

compositions.

said plurality of alternating ferromagnetic layers of different

8. The nanostracture of claim 1, further comprising a plu

composition has a cross-sectional diameter ranging from

rality of alternating magnetic domains of opposite directions

about 10 nm to about 1000 nm, and Wherein each of said

plurality of alternating ferromagnetic layers abuts at least
another of said plurality of alternating ferromagnetic layers
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having a different material composition.
2. The nanostructure of claim 1, Wherein some of the fer

that are separated from each other by domain Walls located
therebetWeen, and Wherein said magnetic domains and
domain Walls are movable across the alternating ferromag
netic layers upon application of a driving current to said
nanostructure.

romagnetic layers comprise a ?rst ferromagnetic metal ele
ment, and Wherein others of the ferromagnetic layers com
prise a second, different ferromagnetic metal element.

different proportions of Ni and Fe.
7. The nanostracture of claim 1, comprising alternating
ferromagnetic layers of more than tWo different material
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