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DATA STORAGE MEDIUM FOR STORING DATA AS
A POLARIZATION OF A DATA MAGNETIC FIELD AND
METHdD AND APPARATUS USING SPIN-POLARIZED
ELECTRONS FOR STORING THE DATA ONTO THE DATA STORAGE
MEDIUM AND READING THE STORED DATA THEREFROM

BACKGROUNﬁ OF THE INVENTION
Field of the Invention

The present invention relates to data storage and
retrieval. More particularly, the present invention relates
to a data storage medium and a method and apparatus for
storing data onto the data storage medium and reading the

-stored data therefrom.

Description of thg Related Art

Over the years, there has been an increasing need for
high speed mass data storage devices. With the conversion
from analog systems to digital systems and the increasing
speed of processing demonstrated'by the Pentium, PoserPC,
Sparc, and other RISC processors, the ability to quickly
access large amounts of data is lagging behind demand. This
is especially true in the scientific world for computer
modeling and simulations, as well as in the consumer world
for high definition television {(HDTV), HDTV video records,
compact disks, personal digital assistants (PDAs}, personal
communication assistants (PCAs), digital tape decks, and even
such items as automobiles. Furthermore, the merging worlds
of computers, multimedia, and communication will impact

consumers through virtual reality, interactive television,

-voice recognition systems (vocally  interactive), handwriting

recognition systems, and integrated communications with

entertainment systéms, each of which will require high speed

static mass data storage.

Applying conventional lithographic techniques and
incremental improvement processes to current memory
technologies has resulted in incremental progress. This

incremental progress will simply increase the disparity
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between the increasing speed of processors and their
capability to store and effectively utilize needed amounts of
data.

SUMMARY OF THE INVENTION

Aceordingly, the present invention is directed to a
data storage medium and a method and apparatus for storing
data onto the data storage medium and reading the stored data
therefrom that substantially obviate one or more of the
problems due to the limitations and disadvantages of the
related art. _

Features and advantages of the invention will be set
forth in the description which follows, and in part will be

apparent from the description, or may be learned by practice
of the invention. The objectives and other advantages of the
invention will be realized and attained by the method and
apparatus particularly pointed out in the written description
and claims thereof as well as the appepded drawings.

To achieve these and other advantages and in
accordance with the purpose of the invention, as embodied and
broadly described in a first aspect the invention prov1des
for a data storage medium comprising a substrate; a data
storage layer formed on the substrate, the data storage layer
including a fixed number of atomic layers of a magnetic
material, the fixed number of atomic layers providing the
data storage layer with a magnetic anisotropy perpendicular

_ to a surface of the data storage layer; and a data magnetic
field created in the data storage layer, the data magnetic
field being polarized either in a first direction
perpendicular to the surface of the data storage layer and
corresponding to a first data value or in a second direction
opposite the first direction and corresponding to a second
data wvalue.

In a second aspect, the invention provides for a
method of storing data as a direction of polarization of a
data magnetic field comprising.the steps of providing a spin-

polarized electron having an electron magnetic field, the
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Over the years, there has been an increasing need for high speed nass data
storage devices. Wth the conversion fromanal og systens to digital
systens and the increasing speed of processing denonstrated hy the Pentium
Poser PC, Sparc, and other RISC processors, the ability to quickly access

| arge anmpbunts of data is |agging behind denmand. This is”TémtédaBIeenBep!am

“he scientific world for computer nodeling and sinul ations,

the consunmer world for high definition television (HDTV),

records, conpact disks, personal -digita _assistants (PDAs), persona
comuni cation assistants (PCAs), digital tape decks, and even such itens
as autonobiles. Furthernore, the nerging worlds of conputers, nultinedia,

and comMmunieetrio?N mided i aGle1d having a direction of polarization
corresponding to one of first and second data values; and
directing the spin-polarized electron through an electrically
nonconductive environment at the data magnetic field to
impart the direction of polarization of the electron magnetic
field to the data magnetic field.

In a third aspect, the invention provides for a
method of reading data stored as a direction of polarization
of a data magnetic field comprising the steps of providing a
spin-polarized electron having an electron magnetic field,
the electron magnetic field having a direction of
polarization corresponding to one of first and second data
values; directing the spin-polarized electron at the data
magnetic field; detecting, as the first data value, a
deflection of the spin-polarized electron by the data
magnetic field when the direction of polarization of the data
magnetic field is opposite the direction of polarization of
the electron magnetic field; and detecting, as the second
data value, an attraction of the spin-polarized electron by
the data magnetic field when the direction of polarization of
the data magnetic field is the same as the direction of
polarization of the electron magnetic field.

In a fourth aspect, the invention provides for a
method of reading data stored as a direction of polarization
of a data magnetic field created in a magnetic medium
comprising the steps of providing a spin-polarized electron
having an electron magnetic field, the electron magnetic
field having a direction of polariéatibn corresponding to one
of first and second data values; directing the spin-polarized
electron at the data magnetic field so that the magnetic
medium produces a secondary electron, the secondary electron
having a first characteristic corresponding to the first data
value when the direction of polarization of the data magnetic
field is opposite the direction of polarization of the
electron magnetic field and the secondary electron having a

second characteristic corresponding to the second data value
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when the direction of polarization of the data magnetic field
is the same as the direction of polarization of the electron
magnetic field; and detecting the first or second
characteristic of the secondary electron.

In a fifth aspect, the invention provides for an
apparatus for storing data as a direction of polarization of
a data magnetic field comprising an electron source for
providing a spin-polarized electron having an electron
magnetic field, the electron magnetic field having a
direction of polarization corresponding to one of first and
seéond data values; and an electron deflector for directing
the spin-polarized electron through an electrically
nonconductive environment at the data magnetic field to
impart the direction of polarization of the electron magnetic
field to the data magnetic field.

- In a sixth aspect, the invention provides for an
apparatus for reading data stored as a direction of
polarization of a data magnetic field comprising an electron
source for providing a spin-peolarized electron having an
electron magnetic field, the electron magnetic field having a
direction of polarization corresponding to one of first and
second data values; an electron deflector for directing the
spin-polarized electron at the data magnetic field; and an
electron detector for detecting, as the first data value, a
deflection of the spin-polarized electron by the data
magnetic field when the direction of polarization of the data
magnetic field is opposite the direction of peolarization of
the electron magnetic field and-detecting, as the second data
value, an attraction of the spin-polarized electron by the
data magnetic field when the direction of polarization of the
data magnetic field is the same as the direction of
polarization of the electron magnetic field.

In a seventh aspect, the invention provides for an
apparatus for reading data stored as a direction of

polarization of a data magnetic field created in a magnetic
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medium comprising an electron source for providing a spin-
polarized electron having an electron magnetic field, the
electron magnetic field having a direction of polarization
corresponding to one of first and second data values; an
electron deflector for directing the spin-polarized electron
at the data magnetic field so that the magnetic medium
produces a secondary electron, the secondary electron having
a first characteristic corresponding to the first data value
when the direction of polarization of the data magnetic field
is opposite the direction of polarization of the electron
magnetic field and the secondary electron having a second
characteristic corresponding to the second data value when
the direction of polarization of the data magnetic field is
the same as the direction of polarization of the electron
magnetic field; and an electron detector for detecting the
first or second characteristic of the secondary electron.

It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory and are intended to provide
further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are. included to

provide a further understanding of the invention and are

incorporated in and constitute a part of this specification,
illustrate a presently preferred embodiment of the invention
and, together with the description, serve to explain the
principles of the invention.. In the drawings:

Fig. 1 is a cross-sectional view of an exemplary data
storage and retrieval device of the present invention;

Fig. 2 is plan view of a stigmator element for use in
the data storage and retrieval device of Fig. 1;

Figs. 3(a) and 3(b) are partial cross-sectional views
of the data storage medium of Fig. 1;

Fig. 4(a) is a plan view of the data storage medium
of Fig. 1;
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attai ned by the nmethod and
Fig. 4(b) is a partial cross-sectional view of the

data storage medium of Fig. 1 showing parking and alignment
areas;

Figs. S{a)-5(b) are partial cross-sectional views of
the data storage medium of Fig. 1 during a data store
operation;

Figs. 6(a)-6(b) are partial cross-sectional views of
the data storage medium of Fig. 1 during a first data read
operation;

Figs. 7(a)-7(b) are partial cross-sectional views of
the data storage medium of Fig. 1 during a second data read
operation; '

Fig. 8 is a partial cross-sectional view of the data
storage and retrieval device of Fig. 1 during an alignment
operation; and '

Fig. 9 is a partial cross-sectional view of the data
storage and retrieval device of Fig. 1 during a blanking/
parking operation.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Reference will now be made in detail to the present
preferred embodiment of the invention, an example of which is
illustrated in the accompanying drawings.

Fig. 1 illustrates an exemplary embodiment of a data
storage and retrieval device of the present invention. As
shown in Fig. 1, the data storage and retrieval device
comprises a control unit 1, a spin-polarized electron source
2a, a tip 2b, an extractor 4, collimators 6, 7 and 9,
electrostatic lenses 10, 11 and 12, and insulating elements 5
and 8. As also shown in Fig. 1, the data storage and
retrieval device further comprises a blanking element 13,
coarse and fine microdeflectors 14 and 15, respectively, an
electron detector 16, a data storage layer 17, and a
substrate 18.

The control unit 1, which comprises, for example, a
microprocéssor or other control circuitry known in the art,

coordinates and sequences the various functions and
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apﬁaraﬁus particularly pointed out in the witten description and clains

thereof as well as the appended draw ngs. To achi eve these and
ot hér advantages and in accordance with the purpose of the invention, as

enbodi ed and broadl described, in a first aspect the invention prOV|des
for -a ddImSSh%m cgonprising a substrate; a data storage |ayer
formed on t the data storage |ayer including a fixed nunber of
atom c Iay ic material , the fixed nunber of atomic |ayers
provi di ng the data storage layer with_- g magnetic ani sotropy perpendi cul ar
to a surface of the data storage |ayer; and a data nmagnetic field created
in the data storage |ayer, the data magnetic fiel'd being polarized either
in a firstpelfaeionsnperformed by the data storage and retrieval

device, as will be explained in more detail below. The

control unit 1 further serves to interface the data storage
and retrieval device with an external device (not shown),
such as a computer or even another data storage and retrieval
device, via DATA IN, DATA OUT, CONTROL IN, and CONTROL OUT
terminals. By this interfacing, control signals and data
from the external device can be transmitted to and decoded by
the control unit 1 using necessary protocols. The control
unit 1 can develop control responses and data and return the
data to the external device using the necessary protocols.

It is contemplated that the control unit 1 can be interfaced
with the external device via, for example, electrical or
optical links. For instance, optical transmission into and
out from the control unit 1 can be accomplished using
electrically pumped laser diodes.

The spin polarized electron source 2a and the tip 2b
together provide spin-polarized electrons 3. In particular,
the spin-polarized electrons 3 are developed by the spin
polarized electron source 2a and are collected in the tip 2b.
The spin-polarized electron source 2a can comprise any source
for providing spin-polarized electrons known in the art. The
tip 2b can comprise, for example, the tip of a scanning
electron microscope or other similar device. Preferably, the
tip 2b has a small diameter, such as the diameter of a single

. atom.

Each of the spin-polarized electrons 3 has an
electron magnetic field with a direction of polarization
determined by the electron‘s spin. The direction of
polarization of the electron magnetic field corresponds to
one of first and second data values. For example, an
upwardly polarized electron magnetic field can correspond to
a data value of "1' while a downwardly polarized electron

magnetic field can correspond to a data value of "0", or vice
versa.
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perpend?cular to the surface of the data storage | ayer and corresponding to
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A potential vy is applied to the spin-polarized

electron source 2a by the control unit 1. The strength of
the potential vV, can be varied by the control unit 1 to
control the intensity and current of the spin-polarized
electrons 3. A signal S19 is also applied to the spin-
polarized electron source 2a by the control unit 1. Signal
Si9 controls the direction of polarization of the magnetic
fields of the spin-polarized electrons 3. Preferably, the
control unit 1 can vary the potential Vl_and signal S19
during operation of the device to compensate for physical
changes in the device and its environment over time.

The extractor 4, collimators 6, 7 and 9,
electrostatic lenses 10-12, the blanking element 13, and the
coarse and fine microdeflectors 14 and 15, respectively, each
constitutes, for example, an electrically conductive annular
member defining an aperture. The extractor 4 extracts the
spin-polarized electrons 3 from the tip 2b and collimators 6,
7 and 9 collimate the spin-polarized electrons 3 into a spin-
polarized electron beam 19. The electrostatic lenses 10-12
focus the spin-polarized electron beam 19 and the coarse and
fine microdeflectors 14 and 1S, respectively, direct the
spin-polarized electron beam 19 toward the data storage layer
17.

The environment through which the spin-polarized
electron beam 19 travels is preferably an electrically
nonconductive and nonionizing environment such as a vacuum.
It is contemplated, however, that the environment through
which the spin-polarized electron beam 19 travels can be any
number of other environments known in the art which would not
degrade, but may enhance, passage of the spin-polarized
electron beam 19 from the electron source 2 to the data
storage medium 17.

As shown in Fig. 1, the tip 2b is positioned so as to
be perpendicular to the plane of the surface of the extractor
4, at the center of the extractor 4 aperture, and juxtaposed
at or near the extractor 4 surface. Preferably, the



In a setond aspect, the invention provides for a nethod of storing data as
a direction of polarization of a data magnetic field of a data storage

| ayér exhibiting a magnetic ani sotropy perigrisgheatHas Been Replatef ace of the
data storage |ayer, the nmethod conprising the irding a spin-
pol arized el ectron having an el ectron magneti | ectron magnetic
field having a direction of polarization corr Ing to one of first and
second data val ues; and directing the spin-polarized el ectron through an

el ectrically nonconductive environnent aat-the data nmagnetic field to inpart

the direction of polarization off the electron magnetic field to the data
magnetic field.

apertures of extractor 4 and collimator 6 are in the order of

1 millimeter in diameter. However, larger or smaller
diameters could also be used depending on the particular
design of the data storage and retrieval device and the
desired characteristics of the spin-polarized electron beam
19.

Insulating element 5, which comprises, for example,
Si, or the like, is positioned between the extractor 4 and
collimator 6 to separate their conductive surfaces.
Preferably, the diameter.of the aperture of insulating
element 5 is slightly greater than the diameters of the
apertures of extractor 4 and collimator 6 to reduce
interaction of the insulating element 5 with magnetic fields
produced in and electrons passing through the apertures of
extractor 4 and collimator 6.

Potentials V2 and V3 are applied by the control unit
1 to the extractor 4 and collimator 6, respectively, to
create a magnetic field in the aperture of each. The
position of the tip 2b relative to the electrostatic fields-
produced in the apertures of extractor 4 and collimator 6
induce the spin-polarized electrons 3 to jump from the tip 2b
and pass through the apertures of extractor 4 and collimator
6. '

Collimators 7 and 9 and insulating element 8, which
can be similar or identical to extractor 4, collimator 6, and
insulating element 5, respectively, constitute an optional
lens stage to assist in collimating of the spin-polarized
electrons 3 into the spin-polarized electron beam 19.
Collimators 7 and 9 and .insulating element 8 can also be used
to accelerate or decelerate the spin—pélarized electrons 3 to
obtain a desired beam energy.

The potentials V,-Vg can be adjusted by the control

unit 1 to obtain desired characteristics of the spin-
polarized electrons 3 and the spin-polarized electron beam

19. <Control of the potentials V2-VS can be performed during
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operation of the device to compensate for physical changes in
the device and its environment over time.

After passing through coilimator 9, the spin--
polarized electron beam 19 passes through electrostatic
lenses 10-12. Potentials V6 g are applied to the
electrostatic lenses 10-12, respectively, by the control unit
1 to create electrostatic fields through the lens apertures.
These electrostatic fields focus the spin-polarized electron
beam 19 with a desired diameter, e.q.,

1-10 nanometers. The apertures of the electrostatic lenses
10-12 are preferably on the order of 1 millimeter in diameter
but can be varied depending on the particular design of the
-data storage and retrieval device and the desired
characteristics, e.g.,. intensity, beam shape, etc., of the
spin-polarized electron beam 19. Furthermore, the
thicknesses of the electrostatic lenses 10-12, their relative
positions, and the potentials Vg~Vg can be varied to obtain
desired characteristics of the spin-polarized electron

beam 19. Again, the potentials VGfV8 can be varied by the
control unit 1 during operation of the device to compensate
for physical changes in the device and its environment over
time. Further, the electrostatic lenses 10-12 can be
replaced with fewer or more of such lenses. Also, magnetic
lenses can be used in place of, or in addition to, the
electrostatic lenses 10-12.

After passing through electrostatic lens 12, the
spin-polarized electron beam 19 passes through the blanking
element 13. As will be explained in more detail below, the
blanking element 13 is an optional element which disables the
effects of the spin-polarized electron.beam 19. The
preferred location of the blanking element 13 is above the
coarse microdeflector 14, as shown in Fig. 1, to. allow the
spin-polarized electron beam 19 to achieve a steady state.

After passing through the blanking element 13, the
spin-polarized electron beam 19 passes through the coarse
microdeflector 14 and then the fine microdeflector 15.
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data nagnetic fleld s the first data value, a deflection of
the spin-polarized e data magnetic field when the direction
of pol arization of the data nagnetié field is opposite the direction of

pol ari zation of the electron nagnetic field; and detecting, as the second
data value, an attraction of the spi-nddol-arized el ectron by the data
magnetic field when the direction of polarization of the data magnetic

sa he directign of polarization of the electron magnetic
;:Z:g 'Spéggeragﬁ he coarse mlcrodé%lector 14 comprises eight

poles individually controlled by signals 82-89 supplied by

the control unit 1. Similarly, the fine microdeflector 14

also preferably comprises eight poles individually controlled
by signals 810—817 also supplied by the control unit 1. The
coarse and fine microdeflectors 14 and 15, respectively,
direct the spin-polarized electron beam 19 toward the data
storage layer 17. While the coarse microdeflector 14 bends
the trajectory of the spin-polarized electron beam 19 toward
a general area on the data storage layer 17, the fine
microdeflector 15 furthér adjusts the trajectory.of the spin-
polarized electron beam 19 to direct the spin-polarized
electron beam 19 at a specific area of the data storage layer
17. By gradually bending the spin-polarized electron beam 19
in this manner, distortions and aberrations introduced into
the spin-polarized electron beam 19 can be reduced. It is
contemplated that the fine microdeflector 15 can enable
positioning of the spin-polarized electron beam 19 to the
atomic level on data storage layer 17. Although the coarse
and fine microdeflectors 14 and 15, respectively, have been
described to comprise eight poles each, it is contemplated
that the coarse and fine microdeflectors 14 and 15,
respectively, can have other configurations known in the art.
Further, the relative positions of the coarse and fine
microdeflectors 14 and 15, ‘respectively, and the data storage
layer 17 can be determined as a function of X-Y axis scannlng
range of the spin-polarized electron beam 19.
Although not shown in Fig. 1, the data storage and
retrieval device can further comprise a stigmator element
such that shown in Fig. 2. Preferably, the stigmator element
is positioned either between the electrostatic lens 12 and
the blanking element 13 or between the blanklng element 13
and the coarse microdeflector 14. As shown in Fig. 2, the
stigmator element comprises, for example, eight poles 25
individually biased with potentials Vlz_v19' It is
contemplated that the stigmator element 25 can have other



_In a fourth aspect the invention provides for a nethod-Of readi ng data

. stored as—a—direction of pol arization of a data magnetic field exhibiting a
magﬁetl %tngsogeege(eg@eal cular to a surface created in a nagnetic nedi um
conpr|5| roviding a spin-polarized electron having an
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polarlzat g to one of first and second data val ues;
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the directiaon of paqlarization of the data net | IS site the
di rect i ofOBE1GEXALILNS JnHn (HR EhecR¥bn nk ﬁet? lY? Pala38%§ Jfgébndary

el ectr onvhezmvn% Aree PPl tddrest ene sét Lgaatoespobds npst byt bhes ecorcralht a

value unit 1 and are set during operation of the device to develop
a field that results in a desired shape of the spin-polarized
electron beam 19 and to compensate for physical changes in
the data storage and retrieval device and its environment
over time. Although the stigmator element is generally used
to provide the spin-polarized electron beam 19 with a round
cross-sectional shape, the stigmator element can also be used
to provide the spin-polarized electron beam 19 with a cross-
sectional shape other than round, e.g. oval. |

The electron detector 16 comprises an electrically

conductive material, such as a metal, and is configured, for
example, as shown in Fig. 1, to optimize the detection of
electrons deflected from or secondary electrons emitted by
the data storage layer 17. Preferably, the electron
detector 16 is positioned so as not to interfere with the
path of the spin-polarized electron beam 19 but close enough
to the data storage layer 17 to detect the deflected or
emitted electrons. Electrons striking the electron detector
16 produce a signal in the electron detector 16 which is
supplied to the control unit 1 as signal 818.

The data storage layer 17 and the substrate 18
together constitute a data storage medium. Preferably, the
data storage layer 17 is deposited on the substrate 18 via,

. for example, sputtering or other technique known in the art.
The substrate 18 comprises a non-magnetic and non-
electrically conductive material, such as a glass or ceramic,
and serves as a mechanical support for the data storage
layer 17. '

'The data storage layer 17 comprises a fixed number of
atomic layers of a magnetic material, wherein the fixed
number of atomic layers provides the data storage layer 17
with a magnetic anisotropy perpendicular to its surface,
i.e., along its easy axis. For example, in the case where

the data storage layer 17 comprises Fe, three atomic layers
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of Fe arranged in a body centered tetragonal (bet) lattice

provide the data storage layer with a strong Z-axis

magnetism. Fe begins to shift, however, to a face centered

cubic (fcc) lattice at numbers of atomic layers greater than

three, which causes the magnetic anisotropy of the Fe

atoms

to shift to the X-Y plane. Similar results can also be

achieved by combining Fe with certain dopants or alloying

elements, such as Co or Ni.

The magnetic component of the data storage layer 17
is caused by the spin of the component metal 4 subshell

electrons in the material from which the data storage

17 is made. Thus, any multiple-electron metal with hi

layer

gher

binding energies of f or s subshell electrons than that for

the d subshell and which can be made to exhibit a bct

structure in few atomic layers can be used as the data

storage layer 17. Candidate metals for the data storage

layer 17 can be from the three periodic table transiti
series. For example, candidate metals from the 34 ser
include Co and Ni. Similarly, candidate metals from t
and 5d series can include Ir and Mo, respectively. 1In
metals, electrons fill the next outer f subshell or s
subshells of the next outer shell before the d subshel
the inner shell is filled. For the 3d series, the s
electrons determine chemical properties of the atom wh
d electrons determine magnetic properties of the atom.
general, the electrons in the d subshell remain unpair

whenever possible. The first five electrons in the su

on

ies can

he 44
these

1 of

ile the
In

ed

bshell

have parallel spins each of which add to the magnetic moment

of the atom. Successor electrons must be antiparallel

as can

be noted by analysis of the fourth quéntum number. These

antiparallel electrons pair up with the first electron
cancel their magnetic moments.

s and

Because of the perpendicﬁlar magnetic anisotropy of
the data storage layer 17, each lattice of atoms in the data
storage layer 17 creates a data magnetic field having a

polarization that extends along its easy axis, i.e.,

[

I
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prOV|d|ng a spin-polarized el ectron having an etectron—fagretic—tfield, the
el ectron magnetic field having a direction of pﬁl ﬁﬁ ion corresponding to

one of first and second data, values; and an el &c W P B
directing the spin-polarized electron through ﬂ
nonconducti ve environnment at the data magnetic he
direction of polarization of the electron nagnetlc field to the data
magnetic field. - 14 -
perpendicular to the surface of the data storage layer 17.
These data magnetic fields are representatively shown in Fig.
3{a) as data magnetic fields 23. Like the magnetic fields
produced by the spin polarized electrons 3, each data
Amagnetic field created in the data storage layer 17 has a
direction of polarization corresponding to one of first and
second data values. For instance, an upwardly polarized data
magnetic field can éorrespond to the data value of "1" while
a downwardly polarized data magnetic field can correspond to
the data value of "0", or vice versa. With this arrangement,
portions of the data storage layer 17 store data in one of
two states, i.e., first and second directions of magnetic
polarity. It is contemplated that these portions of the data
storage layer 17 can be as small as one atom wide.

As shown in Figs. 4{(a) and 4(b), the data storage
layer 4 includes a plurality of alignment areas 22 and a
parking area 21. Each of the alignment areas 22 and the
parking area 21 comprises an electrically conductive material
27 electrically insulated from the data storage layer 17 by
an insulator 28. The alignment areas 22 and parking area 21
are used for performing alignment, parking, and blanking
operations, which will be described in more detail below.
Potential Vio of the parking area 21 and potential Viq of the
alignment areas 22 are detected by the control unit 1, as
.shown in Fig. 1.

Preferably, the data storage layer 17 has a three
dimensional curved surface, as shown in Fig. 1, to allow all
points on the data storage layer 17 to be approximately
equidistant from the center of the fine microdeflector 15
aperture, thereby reduecing electron travel time and providing
a uniform beam depth of focus across the surface of the data
storage layer 17. It is contemplated that the data storage
medium can have any number of surface shapes including a
planar surface.

The storing of data in the data storage and retrieval

device of Fig. 1 is accomplished as follows. First, the



In a siXth aspect, the invention provides for an apparatus for reading data
stored as a direction of polari zﬁtlggﬁeeeﬁagasébat@ phRenet ic field exhibiting a

magriet i ¢ ani sot r opy per pendi cul ar t nprising an electron
source for providing a spin- polar| avi.ng an el ectron magnetic
tion of polarization

field,xthe electron magnetic field
corresponding to one of first and second data vaIues an el ectron deflector
for directing the spin-polarized electron at the data magnetic field; and
an el ectron detector for detecting, as ¥he first data value, a def | ecti on
of the spin-polarized electron by the data magnetic field when the

direction of polarization of the data na etic,fiel oo the
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the extractor 4 extracts the spin-polarized electrons 3 from
the tip 2b, the collimators 6, 7 and 9 collimate the spin-
polarized electrons 3 into the spin-polarized electron beam
19, and the electrostatic lenses 10-12 focus the spin-
polarized electron beam 19. A shown in Fig. S{(a), the spin-
polarized electron beam 19 is directed by the microdeflectors
14 and 15 at a data magnetic field created in the data
storage layer 17 at which data is to be stored. As shown in
Fig. 5(b), upon striking the data magnetic field with
sufficient energy, the spin-polarized electron beam 19
impinges the surface of the data storage layer 17 causing a
cascading field reversal effect along the easy axis of
magnetization producing the data magnetic field. As a
result, the direction of polarization of the electrons in the
spin-polarized electron beam 19 are imparted to the data
magnetic field.

To achieve, the desired cascading field reversal
effect, both the energy level of the spin-polarized electron
beam 19 and the wavelength of the electrons in the spin-
polarized electron beam 19 should be set in accordance with
the material used for the data storage layer 17. In
particular, the energy of the spin-polarized electron beam 19

. should be approximately equal to the kinetic energy of the
electrons in the d subshell of the atoms of the material used
for the data storage layer 17 and the wavelength of the
electrons in the spin-polarized electron beam 19 should be
the de Broglie wavelength of the eiectrons in the 4 subshell
of the atoms of the material used for the data storage layer
17. )

As explained above, it is contemplated that portions
of the data storage layer 17 as small as one atom wide can
represent a single data value. However, it is also

contemplated that portions of the data storage layer 17
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is the'same as_the direction of polarization -of the electron magnetic
field. In a seventh aspect, the I nvention provides for an apparatus for
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several atoms wide may also represent a single data value, as
shown in Fig. 3(b). 1If the atoms in the data storage layer
17 are grouped as such, the diameter of the spin-polarized
electron beam electron beam 19 should be made large enough to
accommodate the larger data storage areas.

The reading of data from the data storage layer 17
can be accomplished using one of two techniques. 1In the
first data reading technique, the spin-polarized electron
source 2a and tip 2b provide the spin-polarized electrons 3
with a direction of polarization corresponding to one of a
first and second data value. Next, the extractor 4 extracts
the spin-polarized electrons 3 from the tip 2b, the
collimators 6, 7 and 9 collimate the spin-polarized electrons
3 into the spin-polarized electron beam 19, and the
electrostatic lenses 10-12 focus the spin-polarized electron
beam 19. The spin-polarized electron beam 19 is then
directed by the microdeflectors 14 and 15 at a portion of the
data storage layer 17 from which data is to be read.

As shown in Fig. 6(a), if the direction of
polarization of the data magnetic field of the portion to be
read is the same as the direction of polarization of the
electrons in the spin-polarized electron beam 19, the
electrons in the spin-polarized electron beam 19 are
attracted by the data magnetic field and absorbed by the data
storage layer 17. Absorption of the electrons by the data

. storage layer 17 results in the generation of a signal 820.

As shown in Fig. 6{(b), if the direction of
polarization of the data magnetic field is opposite the
direction of polarization of the electrons in the spin-
polarized electron beam 19, the electrons in the spin-
polarized electron beam 19 are deflected by the data magnetic
field and impinge upon the electron detector 16. As
previously explained, impingement of the electrons upon the

electron detector 16 results in the generation of the signal

818'
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Attraction of the electrons in the spin-polarized
electron beam 19 by the data magnetic field is detected by
the control unit 1 as a first data value, e.g., 2 data wvalue
of "0", while deflection of the electrons in the spin-
polarized electron beam 13 by the data magnetic field is
detected by the control unit 1 as a second data value, e.g.,
a data value of "1%. Specifically, the control unit 1
detects and interprets the signal 818’ the signal SZO’ or
both the signal 818 and the signal 520 at a fixed time
relative to the generation of the spin-polarized electrons 3
ang, therefore, at a fixed time relative to the impact of the
spin-polarized electron beam 19 with the data storage

layer 17. If the signal S is not detected and/or the

voltage Vo is detected bylghe control unit 1 a spec1f1ed
time after the generation of the spin-polarized electrons 3,
the control unit 1 determines that the electrons in the spin-
polarized electron beam 19 have been attracted by the data
magnetic field and absorbed by the data storage layer 17. On
the other hand, if the signal Sla'is detected and/or the
signal S50 is not detected by the control unit 1 a specified-
time after the generation of the spin-polarized electrons 3,
the control unit 1 determines that the electrons in the spin-
polarized electron beam 19 have been deflected by the data
magnetic field and detected by the electron detector 16.
Preferably, excess electrons in the data storage layer 17 are
_ drained, for example, at the electrode producing signal S50
while excess electrons in the electron detector 16 are

drained, for example, at the electrode producing the signal
818'

As was the case when storing data, when reading data
from the data storage layer 17 using the first technique, the
~energy level of the spin-polarized electron beam 19 should be
set in accordance with the material used for the data storage
layer 17. However, when reading data using the first
technique, the energy level of the spin-polarized electron

beam 19 should be low enough so as not to cause a magnetic
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prdduces a secondary electron, the secondary electron having a first
characteristic corresponding to the first data val ue when the direction of
poIér%za%fﬁﬁ-ﬁ%—%he-da%a—nagnetic field is opposite the direction of

pothfﬁgéﬁnk f éhe el ectron magnetic field and the secondary el ectron

havi ng & istic corresponding to the second data val ue when
t he diretﬂ ﬂ ID zation of the data nagnetic field is the sane as the
directio i on of the electrgn magnetic field;, and an el ectron

detector for detecting the first or second characteristic of the secondary
el ectron IS to be understood that both the foregoing genera

It
descri pti g 4aad e chl | uianGalaldi P ASAY | 4 AT A" S¥REPREEY and
expl anat ory and are i1 ntended to provide

storage layer 17.

In the second data reading technique, the spin-
polarized electron source 2a and tip 2b provide the spin-
polarized electrons 3 with a direction of polarization
corresponding to one of a first and second data value. Next,
the extractor 4 extracts the spin-polarized electrons 3 from
the tip 2b, the collimators 6, 7 and 9 collimate the spin- .
polarized electrons 3 into the spin-polarized electron beam
19, and the electrostatic lenses 10-12 focus the spin-
polarized electron beam 19. The spin-polarized electron beam
19 is then directed by the microdeflectors 14 and 15 at a
portion of the data storage layer 17 from which data is to be
read.

In this second technique, the energy of the spin-
polarized electron beam 19 is at a value higher than that for
a data store operation and high enough such that the spin-
polarized electron beam 19 penetrates into the portion of the
data storage layer 17 causing that portion of the data
storage layer 17 to produce secondary electrons. Preferably,
the energy of the spin-polarized electron beam 19 should not
be so high as to cause thermal migration of the atoms in the
lattices of the data storage 17.

The secondary electrons produced by the data storage
layer 17 have specific energy and spin which are

. characte:istic of the relationship between the direction of
polarization of the data magnetic field generated by the
portion of the data storage layer 17 and the direction of
pelarization of the electrons in the spin-polarized electron
beam 19. These secondary electron characteristics are
detected as one of the first and second data values.

For example, as shown in Fig. 7{(a), if the direction
of polarization of the data magnetic field is the same as the
direction of polarization of the electrons in the spin-
polarized electron beam 19, the data storage layer 17

produces secondary electrons 24 having a first energy and
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further explanation of the invention as ciained BRI EF

DESCRIPTICN OF THE DRAW NGS - The acconpanyi ng draw ngs, which are
ncfuded to prﬂWscﬂ:eetHasrﬁeheReDlmﬁérstandl ng of the invention and are

|ncorporated in a I part of this specification, illustrate a
gresently preferr f the invention and, together with the
description, serve to explain the principles of the invention. 1In the

dr awi ngs: Fig. 1 is a cross-sectional view of an exenplary data
storage and retrieval device of the prgsent invention; Fig. 2is
plan view of a stigmator element for use in the data storage and retrieval
device of Fig. 1; Figs. 3(a) and 3(b) are partial cross-sectiona

vi ews first spin characteristics corresponding to the first data
value, e.g., a data value of "1". Similarly, as shown in
Fig. 7(b), if the direction of polarization of the data
magnetic field is opposite the direction of polarization of
the electrons in the spin-polarized electron beam 189, the
data storage layer 17 produces secondary electrons 26 having
a second energy and second spin characteristics corresponding
to the second data value, e.g., a data value of *0*. The
secondary electrons produced by the data storage layer 17 are
detected by the electron detector 16 to produce signal S18
which indicates the secondary electron characteristics. The
control unit 1, upon receiving the signal Sig¢ interprets the
secondary electron characteristics.

Although this second technique has been described as
detecting the energy and spin characteristics of the
secondary electrons producéd by the data storage layer 17, it
is contemplated that other characteristics of the secondary
electrons known in the art can be detected to read data
stored on the data storage layer 17. Further, although most
of the secondary electrons produced by the data storage layer
17 are emitted by the data storage layer 17, as shown in
Figs. 7(a) and 7{(b), some of the secondary electrons remain
within the data storage layer 17 to produce signal 820'

Thus, it is contemplated that the characteristics of the
secondary electrons produced by the data storage layer 17 can
~also be detected and interpreted by the control unit 1 via

signal SZO'

As shown in Fig. 8, alignment of the spin-polarized
electron beam 19 is performed by directing the beam at one or
more of the alignment areas 22. When.the potential V11 is
detected by the control unit 1, the addressed and targeted
alignment areas match. If the potential Viq is not detected,
signals S2—S17 to the microdeflectors 14 and 15 can be
adjusted by the contrel unit 1 to compensate for any

misalignment. Preferably, alignment of the spin-polarized



of the Hata storage nedium of Fig. 1, Fig. 4(a) is a plan view of
the data storage nedi um of Fi gThid Sheet Has Been Replacec .
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electron beam 19 occurs periodically during operation of the
device.

As described above, the blanking element 13, under
control of the control unit 1, prevents the spin-polarized
electron beam 19 from impinging on the data storage layer 17.
The blanking element 13 comprises; for example, two poles
controlled with signal Sl‘ It is contemplated that blanking
element 13 can have other configurations known in the art and
that the poleé can be individually controlled. The control
unit 1 applies the signal Sl-to the blanking element 13 at a
specific time and for a specific duration to blank the spin-
polarized electron beam 19 while it is being moved by the
microdeflectors 14 and 15 to target a different portion of
the data storage layer 17. The blanking element 13 can also
be used to blank the spin-polarized electron beam 19 during a
data read operation when the control unit 1 is detecting
whether or not electrons are being deflected or emitted by
the data storage layer 17. The poles of the blanking element
13 act to diffuse the spin-polarized electron beam 19 so the
electrons in the beam do not impinge on the surface of the
data storage layer 17.

It is contemplated that the microdeflectors 14 and 15
can alternatively be used to perform bianking of the spin-
polarized eiectron beam 138 during data read operations. For
example, the control unit 1 can supply the microdeflectors 14
and 15 with signals 82-817 to cause the spin-polarized
electron beam 19 to be directed at a particular area on the
data storage layer 17 that is not used for data storage,
e.g., parking area 21, as shown in Fig. 9. Impingement of
the spin-polarized electron beam 19 on the parking area 21 is
detected as the potential V10 by the control unit 1.

Imperfections may exist in the data storage layer 17
as a result of fabrication, degradation; or other causes
which render one or more flawed areas of the data storage
layer 17 unusable for data storage. Accordingly, a format

operation is provided to prevent the reading of data from and
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the storing of data to those flawed areas. For example,
during the format operation, the control unit 1 cycles each
data magnetic field created in the data storage layer 17
between up and down polarities at least once and verifies
each result. This format operation can be performed, for
example, by successively using the data read and data store
operations described above. Control unit 1 determines
whether certain portions of the data storage layer 17, from
which written data cannot be reliably read, are unusable.
Upon completion of the format operation, the locations of the
unusable portions of the data storage layer 17 are stored in
a memory which is maintained, for example, by the control
unit 1 for use in determining where data can be stored during
subsequent data storage operations.

It is contemplated that the format operation can
detect and store locations of unusablé portions of the data
storage layer 17 during operation of the data storage and
retrieval device. For example, after each store operation
into a portion of the data storage layer 17, control unit 1
could then read from the portion, to verify that the portion
is currently non-defective. '

The control unit 1 can also use the memory to store
locations of portions of the data storage layer 17 that are
used for storing and protecting data which are read often but
stored infrequently. Examples of this type of data stored in

~ current storage mediums are configuration data and driver

software stored in ROM. This type of data is stored in
portions of the data storage layer 17 which are designated
protected in the memory. As an additional precaution to
preventing unintentional changes to protected data, certain
portions of the data storage layer 17 can comprise an
alternate material for data storage layer 17. This alternate
material would require a different spin-polarized electron
beam intensity for storing data than that required by
unprotected data locations. Thus, both access to the control

unit 1 memory and modification of the spin-polarized electron

[

lace
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t he datd'storage medium of Fig. 1 during a second data read operation;.
Fig. ;8 is a partial cross-sectional view of the data storage and retrieval
device of Fig. 1 during an alignnment oper atiTes;ShagdHas Been Repladekg. 9 is a

partial cross-sectional view of the data stora ' al device of
Fig. 1-during a bl anking/ parking operation. L CRI PTI ON OF
THE PREFERRED ENMBODI MENT Ref erence w oV In detail to
the present preferred enbodi nent of the invention, an exanple of which is
illustrated in the acconpanying drawving2 - Fig. 1 illustrates an
exenpl ary enbodi nrent of a data

beam intensity would be required to change polarities of such
protected data.

Finally, potentials V2-V8 and V12-V
Sg¢ S107%17-
components. These bias components are used to compensate for

and signals S.-

19 2

and 81 préferably have adjustable bias

- position misalignment, beam deformation, and correctable
effects to the spin-polarized electron beam 19 caused by
other elements. The bias component of an element modifies
the effect of that element on the spin-polarized electron
beam 19 by changing the intensity of the field within the
aperture of the element. Preferably, bias adjustments are
performed by the control unit 1 during operation of the
device. They occur in a specific order when the read and
write functions are unable to determine or modify the
polarity of a data magnetic field created in the data storage
layer 17. The amount of bias compensation for each element
is determined by adjustments needed to re-focus the
intensity, wavelength, and cross-section of the spin-
polarized electron beam 19 on the data storage layer 17 so
that a known data magnetic field can be modified and read.

It should be apparent to those skilled in the art
that various modifications and variations can be made to the
present invention without departing from the spirit or scope
of the invention. Thus, it is intended that the present
invention cover the modifications and variations of this

_ invention provided they come within the scope of the appended
claims and their equivalents.



storage*and retrieval device of—the—present—i-nvention. As shown in.Fig.
1, the data storage and retrie %ﬁ' eV|ce conprlses a control unit 1, a

spi n-pol ari zed el ectron sour cé #Cextractor 4, collimtors
6, 7 and 9, electrostatic Ienses Lu and insulating elenments 5
and 8.« As also shown in Fig. 1, ge and retrieval device

further conprises a bl anki ng elenent 13, coarse and fine mcrodeflectors
14 and 15, respectively, an electron detector 16, a data storage |ayer 17,
and a substrate 18. The contz®l -unit 1, which conprises, for
exanple, a mcroprocessor or other control circuitry known in the art,
coordi nates and sequences the various functions and

WHAT IS CLAIMED IS:

1. A data storage medium, comprising:

a substrate;

a data storage layer formed on the substrate, the
data storage iayer including a fixed number of atomic layers
of a magnetic material, the fixed number of atomic layers
providing the data storage layer with a magnetic anisotropy
perpendicular to a surface of the data storage layer; and

a data magnetic field créated in the data storage
layer, the data magnetic field being polarized either in a
first direction perpendicular to the surface of the data
storage layer and corresponding to a first data value or in a
second direction opposite the first direction and
corresponding to a second data value. _

2. A method of storing data as a direction of
polarization of a data magnetic field, the method comprising
the steps of:

providing a spin-polarized electron having an
electron magnetic field, the electron magnetic field having a
direction of polarization corresponding to one of first and
second data values; and

directing the spin-polarized electron, through an
electrically nonconductive environment, at the data magnetic
field to impart the direction of polarization of the electron
magnetic field to the data magnetic field.

3. A method ofdreading dgta stored as a direction
of polarization of a data magnetic field, the method
comprising the steps of:

providing a spin-polarized electron having an

electron magnetic field, the electron magnetic field having a

T
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direction of polarization corresponding to one of first and
second data values;

directing the spin-polarized electron at the data
magnetic field;

detecting, as the first data value, a deflection of
the spin-polarized electron by the data magnetic field when
the direction of polarization of the data magnetic field is
opposite the direction of polarization of the electron
magnetic field; and

detecting, as the second data value, an attraction of
'the spin-polarized electron by the data magnetic field when
the direction of polarization of the data magnetic field is
the same as the direction of polarization of the electron
magnetic field. _

4. A method of reading data stored as a direction
of polarization of a data magnetic field created in a
magnetic medium, the method comprising the steps of:

providing a spin-polarized electron having an
electron magnetic field, the electron magnetic field having a
direction of polarization correspohding to one of first and
second data values;

directing the spin-polarized electron at the data
magnetic field so that the.magnetic medium produces a
secondary electron, the secondary electron having a first
characteristic corresponding to the first data value when the
. direction of polarization of the data magnetic field is
opposite the direction of polarization of the electron
magnetic field and the secondary electron having a second
characteristic corresponding to the second data value when
the direction of polarization of the data magnetic field is
the same as the direction of polarization of the electron

magnetic field; and

detecting the first or second characteristic of the
secondary electron.

* c L L} s *




explained in nmore detail below The control unit to
intefface the data storage and retrieval device devi ce
(not shown), such as a conputer or even anot her d retrieval
devices via DATA I N, DATA OUT, CONTROL IN, and CCNTRCL QUT term nal s. By
this interfacing, control signals and data fromthe external device can be
transmtted to and decoded by the control unit ﬂlmu protocol s.
The control unit 1 can devel op controt 2¥®sponse "Humﬂmﬁmturn t he
data to the external device using the necessary prdtocol &. Ft ts

contenpl ated that the control unit 1 can be interfaced
5. An apparatus for storing data as a direction of

operatldns performed by the data storage and r%g mﬁ VI ce, as wll be

polarization of a data magnetic field, comprising:

an electron. source for providing a spin-polarized
electron having an electron magnetic field, the electron
magnetic field having a direction of polarization
corresponding to one of first and second data values; and

an electron deflector for directing the spin-
polarized electron through an electrically nonconductive
environment at the data magnetic field to impart the
direction of polarization of the electron magnetic field to
the data magnetic field.

6. an apparatus for reading data stored as a
direction of polarization of a data magnetic field,
comprising:

an electron source for providing a spin-polarized
electron having an electron magnetic field, the electron
magnetic field having a direction of polarization
corresponding to one of first and second data values;

an electron deflector for directing the spin-
polarized electron at the data magnétic field; and

an electron detector for detecting, as the first data
value, a deflection of the spin-polarized electron by:the
data magnetic field when the direction of polarization of the
data magnetic field is opposite the direction of polarization
of the electron magneﬁic field and detecting; as the second
data value, an attraction of the spin-polarized electron by
the data magnetic field when the direction of polarization of
the data magnetic field is the same as the direction of
polarization of the electron magnetic field.

7. An apparatus for reading data stored as a
direction of polarization of a data magnetic field created in
a magnetic medium, comprising:

an electron source for providing a spin-polarized
electron having an electron magnetic field, the electron
magnetic field having a direction of polafization

corresponding to one of first and second data values;



with thé external device via, for exanple, electrical or optical |inks. For
i nstance, optical transmssion into and out fromthe control ' can be
acconpl i shed using electrically punped | aser diodes. The spin

pol ari zed el ectron source 2a and the tip 2b together provi ddhisgheetdtdsBeer Rdpi
elsectrens 3. In particular, the spin-polarized electrons 3 are "ﬂn

the spin polarized el ectron source 2a and are collected in the
spi n--pol ari zed el ectron source 2a can conpri se any source for provi
spi n-pol ari zed el ectrons known in the agt.. The tip 2b can conprise, for
exanple, the tip of a scanning electron m croscope or other simlar device.
Preferably, the tip 2b has a snmall dianmeter, such as the dianeter of a
single an electron deflector for directing the spin-

polarized electron at the data magnetic field so that the
magnetic medium produces a secondary electron, the secondary
electron having a first characteristic corresponding to the
first data value when the direction of polarization of the
data magnetic field is opposite the direction of polarization
of the electron magnetic field and the secondary electron
having a second characteristic corresponding to the second
data value when the direction of polarization of the data
magnetic field is the same as the direction of polarization
of the electron magnetic field; and

an electron detector for detecting the first orx
second characteristic of the secondary electron. |

8. The data storage device of claim 1, wherein the
substrate comprises a non-magnetic and electrically
nonconductive material.

9. The data storage device of claim 1, wherein the
non-magnetic and electrically nonconductive material includes
at least one of a glass, a ceramic, and a crystal structure.

10. The data storage device of claim 1, wherein the
data storage layer comprises Fe arranged in a body centered
tetragonal lattice having an average thickness of three
atomic layers. |

11. The data storage device of claim 1, wherein the
data storage layer comprises at least one metal from the

. three periodic table transition series.

12. The data storage device of claim 11, wherein the
metal includes at least one of Co, Ni, Ir, and Mo.

13.  The data storage device of claim 1, wherein the
data storage layer further includes ah alignment area.

14. The data storage device of claim 13, wherein the
alignment area comprises an electrically conductive material
electrically insulated from the data storage layer.

15. The data storage device of claim 1, wherein the
data storage layer has at least one of a three dimensional

curved surface and a planar surface. o '
* [ L M S *
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atom * Each of the spin-polarized electrons 3 has an el ectron
magnetic field with a. direction of polarization determ ned by

the. el ectron's. spin. The direction of poIarLzappen—eﬁ—%he—e+ee%fon magneti c
field corresponds to one of first and second data val ues. For anple

an
upwar dl-y pol ari zed el ectron magnetic field d&ﬁ a ata val ue
of "1" while a downwardly pol ari zed el ectron an correspond
to a data value of "0", or vice versa.
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16. The method of claim 2, wherein the step of
providing the spin-polarized electron includes the step of
extracting the spin-polarized electron from a spin-polarized
electron source.

17. The method of claim 2, wherein the step of
providing the spin-polarized electron includes the step of
providing a plurality of spin-polarized électrons, and
wherein the step of directing the spin-polarized electron at
the data magnetic field includes the steps of:

collimating the plurality of spin-polarized electrons
into a spin-polarized electron beam;

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at the
data magnetic field.

18. The wethod of claim 3, wherein the step of
providing the spin-polarized electron includes the step of
extracting the spin-polarized electron from a spin-polarized
electron source.

19. The method of claim 3, wherein the step of
providing the spin-polarized.electron includes the step of
providing a plurality of spin-polarized electrons, and
wherein the step of directing the spin-polarized electron at
the data magnetic field includes the steps of:

collimating the plurality of spin-polarized electrons
into a spin-polarized electron beam;

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at the
data magnetic field.

20. The method of claim 4, wherein the step of
providing the spin-polarized electron.includes the step of
extracting the spin-polarized electron from a spin-polarized
electron source.

21. The method of claim 4, wherein the step of
providing the spin-polarized electron includes the step of

providing a plurality of spin-polarized electrons, and

A O L
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9 ~ A potential V[err] —is—appted—tothe spin-polarized el ectron

source 2a by the control unit 1. The strengt L e he potential V[err] can
be varied by the control unit 1Tki§S ° R n?ensity and current of the
spin-pol arized el ectrons 3. A si 1 “ “ al so applied to the spin-
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wherein the step of directing the spin-polarized electron at
the data magnetic field includes the steps of:

collimating the plurality of spin-polarized electrons
into a spin-polarized electron beam;

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at the
data magnetic field. |

22. The wmethod of claim 4, wherein the step of
detecting the first or second characteristic of the secondary
electron includes the step of detecting at least one of an
energy and a spin of the secondary electron.

23. The apparatus of claim 5, further comprising an
extractor for extracting the spin-polarized electron from the
electron source.

24. The apparatus of claim S, wherein the electron
source provides a plurality of spinépolarized electrons and
wherein the electron deflector includes:

a collimator for collimating the plurality of spin-
polarized electrons into a spin-polarized electron beam;

a focusing element for focusing the spin-polarized
electron beam; and ,

a deflecting element for directing the spin-polarized
electron beam at the data magnetic field.

25. The apparatus of claim 24, wherein the
collimator includes a first electrostatic lens, the focusing
element includes a second electrostatic lens, and the
deflecting element includes a microdeflector.

26. The apparatus of claim S5, further éomprising a
blanking element for disabling an effect of the spin—
"polarized electron. |

27. The apparatus of claim 5, wherein the
electrically nonconductive environment is a vacuum.

28. The apparatus of claim 6, further comprising an
extractor for extracting the spin-polarized electron from the

electron source.
I




pol ari Zed el ectron source 2a—by—the—control unit 1. Signal S[err]
controls the direction of polarizati EVPf the magnetic fields of the

spiﬁ-pplarized eIectT'_ heet Ha the control unit 1 can vary the
potential Verr] and si u | ring operation of the device to
conpensate for physical ibhe device and its environnent over

tinme. The extractor 4, collimtors 6, 7 and 9, electrostatic |enses
10-12,. the blanking el enment 13, and the coarse and fine mcrodeflectors 14
and 15,_respective|y, each constituteggo f-or exanple, an electrically
conductive annul ar menber defining an aperture. The extractor 4 extracts
the spin-polarized electrons 3 from the tip 2b and collimtors 6, 7 and 9
col limate the sppp-polde z@paatanis afs Adin ¢ a Wprein the electron

source provides a plurality of spin-polarized electrons and
wherein the electron deflector includes:

_ a collimator for collimating the plurality of spin-
polarized electrons into a spin-polarized electron beam;

a focusing element for focusing the spin-polarized
electron beam; and

a deflecting element for directing the spin-polarized
electron beam at the data magnetic field.

30. The apparatus of claim 29, wherein the .
collimator includes a first electrostatic lens, the focusing
element includes a second electrostatic lens, and the
deflecting element includes a microdeflector.

31. The apparatus of claim 6, further comprising a
blanking element for disabling an effect of the spin-
polarized electron beam. '

32. The apparatus of claim 6, wherein the electrxon
detector includes an electrically conductive material
configured to detect the deflection of the spin-polarized
electron by the data magnetic field.

33. The apparatus of claim 7, further comprising an
extractor for extracting the spin-polarized electron from the
electron source.

34. The apparatus of claim 7, wherein the electron
source provides a plurality of spin-polarized electrons and
wherein the electron deflector includes:

a collimator for collimating the plurality of spin-
polarized electrons into a spin-polarized electron beam;

a focusing element for focusing the spin-polarized
electron beam; and .

a deflecting element for directing the spin-polarized
electron beam at the data magnetic field.

35. The apparatus of claim 34, wherein the
collimator includes a first electrostatic lens, the focusing

.element includes a second electrostatic lens, and the

* [ L M S *

deflecting element includes a microdeflector



pol ari zed el ectron beam I9. The el ectrostatic | enses 10-12 focus the

spi n-pol ari zmdsﬁéacpfaggge,pﬁéwgéﬁ and the coarse and fine mcrodeflectors 14
and ‘15, respe I ' the spin-polarized el ectron beam 19 toward t he
dat a storage mm,m”!ﬂwh The environment through which the '
spin-pplari ze 19 travel g _is preferably an electrically
nonconducti ve and noni oni zi ng envi ron t~ such as a vacuum It is

cont enpl at ed%@-however, t hat the environnment through which the

spi n- pol ari z30 el &be pppanstusraidaim Ay /furthes sampeisinga blapking eemenh fgr

envi ronment s known in the art, which woul ot degrade, but may enhance,
passage of tﬂ‘égﬁlbﬁ'g, ?Bcﬁfgﬁﬁf ?géhe Spmpof'ﬁ%zeg electron.

37. The apparatus of claim 7, wherein the electron detector includes an
5 electrically conductive material configured to detect the secondary

electron.

38. The apparatus of claim 7, wherein each of the first and second
characteristics of the secondary electron includes at least one_of an energy

10 and a spin of the secondary electron.

39. A data storage medium as described hereinbefore with reference to

the accompanying drawings.

15 40. A method of storing data as described hereinbefore with reference

to the accompanying drawings.

41. A method of reading data as described hereinbefore with reference
to the accompanying drawings.

20
42. An apparatus for storing data as described hereinbefore with

reference to the accompanying drawings.

43.  An apparatus for reading data as described hereinbefore with

25 reference to the accompanying drawings.
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electron beam 19 fromthe el ectron: source 2 to the data storage nmedium 17.
As shown in Fig. 1, the tip 2b is positioned so as to be perpendicular to
the plane of the surface of the extractor 4, at the center of the extractor

4 aperture, and juxtaposed at or near the extractor 4 surface. Preferably,
t he ¢

- 31 -

ABSTRACT OF THE DISCILOSURE
A data storage medium comprising a substrate and a

data storage layer formed on the substrate. The data storage
layer comprises a fixed number of atomic layers of a magnetic
material which provide the data storage layer with a magnetic
anisotropy perpendicular to a surface of the data storage
layer. A data magnetic field is created in the data storage
layer. The data magnetic field is polarized either in a
first direction corresponding to a first data value or in a
second direction corresponding to a second data value. Data
is stored in the data storage layer by providing a spin-
polarized electron having an electron magnetic field with a
direction of polafization corresponding to one of the first
and the second data values, and directing the spin-polarized
electron at the data magnetic field to impart the direction
of polarization of the electron magnetic field to the data
magnetic field. Data is read from the data storage layer by
directing the spin-polarized electron at the data magnetic
field and detecting a deflection oxr attraction of the spin-
polarized electron by the data magnetic field.

Alternatively, data is read from the data storage layef by
directing the spin-polarized electron at the data magnetic
field so that the magnetic medium produces a secondary
electron and then detecting certain characteristics of the
secondary electron.
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10 apertures of extractor 4 and 'collimator 6 are in the order of 1
mlli-meter in dianmeter. However, l-arger ‘or snaller dianmeters could also be
used dependi ng on the particular design of the data storage and retri eval
device and the desired characteristics yf t he spin-polarized el ectron beam
19. . . Insul ating el ement 5, mhlc% Eénprlses for exanple, Si, or the

i ke, is positioned between the extractor 4 and collinmator 6 to separate
t heir conductive surfaces. '
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Preferably, the diameter of the aperture of insulating element 5 is
slightly greater than the dianeters of the apertures of exThisSieet Hds Beatl Replaced
colIimator 6 to reduce interaction of the insul ating elenent

magnetic fields produced in and el@2¢tons passing through th Mﬂ"ﬂ;"&l”"
extractor 4 and collimtor 6. Potentials V[err] and V|err

applied by the control unit 1 to the extractorv4 and col i mat or
respectively, to create a magnetic field in. théldperture of each The

el ectrons 3t01urrpfromthet|p andz?)asst
extractor 4 and collimtor

position of the tip 2b relative to the el ectros atlc fields produced in the
apertures of extractor 4 and col hjpator 6 indu B® spi n- polg, rlzed

ughthe%ap% es of
V,B @ C;I—OVM
25
Vis

FIG 2 %Q%‘




6. .Y Collimators 7 and 9 and insulating el erren't 8 which' can be
S|mla'r or identical to extractor 4, collimator

5, respectlvely, constitute an optional |ens stage to as ing
of the spin-polarized electrons 3 into3A& spin- poI ari ze IﬂlHIm mﬁw
Collimators 7 and 9 and insulating elenent 8 can al so be used to acce erate
or decel era%e the spin-polarized electrons 3 to obtain a desired beam

ener gy. The potentials V2-V can be adjusted by the control unit 1
to obtain dgsired characteristics of the spin- polari zedzgl ectrons 3 and
the spin-poliariyzed el ectron beam 19. Sontrol of 6h% p?(entlal S
V[err]-V|err]Acan be perfdrrfle chrQn 1001
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operatian of the device to conpensate for physi cal changes in the device
and its enV|ronnent over tine. After passing through collimtor 9,
the spin--polarized el ectron beam 19 passes through el ectrostatic |enses
10-12. Potentials V[err] -V[err] aref? ¥3|ed to the electrostatic | enses
10-°12, r'espectively, by the control uni to create electrostatic fields
through the lens apertures. These electrostatic {ields focus the

spi n- pola;:§5&theef?on bgam 19 with a desired d%éﬂster, e.g.,. 1-10
nanonet er s of the electrostatic |ensies 10-12 are preferably
on the oreer of R r in dianeter but can be jvari ed depending on the

particul ar deS|gn‘/ {Efggprage and retrieval jdevice and the desired
19 Q
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characteristics, e.g., intensity, beamshape, etc., of the spin-polarized
el ecty®dn beam 19. Furthernore, the thicknesses of the electrostatic |enses
10-12, their relative positions, and the potentials V[err]-V[err] can be
varied to obtain desired characterist(;g f the spin-polarized electron
bgeam 19. Again, the potentials V[err] [err] <can be varied by the control

unit | during operation of thée device to conpensate for physical changes in
the device and- its environnent over tine. Further, the electrostatic

| enses 10-12 can be replaced with feweg or nore of such lenses. Also,
magnetic | enses can be used in placg/of, or in addition to, the

el ectrostatic lenses 10-1244 Af tegr sing through electrostatic
l ens 12, the a\{a

15\8 8/15
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pevosr-u 205
spl n-pol ari zed el ectron. beam 19 passes through_the bl anking element 13. As

El-l—-b-e—-elﬁl-&_n.ed in more. detail below, the pl ank‘a‘;ﬂgx@mqﬁmtﬂ e
Oﬂ ti'orﬁﬁn’ GRBrSHRETEh di 8Gbl es| the effects

ziﬁ‘nss aBG , |
AT ey p&
b ¢@riplidre : prgedl ot.r.ad phgmiat‘?-onf of the bl ank| ng sel;

c ¢l €imfsk r odpdgedcioriopdgedad®.shiown in Fig. 1 "?C’“%E
ol oronton s, Ao o oacy st ate. | i Vet ,anaﬁ.
t bl Abanksi ng: plgedeAl. 33as tdhe-spu n-pol ari zed plectron beam t9 pass

t 1§Aq~@ab§eRgt§thd"e_fnl'.g__c__t._g'r_ 14 ar]d then the fip Dglﬁg,rggeflector 43?"(“ q}
-------------- SiEL Bt Sy . SN ]

RECEIPT ..
A DATA STORAGE MEDIUM, METHOD AND APPARATUS

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to data storage and
retrieval. More particularly, the present invention relates
to a data storage medium and a method and apparatus for
storing data onto the data storage medium and reading the
stored data therefrom.

' Description of the Related Art

Over the years, there has been an increasing need for

high speed mass data storage devices. With the conversion

from analog systems to digital systems and the increasing
épeed of processing demonstrated by the Pentium, PoserPC,
Sparc, and other RISC processors, the ability to quickly
access large amounts of data is lagging behind demand. This
is especially true in the scientific world for computer
modeling and simulations, as well as in the consumer world
for high definition television (HDTV)}.HDTV video records,
compact disks, personal digital assistants (PDAs), personal

communication assistants (PCAs), digital tape decks, and even
. such items as automobiles.

Furthermore, the merging worlds
of computers,

multimedia, and communication will impact
consumers through virtual reality, interactive television,
voice recognition systems (vocally interactive), handwriting
recognition systems, and integrated communications with
entertainment systems, each of which will requiré high speed
static mass data storage.

Applying conventional lithographic techniques and
incremental improvement procésses Lo current memory
technologies has resulted in incremental progress. This
incremental progress will simply increase the disparity
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_12;_ _Preferably, the coarse mcrodeflector 14 conprises eight -poles

sindividually controlled by signals S err]-S[err] supplied by the control
unit 1. Simlarly, the fine mcrodeflector 14

-2 -

between the increasing speed of processors and their
capability to store and effectively utilize needed amounts of
data.

SUMMARY OF THE INVENTION

Accordingly, the present invention is directed to a
data storage medium and a method and apparatus for storing
data onto the data storage medium and reading the stored data
therefrom that substantially obviate one or more of the
problems due to the limitations and disadvantages of the
related art. _

Features and advantages of the invention will be set
forth in the description which follows, and in part will be
apparent from.the‘description, or may be learned by practice
of the invention. The objectives and other advantageé of the
invention will be realized and attained by the method and
apparatus particularly pointed out in the written description
‘and claims thereof as well as the appended drawings.

.'To achieve these and other advantages and in

accordance with the purpose of the invention, as embodied and

broadly described, in a first aspect the invention provides

for a data storage medium comprising a substrate; a data
storage layer formed on the substrate, the data storage layer
1nc1ud1ng a fixed number of atomic layers of a magnetic
material, the fixed number of atomic. layers providing the
data. storage layer with a magnetic anisotropy perpendicular
to a surface of the data storage layer; and a data magnetic
field created in the data storage-layer, the data magnetic
field being polarized either in a first direction
perpendicular to the surface of the data storage layer and
corresponding to a first data value or in a second direction
opposite the first direction and corresponding to a second
data value.
In a second aspect, the invention provides for a
method of storing data as a direction of polarization of a
" data magnetic field cbmprising the steps of providing a spin-

polarized electron having an electron magnetic field, the
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al'so preferably conprises eight poles individually controlled by signals

«+ S[err] -S[err] also supplied by the control unit 1. The coarse and fine
m crodefl ectors 14 and 15, respectively, direct the spin-polarized el ectron
beam 19 toward the data storage |layer 17. \While the coarse mcrodeflector

14 bends the trajectory of the spin-pglarized electron beam 19 toward a
general area on the data storage layer 17, the fine mcrodeflector 15

further adjusts the trajectory of the spin- polarized el ectron beam 19 to
direct eRectpion peignetded feledst havipgam B9 rectd Ipedi Piod aarieptotonhe data -
stor agec'o@wsrg&x iy & iRldey 8l RGd R Rl - RAULHARE L] egtgon beam 19
in this manner, di'stortions and aberrations introduced into the

spi n- poddmertdng dhe siPilvRalarized Kd e tdredhyqugls an electrically

nonconductive environment at the data magnetic field to
impart the direction of pblarization of the electron magnetic
field to the data magnetic field.

In a third aspect, the invention provides for a
method of reading data stored as a direction of polarization
of a data magnetic field comprising the steps of providing a
spin-polarized electron having an electfoﬁ magnetic field,
the electron magnetic field having a direction of
polarization corresponding to one of first and seéond data
values; directing the spin-polarized electron at the data
magnetic field; detecting, as the first data value, a.
deflection of the spin—polafized electron by the data
magnetic field when the direction of polarization of the data
magnetic field is opposite the direction of polarization of
the electron magnetic field; and detecting, as the second
data value, anlattraction of the.spin-polarized electron by
the data magnetic field when the direction of ﬁolarization of
the data magnetic field'iS'the.same-as the direction of
polarization of the electron magnetic field.

In a fourth aspect, the invention provides for a
method of reading data stored as a direction of polariiation
of a data magnetic field created in a magnetic medium

. comprising the steps of providing a spin-polarized electron
having an electron magnetic field, the electron magnetic
field having a direction of polarization corresponding to one
of first and second data values; directing the spin-polarized
electron at the data magnetic field so that the magnetic
medium produces a secondary electron, the secondary electron
having a first characteristic corresponding to the first data
value when the direction of polarization of the data magnetic
field is opposite the direction of polarization of the
electron magnetic field'and the secondary electron having a.

second characteristic corresponding to the sccond data value

o | s vy sheel
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co%tenplated that the fine mcrodeflector 15 can enabl e positioning of the
« Spi n-pol ari zed el ectron beam 19 to the atomc | evel on data storage |ayer
17. Although the coarse and fine mcrodefl ectors 14 and 15, respectively,
have been described to conprise eight poles each, it is contenplated that
the coarse and fine mcrodeflectors *44and 15, respectively, can have ot her
configurations knomn in the art Further, the relative positi.ons of the

courve gl g edel seLor e AL A I LSRG IS e Al RS
of the spis-qd Eﬂ’érﬂ@@@ltﬁﬁﬁ rdirdxstaironl ©f polarizaMitdowgh tis elwmwreom Fig.

L the daia Loy agk A, a4 | SRl W FLIH LT GRRY | S© @ St gmator
characteristic of the secondary electron.

In a fifth aspect, the invention provides for an
apparatus for storing data as a direction of polarization of
a data magnetic field comprising an electron source for
providing a spin-polarized electron having an electron
magnetic field, the electron magnetic field having a
direction of polarization corresponding to one of first and
second data values; and an electron deflector for directing
the spin- polarlzed electron through an electrlcally
nonconductive environment at the data magnetic field to

" impart the direction of polarlzatlon of the electron magnetlc
- field to the data magnetlc field.

. In a sixth aspect, the invention provides for an
.apparatué for reading data sﬁored as a direction of
polarization of a data magnetic field comprising an electron
source for providing a spin-polarized electron having an
electron magnetic field; the electron magnetic field having

[\

direction of polarization corresponding to one of first_and.
second data values; an electron deflector for directing the
-spin—polarized electron at the data magnetic field; and an
electron detector for detecting, as the first data value,
deflection of the spin- polarlzed electron by the data

. magnetic field when the direction of polarization of the data
magnetic field is opposite thé direction of polarlzatlon of
the electron magnetic field and: detectlng, as the second data
value, an attraction of the spin-polarized electron by the
data magnetic field when the direction of polafization of the
data magnetic field is the same as the direction of
polarization of the electron magnetic field.

a -

In a seventh aspect, the invention provides for an
apparatus for reading data stored as a direction of

polarization of a data magnetic field created in a magnetic
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such that shown in Fig. 2. Preferably, the stigmator elenent is positioned

- either between the electrostatic lens 12 and the bl anking el enent 13 or :
bet ween the bl anking el enment 13 and the coarse m crodeflector 14. As shown
in Fig 2, the stigmator el enment conprises, for exanple, eight poles 25

i ndividually biased with potentials V[2rr]-V[er]. It is contenplated that
the stigmator elenent 25 can have ot her

medium comprising an electron source for providing a spin-
polarized electron having an electron magnetic field, the
electron magnetic field having a direction of polarization
corresponding to one of first and second data values; an
electron deflector for directing the spin-polarized electron
at the data magnetic field so that the magnetic medium
produces a secondary electron, the secondary electron having
a first characteristic corresponding to the first data value
when the direction of polarization of the data magnetic field
is opposite the direction of polarization of the electron
magnetic field and the secondary electron having a second
characteristic.corre3ponding to the second data value when
the direction of polarization of the data magnetic field is
the same as the direction of polarization of the electron
magnetic field; and an electron detector for detecting the
 first or second characteristic of the secondary electron.

It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory and are intended to provide
further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

_ The accompanying drawingé, which are included to
provide a further understanding of the invention and are
incorporated in and constitute a part of this specification,
illustrate a presently preferred embodiment of the invention
and, together with the description, serve to explain the
principles of the invention. In the drawings:

' Fig. 1 is a cross-sectional view of an exemplary data

storage and retrieval device of the present invention;

Fig. 2 is plan view of a stigmator element for use in

the data storage and retrieval device of Fig. 1;

Figs. 3(a) and 3(b) are partial cross-sectional views

of the data storage medium of Fig. 1;

Fig. 4(a) is a plan view of the data storage medium
of Fig. 1;

d ‘ . . .
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13’ configurations known in the art. The individual potentials
s V[err]-V[err] are applied to the stigmator poles 25 by the control unit 1
and are set during operation of the device to develop a field that results

in a desired shape of the spin-polarized electron beam 19 and to-conpensate

for physical changes in the data storhd% and retrieval device and its
envi r onnent : '

Fig. 4(b) is a partial cross-sectional view of the

. data.storage medium of Fig. 1 showing parking and alignment
areas; . '

| Figs. S(a)-5(b) are partial cross-sectional views of
the data storage medium of Fig. 1 during a data store
operation; | _
| Figs. 6(a)-6(b) are partial cross-sectional views of
the data storage medium of Fig. 1 during a first data read
operation;

' Figs. 7(a)-7(b) are partial cross-sectional views of
the data storage medium of Fig. 1 during a second data read
operation;

Fig. 8 is a partial cross-sectional view of the data
storage and retrieval device of Fig. 1 during an alignment
operation; and

Fig. 9 is a partial cross-sectional view of the data
storage and retrieval device of Fig. 1 during a blanking/
'parking operation.

DESCRIPTION OF THE PREFERR-_ED EMBODIMENT

Reference will now be made in detail to the present
preferred embodiment of the invention, an example of which is
illustrated in the accompanying drawings.

Fig. 1 illustrates an exemplary embodiment of a data
storage and retriéval device of the present invention. As
shown in Figl 1, the data storage and retrieval device
comprises a control unit 1, a spin-polarized electron source

2a, a tip 2b, an extractor 4, collimators 6, 7 and 9,

electrostatic lenses 10, 11 and 12, and insulating elements 5

and 8. As also shown in Fig. 1, the data storage and
retrieval device.further comprises a blanking element 13,
coarse and fine microdeflectors 14 and 15, respectively, an
electron detector 16, a data storage layer 17, and a
substrate 18. _

The control unit 1, which compfises, for example, a
m1croprocessor or other control c1rcu1try known in the art,
coordinates and sequences the various functions and
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over time. Although the stigmator elenent is generally used to provide the

= Spi n-pol ari zed el ectron beam 19 with a round cross-sectional shape, the
stigmator el enent can al so be used to provide the spin-polarized el ectron
beam 19 with a cross- sectional shape other than round, e.g. oval.

The el ectron detector 16 conprises an Tlectricall y. conduct Ive material,
such as a netal, and is configured, for exanple, as shown in Fig. 1. to

optim ze the detectlon of é rons defl ected fron1§ seconda%y el ectrons
eni tt ed WEAHLWR PYEP %‘X/e‘ihi JaER FEPLREG, 2P Re BHEEEY BN detector 16

| S posi tderiask Stafiswibl be enpbainee ihthotaedptahl obelde. spThepol ari zed
& ectron REamI it £l P3PcRIPUGOL0s1 B8 bR ELALANR! BYEL Leokaglet ect
and retr1eva1 device with an external device {not shown),
such as a computer or even another data storage and retrieval
device, via DATA IN, DATA OUT, CONTROL IN, and CONTROL OUT
terminals. By this interfacing, control signals and data
from the external device can be transmitted to and decoded by
the control unit 1 using necessary protocols. The control
unit 1 can develop control responses and data and return the
data to the external device using the necessary protocols.
It is contemplated that the control unit 1 can be interfaced
.with the external device via, for example, electrical or .
optical .links. For instance, optical transmission into and
out from the control unit 1 can be accomplished using
electrically pumped Yaser diodes. ‘

The spin polarized electron source 2a and the tip 2b
together provide spin-polarized electrons 3. In particular,
the spin-polarized electrons 3 are developed by the spin
polarized electron source 2a and are collected in the tip 2b.
The spin-polarized electron source 2a can comprise any source
for providing spin;polarizeq electrons known in the art. The
tip 2b can comprise, for example, the tip of a scanning i
electron microscope or other similar device. Preferably, the
tip 2b has a small diameter, such as the diameter éf a single

_ atom. _ | '

Each of the spin-polarized electrons 3 has. an
electron magnetic field with a direction of polarization
determined by the electron’s spin. The direction of
polarization of the electron magnetic field corresponds to
one of first and second data values For example, an
upwardly polarized electron magnetic field can correspond to
a data value of "1" while a downwardly polarized electron

magnetic field can correspond to a data value of “o",
versa.

or vice
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emtted electrons. Electrons striking the electron detector 16 produce a
Signal in the electron detector 16 which is supplied-to the control unit 1
as signal Sf[err] The data storage |ayer 17 and the substrate 18
together constitute a data storage nedigum Preferably, the data storage

| ayer 17 is deposited on the substrate 18 via, for exanple, sputtering or
ot her technique known in the art. The substrate 18 conprises a non-nagnetic

and non- el ectri galdat thverd?&tpﬁﬂlﬁdd SIThASE iR arzaer ani ¢, and
serves as a nmechani-cal

dat a storealgee‘:tr’%f%rsﬂui’r"c% o3 forf‘%‘?fg:cf%uﬁﬂi#toéfaggt%o Strréﬁ/n h?fa The
magneti ¢ tied geotent vdiere] mamdoélvearied by the control unit 1 to '

control the 1nten81ty and current of the spln polarlzed

electrons 3. A 51gna1 Si9 is also applied to the spin-

polarized electron source 2a by the control unit 1. Signal

Si9 controls the direction of polarization of the magnetic

fields of the spin-polarized electrons 3. Preferably, the

control unit 1 can vary the potential Vl and 31gnal 819

during operation of the device to compensate for physical

changes in the device and its environment over time.

_ The extractor 4, collimators 6, 7 and 9,

electrostatic lenses 10-12, the blanking element 13, and the

coarse and fine microdeflectors 14 and 1S, respectively, each
constitutes, for exawple, an electrically conductive annular
member defining an aperture. The extractor 4 extracts the

spin-polarized electrons 3 from the tip 2b and collimators 6,

7 and 9 collimate the spin-polarized electrons 3 into a spin-
-polarized electron beam 19. The electrestatic lenses 10-12

focus the spin-polarized electron beam 19 and the coarse and

fine microdeflectors 14 and 15, respectively, direct the
spin-polarized electron beam 19 toward the data storage -layer
17. ’ .

The environment through which the spin-polarized
electron beam 19 travels is preferably an electrically
nonconductive and nonionizing environment such as a vacuum.
It is contemplated, however, that the environment through
which the spin-polarized electron beam 19 travels can be any
number of other environments known in the art which would not
degrade but may enhance, passage of the spin-polarized |
electron beam 19 from the electron source 2 to the data
.storage medium 17.

_ As shown in Fig. 1, the tip 2b is positioned so as to
be perpendicular to the plane of the surface of the extractor
4, at the center of the extractor 4 aperture,

and juxtaposed
at or near the extractor 4 surface. Preferably, the
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number of atomic |ayers provides the data storage |ayer 17 with a magnétic

“ani sotropy perpendicular to its surface, i.e., along its easy axis. For
exanpl €, in the case where the data storage |ayer 17 conprises. Fe, three
atom c | ayers

- 9 -

apertures of extractor 4 and collimator 6 are in the order of
1 millimeter in diameter. However, larger or smaller
diameters could also be used depending on the particular
design of the data storage and retrieval device and the
desired characteristics of the spin-polarized electron beam
19.

Insulating element 5, which compriées, for example,
Si, or the like, is positioned between the extractor 4 and
collimator 6 to separate their conductive surfaces.
Preferably, the diameter of the aperture of insulating
element 5 is slightly greater than the diameters of the
apertures of extractor 4 and collimator 6 to reduce .
interaction of the insulating element 5 with magnetic fields
produced in and electrons passing through the apertures of
extractor 4 and collimator 6. .

_ Potentials V2 and V3.are applied by the control unit

1 to the extractor 4 and collimator 6, respectively, to
create a magnetic field in the aperture of each. The
_p051tlon of the tip 2b relative to the electrostatlc fields
produced in the apertures of extractor 4 and collimator 6
induce the spin-polarized electrons 3. to jump from the tip 2b
and pass through the apertures of extractor 4 and collimator
6. o

Collimators 7 and 9 and insulating element 8, which
can be similar or identical to extractor 4, collimator 6, and
insulating element 5, respectively, constitute an optional
lens stage to assist in collimating of the spin-polarized.
electrons 3 into the spin-polarized electron beam 19.l
Collimators 7 and 9 and .insulating element 8 can also be used
to accelerate or decelerate the spin-pblarized electrons 3 to
obtain a desired beam energy.

The potentials V2 V5 can be ad]usted by the control
unit 1 to obtain desired characteristics of the spin-

polarized electrons 3 and the spin-polarized electron beam

19. Control of the potentials V'?—VS can be performed during

—/
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14+ of Fe arranged in a body centered tetragonal (bct)
«data storage layer with a strong Z-axis magnetism Fe begins to shift,
however, to a face centered cubic (fcc) lattice at nunbers of atomc
| ayers greater t han three, which causes t he magnetic ani sotropy of the Fe
atons to shift to the X-Y plane. Sinillar results can al so be. achieved by
conbining Fe with certai n dopants or alloying elenents, such as Co or N

The magnetlc g3 erd ddii LA I8 Forlpnysical changes in

the device and its environment over time.

| attice provide the

After passing through collimator 9, the spin-
polarized electron beam 19 passes through electrostatic
lenses 10-12. Potentials VG-—V8 are applied to the
electrostatic lenses 10-12, respectively, by the control unit
1 to create electrostatic fields through the lens apertures.
These electrostatic fields focus the spin-polarized electron
beam 19 with a desired diameter, e.g., '

1-10 nanometers. The apertures of the electrostatic lenses
' 10-12 are preferably on the order of 1 millimeter in diameter
but can be varied depending on the particular design of the
-data storage and retrieval device and the desired
charécteristics, e.g., intensity, beam shape,'etc., of the
spin-polarized electron beam 19 Furthe;more, the
thicknesses of the-electrostatic lenses 10-12, their relative
positions, and the potentials VG;VB can be varied to obtain
desired characteristics of the spin-polarized electron
beam 19. Again, the petentials VG—V8 can be varied by the
control unit 1 during operation of the device to compensate
for physical changes in the device and its environment over
time. Further, the electrostatic lenses 10-12 can be
replaced with fewer or more of such lenses. Also, magnetic
lenses can be used in place of, or in addition to, the
‘electrostatic lenses 10-12.

After passing through electrostatic lens 12, the
spin-polarized electron beam 19 passes through the blanking
element 13. As will be explained in more detail below, the’

"blanking element 13 is an optional element which disables the
effects of the spin-polarized electron beam 19. The
preferred location of the blanking element 13 is above the
coarse microdeflector 14, as shown in Fig. 1, to allow the

spin-polarized electton beam 19 to achieve a steady state.
' After passing through the blanking element 13, the
spih-polarized electron beam 19 passes through the coarse

microdeflector 14 and then the fine microdeflector 15.
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I's caused by the spin of the conponent netal d subshell electrons in the
‘material fromwhich the data storage |ayer 17 is nmade. Thus, any

mul tiple-electron netal with higher binding energies of f or s subshel

el ectrons than that for the d subshell, and which can be nade to exhibit a
bct structure in few atomc Iayers'bdﬁ'ﬁé used as the data storage |ayer
17. Candidate netals for the data storage |layer 17 can be fromthe three

B0 sori Gl ARG Moaie ftergdle FaR O R s L ahe o the. 4d
and 5d ®9kess individyatly |eonfePrMed g pekdnads \S,- T THRRELER BY s,
el ect ronghd iddntFer nexic out ersimsrdshye ltige simalbehetbsepietbornext outer
shel | b?;fgg’éﬁﬁ%ngﬁ ;hgé$p9{ses eighﬁ poles-individually controlled
by signalé 810-817'also supplied by the control unit 1. The
coarse and fine microdeflectors 14 and 15, respectively,
direct the spin-polarized electron beam 19 toward the data
storage layer 17. While the coarse microdeflector 14 bends
the trajectory of the spin-polarized electron beam 12 toward
a general area on the data storage layer 17, the fine
 microdeflector 15 further adjusts the trajectory of the spin-
polarized electron beam 19 to direct the spin-polarized.
electrori beam 19 at a specific area of the data storage layer
17. By gradually bending the spin-polarized electron beam 19
in this wmanner, distortions and aberrations introduced into
the spin-polarized electron beam 19 can be reduced. It is
contemplated that the fine microdeflector 15 can enable
positioning of the spin-polarized electron beam 19 to the
atomic level on data storage layer 17. Although the coarse
and fine microdeflectors 14 and 15, respectively, have been
described to comprise eight poles each, it is contemplated
that the coarse and fine microdeflectors 14 and 15,
respectively, can have other configurations known in the art.
Further, the relative positions of the coarse and fine
microdeflectors 14 and 1S5, respectively, and the data storage
.layer 17 can be determined as a function of X-Y axis scanning
range of the spin-polarized electron beam 19. .
' Although not shown in Fig. 1, the data storage and

retrieval device can further comprise a stigmator element

such that shown in Fig. 2. Preferébly, the stigmator element

is positioned either between the electrostatic lens 12 and
the blanking élemenp 13 or between the blanking element 13

and the coarse microdeflector 14. As shown in Fig. 2, the

stigmato; element comprises, for example, eight poles 25

individually biased with potentials V-V It is

contemplated that the stigmator element 25 can have other
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the inner shell is filled . For the 3d series, the s electrons determ ne
them cal properties of the atomwhile the d electrons determ ne nagnetic
properties of the atom In general, the electrons in the d subshell remain
unpai red whenever possible. The first ;IVE el ectrons in the subshell have
paral l el spins each of which add to thb magneti c nonent of the atom
Successor el ectrons nust be antiparallel as can be-noted by analysis of the

fourth quasy T; angi allel t L8; g first
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lattice qingt OlBand 4P€ Satadar@hagepkeyiodTofr Ehi edewidat aondgueliop fiel d

having a'a field that results in a desired shape of the spin-polarized
electron beam 19 and to compensate for physical changes in
the data storage and retrieval device and its environment
over time. Although the stigmator element is generally used
to provide the spin-polarized electron beam 19 with.a round
cross-sectional shape, the stigmator element can also be used
to provide the spin-polarized electron beam 19 with a cross-
sectional shape other than round, e.g. oval.

The electron detector 16 comprises an electrically
conductive material, such as a metal, and is configured, for
example, as shown in Fig. 1, to optimize the detection of
electrons deflected from or secondary electrons emitted by
the data storage layer 17. Preferably, the electron
detector 16 is positioned so as hot to interfere with the
path of the spin—poiarized_electron beam 19 but close enough
to the data storage layér 17 to detect the deflected or
emitted electrons. Electrons striking the electron detector
16 produce a signal in the electron detector 16 which is

supplied to the control unit 1 as signal S18

The data storage layer 17 and the substrate 18
together constitute a data storage medium. Preferably, the
data storage layer 17 is deposited on the.substrate 18 via,
for example, sputtering or other technique known in the art.
The substrate 18 comprises a non-magnetic and non-

electrically conductive material, such as a glass or ceramic,

and serves as a wmechanical support for the data storage
. layer 17.

The data storage layer 17 comprises a fixed number of
atomic layersfof a magnetic material, wherein the fixed
number of atomic layers provides the data storagé layer 17
with a magnetic anlsotropy perpendicular to its surface,

i.e., along its easy axis. For example, in the case where

the data storage layer 17 comprises Fe, three atomic layers
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pol ari zation that extends along its easy axis, i.e.
15

‘and 54 series can include Ir and Mo, respectively.

- 13 -

of Fe arranged in a body centered tetragonal (bct) lattice

- provide the data storage-layef with a strong Z-axis

magnetism. Fe begins to shift, however, to a face centered
cubic ({(fcc) lattice at numbers of atomic layers greater than
three, which causes the magnetic anisotropy of the Fe atoms
to shift to the X-Y plane. Similar results can also be
achieved by combining Fe with certain dopants or élldying
elements, such as Co or Ni. N

.The magnetic component of the data storage layer 17
is caused by the spin of the component metal d subshell
electrons in the material from which the data storage layer
17 is made. Thus, any multiple-electron wetal with higher
binding energies of f or s subshell electrons than that for
the d subshell and which®can be made to exhibit a bct

structure in few atomic layers can be used as the data

‘'storage layer 17. Candidate metals for the data étorage

layer 17 can be from the three periodic table transition

series. For example, candidate metals from the 33 series can

include Co and Ni. Similarly, candidate metals from the 4d

In these
metals, electrons fill the next outer f subshell or s

subshells of‘the_next outer shell before the d subshell of
the inner shell is filled. For the 3d series, the s
electrons determine chemical properties of the atom while the

d electrons determine magnetic properties of the atom. 1In

' general, the electrons in the d subshell remain unpaired

whenever possible. The first five electrons in the subshell

have parallel spins each of which add to the magnetic moment

of the atom. Successor electrons must be antiparallel as can

be noted by analysis of the fourth quéntum number. These

antiparallel electrons pair up with the first electrons and
cancel their magnetic moments.

Because of the perpendicular mégnetic anisotropy of

the data storage layer 17, each lattice of atoms in the data

storage layer 17 creates a data magnetic field having a

polarization that extends along its easy axis, i.e.,
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perpendi cular to the surface of the data storage |ayer 17. These data
magnetic fields are representatively shown in Fig 3(a) as data magnetic
fields 23. Like the nagnetic fields produced by the spin polarized

el ectrons 3, each data magnetic field gfeated in the data storage layer 17
has a direction of polarization corresponding to one of first and second
data val ues. For instance, an upmardly pol ari zed data magnetic field can

corresports’ef;?e AdEcEpd A va! tBe Odur éac@h&kecaedewmabya@el payeedidat a
magnetic f d an corres val u

h ce.versa. Wth
this arréﬁ@%ﬁ% ata  PREBA 16ff%ﬁﬁéﬁafﬁgsfﬁ?ﬁﬁﬁeV5§Efvﬁ%ysfﬁ?gndéPa%Fﬁ one
of two stal(&£E,as. &acafmagneaﬁd fiebdd 2Breclikastbé magnetic fle;ds

produced by the spin polarized electrons 3, each data
.magnetic field created in the data storage layér 17 has a
direction of polarization corresponding to one of first and
second data values. Feor instance, an upwardly polarized data
magnetic field can torrespond to the data value of *“1" while
a downwardly polarized data magnetic field can correspond to
the data value of "0%, or vice versa. With this arrangement,
portions of the data storage layer 17 store data in one of
two states, i.e., first and second directions of magnetic
polarity. It is contemplated that these portions of the data
storage layer 17 can be as small as one atom wide.

As shown in Figs. 4(a) and 4(b), the data storage
layer 4 includes a plurality of alignment areas 22 and a
parking area 21. Each of the alignment areas 22 and the
parking area 21 comprises an electrically conductive material
27 electrically insulated from the data storage layer 17 by
an insulator 28. The alignment areas 22 and parking area 21
are used for performing alignment, parking, and blanking
operations, whicb will be described in more detail below.
Potential Vio of the parking area 21 and potential Viq of the
alignment areas 22 are detected by the control unit 1, as
shown in Fig. 1. _
o . Preferably, the data storage layer 17 has a three
dimensional curved surface, as shown in Fig. 1, to allow all
points on the data storage layer 17 to be approximately
equidistant from the center of the fine microdeflector 15
aperture, thereby redﬁcing electron travel time and providing
a uniform beam depth of focus across the surface of the data
storage layer 17. It is contemplated that the data storage
medium can have any number of surface shapes including a

planar surface.

The storing of data in the data storage and retrieval
device of Fig. 1 is accomplished as follows. First, the
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polarity. It is contenplated that these portlons of the data storage |ayer
<17 can be as snmall as one atom wi de. - As shown in Figs. 4(a) and

4(b), the data storage layer 4 includes a plurality of alignment areas 22
and a parking area 21. Each of the _akiggnment areas 22 and the parking
area 21 conprises an electrically con&uct ive material 27 electrically
.insulated fromthe data storage layer 17 by an insulator 28. The

al i gnmeng igﬁ%%lg%lm RAddUBARurte 23l andedp @b @:e:ro\mda rtg'neal i.gnnment ,
par ki ng, g ations

bel ow  PEReTBOIRNR PRSI A & SIS AT o offetal

nt | a err] of the
al i gnnenboa:rrft@o'&ﬂi:afgé mtetcﬂﬂet asf by fihestcamd Gieqsn‘nd ,taasvalgh%)vm NexFig. 1.

the extractor 4 extracts the spin-polarized electrons 3 from
the tip 2b, the collimators 6, 7 and 9 collimate the spin-

: polarizéd electrons 3 into the spin-polarized electron beam
19, and the electrostatic lenses 10-12 focus the spip—
polarized electron beam 19. A shown in Fig. S(a}, the spin-
polarized electron beam 19 is directed by the microdeflectors
14 and 15 at a data magnetlc field created in the data
storage layer 17 at which data is to be stored. As shown in
Fig. 5(b), upon striking the data magnetic field with
sufficient energy, the spin-polarized electron beam 19
impinges the surface of the data storage layer 17 causing a
cascading field reversal effect along the easy axis of
magnetization producing the data magnetic field. As a
result, the direction of polarization of the electroms in the
spin-polarized electron beam 19 are imparted to the data
magnetlc field.

To achieve, the desired cascading fleld reversal
effect, both the energy level of the spin-polarized electron
beam 19 and the wavelength of the electrons in the spin-
polarized electron beam 19 should be set in accordance with
the material used for the data storage layer 17. In
particular, the energy of the spin-polarized electron beam 19

. should be approximately equal to the kXinetic energy of the
electrons in the d subshell of the atoms of the material used
for the data storage layer 17 and the wavelength of the
electrons in the spiﬁ-polarizéd electron beam 19 should be
the de Broglie wavelength of the electrons in the d subshell
of the atoms of the material used for the data storage layer
17. ' |

As ekplained above, it is_contemplated that portions
of the data storage layer 17 as small as one atom wide can
represent a single data value; However, it is also |

contemplated that portions of the data storage layer 17
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Preferably, the data stbrage | ayer 17 has a three dinensional curved

surface, as shown in Fig. 1, to allow all points on the data storage |ayer
17 to be approximately equidistant fromthe center of the fine

m crodefl ector 15 aperture, thereby rﬁ%UC|ng el ectron travel time and
providing a uniformbeam depth of focus across the surface of the data
storage | ayer 17 It is contenplated that the data storage nedium can have

any number y Qﬁnssgﬁtgf‘es la‘i@&@fbre@eﬁﬁar AL data valueThgs

storing of data age and” retrieval evi ce of IP

acconpl i sishPvwrs J.ffb|ﬂ1@’,\fs 3@?3rst If fhe atoms in the data storage ayer
17 are grouped as such, the diameter of the spin- polarlzed
electron beam electron beam 19 should be made large enough to
accommodate the larger data storage areas.

The reading of data from the data storage layer 17
can be accomplished using one of two techniques. In the
first data réading technique, the spin-polarized electron
source 2a and tip 2b provide;the spin-polarized electrons 3
with a direction of polarization corresponding to one of a
first and second data value. Next, the extractor 4 extracts
the spin-polarized electrons 3 from the tip 2b, the
collimatbrs 6, 7 and 9 collimate the spin-polarized electrons
3 into the spin-polarized electron beam 19, and the
electrostatic lenses 10-12 focus the spin-polarized electron
beam 19. The spin-polarized electron beam 19 is then

_directed by the microdeflectors 14 and 15 at a portion of the
" data storage layer 17 from which data is to be read.

As shown in Fig. 6(a), if the direction of -
poiarization of the data magnetic field of the portion to be
read is the same as the direction of polarization of the
electrons in the spin-polarized electron beam 19, the
electrons in the spin-polarized electron beam 138 are
attracted by the data magnetic field and absorbed by the data

. storage layer 17. Absorption of the electrons by the data
o . Storage layer 17 results in the generation of .a signal S

As shown in Fig. 6(b), if the direction of
polarlzatlon of the data magnetic field is opposite the
direction of polarization of the electrons in the spin-
polarizéd electron beam 19, the elebtions in the spin-

20°

polarized electron beam 19 are deflected by the data magnetic
field and impinge upon the electron detector 16. As
previously explained, impingement of the electrons upon the
elec;ron detector 16 results in the generation of the signal

818'
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16 spi n-pol ari zed electron source 2a and tip 2b provide the

*spin-polarized electrons 3 with a direction of polarization correspondlng
to one of a first and second data val ue. Next,

- 17 -

Attraction of the electrons in the spin-polarized
electron beam 19 by the data magnetic field is detgcted by
the control unit 1 as a first data value, e.g., a data value

" of "0", while defléction of the electrons in the spin-
polarized electron beam 19 by the data magnetic field is
detected by the control unit 1 as a second data value, e.g.,
a data value of "1%. Specifically, the control unit 1
detects and interprets the signal 818' the signallszo, or
both the signal 818 and the signal 8,0 2t 2 fixed time
relative to the generation of the spin-polarized electrons 3
and, therefore, at a fixed time relative to the impact of the
spin-polarized electron beam 19 with thé data storage
layer'17, If the signal 818 is not detected and/or the
voltage V20 is detected by .the control unit 1 a specified
time after the generation of the spin-polarized electrons 3,
the control unit 1 determines that the electrons in the spin-
polarized electron beam 19 have beer attracted by the data
magnetic_field and absorbed by the data storage layer 17. On’
‘the'other hand, if the signal Sls'is detected and/or'the'
signal S, is not detected by the control unit 1 & specified.
time after the generation .of the spln -polarized electrons 3,
the control unit 1 determines that the electrons in the spin-
polarized electron beam 19 have been deflected by the data
~magnetic field and detected by the electron detector 16.

- Preferably, excess electrons in the data storage layer 17 are

. drained, for example, at the electrode producing signal S50
while excess electrons in the electron detector 16 are
drained, for example, at the electrode producing the signal
18- -

As was the case when storing data, when reading data

from the data storage layer 17 using the first techniqué, the .

energy level of the spin-polarized electron beam 19 should be
set in accordance with the material used for the dafa storage
layer 17. However, when reading data using the first
technique, the energy level of the spin-polarized electron

beam 19 should be low enough so as not to cause a magnetic

D
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the extractor 4 extracts the spin-polarized electrons 3 fromthe tip 2b,
the collimators 6, 7 and 9 collimte the spin- polarized electrons 3 into
t he spin-polarized el ectron beam 19, and the electrostatic |enses 10-12
focus the spin - polarized electron beam 29. A shown in Fig. 5(a), the
spin- polarized electron beam 19 is directed by the mcrodeflectors 14 and
15 at a data magnetic field created in the data storage |ayer 17 at which
~data is t@:tiaexget mce¢he Aatzshowgriet ik §iedds) crepsrdstini itihey datea dat a

nmagneti c f gs&ffl-pl ent energy, the spin-polarized el ectron beam 19
| npi nges t rfac f the data storage Iayer 17 causing a cascading field
rever sal effect allshFhasaad data greatidise tierhnioneyr iSRERhe dat a

magnet i ¢ figldkiA @lectron source 2a and tip 2b provide the spin-

polarized electrons 3 with a direction of polarization
correspohding to one of a first and second data value. Next,
the extractor 4 extracts the spin-polarized electrons 3 from
the tip 2b, the collimators 6, 7 and 9 collimate the spin- -
polarized electrons 3 into the spin-polarized electron beam
19, and the electrostatic lenses 10-12 focus the spin-
polarized electron beam 19. The spin-polarized electron beam
19 is then directed by the microdeflectors 14 .and 15 at a

- portion of-the data storage layer 17 from which data is to be
read..

In this second technique, the enexgy of the spin-
polarized electron beam 19 is at a value higher than that for
a data store operation and high enough such that the spin-
polarized electron beam 19 penetrates into the portion of the
data storage layer 17 causing that portion of the data
stérage layer 17 to produce secondary electrons. Preferably,
the energy of the spin-polarized electron beam 19 should not

. be so high as to cause thermal migration of the atoms in the

lattices of the data storage 17. ,

" The secondary electrons produced by the data storage
layer 17 have specific energy and spin which are
characteristic of the relationship between the direction of
polarization of the data magnetic field genetated by the
portion of the data storage layer 17 and the direction of
polarization of the electrons in the spin-polarizéd electron
beam 19. These secondary electron characteristics are
detected as one of the first and second data values.

~ For example, as shown in Fig. 7(a), if the direction
of polarization of the data magnetic field is the same as the -
direction of polarization of the electrons in the spin-
polarized electron beam 19, the data storage layer 17

produces secondary electrons 24 having a first energy and
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result the ditection of polarization of the electrons in t he

*Spi n- polarlzed el ectron beam 19 are i nparted to the data nagnetic fleld
To achi eve, the desired cascading field reversal .effect, both the energy
| evel of the spin-polarized el ectron beam 19 and the mavelength of the
el ectrons in the spin- polarized el ectd®mnm beam 19 shoul d be set in
accordance with the material used for the data storage Iayer 17. In

particul ar, the ener of the polarlzed Iectro d be
appr oxi mEdISF SRid *ﬁ§%QF 4%%? élec rons |n t %

sul(:j)shﬁl | vefludie eatpns a)fdatthae Vet icfl "th'ed fS}ﬂnltlmzfldat RS I Jrlélyer 17
and the

and the yawel epgifi of e 116 ERILOR 1Sk BASPIDEPRbidE athelagtaon beam 19
magnetic field is opposite the direction of polarization of
the electrons in the spin-polarized electron beam 19, the
data storage layer 17 produces secondary electrons 26 having
a second energy and second spin characteristics corresponding
to the second data value, e.g., a data value of “0".' The
secondary electrons produced by the data storage layer 17 are
detected by the electron detector 16 to produce signal S, g4
which indicates the secondary electron characteristics. The
control unit 1, upon receiving the signal S,g* interprets the
secondary electron characteristics.
Although this second technique has been described as
detecting the energy and spin characteristics of the
secondary electrons produced by the data storage layer 17, it
is contemplated that other characteristics of the secondary
electrons known in the art can be detected to read data
stored on'the data storage layer 17. Further, although most
of the secondary electrons-produced‘by the data storage la&er'
- 17 are emitted by the data storage layer 17, as shown in
Fiés 7(a) and 7{(b), some of the secondary electrons, remain
within the data storage 1ayer 17 to produce signal 820
Thus, it is contemplated that the characteristics of the
secondary electrons produced by the data storage layer 17 can
~also be detected and interpreted by the control unit 1 via
signal 820_ '
As shown in Fig. 8, alignment of the spin-polarized
electron beam 19 is performed'by directing the beam at one or

more of the alignment areas 22. When the potential Via is
detected by the control unit 1, the addressed and targeted

alignment areas match. If the potential V 1 is not detected,

signals S S to the microdeflectors 14 and 15 can be
adjusted by the control unit 1 to compensate for any

misalignment. Preferably, alignment of the spin- polarlaed
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the de Broglie wavel ength of the electrons in the d subshell of the atons
of the material used for the data storage |ayer 17. As expl ai ned
above, it is contenplated that portions of the data -storage |ayer 17 as

smal | as one atom wi de can represent agsi-ngl e data val ue. However, it is
al so contenplated that portions of the data storage |ayer 17

electron beam 19 occurs periodiéally during operation of the
device. ' _

' As described above, the blanking element 13, under
control of the control unit 1, prevents the spin-polarized
electron beam 19 from impinging on the data storage layer 17.
The blanking element 13 comprises, for example, two poles
controlled with signal 8, - It is contemplated that blanking
element 13 can have other configurations -known in the art and
that the poleé can be individually controlled. The control
unit 1 applies the signal Sl to the blanking element 13 at a
specific time and for a specific duration to blank the spin-
polarized electron beam 19 while it is being moved by the
microdeflectors 14 and 15 Eo target a different portion of .
the data storage layer 17. The blanking element 13 can also
be used to blank the spin-polarized electron beam 19 during a
data read operation when the control unit 1 is détecting
whether or not electrons are being deflected or emitted by
the data stotage layer 17.- The poles of the blanking element
13 act to diffuse the spin-polarized electron beam 1% so the
electrons in the beam do not impinge on the surface of the.
data storage layer 17.

It is contemplated that the microdeflectors 14 and 15
can alternatively be used to perform blanking of the spin-
polarized electron beam 19 during data read operations. For
example, the control unit 1 can sﬁpply the microdeflectors 14

o and 15 with signals Sz-§17 to cause the spin~polarized |
electron beam 19 to be directed at a particular area on the
~data storage layer 17 that is not used for data storage,
e.qg., parking area 21, as shown in Fig. 9. Impingement of
the spin-polarized electron beam 19 on the parking area 21 is
detected as the potential V10 by the control unit 1.

Imperfections may exist in the data storage layer 17

as a result of fabrication, degradation, or other causes
which render one or more flawed areas of the data storage

layer 17 unusable for data storage. Accordingly, a format

operation is provided to prevent the reading of data from and
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17 - several atons wide may al so represent a single data val ue,
fn Fig. 3 (b). If the atons in the data storage |ayer 17 are grouped as
such, the dianmeter of the spin-polarized el ectron beam el ectron beam 19
shoul d be nmade | arge enough to accommpdate the | arger data storage areas.
The readi ng of data fromthe data stoPage | ayer 17

as shown

the storing'of data to those flawed areas. For example,
during the format operation, the control unit 1 cycles each
data magnetic field created in the data storage layer 17
between up and down polarities at least once and verifies
each result. This format operation can be performed, for
example, by successively using the data read and data store
operations described above. Control unit 1 determines
whether certain portions of the data storage layer 17, from
which written data cannot be reliably read, are unusable.
Upon completion of the format operation, the locations of the
unusable portions of the data storage layer 17 are stored in
a memory which is maintained, for example, by the control _
‘unit 1 for use in determining where data can be stored during
subsequent data storage operations.

It is contemplated that the format operation can
detect and store locations of unusablé portions of the data
storage layer 17 during operation of the data storage and
retrieval device. For example, after each store operation
into a portion of the data storage layer 17, control unit 1
could then read from the portion, to verify that the portion
is currently non-defective. ,

_ - The control unit 1 can also use the memory to store
locations of portions of the data. storage layer 17 that are
used for storing and protecting data which are read often but

stored infrequently. Examples of this type of data stored in

current storage mediums are configuration data and driver
software stored in ROM. This type of data is stored in

portions of the data storage layer 17 which are designated

protected in the memory. As an additional precaution to

preventing unintentional changes to protected data, certain
portions of the data storage layer 17 can comprise an

alternate material for data storage layer 17. This alternate -

material would require a different spin-polarized electron
beam intensity for storing data than that required by

unprotected data locations. Thus, both access to the control

unit 1 memory and modification of the

i

spin-polarized electron
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can be acconplished using one of two techniques. In the first. data reading
t'echni que, the spin-polarized electron source 2a and tip 2b provide the
spin-pol arized electrons 3 with a direction of polarization correspondi ng
to one of a first and second data valu Next, the extractor 4 extracts the
spin-pol arized electrons 3 fromthe t|§22 the col |'i mators 6, 7 and 9
collimte the spin-polarized electrons 3 |nto t he spin- polarized el ectron
beam 19, t t e rdge

el ectron %e%g‘m rllgl %Fgciégﬁloq%(ﬁaﬂﬁ zr]:e%gﬁl JIgacdtlr?tod;l gear%tehg> 'S t en %l?gec%é%lhby

t he m crodefateat®d dakand 15 at a portion of the data storage |ayer. 17

fromwhich data i sifabe, [ gstentials v AV Shawn v, Fig, did)sighalses, -
directi on of

Sg, S10 17°¢ and S 19 preferably have adjustable bias
components. These bias components are used to compensate for

position misalignment, beam deformation, and correctable

effects to the spin-polarized electron beam 19 caused by
other elements. The bias component of an element modifies
the effect of that element on the spin-polarized electron
beam 19 by changing the intensity of the field within the
aperture of the element. Preferably, bias adjustments are
performed by the control unit 1 during operation of -the
device. They occur in a specific order when the read and "
write functions are unable to determine or modify the
polarity of a data magnetic field created in the data storage
layer 17. The amount of bias compensation for each element
is determined by adjustments needed to re-focus the
intensity, wavelength, and cross-section'of the spin-
polarized electron beam 19 on the data storage layer 17 so
that a known data magnetic field can be modified and read.
It should be apparent to those skilled in the art
that various modifications and variations can be made to the
present invention without departing from the spirit or scope
of the invention. Thus, it is intended that the present
invention cover the modifications and variations of this

) invention provided they come within the scope of the appended
claims and their equivalents. '
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pol ari zation of the data magnetic field of the portion to be read is the
Sane as the direction of polarization of the electrons in the

spi n-pol ari zed el ectron beam 19, the electrons in the spi

el ectron beam 19 are attracted by the data nagnetic field

r bed
the data storage |ayer 17. Absor ption ©f the el ectrons by mﬂ,ﬁm Mhﬁm
layer 17 results in the generation of a signal Serr].
Fig. 6(b i_f the dlildﬁi% 'fé’ of polarization of the data nmagneti c fleld is
opposite oS- SHARM ol ari zation of the electrons in the spin-

pol ari zed el ectran bealmdaﬂ;a t 101 g tnesdisum n ¢¢mplsqzﬂmgpol arized el ectron

beam 19 are defl ggct gg data magnetic field and inpinge upon the
el ectron det ect or %&{@

a data storage layer formed on the substrate, the.
data storage iayer including a fixed number of atomic layers
of a magnetic material, the fixed number of atomic layers

providing the data storage layer with ‘a magnetic anisotropy'
perpendicular to a surface of the data storage layer; and

a data magnetic field created in the data storage
layer, the data magnetic field being polarized either in a
first direction perpendicular to the surface of the data
storage layer and corresponding to a first data value or in a
second direction opposite the first direction and
corresponding to a second data value.

2. A method of storing data as a direction of
polarization of a data magnetic field, the method comprising.
the. steps of:

providing a spin-polarized electron having an
electron magnetic field, the electron magnetic field having a
direction of polarization corresponding to one of first and
second data values; and |

directing the épin-polarizéd electron, thtoUgh an
electrically nonconductive environment, at the data magnetic
field to impart the direction of polarization of the electron
magnetic field to the data magnetic field.

3. A method of reading data stored as a direction
of polarization of a data magnetic field, the method
comprising the steps of: ' _-

providing a spin-polarized electron having an

electron magnetic field, the electron magnetic field having a
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previ ously expl ai ned,

i mpi ngement of the el ectrons upon the-electron
-det ect or

16 results in the generation of the sig

T g

direction of polarization corresponding to one of first and
second data values; '

directing the spin-polarized electron at the data
magnetic field; |

detecting, as the first data value, a deflection of
the spin-polarized electron by the data magnetic field when
the direction of polarization of the data magnetic field is
opposite the direction of polarization of the electron
magnetic field; and

detecting, as the second data value, an attraction of
the spin-polarized electron by the data magnetic field when
the direction of polarization of the data magnetic field is
the same as the direction of polarization of the electron
magnetic field.

4. A method of reading data stored as a direction
of polarization of a data magnetic field created in a
magnetlc medium, the method comprising the steps of :

providing a spln polarized electron having an
electron magnetic fleld, the electron magnetic field having a
direction of polarization corresponding to one of first and
second data values; .

directing the spin;polarized electron at the data
magnetic field so that the magnetic medium produces a .
secondary electron, the secondary electron having a first
characteristic corresponding to the first data value when the

_direction of polarization of the data magnetic field is

opposite the direction of polarization of the electron
magnetic field and the secondary electron having a second
characteristic corresponding to the second data value when
the direction of polarization of the data magnetic field is
the same as the direction of polarization of the electron

magnetic field; and

detecting the first or second characteristic of the
secondary electron.
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18 Attr el ectrons in the spin-polarized el ectron

beam 19 by the data fleld Is detected by the control unit 1 as a
first data va “m \‘ mm .value of "0", while deflection of the

el ectrons in riszed el ectyon beam 19 by the data nagnetic
fieldis detected by the control unit 1 as a second data value, e.g , a

data value of "1". Specifically, the control unit 1 detects and interprets
the si gnal S[err]s theAﬁi rsf€srior sosrbed hddte ssgaadisperipn afd t he
SLona et Aei efliSp (7S GAEE REUALLYE EPelRe SsRSLELIAG. O the
an electron source for providing a spin-polarized
electron having an electron magnetic field, the electron
magnetic field having a direction of polarization
Corresponding to one of first and second data values; and
an electron deflector for_direéting the spin-
polarized electron through an electrically nonconductive
environment at the data magnetic field to impart the

direction of polarization of the electron magnetic field to
the data magnetic field.

6. An apparatus for reading data stored as a
direction of polarization of a data magnetic field,
. comprising:

an electron source for providing a spin-polarized
electron having an electron magnetic field, the electron
magnetic field having a direction of polarization
correspondlng to one of first and second data values,

an electron deflector for directing the spin-
polarized electron at the data magnetlc field; and

an electron detector for detecting, as the first data
.value, a deflection of the spin-polarized electron by the

‘data magnetic field when the direction of polarization of the
data magnetic field is opposite the direction of polarization

of the electron magnetic field and detecting, as the second

data value, an attraction of the spin-polarized electron by

the data magnetic field when the direction of polarization of
the data magnetic field is the same as the direction of
polarization of the electron magnetic fleld.

7. An aﬁparatus for readin§ data stored as a
direction of polarization of a data magnetic field created in
a magnetic medium, comprising: ‘

an electron source for providing a spin- polarlzed
electron having an electron magnetic field, the electron -
magnetic field having a direction of polarlzatlon

corresponding to one of first and second data values;
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and, therefore;—at—a fixed tine relative to the inpact of the

*spi n- pol ari zed m m with the data storage l-ayer- 17. |If the
signal S[err] l IE“:“““‘ mnnl and/or the voltage V[err] is detected by
the control unit+~1lca spetified time afégr t he generation of the

spin-pol ari zed el ectrons 3, the controf®unit 1 deternmines that the

1(Zalhec'ijrons in the S]E)i n- pol arized el ectron beam 19 have been attracted by

e data magnetic |e a dobyethesdpter shorage sgyer 17. On the
other hand, if th&%s ?‘Qg HEIQE_QS 8et ected and/ Qi#e SI@ a]: err] is
not det ecpenabyzedeedsm:n-@rl ahi the §a§BeEFgP%EIl‘P|g1‘3 t 37 ’?ﬁ% gh

Eration of
the spin- Bgﬁﬁékiédm%h%w Prdadcebna %@&bhﬂbrynele&tﬂehernheeset:batiamye

SLgcégggselecEron av1ng aagliiﬂ % %%%r%grgg QElg P%XSpQESEnQQEBe%%%ﬂ by
first data value when the direction of polarization of the
data magnetic field is opposite the direction of polarization
of the electron magnetic field and the secondary electron
having a second characteristic corresponding to the second

" data value when the direction of polarization of the data
magnetic field is the same as the direction of polarization
of the electron magnetic field; and

an electron detector for detecting the first or
second characteristic of the secondary electron.

8. The data storage device of claim 1, wherein the
substrate comprises a non-magnetic and electrically
nonconductive material. '

9. The data storage device of claim 1, wherein the
non-magnetic and electrically nonconductive material includes
at least one of a glass, a ceramic, and a crystal structure.

10. The data storage device of claim 1, wherein the
data storage layer comprises Fe arranged in a body centered
tetragénal lattice having an average thickness of three .
atomic layers.

11. The data storage device of claim 1, wherein the
data storage layer comprises at least one metal from the

_ three periodic table transition series. . .

12. The data storage device of claim 11, wherein the
metal includes at least one of Co, Ni, Ir, and Mo.

13.° The data storage device of claim 1, wherein the
data storage layer further includes an alignment area.

14. The data storage device of claim 13, wherein the

" alignment area comprises an electrically conductive material
‘electrically insulated from the data storage layer.

15. The data storagé device of claim 1, wherein the
data storage layer has at least one of a three dimensional
curved surface and a planar surface.
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magnetic field and detected by the el ectron detector 16. Pr excess
electrons in the data storage |ayer 17 are drained, for exanple, at the
el ectrode producing signal S[err] while excess electrons in

cSi[et ec} or 16 are drained, for exanple, at the el ectrode pr oducf 'ﬂ'm‘mﬂ"mm,”m
err].

As was the case when 23t or | ng data, when reading data "rém *
the data storage |ayer 17 using the first technique, the energy |level of

the spin-polari zed el egtron haul d be set. i C ce wWth the
material used forr&he t&ﬁ’r@é’l{g qsl %‘l Wev e&h%v\hen%?&'fgl ng data
usi ng t hepowisting etd-kmmp:m pdrieaxarmtmelles:tedoroflrtdi@dgﬁ rttpolstrép edf el ectron

beam 19 hglfding VhePE-pO A5 S d1eBUSP AP Y fn-polarized

electron source.

17. The method of claim 2, wherein the step of
providing the spin-polarized electron includes the step of
providing a plurality of spin-polarized eiectrons, and
wherein the step of directing the spin-polarized electron at
the data magnetic field includes the steps-of: .

collimating the plurality of spin-polarized electrons
into a spin-polarized electron beam; _

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at the
data magnetic field.

18. The method of claim 3, wherein the step of
providing the spin-polarized electron includes the step of
extracting the spin-polarized electron from a spin-polarized
electron source. .

19. The method of claim 3, wherein the step of
providing the spin-ﬁolarized electron includes the step of

' providing a plurality of spin-polarized eléctrons, and,
wherein the step of directing the spin—pblarized electron at
the data magﬂetic'field includes the steps of: .

colllmatlng the plurality of spln polarized electrons
into a spin-polarized electron beam;

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at the
data magnetic field.

20. The method of claim 4, wherein the step of
providing the spin-polarized electron includes the step of
extracting the spin-polarized electron from a spin-polarized
electron source. ' _

21. The method of claim 4, wherein the step of
providing the spin-polarized electron includes the step of

providing a plurality of spln polarized electrons, and
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wherein the step of directing the spin-polarized electron at
the data magnetic field includes the steps of: _

collimating the plurality of spin- polarlzed electrons
into a spin-polarized electron beaw;

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at, the
data magnetic field.

22. The method of claim 4, wherein thg step of
detecting the first or second characteristic of the secondary
electron includes the step of detecting at least one of an

energy and a spin of the secondary electron.

23. The apparatus of claim S, further comprising an

extractor for extracting the spin-polarized electron from the
electron source. )

24. The apparatus of claim 5, wherein the electron

source provides a plurality oﬁ'spinrpolarized electrons and
wherein the electron deflector includes:

a collimator for collimating the plurality of spin- -
polarized electrons into a spin-polarized electron beam;

a focusing element for focusing the spin-polarized
electron beam; and

a deflecting element for directing the spin-polarized
electron beam at the data magnetic field.

25. The apparatus of claim 24, wherein the
collimator includes a first electrostatic lens,

the focusing
element includes a second electrostatic lens,

and the
deflecting element includes a microdeflector. _

~26. The apbaratus-of claim 5, further comprising a
blanking element for disabling an effect of the spin-
polariied electron.

27. The apparatus of claim 5, wherein the
electrically nonconductive environment is a vacuum.

28. The apparatus of claim 6, further comprising an

extractor for extracting the spin-polarized electron from the
e¢lectron source .
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change to the data nmagnetic fields created in the data storage |ayer 17.
I'n the second data reading technique, the spin- polarized el ectron source

2a and tip 2b p olarlzed el ectrons 3 with a direction of
pol ar.i zation co ﬂ“mmmﬂnﬂl [IIE |_rst and second data val ue. Next,
the extractor 4 extracts ¥ he spin- po'I |zed' electrons 3 fromthe tip 2b,

the collimtors 6, 7 and 9 collinate the spin- polarized electrons 3 into

the spin-polarized el ayid Alp REARID.0 8N dNe ¢l apidasimlie| eDeeerdl- 12
focus the spin- polarij zed electron beam 19, The spi n- (igé €ed el ect.ron

beam 19 iSPWHfeh REFEERS] P IHRTA &F Rfef SR R AR 4 GET8P P Fon of
t he dat a wiietaige diy adlddt fow el edeaat tndbudes be

a collimator for collimating the plurality of spin-
polarized electrons into a spin-polarized electron beamn;

a focu31ng element for focu31ng the spln polarized
electron beam; and .

a deflecting element for directing the spin-polarized
electron beam at the data magnetic field.

30. The apparatus of claim 29, wherein the
collimator includes a first electrostatic lens, the focusing
element includes a second electrostatic lens, and the
deflecting element includes a microdeflector.

31. The apparatus of claimIG, further comprising a
blanking element for disabling an effect of the spin-
polarized electron beam. '

32. The apparatus of claim 6, wherein the electron
detector includes an electrically conductive material
configured to detect the deflection of the spin-polarized
electron by the data magnetic field. _

33. The apparatus of claim 7, further comprising an
extractor for extracting the spln polarized electron from the
electron source- '

34. The apparatus of claim 7, wherein the electron
source provides a plurality of spin-polarized electrons and

* wherein the electron deflector includes:

a collimator for collimating the piurality of spin-
‘polarized electrons into a spin-polarized electron beam;

a focusing element for focusing the spin-polariéed
electron beam; and - '

a deflecting element for directing-the-spin—polarized
electron beam at the data magnetlc field.

35. The apparatus of claim 34, wherein the

collimator includes a first electrostatic lens, the focusing

element includes a second electrostatic lens,
deflecting element. includes

_ and the
a microdeflecctor.

IThis Sheet Has Been Replacec ' This is the replacement sheet

Date: 23 SEP W%



reaa : | n thts—second—techniqu Ee, the energy of the spin- polarized

‘el ectron beam 19 | er than that for a data store operation
and hi gh enough su ﬂ lﬂ pol ari zed el ectron beam 19 penetrates
into the portion o e layer 17 causing that portion of the
data storage |ayer 17 to produce secondary el ectrons. Preferably, the
energy of the spin-polarized electron bg@m 19 should not be so high as to
cause thernmal mgration of the atons in“the |attices of the data storage 17

ener gy and shiy whi L SR GRepE ool 7 FURBi e P Ep BBl Andr e

Ween t he
direction of disabling an effect of the spinpolarized electron.

37. The apparatus of claim 7, wherein the electron detector includes an

5 electrically conductive material configured to detect the secondary

elec_:tron.

38. The apparatus of claim 7, wherein each of the first and second
characteristics of the second'ar'y electron includes at least one of an energy

10  and a spin of the secondary electron.

39. A data storage medium as described hereinbefore with reference to

the accompanying drawings.

e

15 40. A method of storing data as described hereinbefore with reference

to the accompanying draw’iﬁgs.

41. A method of reading data as described hereinbefore with reference
to the accompanying drawings.
20

42.  An apparatus for storing data as described hereinbefore with

reference to the accompanying drawings.

43.  An apparatus for ~réading_ data as described hereinbefore with

25 reference to the accompanying'drawings.
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pol ari zation of the data magnetic field generated by the portion of the
data storage layer 17 and the direction of polarization of the electrons in
t he spin-polarized el ectron beam 19. These secondary el ectron
characteristics are detected as one of3the first and second data val ues.

For exanple, as shown in Fig. 7(a), if the direction of polarization of
the data magnetic field is the same as the direction of polarization of the

el ectrons in the RBYTA-STORAGE Z24EDEUM ¢t METHOR aAND OAPPARATUS a st or age | ayer
17 produces secondary electrons 24 having a first energy and

ABSTRACT OF THE DISCLOSURE

A data storage medium comprising a substrate and a
data storage layer formed on the substrate. The data storage
layer comprises a fixed number of atomic layers of a magnetic
material which provide the data storage layer with a magnetic
anisotropy perpendicular to a surface of the data storage
layer. A data magnetic field is created in the data storage
layer. The data magnetic field is polarized either in a
first direction corresponding to a first data value or in a
second direction corresponding to a second data value. Data
'is stored in the data storage layer by providing a spin-
polarized electron having an electron magnetic field with a
direction of polarization'corresponding to one of the first
and the second data values, and directing the spin-polarized
electron at the data magnetic field to impart the direction

of polarization of the electron magnetic field to the data

magnetic field. Data is read from the data storage layer by

directing the spin-polarized electron at the data magnetic
field and detecting a deflection or attractlon of the spin-
polarized electron by the data magnetic field.
Alternatively, data is read from the data storage 1ayerﬂby
directing the spin—polarizgd electron at the data magnetic
field so that the magnetic medium produces a secondary

" electron and then detecting certain characteristics of the
secondary electron. '

FIGURE 1
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20 ‘first spin characteristics corresponding to thé first data val ue,
:€.09.,.a data value of "1". Simlarly, as shown in Fig. 7(b),. if the
direction of polarization of the data nagnetic field is opposite the

direction of polarization of the electrons in the spin- polarlzed el ectron
beam 19, the
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data storage |layer 17 produces secondary el ectrons 26 having a second
*energy and second spin characteristics corresponding to the second data
value, e.g., a data value of "O' . The secondary el ectrons produced by
the data storage |ayer 17 are detected by the electron detector 16 to
produce signal S[err] which ind| ?qg the secondary el ectron -
characteristics. The control unit upon rece|V|ng the signal S[err]
“interprets the secondary el ectron characteristic Al t hough this
second techni que has been described as detectiﬁg t he energy and spin
characteristics of the secondary el ectrons pr duced by the data storage
layer 17, it is contenplated thavspther char gXxtics of\;he secondary

el ectrons known in the art can be ﬁd t eadda%f
| 25
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stored on the data storage layer 17. Further, although nost of the
secondary el ectrons produced by the data storage |layer 17 are emtted by
the data storage |layer 17, as shown in Figs. 7(a) and 7(b), sone of the
secondary electrons remain within the data storage |ayer 17 to produce
signal S[err] Thus, it is contenplated that the characteristics of the
secondary el ectrons produced by the qqﬁa storage | ayer 17 can al so be
detected and interpreted by the con;%o unit 1 via signal S[err].

As shown in Fig. 8, alignment of the spin-polarized electron beam19 is
performed by directing the beamat one or nore of the alignnent areas 22.
When the potential V[err] is detected by the control unit 1, the addressed
and targeted
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aLighnent areas match.
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control

S[err]
unit 1 to conpensate for any n1saI|gnnent Pr
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el ectron beam 19 occurs periodically during operation of the device.

As descri bed above, the blanking el enment 13, under control of the control

unit 1, prevents.the spin-polarized electron beam 19 from i npi ngi ng on the

data storage layer 17 The bl anking el ement 13 conprises, for exanple, two

pol es controlled with signal S[err]. Etg'/i contenpl ated that bl anking

el ement 13 can have other configuratio fonown in the art andThis8heet Has Been Replac:

pol es can be individually controlled. The control unit 1 appli eﬁ“llm“l“ | || II
signal 9 erW?l anlkl ng element 13 at a \
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specific time and for a specific duration to blank the spin- polarized.

el ectron beam 19 while it is being noved by the m crodeflectors 14 and 15
to target a different portion of the data storage |ayer 17. The bl anking
el ement 13 can al so be used to bl ank the spin-polarized el ectron beam 19
during a data read operation when the control unit 1 is det ! t her
or not electrons are being deflected org%pfsted by the data itorage | ayer
17. The pol es of the blanking el ement ct to diffuse tHENs fwetHasBeenRepbca
spin-pol arized el ectron beam 19 so the electrons in the beamd

on the surface of the data storage |ayer 17. It is con

that the mcrodeflectors 14 and 15 c Qfﬁiternatively be used to pertor

bl anki ng of the spin-
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poI arl zed el ectron beam 19 during data read oper at L{«@E&_ﬁ{:"jF'QET“iEXE{Hm&, the
“control unit 1 can supply the microdeflectors 14w schRtih t Basohal Specad .83
Sferr]-S[err] to cause the spin-polarized el ect;r ¢ Jﬁn519 EQ-dheadiy c&gd;k i
at a particular area on the data storage |ayer M_ Lhak, ASS dtwugegt o,;ﬁkz " E
data storage, e g., parking area 21, as shown Lgr, Ega, ng eg&e_w _
5 3et ect éd” as i
!
|

t he spin-pol arized el ectron beam 19 on th parklng area 21
the potenti al V[err] by the control -unit npeuie%pj ,I'ay
.exist in the data storage |layer 17 as a result [01? tabh e e g e at-i-qn

or other. causes which W%’r&&‘té)r&&@tﬁ& f;l@il\l@i&-@{lw pafral Ag dat a storage
a

| ayer 17 unusable for st or age. ordi-n a. for mat operatlon S
prOV| ded to prevent A IROTARIBARF QY QFathe %%n NETIC FIELD AN

'METHOD AND APPARATUS USING SPIN-POLARIZED _
ELECTRONS FOR STORING THE DAEA ONTO THE DATA STORAGE
MEDIUM AND READING THE STORED DATA THEREFROM

BACKEBOUND OF THE INVENT ION
" 'Field of the Invent;on

" The present invention relates to data storage and '
retrieval. More partlcularly, the present invention relates
to a data storage medium and a method and apparatus for
storing data onto the data storage medium -and readlng the -
stored data therefrom. '

' Descrzptiou of the Related Art
0ver the years, there has been an 1ncreas1ng need for
high speed mass data storage dev1ces. with the convers10n _

. from analog systems, to digital systems and the 1ncreas1ng
speed of proce591ng demonstrated by the Pentlum, PoserPC,
Sparc, and. other RISC processors, the ablllty to qulckly
access'largeiamounts of”data_is’legglng behind demand. This
‘L8 especialLy true in the scientiﬁic_world_for computer
modeling and simulations, as well as in the consumer world
for high deflnltlon teleVLSlon (HDTV), HDTV vldeo records

~ compact disks, personal’ dlgltal assistants (PDAs), personal
communication assistants (PCas), digital tape- decks; and even
such items as aﬁtomobiles. Furthermore, the merging'worlds
of computers, multimedia, and communication will impact -

) consumers-through'virﬁual reality, interactive television;
‘voice recognition systems. (vocally interactive), handwriting
recOgﬁition systems, and integrated communications with
entertalnment systems, each of. Wthh w111 requlre hlgh speed
statlc mass data storage., '

Applying conventional 11thograph1c technlques and

"1ncremental improvement processes Lo current memory
technologles has resulted in 1ncremental progress. This
incremental progress will s;mply increase the dlsparlty '
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'between the lncrea51ng speed of processors and thelr
capab111ty to store and effectlvely utlllze needed amounts of
data. ' ' '
| s Y rmsr ION | |
Accordlngly, the present 1nventron is dlrected to a

‘data’ storage medium and ‘a method and apparatus for storlng
‘data onto the data storage medium and readlng the stored data

therefrom that substantially obv1ate one or. more of the
problems due to the llmltatlons and dlsadvantages of the
related art. . _

Features and advantages of the 1nventron w111 be set
forth in the descrlptlon which follows, and in part will be
apparent from the descrlptlon, or may be learned by practlce
of the invention. The objectives and other advantages of the

.invention will be. reallzed -and -attained- by the method and

apparatus partlcularly pointed out- in the written. descrlptlon
and claxms thereof as well as the appended draw;ngs

To achieve these and other advantages and ino
accordance with the purpose of the 1nventlon,.as embodled and
broadly described, in a first aspect, the invention provides

for a data storage medium comprising a substrate; a data.
. storagé layer formed on the substrate, the data storage layer

including a fixed number of atomic layers of a magnetic
material, the fixed-number.of atomic layers providing the
data storage layer with a magnetic anisotropy perpendicular
to a surface of the data storage layer; and a data magnetic
field created in the" data storage layer, the data magnetlc
field being polarized elther in a first dlrectlon
perpendicular to the surface of the data storage layer and

corresponding to a first data value or in a second direction

opposite the first dlrectlon and correspondlng to. a second
data value. ' '

This is the repiacement sheet

| pate: 7 3 AUG 1008



g
¥

,the storing of data to those flawed areas. For exanple, during the format
“operation, the control unit 1 cycles each data magnetic field created in
the data storage |ayer 17 between up and down polarities at |east once and
verifies each result. This format operation-can be perfOr med, for exanple,
by successively usi ng the data read and daf'a store operations described
above. Control unit 1 determ nes whether certai n portrons of the data
storage | ayer 17, from whi ch witten .data cannot be reliably read are

inusabl & por 1 B B is%&ﬁ{&ﬁgﬁs\f@[s@f PlfteS 1 by R bt tatht )
which s mai ”tf‘dﬂ%guoﬁ O poifiBn ' U6 fipheid! fcld ot aldlsrstaagc yer

determ ni ng whe e store
' exhxbxtmg a magnenc amsolropy perpendlcular to a surface of the data

storage layer the method compnsmg the steps of provrdmg a spin-
_ polarlzed electron having an electron magnetic field, the electron magnetlc

'ﬁeld havmg a dn'ectlon of polanzatlon correspondmg to one of first and ‘

second data values, ‘and directing the spm-polanzed electron through an

elecmca_lly_- nonconductive environment at the data magneuc field to 1mpart

the direction of polerizaticin of the electron magnetic field to the data
~ magnetic field. | | | o

In a third aspect, the invention provides for a method of reading data

_stored as a dlrectlon of polarization of a data magnetic ﬁeld of a data

storage layer exhibiting a magnetic amsou'opy perpendrcular to a surface
. of the data storage layer, the method comprising the steps of providing a

This s the replacement sheet
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.Ssubsequent data storage operations. It is contenplated that the
format operation’'can detect and store |ocations of unusable portions of
the data storage layer 17 during operation of the data storage and
retrieval device. For exanple, after each store operation into a portion
of the data storage |layer 17, control unit could then read fromthe
portion, to verify that the portion is currently non-defective.

The control unit 1 can also use the menory to store |locations of portions

of the data storiPipplafizedidlection haviag am edeqtenn sagnetig figld. thoraleatrory data
data stored n BAERR el A aelroGin S polisipalgeorresRondin tasent ver
first and second data values; directing the spin-polarized electron at the
R d_éta magnetic field; detecting, as the first data value, a deflection of the
.spinfp'olarized electron by the data ‘magnetic ﬁél_d when- the direction of
polarization of the data magnetic field is opposite .the direction of
polarization of 1he electron .magnctic field; and detecting, .as the sccond
data value, an attraction of the spin-polarized electron by- the data
magnetic field when the dirc;&:tion -of polarization of the data magnetic field

is the same as the direction of polarization of the electron magnetic field.

In a fourth aspect, the invention provides for a method of reading data
stored as a direction of polarization of a data magnetic field exhibiting a
| magnctié anisotropy perpéndi_cular to a surface créated in a magpoetic
medinm comprising the steps of providing a spin—polarized electron having
an electron magnetic field, the electron magnetic field having a direction
of polarization corresponding to one of first and second data values;
directing the spin-polarized ciectron at the data magnetic field so that the
magnetic medium produces a secondary electron, the secondary electron
having a first characteristic corresponding (o the first data value when the
direction of polarization of the data magnetic field is 6pposite the direction
of polarization of the electron magnetic field and the secondary electron
having a second characteristié corresponding to the second data value
when the direction of polarization of the data magnetic field is the same as’
the direction of polarization of the electron magnetic field; and detecting

the first or second characteristic of the secondary electron.

In a fifth aspect, the invention provides for an apparatus for storing data as

a direction of polarization of a data magnetic field exhibiting a magnetic

This is the replacement sheet
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,software stored in ROM This type of data is stored in portions of the
data storage layer 17 which are designated protected in the nenory. As an
addi tional precaution to preventing unintentional changes to protected
data, certain ‘portions of the data storage |ayer 17 can conprise an
alternate material for data storage |ayer 17. This alternate nateri al
woul d require a different spin-polarized @ ectron beam intensi ty for
storing data than that ‘required by unprotected data |ocations. Thus, both
access to the aaibtropy perpéndiculero e smfaceodomprisingoan elections smiroe (fokari zed
el ectron . : - L -
providing a spin-polarized electron having an electron magnetic field, the
~ electron magnetic field having a'direction of polarization éorresponding 1o
one of first and second data values; and an electron deflector for directing
~the spin-polarized electron through an electrically noncondu_ctivé _
environment at the data magnmetic field to impart the direction of

polarization of the electron magnetic field to the data magnetic field.

In a sixth aspect, the invention provides for an apparatus for reading data
stored as a direction of polarization of a data magnetic field exhibiting a
magnetic anisotropy pefpendicular to a surface comprising an electron
source for providing a spin—pblarized electron having an c_léétron magnetic
field, the electron magnctic field having a direction of polarization
corresponding to one of _ﬁtst.and. second data values; an electron deflector
for directing. the spin-polarizedelectron at the data magnetic field; and an
electron detéctor for dctécting, as the first data value, a deflection of the
spin-polarized electron by the data magnetic field when the direction of
pol'arization' of the data magnetic field is opposite the direction of
polarization of the electron magnetic field and detecting, as the second
data value, - an attraction of the spin-polarized electron by the data
magnpetic field when thé direction of polarization of the data magnetic field

is the same as the direction of polarization -of the electron magnetic field.

In a seventh aspect, the invention provides for an apparatus for feading
data stored as a direction of polarization of a data magnetie{ield created in
a magnetic medium, exhibiting a magnetic anisotropy perpendicular to a

surface of the magnetic -

This is the replacement shee
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23 beamintensity would be required to change polarities of such
° protected data. : Finally, potentials V[err] -V[err] and V[err] -
V[err] and signals S[err] :

medium comprising an electron source for'providing a spin-
polarized electron having an electron wmagnetic field, the
electyon magnetic field héving a direction of polarization
corresponding to.one of first and second data values; an
electron deflector for difecting-the-spin-polarized electron
at the data magnetic field so that the magnetic,médium
produces a secéndary electron, the secondary.electron'having
'a first cha:actériétic ddrresponding to the first data value
when the airectidn-df polarization of the data magnetic fielad
is opposité the direction of polarization of the electron
.magnetic-field and the secondary electron having a seqoﬁd
characteristic ¢orresponding'tb the second data value when
the di;ection of poiarization of the data magnetic field is
the same as the directién of polarization of the electron
magnetic-field; and an electron detector for detectihg the
‘first or. second characteristic of the secondary electron.
| It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory and are intended to provide
further explanation of the invention as claimed.
. BRIEF DESCRIPTION OF THE DRAWINGS
The adcompanying'drawings. which are included to
provide.a further understénding of the invention and are

incorporated in and constitute a part of this specification,
illustrate a preséntly prefefred embodiment of the invention
and, together with the description, serve to explain the
principles of the invention. In the drawings:

Fig. 1 is a cross-sectional view of an exemplary data
storage and retrieval device of the present invention;

. Fig. 2 is plan view of a stigmator element for use in

the daﬁa-storage-and'retrieval device of Fig. 1;

Figs. 3(a) and 3(b) are partial cross-sectional views
of the data storage medium of Fig. 1;

Fig. 4(a) is a plan view of the data storage medium
of Fig. 1;
This i the replacement shee
2 3 AUG 190

 Date:



v

Slerr], S[err]-Serr], and S[err] preferably have adjustable bias T
" conmponents.. These bias cofrponents are used to conpensate for position

m sal i gnnment, beam deforrmation, and correctable effects to the
spi n-pol ari zed el ectron beam 19 caused by. other -el ements. The bi as
conmponent of .an el ement nodifies.the effect of that element on the - _
spin- polarlzed el ectron beam 19 by-changing the intensity of the field
within the aperture of ‘the element. Preferably, bias adjustnents are
performed by the control unit 1 during operation.of the device. -They occur

In a specific order pﬁ gpgrigag ?Qgtggltgréggcgééggbﬁgfa¢ygwﬂ&ft@he

determ ne or nDdlfy ta magnetic field eated in the
data storagdakayerorage mﬁélQWDQﬁtFég b1a§ Eﬁﬁﬁ%ﬁg%ﬁk%ﬂgf ReRENt

areas; :

| 'Figs S(a) S(b) are partLal Cross- sect10na1 v1ews of

.the data’ storage medlum of Flg 1 during a data store o
operation; '

Flgs. 6{a)-6(b) are part1a1 cross sectlonal views of

‘the data’ storage medlum of Fig..1 durlng a first data read

.operatxon, . '

Figs. 7Ta)-7(b).gre.partial'c;oss-sectional views of
the data storage.mediuﬁ of Fig. 1.during a second data read
operation;. ' AR ' I

‘Fig. 8 is a partial cross-sectional view of the data
storage'and.re;rieval'devicé of Fig; 1 during an alignment

-operation; and ' . . '

Flg 9 is a partlal cross- sectlonal view of the data

- storage and retrleval deV1ce of Flg 1 durzng a blanking/
parklng operatlon. .

' . DESCRIPTION OF. THE PREFERRED EMBODIMENT
Reference will. now be made in detail to the present

preferred embodiment of the invention, an example of which is
illustrated in the accompanying drawings.

Fig. 1 iliustratés_an exemplary embodiment of .a data
storage and retrieval device of the present invention. As
shown in Fig. 1, the data storage and retrieval device
‘comprises a control unit 1, a spin-polarized electron source
2a, a tip 2b, an extractor 4, ¢ollimators 6, 7 and 9,
_electrostatlc lenses 10, 11 and 12, and insulating elements 5
and 8. As also shown in Flg 1, the data storage and
retrieval device further comprises a blanking element 13,
coarse and fine microdeflectors 14 and 15, respectively, an
electron detector 16, a data storage layer 17, and a
substrate 18. -

The control unit 1, which comprises, for example, a
mlcroprocessor or other control circuitry known in the art,

coordinates and sequences the various functions and

~ This is the replacement shest
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I s determ ned by adjustnents needed to re-focus the intensity, wavel ength,
*and cross-section of- the spin- polarized electron beam 19 on the data
storage layer 17 so that. a known data nagnetic field can be nodified and
read. It should be apparent to those skilled in the art that
various nodifications and variations can be nade to the present invention
W t hout departing fromthe spirit or scope of the invention. Thus, it is
i ntended-that the present invention co8er the nodifications and variations
of-this ’invention provided they cone wi thin the scope of the appended
clalns and thelr equi val ent s.

operatlons performed by the data storage and retrieval
device, as will be explaineéd in more detail . below. The
control unit 1 further serves: to interface the data storage
and retrleval device with an external dev1ce {not shown),
such as a computer or even another data storage and retrieval
device, via DATA IN, DATA OUT, CONTROL IN, and CONTROL OUT
termlnals By this 1nterfa01ng, control signals and data
£ rom the external device can be transmitted to and decoded by
" the control unit 1 using necessary protocols. The control
unit 1 can develop control responses and data and return the
data to the external dev1ce using the necessary protocols. .
It is cbntemplated_that[;hé control unit 1 can be interfaced
with the external device via, for example, electrical or
optical links.  For instahce,'opticai transmission into and
out from the control unit 1 can be accomplished using
electrically pumped laser diodes.

The spin polarized'electron source 2a and the tip 2b
together proviae spin¥polarized electrons 3. In'particular,
the spin-polarized eleccroﬁs 3 are developed by the spin

polarized electron source za:and are collected in the tip 2b.
The spin-polarized electron source 2a can comprise any source

. for providing sﬁin-polariied electrons known in the art. The
tip 2b can comprise, for example, the tip of a scanning
electron microscope or other similar device. Preferably, the
tip 2b has a small diametex, such as the diameter of a single
atom.

Each of the spiﬁépolarized electrons 3 has an
electron magnetic field with'a.direction of polarization
detrermined hy the electron‘s spin. The direction of
polarization of the électron'magnetiC'field corresponds to
one of first and second data values. For example, an
upwardly polafized electron magnetic field can correspond to
a data value of "1" while a downwardly polarized electron

magnetic field can correspond to a data value of "0", or vice
versa.

This is the replacement shest
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GLALMS 1. A data storage medium conprising: a substrate;

A-potential V is applled to the spln—polarlzed
: electron source 2a by the control unit 1. The strength of

' .the potentlal VvV, can be varled by the control unlt 1 to

control the_lnt;nSLty and current of the spln polarized
‘electrons 3. A signal S is also applied to the spin-
"polarlzed electron source 2a by the control unit 1. Slgnal

Sls controls the dlrectlon of polarlzatlon of the magnetic

fields of the Spln polarlzed electyrons . 3. Preferably,_the

_control unit 1 can vary the potent1a1 V. and signal S

during operatlon of the devxce to compeisate for physiial
' changes in the device and jts environment over tlme. '
The extractor 4, collimators 6, 7 and 9,
i.electrostatic_lenses 10~12;Ithe“blaﬂking element 13, and the
coarse and fine microdeflectdrs-14 and 1S, respectively, each
constitutes, for example,fan electrically conductive annular
member defining an- aperture The extractor 4 extracts the
spln-polarlzed electrons 3 frow the tip 2b and coll1mators 6,
"7 and 9 colllmate the spln-polarzzed electrons 3 into a spin-
polarlzed electron beam 19.  The electrostatlc lenses 10-12
focus- the spin- polarzzed electron beam 19 and the coarse and
fine microdeflectors 14 and 15, respectively, direct the
spin-polarized'electron beam 19 toward the data storage layer
. . : .

The environment through which the spin-polarized
electron beam 19 travels is preferably an electrically
nonconductlve and nonlonlzlng environment such as a vacuum.
It 1s contemplated however, that the enviromment through..
which the_spln-polarlzed-electron beam 19 travels can be any

_ number of other environments known in the art which would not
degrade, but may enhance, passage of the spin-polarized
electron beam 19 from the electron source 2 to the data

 storage medium 17. , _

As shown in Fig. 1, the tip 2b is positioned so as to '
be perpendicular to the plane of the surface of the extractor
4. at the center of the extractor 4 aperture, and juxtaposed’

at or near the extractor 4 surface. Preferably, the
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,a data storage layer fornmed on the substrate, the data storage |ayer
including a fixed nunmber of -atomic |ayers of a magnetic material, the fixed
nunber of ‘atomic layers providing the data storage |ayer with a nagnetlc
ani sotropy perpendicular to a surface of the data storage |ayer; and

a data magnetic field created in the daPa storage | ayer, the data magnetic
field being polarized either in a first direction perpendicular to-the

surface of the data storage |ayer corLres %ndi g.to a f hat o ta v%
or in a s&RSTFHTRQE & % & tﬁﬁ? m%l?§c?|8ﬁeaﬁ8 Eorrespgﬁdl gt
a second datg Malneter ih diametamhod Holvestear,i dgrderacassmadilewct i on of
p0|arlzeuléngégté%ékgould also be used depending on the particular
design of the data Btorage and retrleval dev;ce and the-
desired characterlstlcs of the spln polarlzed electron beam
©19. . _ _
Insulating QLEment 5. Which'comp;ises, for example, -
.Si, or the like, is positioned between the extractor 4 and
collimator 6 to separate their conductive surfaces.
Preferably. the'diémeter of the aperture of insulating
element 5 is slightly greater than the diameters of the
apertures of extréctpr 4 and_cqllimator 6 to reduce
interaction of the insuléting element 5 with magnetic fields
produced in and electrons passing through the apertures of
extractor 4 and collimator 6.
Potentials V2 and. vV, are applied by the control unit
1 to the extractor 4 and colllmator 6, _xespectlvely, to
create a magnetic field in the apérture of each. The
 position of the tip 2b relative to the electrostatic fields
produced in the apertures of extractor 4 and collimator 6
©  induce the spin-polarized'eleccrons 3 to jump from the tip 2b
and pass through the apertures of extractor 4 and-collimator
6.

Colllmators 7 and S and 1nsulat1ng element 8, which
can be similar or 1dent1cal to extractor 4, collimator 6, and
insulating element S, respectlvely, constitute an optional
lens stage to ass1st in collimating of the spin-polarized
electrons 3 into the spin-polarized electron beam 19.
Collimators 7 and 9 and insulating elementls can also be used
to accelerate or decelerate the spin-polarized electrons 3 to
obtain a desired beam energy.

The potentials V,-V. can be adjusted by the control
unit 1 to obtain desired characteristics of the spin-
polarized electrons 3 and the spin-polarized electron beam
19. Control of the potentials VZ-V5 can be performed during

This is the replacement $heet
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.magneti-c field of a data storage layer exhibiting a magnetic anisotropy

per penrdi cul ar to a surface of the data storage |ayer, the nethod. conprising
t he steps of: provi di ng a spin-polarized electron having an electron
magnetic field, the electron nmagnetic field having a direction.of

pol ari zati.on correspondlng to - one of first and second data val ues; and
directing the spin-polarized el ectron, thHrough an electrically
nonconductive environment, at the- dat a magnetic field to inpart the

direction of. polarization of the el ectron nagnetic field to_the data
nagnetlc f icgekation of the device to compensate for phy51cal changes in

the dev1ce and ltS envxronment over time. _
- After passing through collimatoxr 9, the Spln-
polarlzed electron beam 19 passes through electrostatic

.. lenses 10-12. Potentlals VG—V are. applied to the

electrostatic lenses 10~ 12, regpectlvely, by the control unit
1 to credte electrostatlc fields through the’ lens apertures
These electrostatlc flelds focus the spln polarized electron
beam 19 Wlth a deSLred dlameter, e.g.., ' _
1-10 nanometers. The apertures of the electrostatic lenSes

i 10-12 are preferably on the order of 1 millimeter 1n dlameter _
but can be varied dependlng on the particular des1gn of the
data storage and retr1eval device and the desired
characteristics, e.g., 1nten51ty, beam shape, etc., of the

' spin-polarized electron beam 19. - Furthermore, the
thicknesses of the eleétrostatic lenses 10- 12, their relative

positions, and the potentials V_-V_  can be varied to obtaln

_-de51red characterlstlcs of the gpli-polarlzed electron )
:beam 19. . Agaln, the ‘potentials VG-V8 can be varied by. the _
control unit 1 during operatlon of the device to compensate
for physical changes in the device and-its environment over
time. Further, the electrostatic lenses 10-12 can be
replaced with fewer or more of such lenses. Also, magnetic

1:lenses can be used in place 6f, or in addition to, the
electrostatic lenses 10-12. -

_ After passing through electrostatlc lens 12, the-_
'spin—polarlzed electron beam 19 passes through_the blanking
element 13. As will be explained in more detail below, the
blanking element 13 is an optional element which disables the
effects of the spin- polarlzed electyxon beam 19. The
preferred location of the. hlanklng element 13 is above the
- coarse microdeflector 14, as shown in Fig. 1, to allow the
spin-polarized electron beam 19 to achieve a steady state.

After passing through the blanking element 13, the
spin-polarized electron beam 19 passes through the coarse
microdeflector 14 and then the fine microdeflector 15.
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25 - 3. A net hod of reading data stored as -a direction of polarization of

"a data ‘magnetic field of a data storage |ayer exhibiting a magnetic

ani sotropy perpendicular to a surface of the data storage | ayer, ‘the nethod
conprising the steps of: - providing.a spin-polarized electron having
an el ectron magnetic fleld the el ectronl2mgnetic field having a.direction

of poI ari zation - : : : - -

Preferably,-the coarse'microdefleotor 14 comprises eight
poles 1nd1v1dua11y controlled by 51gnals 52 89 supplled by
the control unit 1. Slmllarly, the flne mlcrodeflector 14

' also preferahly comprlses elght poles 1nd1v1dually controlled

by 51gnals S, .-5.., also supplled by the control unit 1. The

- coarse and fige ;Zcrodeflectors 14 and 15, respectlvely,
"direct the spln-polarlzed electron beam 19 toward the data
“storage layer 17. 'While the coarse mlcrodeflector 14 bends
__the”trajectory of the spln polarlzed electron beam 19 toward
a general area on the data" storage layer 17, the flne _
microdeflector 15 further adjusts the trajectory of the spin-
.polarized_electron beam_19 to direct the spin- polarized
electron beam 19 at a specific area of the data storage layer
17. By gradually bending the spin- polarlzed electron beam 19
. in this manner, dlstortlons and aberratlons introduced into
the spin- polarlzed electron beam 19 can be reduced. It is
contemplated that the flne mlcrodeflector 1S can enable
pos;tlonlng ‘of .the sp1n-polarlzed electron beam 19 to the'
‘atomic level on data storage- layer 17. Although the coarse
and r;ne mlcrodeflectors 14 and 15, respectively, have been
described to comprise eight'poles_each, it is-contemplated
that the coarse and fine microdeflectors 14 and 15,
respectively, can have other configurations known in the art.
Further, the relative positions of the coarse and fine
microdeflectors 14 and 1s, respectlvely, and the data storage
layer 17 can be determlned as a function of X-Y axis scannlng
range of the spln polarized electron beam 19.

Although not shown in Fig. 1. the data storage and
retrieval device can further comprise a stlgmator element
‘such that shown in Fig. 2. Preferably, the stigmator element
is positioned either between the electrostatic lens 12 and
the blanking element 13_orlbetween the blanking element 13
and the coarse microdeflector 14. As shown in Fig. 2, the
stigmator element comprises, for example,'eight poles 25
individually biased with potentials Vl2 19" It is

contemplated that the stigmator element 25 can have other
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. corresponding to one of first and second data val ues; directing the
spin-polarized el ectron at the data nmagnetic field; detecting, as the

first data value, a deflection of the spin-polarized electron by the data
magnetic field when the direction of polarization of the data magnetic
field is opposite the direction of polarggation of the el ectron magnetic
field; and detecting, as the second data value, an attraction of the
spin- polarized electron by the data magnetic field when the direction of
pol ari zation of the data magnetic field is the sane as the direction of

po'ar'ZatbBBbeuEQ%l%h%Ckﬁ%@nnﬁﬁnéhécafte|dThe individual potentials

Vi5-V; g are applied to the stlgmator poles 25 by the control
unit 1 and are set during operatlon of the device to develop
a field that results in a desired shape of_the spin-polarized
electron beam 19 and to compensate for physical changes in
the data storage‘and retrieval device and its environment
over time. Although the stigmator element is generally used -
to provide the spln—polarlzed electron bean 19 with a round
cross-sectional shape, the stigmator element can also be used
to provide thé spin-?olarized electron beam 19 with a cross-
sectional shape other than round, e.g. oval.

The electron detector 16 comprises an electrically
conductive material, such as a metal, and is configured, for
example, as shown in Fig. 1, to optimize-the detection of
electrons deflected from or secondary electrons emitted by
the data storage layer 17. Preferably, the electron
detector 16 is-positiOned 80 as not to ‘interfere with the
path of the spin—polarized electron beam 19 but close enough
to the data storage layer 17 to detect the deflected or
emitted eléctrons.' Electrons striking the electron detector
16 produce a signal in the electron detector 16 which is
supplied to the control unit 1 as signal Sig-

The data storage layer 17 and the substrate 18
together constitute a data storage medium. Preferably, the
data storage layer 17 is deposited on the substrate 18 via,
for example, sputtering ox other technique known in the arc.
The substrate 18 comprises a non-magnetic and non-
electrically conductive material, such as a glass or ceramic,
and serves as a mechanical support for the data storage
layer 17. ' '

The data storage layer 17?90mprises a fixed number of
atomic layers of a magnetic material, wherein the fixed
number of atomic layers provides the data storage layer 17
with a magnetic anisotropy perpendicular to its surface,

i.e., along its easy axis. For example, in the case where
the data storage layer 17 comprises Fe, three atomic layers
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26 4. A nmethod of reading data stored as a direction of polarization of
"a data magnetic fiel d-exhibiting a nmagnetic ani sotropy -perpendicular to a
surface . created in a magnetic nmedium the nethod conprising the steps of:
provi ding a spin-pol arized el ectron having an el ectron nagnetic

Y

 of Fe arranged in a body centered tetragonal (bct) lattlce
":prov1de the data storage - layer with a strong Z-axis _
magnetlsm.- Fe beglns to shift, however, to a face centered
cubic (fcc) lattice at numbers of atomic layers greater than
”three, whlch causes the magnetlc anlsotropy of the Fe atoms
to shift to the X-Y plane. Slmllar results can also be.
“achieved by comblnlng Fe with certaln dopants or alloylng
.elements, such as Co or Nl- ,
‘The magnetlc component of the data storage layer 17
Cis caused by the spin of the. component metal d subshell
electrons in the material ‘from which the_data storage_layer
17 is'made;'tThus; any muitiple-eiectron'metal-with higher
'binding'energies'of,f or s subshellteiectrons than that for
the d subshell and which can be made to exhibit a bet
structure in few atomic layers. can be used as the data
‘storage layer 17. Candldate ‘metals for the data storage
layer 17 can be from the ‘three perlodlc table transition
series. .For example, candidate metals from the 3d series can
" include Co and Ni. Similarly, candidate metals from the 44 -
~and 548 series can include Ir and Mo;'reSpectively 'In these
metals, electrons fill the next outer f subshell or s
subshells of the next outer shell before the d subshell of
the inner shell is filled.  For the 34 eeries,'the s
electrons determine chemical properties of the atom while the
d electrons determine magnetic properties of the atom. 1In
general, the eiectrons in the 4 subshell remain unpaired
whenever possible. The first five electrons in the subshell
- have parallel spins each of which add to. the magnetlc moment
of the atom. Successor electrons must be antlparallel as can
be noted by analysis of the fourth quantum number. These
antiparallel electrons pair up with the first electrons and
cancel their magnetic moments.

Because of the perpendicular magnetic anisotropy of
the data storage layer 17, each lattice of atoms in the data
storage layer 17 creates a data magnetic field hav1ng a
polarization that extends along its easy axis, i.e.
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field, the electron magnetic field having a direction of polarization
corresponding to one of first and second data val ues; directing the
spi-n-pol ari zed electron at the data magnetic field so that the magnetic
medi um produces a secondary el ectron, the secondary el ectron having a first
characteristic corresponding to the firig data val ue when the direction of
pol ari zati on of the data magnetic fieldT's opposite the direction of

pol ari zation of the electron magnetic field and the secondary el ectron
havi ng a second characteristic corresponding to the second data val ue when
t he dir ectdgeperidipnllat 2as ithe srfheedaifathegdetiacstovadei tavhe d3ne as the

gi rection -@{]esoméiar;'[az%uéﬁtqc %1%'9‘%%%&%%?%%&#8&? sBBUn in Fig.

etecting € tirst.or Second Characteristic of the secondary el ectrodn.
3(a) as data magnetic fields 23. Like the magnetic’ fields
.produced by the spin leéfiZed electrons 3, each data
magnetic field crééted_in;the'data'storage layer 17 has a -
direction'of'polarization corresponding to one of first and
second data values. For instance, an upwardly polarized data
magnetic field can correspond to the data value of "1“ while
a downwardly polarized data magnetic field can correspond to
the data value of "0", or Vicg versa. With this arrangement,
portions of the data storage layer 17 store data in one of
two states, i.e., first arid second directions of magnetic
polarity. It is contemplatéd~that these portions of the data
storage layer 17 can be as small as one atom wide.

As shown in Figs. 4{a) and 4(b), the data storage
layer 4 includes a plurality of alignment areas 22 and a
parking area 21. Each of the alignment areas 22 and the
parking area 21 comprises an electrically conductive material
27 electrically insulated from the data storage layer 17 by
an insulator 28. The aliQnment.afeas 22 and parking area 21
are used for performing alignment, parking, and blanking
operations, which will be described in more detail below.
Potential V., of the parking area 21 and potential V,; of the
alignment areas 22 are detected by the control unit 1, as
shown in Fig. 1.

Preferably, the data storage layer 17 has a three
dimensional curved surface, as shown in Fig; 1, to allow all
points on the data storage layer 17 to be approximately
equidistant from the center of the fine microdeflector 15
aperture, thereby reducing electron travel time and providing
a uniform beam depth of focus across the surface of the data
storage layer 17. It is contemplated that the data storage
medium can have any number of surface shapes including a
planar surface.

-—

The storing of data in the data storage and retrieval
device of Fig. 1 is accomplished as follows. First, the

This is the replacsment shee

2 3 AUG 1048

Date:



5. An apparatus for storing data as a direction of polarization of a data
magnetic field exhibiting a magnet i ¢ ani sot r opy perpendlcular to a surface,

conpri si ng: an el ectron source for providing a spin-polarized

el ectron haV|ng an electron magnetic field, the electron magnetic field

having a direction of polarization correspondlng to one of first and second
data val ues; and an electron deflector for directing the-

spi n- polarized electron through an electrically nonconductive environnment
ol cct T on EBTRLFEIATAAY SRe IR EoNECE Fh S6 Bip osnproviasl tha Of The

spin- polarlzed electrons 3 with a dlrectlon of polarization
correspondlng to-one of a flrst and second data value. Next

- the extractor 4 extracts the spin- polarized electrons 3 from
the tip 2b, the collimators 6, 7-and 9 collimate the spin-
polarized electrons 3 into the spln-polarlzed electron beam
19, and the electrostatlc lenses 10-12 focus the spin-
polarized electron beam 19. A shown in Fig. S{a), the spin-
polarized electron beam 19 is directed by the microdeflectors
14 and 15 at a data magnetic field created in the data
storage layer 17 at which data is to be stored. As shown in
Fig. S(b), upon striking the data magnetic field w1th
sufficient energy, the spin-polarized electron beam 19
impinges the surface of the data storage layer 17 causing a
cascading field reversal effect along the easy axis of
magnetization producing the data magnetic field. As a
result, the direction of polarization of the electrons in the
spin- polarlzed electron beam 19 are imparted to the data
magnetlc field.

To achieve, the -desired cascading field reversal
effect, both the enexgy 1eve1 of the spin-polarized electron
beam 19 and the wavelength of the electrons in the spin- -
polarized electron beam 19 should be set in accordance with
the material used for the data storage layer 17. In |
particular, the eﬁérgy of the spin-polarized electron beam 19
should be approximately equal to the kinetic energy of the
electrons in the 4 subshell of the atoms of the material used
for the data storage layer 17 and the wavelength of the
electrons in the spin-polarized electron beam 19 should be
the de Broglie wavelength of the electrons in the d subshell
of the atoms of the material used for the data storage layer
17. '

As explained abov;: it is contemplated that portions
of the data storage layer 17 as small as one atom wide can
represent a single data value. However, it is also

contemplated that portions of the data storage layer 17
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.27 6. An apparatus for reading data stored as a direction of

pol arization of a data magnetic field exhibiting a magnetic anisotropy
perpendi cul ar to a surface, conprising: an el ectron source for

provi ding a spin-polarized electron having an el ectron nmagnetic field, the

el ectron magnetic field having a directiogpyof polarization corresponding to
one of first and second data val ues; _ :

several atoms wide may alsc represent a single data value, as
shiown in'Eig. i(b). If Ehe atoms in the data storage layer
'17.are grouped as such, the diameter of the spin-polarized
electron beam electron beam 19 should be made large enough to
accommodate the larger ‘data storage areas. |

The reading of data from the data storage layer 17

.éan be aécomplished using ‘one of twd'techniques In the
first data readlng technlque, the spin-polarized electron
source 2a and tip 2b prov1de the spln-polarlzed electrons 3
with a direction of polar;zatlon corresponding to one of a
first and second data vélue. Next, the extractor 4 extracts
the spin-polarized electrons 3 from. the tip 2b, the
collimators 6, 7 and 9 collimate the épin—polarized electrons
3 into the spin-polarized electron beam 19, and the
electrostatic lemses 10-12 focus the spin-polarized electron
beam 19. The spin-polarized electron beam 19 is then _
directed by the microdeflectors 14 and 15 at a portion of the
data storage layer 17 from which data is to be read.

As shown in Fig. é{a), if the direction of
polarization of the data magnetic field of the portion to be
read is the same.as the direction of polarization of the |
electrons in the spin-poiarized electron beam 19, the
electrons in the spin-polarized electron beam 19 are
attracted by the data magnetic field and absorbed by the data
storage layer 17. Absorption of the electrons by the data
storage layer 17 results in the generation of a signal S

As shown in Fig. 6(b), if the direction of
polarization of the data magnetic field is opposite the
direction of polarization of the electrons in the spin-
polarized electron beam 19, the electrons in the spin-
polarized electron beam 19 are deflected by the data magnetic
field and impinge upon the electron detector 16. As
previously explained, impingement of the electrons upon the

electron detector 16 results in the generation of the signal

~

618'
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an el ectron deflector for directing the spin-polarized electron at the data
magnetic field; and - an el ectron- detector for detecting, as ‘the first
data value, a deflectlon of the spin-=polarized electron by the data
magnetic field when the direction of ‘pol arization of the data nmagnetic
field is opposite the direction of polarization of the el ectron magnetic
field and detecting, as- the second dat ajgal ue, an attraction of the

spi n-pol ari zed el ectron by the data magnetic fi-el d when the direction of

pol arization of the data magnetic field is the same as the direcgtion of

pol ari zati on of - t hamecition kfgnée elecskgns in thepSPEPrRPARTI ZEG)

reading. datg stored,as, a4 b " b aP@hdhletdl @held is detected by

‘the control unit 1 as a first data value, e.g., a data value
of “0" while deflection of the electrons in the Spln-
polarlzed electron beam 19° by the data magnetlc field is.
detected by the control unit 1 as a second data value, e. g-.

" a data value of "1%. Specxflcally, the control unit 1
detects and 1nterprets ‘the signal Sla, the signal Szo, or
both the _signal 518 and the signal 320 at a flxed time
relative to the generatlon of the spln—polarlzed electrons 3

' and, therefore, at a fixed time relative to the impact of the
spin-polarized electron beam 19 with the data storage' ' '
layer 17. If the signal S,4 is not detected and/or the

voltage V. is detected by the control unit 1 a spec1f1ed

" time afteiothe generation of the spln-polarlzed electrons 3,
the control unit 1 determines that the electrons in the Spln—-
polarized electron beam 19 have been attracted by the data '
magnetic field and absorbed by the data storage layer 1i7. On
the other hand, if the 81gnal 8,4 is detected and/or‘the

signal szo'is not detected by the control unit 1 a specified.

time after the generation of the spin-polarized electrons 3,

the control unit 1 determines that the'electrons_in the spin-

polarized electron beam 19 have been deflected by the data

magnetic field and detected by the electron detector 16.

Preferably, excess electrons in the data storage layer 17 are

drained, for example,'at the electrode producing signal S50

while excess electrons 1n the electron detector 16 are

‘drained, for example, at the electrode produc1ng the signal
818‘

As was the case when storxng data, when reading data
- from the data storage layer 17 using the first technique, the
energy level of the spin-polarized electron beam 19 should be
set in accordance with the material used for the data storage
layex 17. However, when reading data using the flrst
technique, the energy level of the spin-polarized electron

beam 19 should be low enough so as not to cause a magnetic
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_of a data magnetic field created in a magnetic medium exhibiting a
magneti ¢ ani sotropy perpendicular to a surface of the magnetic medi um

conpri si ng: an el ectron source for providing a spin-polarized

el ectron having an el ectron magnetic field, the electron magnetic field

havi ng a direction of polarlzatlon correspondlng to one of first and second
dat a val ues; 19

change to the data magnetic fields created in the data
storage layer 17. '

' In the second data readlng technlque, the spin-
polarized glectron source 2a and ‘tip 2b provide the spin-
polarized electrons 3 with a'direétion of polarization
correspondlng to one of a flrst and second data value. Next,
the extractor 4 extracts the spin- polarlzed electrons 3 from
the tip 2b, the colllma;ors 6, 7 and 9 collimate the spin-
polarized electrons 3 int6 the spitholarized electron beam
19, and the electrostatic lenses 10-12 focﬁs_the spin-
polarized electron beam 19. The spin-polarized electron beam
19 is then directed by the microdeflectors 14 and 15 at a
portion of the data storage 1aYer 17 from which data is to be
read. _ :

In this second technique, the energy of the spin-
pclarized electron beam 19 is at a value higher than that for
a data store operation and high enougﬁ such that the spin-
polarized electron beam 19 penetrates into the portion of the
data storage layer 17 causing that portion of the data
storage layer 17 to produce secondary electrons. Preferably,
the energy of the spin-polarized electron beam 19 should not
be so high as to cause thermal migration of the atoms in the
lattices of the data storage 17.

The secondary electrons produced by the data storage
layer 17 have specific energy and spin which are
characteristic of the relationship between the direction of
polarization of the data magnetic field generated by the
portion of the data storage iayer 17 and the direction of
polarization of the electrons in the spin-polarized‘electron
beam 18. These secondéry electron characteristics are
detected as one of the first and second data values.

For example, .as shown in Fig. 7{(a), if the direction
of polarization of the data magnetic field is the same as the
direction of polarization of the electrons in the spin-
polarized electron beam 19, the data storage layer 17

produces secondary electrons 24 having a first energy and
This is the replacement shest
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.28 an electron deflector for directing the spin- polarized

el ectron at the data nmagnetic field so that the nagnetic nedi um produces a
secondary el ectron, the secondary electron having a first characteristic
corresponding to the first data value when the direction of polarization of
the data nagnetlc field is opp05|te t he du{ectlon of polarlzatlon

first spln characterlstlcs correspondlng to the first data

‘value, e.g., a data value ‘of m1v. Slmllarly, as shown in
‘Fig. 7(b)o if the direction of polarzzatlon of the data
magnetic field is 099081te the direction of polarlzatlon of:

. the electrons in the spin-polarized electron beam 19, the
data storage 1ayer 17 produces secondary electrons 26 having
a second energy and second spin characteristics corresponding
to the second data value, e.g., a data value of “0%. The
secondary electrons produced_by the data storage layer 17 are
decected by the electron detector 16 to produce signal S,
which indicates the secondary electron characteristics. The
control unit 1, upon receiving the signal SlB' interprets the
secondary electron characteristics.

Although this second technlque has been described as
detectlng the energy and spin characterxstlcs of the
secondary electrons produced by the data storage layer 17, it
is contemplated that other characteristics of the secondary
electrons known in the art can be decected to read data
stored on the data storage'iayer 17. Further, although_ﬁost
of the secondary electrons produced by the data storage layer
17 are emitted by the data storage layer ;7, as shown in
Figs. 7{(a) andl7(b), some of the secondary electrons remain
within the data storage layer 17 to produce signal S,0-

~Thus, it is contemplated that the characteristics of the
secondary electrons produced by the data storage layer 17 can
also be detected and interpreted by the contrxeol unit 1 via

signal 320
As shown in Fig. 8, allgnment of the spin-polarized
electron beam 19 is performed by directing the beam at one or

more of the alignment areas 22. When the potential Vll is
detected by the control unit 1, the addressed and targeted

__alignment areas match. If the potential V., 1s not detected,
signals S,-S 17 to the microdeflectors 14 and ‘15 can be
adjusted by the control unit 1 to compensate for any

misalignment. Preferably, alignment of the spin-polarized
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_of the electron nmagnetic field and the secondary el ectron having a second
characteristic corresponding to the second data val ue when the direction of
pol ari zation of the data magnetic field is the same as the direction of

pol arization of the electron magnetic field;. and - an el ectron
detector for detectlng the first or sec®nd characteristic of the secondary
electron. . 8. . The data storage device of ‘claim1, wherein the

substrate conprises ~a non-magnetic and €l ectrically nonconductive

material. elect or? bea-EhQSdQJ&:u%tsOb%&@.od@.\th(teyOHuthagm:@eraheoe| oft hbe
non- magneti ¢ an ectrlcally nonconducti ve materi al |ncludes at | east one
of a glass d%¥¥§9¢an|c .and. a crystal structure.

.As descrlbed above, the blanklhg element 13, under
'control of the control unit 1, prevents the spin- polarlzed
" _electron beam 19 from 1mp1nglng on the data storage layer 17.
" The blanking element 13 comprlses, for example, two poles _
controlled w1th signal Sy - It is contemplated that blanklng
element 13 can have other conflguratlons known in the art and
that the poles can be 1nd1v1dually controlled The control
unit 1 applles the slgnal S to the blanklng element 13 at a
.spec1flc time and for a specxflc duratlon to blank the spin-
polarlzed electron beam 19 while it is belng moved by the
d'mlcrodeflectors 14 and 15 to target a dlfferent portlon of
.the data storage layer 17. The blanklng element 13 can also
" be used to blank the spln-polarlzed electron beam 19 during a
data read operatlon when the control unlt 1 is detecting
whethexr or not electrons are being. deflected or emitted by
the data storage layer 17. The poles of the blanking element
13 act to-.gdiffuse the spln polarlzed electron beam 19 so the
'electrons in the beam do not - impinge on the surface of the
data storage layer 17. '

It is contemplated that the mlcrodeflectors 14 and 15
can alternatively be used to perform blanking of the spin-
polarized electron beam 19 during data read operations. For
example, the control unit 1 can supply the microdeflectors 14
"and 15 Qith signals SZ—S_17 to cause the spin-polarized
electron beam 129 to be directed at a particular area on the
data'storage layer 17 that is not used for data storage,
e-g;t parking area 21, as shown in Fig. 9. JImpingement of
the spin-polarized electron beam 18 on the parking area 21 is
detected as the'potential Vlo by_the control unit 1.

Imperfections may exist in the data storage layer 17
as a result of fabrication, degradation, or other causes
which render one or more flawed areas of the data-stofage
layer 17 unusable for data storage. Accordingly, a format
operation is provided to prevent the reading of data from and
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_10..The .data storage device of claim1, wherein the data storage |ayer
conprises Fe arranged in a body centered tetragonal lattice having an
average thickness of three atom.c |ayers. .- 11. The data storage
device of claim1, wherein the data. storage-|ayer . conprises at |east one
metal fromthe three periodic table trans22ion seri‘es. 12. The data
storage. device of claim 11, wherein.the netal includes at |east one of Co,
Ni, Ir, and M. ; 13. The data storage device of claim.1l, wherein the

dat a storage__yl a%i?o flurt daW% 'L‘.gethéﬁ I'IQQEH”L:.—@&§3 "For examéie The dat a
storage devi & &rtamot3 ereirn the nment area FISfS an
electrlcal|ﬁnmamgu¢mevéca5@§rp@eratlon, the control unlt 1 cycles each
- data magnetic field created in the data storage layer" 17
_ between up. and down polarities at least once and verifies
.each result. ThlS format operatlon can be performed for
example, by successzvely us1ng the data read and data store
-operatlons described above. .Control unlt 1 determlnes_
':twhether certain portlons of the data storage layer 17, from
which written data cannot be' reliably read are unusable _
. Upon completion of the format operatlon, the- locatlons of the
unusable portlons of the data storage layer 17 are stored in '
a memory which is ‘maintained, for example by the control
unit 1 for use. in determining where data can be stored during
subsequent data etorage operations.

It is contemplated that the format operation can
detecc and store locations of unusable portlons of the data
storage 1ayer 17 during operation of the data storage and
retrieval device. For example, after each store operation
into a portion of the data storage layer 17, control unit 1
could then read from the portion; to verify that the portion
is;currentiy non—defective. '

' The coﬁtrol unit 1 can also use the memory to store
T locations of portions of the data storage layer 17 that are
used for storing and protecting data which are read often but
stored infrequently. Examples ofdthis type of data stored in
" current storage mediums are configuration'data and driver
software.stored in ROM. This type of data is stored in
portions of the data storage layer 17 which are designated
_ protected in the memory. As an additional precaution to
preventlng unintentional changes to protected data, certain
portions of the data storage layer 17 can comprise an
" . alternate material for data storage layer 17. This alternate
'-materlal would require a different spin- polarlzed electron
beam intensity for storlng data than that required by
unprotected data locations. Thus, both access to the control

unit 1 memory and modification of the spin-polarized electron
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electrically insulated fromthe data storage |ayer. 15.- The data
‘storage device of claim1, wherein the data storage hayer has ‘at | east one
of a three dimensional curved surface and a. pl anar surface

23

beam intensity would be required to .change polarities of such
protected data. ' '

Finally, potentlals V Vg and V 12” and_signals 8,
Sg+ S107S17/
- components.. These blas components are used to compensate for

V19
~and S, preferably have adjustable bias

position misalignment, beam deformation, and correctable
effects to the spin- polarlzed electron beam 19. caused by
.other elements. The bias component. ‘of an element modifies
the effect of that element on the spln—polarlzed electron
beam 19 by changlng the 1nten51ty of the fleld within -the
o aperture of the element. Preferably, bias adgustments are
' performed by the control unit 1 during operation of the

.dev1ce They occur in a Spec1f1c order when the read and
write functions are unable to determine or modify the
polarlty of a data magnetlc field created in the data storage
layer 17. The amount of bias compensatlon for each element
s determined by adjustments needed to ie—foqus the
intensity, wavelength=:and cross-section of the spin—
polarized electron beam 19 on' the data storage layer 17 so
that a known data magnetlc field can be modified and read.

' "It should be apparent to those skilled in the art
that various modifications and variations can be made to the
present invention without departing from the spirit or scope
of“the~inventiqnw- Thus, it is intended that the present |
invention cover the modifications and variatiqns of this

' invention provided_they come within the scope of the appended

 claims and their equivalents. -
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.29 - _ 16. The nethod of claim2, wherein the step of providing the
spi n-polarized el ectron includes the step of extracting the'spin pol ari zed
el ectron froma spin-polarized el ectron source. — 7+ ——Fhe—+et hod of

claim2, wherein the step of provi di ng the spin- ron i ncl udes
t he step of providing a pl ural ity ‘of spizy pol ar| ”m lﬂ, ﬁ,i H" wherein
the step of dlrectlng t he spln polarlzed el ectron

L A data storage medlum compnsmg
o a subsu'ate _ o
a data storage layer formed on the substrate, the data storage layer .
mcludmg a fixed number of atmmc layers of a magnetic matenal the-
fixed number of atomic layers prowdmg the data storage layer w:th a’
’magneuc amsotropy perpendlcular toa surface -of the data storage layer
and . o _ ' o
a data magneti_c field cfeuted m the data storage layer, the data
. magnetic field beiﬁg polafized‘- either in a first direction perpendicular o
 the 'surface'- of ihe data'storage layer and corresponding to a first data valu‘e'
~ orin a second direction 0ppos1te the first dxrectlon and correspondmg to a
~ second data value.

2. A method of storihg data as a direction of polarization of a daa
magnetic field of a data storage layer exhibiting 2 magnetic anisotropy
perpendicular to a surface of the data storage layer, the method
comprising the steps of:
- providing a Spm-polanzed electron bhaving an electron magnetic
) field, the elec_tron mag_netxc. field having a direction of polarization
| corresponding to-one of ﬁrst and second data values-; and
divecting the spin-p_olarized electron, through an eleetrically
nonconductive 'environment, at the data magxietic field to impart the
direction ef pelarization of _the electron magnetic field to the data magnetic
field.
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.the data nagnetic field includes the steps of: —————¢cellinating-the
plurality of spin- pol ari zed el-ectrons into a spi n- ﬂ.ly zed el ectron beam

ed
f ocusing the spin-polarized el ectron beam and " H“H,Ig"l"t
spi-n-pol ari zed el ectron beam at, the data magnetl iy 8 The

met.hod of claim3, wherein the step of2provi ding the spin-pol ar| Zed
el ectron includes the step . of -extracting the spln pol ari zed el ectron. froma

e o8t B LR s st Bl BBty el
providing a ghi Ghadretie’ il "o %&eﬂwﬁé@ctlﬁﬁi& cXfifbiting a magnetic
amsot:ropy pexpendlcular wa. surface of the data storage layer the method
compnsmg the steps. of: . . . )
L prov1d1ng a spm-polarlzed elecu'on havmg an clectron magnenc_ g
field, the electron magnctxc ﬁcld havmg a direction of polarlzauon .
| ._correspondmg to one. of first and second data values;
dxrectmg the spm-polarlzed electron at the data magnetic field;
~ detecting, as the first data value a deflection of the spm-polanzed -
+ electron by the data magnetlc field when the direction of polarization of
- the data magneuc field is oppos1te the direction of polarization of the
electron magnetic field; and |
detectmg, as the second data value, an attraction of the spin-
polanzed electron by the data magneuc field when the direction of
polanzauon of the data maguetic ﬁeld is the same as the dlrectxon of

-polanzatlon of the electron magnetic ﬁeld
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wherein the step of directing the spin-polarized electron at the data

magnetic field includes the steps of: | _ collimating the plurality of
spi n-pol ari zed el ' i n-pol ari zed el ectron beam

focusing the spi nﬂm“g"mz““mﬂumon beam - and directing the

spi n-pol ari zed el ettron thedm & the data magnetic field. 20. The

met hod of claim4, wherein the step of pragiding the spin-polarized
el ectron includes the step of extracting.the spin-polarized etectron froma

spi n-pol ari zedgel eckrﬁz{éﬁﬁﬁu& £ feadi g data sé&éfl athe diret o? 0 aﬁb ofMperein

the step of prOV|d|ng spl n- po artze ectron 1nc ep of
data magneuc field exhibiting a magnenc anisotropy perpendlcular to a

surfaqe.crcated in a magnetic medium, the method comprising ‘the steps .
of: _ ' '

providing a spin-polarized electron having an electron magnetic
field, the electron 'magnet_ic; field havin_g a direction of polarization
cofresponding to one of first and second data values;

directing the spin-polarized electron at the data magnetic field so
that the magnetic medium produces a secondary electron, the secondary
electron having a first characteristic corresponding to the first data value
when the direction of polarization of the data magpetic field is opposite the
direction of polarization of the electron ﬁxagnetic field and the secondary
electron having a 5ccohd characteristic corresponding to khe second data

| value when the dkecﬁbn of polarization of .tht_: data magnetic field is the

same as the direction of polzifizatibn of the electron magnetic field; and

detecting the first or second characteristic . of the secondary

electron.

- 5. Anapparatus for storing data as a direction of polarization of a data
magnetic field exhibiting 2 magnetic anisotropy perpendicular to a surface,
comprising: | | .

an electron source for providing a spin-polarized electron having an
electron magnetic field, the- e_lecu_'ou‘magnet'ic field .having a direction of
polarization corresponding to one of first and second data values; and

an electron deflector for directing the spin-polarized clectron
through an électrically nonconductive environment at the data magnetic
field to impart the direction of polarization of the electron magnetic field

to the data magnetic field.
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prOV|d|ng a pIurallty of spln pol arized el ectrons, - and

30 I - R D
‘ ] ' * N N *

27

| ‘6. An apparatus for rcadmg data’ stored as a dxrecnon of polanzauon _
of a data magnetlc ﬁeld exhlbltmg a magnetlc amsotropy perpendlcular o
 a surface, compnsmg | ' | o
an electron source for prov1d1ng a spm-polanzed electron havmg an
electron magnetlc field, the electron magnetic field having a direction of
g -polanzauon correspondmg fo one of ﬁrst and second data values;
| an electron deﬂector for dlrectmg the spm—polanzed electron at the
- data magnetxc field; and -
" an electron’ dctector for detectmg as' the first data value, a
d_eﬂec,uon of the sp_m-po_larlzed declron by tl_lc data magneuc field when'
~ the direction "of pblai’ization of the data magnetic field is opposité the -
direction of polarization of the _electron- magnetic ﬁeld and detecting, as
the second data value, an atiraction bf thg-'spin-pol'arized electron by the
data magnetic field when the direction of polarization of the data magnetic
field is the same as the-diréc_tidn'of_ pbl'arization of the electron magnetic

field.

7. An dpparatus for reading data'stOted__aé a direction of polarization
of a data magnetic field created in a magnetic medium, exhibiting a
magnetic anisotropy perpendicular to a surface of the magnetic medium,
comprising: | |

| an electron source for prc_widing a spin-pdlarizéd electron having an
clectron magnetic field, the electron magnetic field having a direction of

polarization corresponding to one of first and second data values;
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wherein'the step of directing.the spin-polarized electron at.-the data
magneti c field includes the steps o ting the pIurallty of
spi n-pol ari zed el ectrons:i nto-a spi Imllllwmllmm On beam .

focusing the spin- ‘polarized el ectron*befmtany s * directing the
spi n-pol ari zed el ectron beam at the data nm ;%gnetlc;field.j ' 22. - The
net hod of -clai m 4, wherein. the step of- det®tti.ng the first -or second

characteristic of - the secondary,electron i ncl udes the step of .detecting at
| east one of an energy and a spin of the secondary el ectron. - 23.
The apparatus of claim5, further conprising an extractor for’ ‘extracting

the spin- polarlzed e'GQéiégkééé”Bééfactor for dlrectlng the spln— .
polarlzed electron at the data magnetlc field so that the
magnetlc medium produces a secondary electron, the secondary
electron having a flrst characterlstlc correspondlng to the

first data value when the dlrectlon of polarxzatlon of the
data magnetic field is opposite the’ direction of polarlzatlon.
of the electron magnetlc fleld ‘and the secondary electron
having a second characterlstlc correspondlng to the second
data value when the direction of polarization of the data
magnétic field is the same as the direction of polarization
of the electron magnetlc field; and o

an electron detector for detectlng the first or
second characterlstlc of tho secondary.electron.

' ‘8. The. data'storage device of claim -1, wherein the
substrate comprises. a non-magnetic and eiectrlcally
nonccnductlve material. '

"9. - The data storage dev1ce of clalm 1, wherein the
non-magnetic and electrically nonconductlvo material includes’
at least one of a glass, a'ceramic. and'a_orystél structure.

" 10. The data storage device of claim 1, wherein the
data étorage layerx comprises Fe arranged in a body centered
-tetragonal lattice hav1ng an average thlckness of three
atomic layers. .

| 11. The data-: storage device -of claim 1, wherein the

. data storage layer comprises at least one metal from the’

‘three periodic table transition series. _

12. The data storage dev1ce of clalm 11, wherein the
metal includes at least one of Co, Nl, Ir, and Mo.

13. The data storage dev1ce of claim 1, wherein the
data storage layer further lncludes an allgnment area.

14. The data storage device of claim 13, wherein the
alignment area comprises an glectricaily conductive material
electrically insulated from the doté storage layer. |

15. The data storage device of claim 1, wherein the
data storage layer has at least one of a three dimensionall

- curved surface and a planar surface.
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.electron source.. 24 The apparatus of claimb5, wherein the el ectron
source provides a plurality of spin-polarized el ectrons and wherein the

el ectron defl ector 1T ncludes: - a collimator for collimating the
plurality of ectrons into a spin-polarized el ectron
beam m,muﬂg'ﬂﬂ"ﬁfgm“nt for focusing the spin-polarized el ectron
beam et rg el enent gr directing the spin-polarized
electron beam at the data magnetic field: 25. The apparat us of

claim?24, wherein the collimtor includes a first electrostatic |ens, the

focusing el enent includes a second el ectrostatic, |lens, apd the
16. The wmet od of claim 2, whereln the step. of.

providing the spln—polarlzed electron includes the §§epqo£
extracting the spin-polarized electron from a sp;n—pﬁi%rized
electron source. ' )

17. The method of claim 2, wherein the step of
providing the spin-polarized electron includes the step of
providing a plurality of spin-polarized electrons, and
wherein the step of directing the spin-polarized electron at
the data magnetic field includes the steps of:

collimating the plurality of spin-polarized electrons
into a spin-polarized electron beam; -

focusing the spin-polarized electron beam; -gnd

directing the spin-polarized electron beam at. the
data magnetic field. | |

18. The wmethod of claim 3, wherein the step of
providing the spin-polarized electron includes the step of
extracting the spin-polarized electron from a spin-polarized
electron source.

13. The method of claim 3, wherein the step of
providing the spin-polarized electron includes the step of
providing a plurality of spin-polarized electrons,ﬁadh:
wherein the step of directing the spin—polarized-éﬁﬁé;ﬁon at
the data magnetic field includes the steps of: B

collimating the plurality of spin—polarizeé'electrons
into a spin-polarized electron beam; . |

focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at the
data magnetic field.

20. The method of claim ¢, wherein the step of
providing the spin-polarized electron includes the stgp of
extracting the spin-polarized electron from =a spif« poxpruzed
electron source.

21. The method of claim 4, wherein the stép'd&
providing the spin-polarized electron includes the step-of
providing a plurality of spin-polarized electrons, and
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defl ecting elenent I ncludes a m crodefl ector. 26. The apparatus of
“claimb5, furthér conprising a blanking elenent for disabling an effect of

t he spin- pola “ ﬂm“u“d The apparatus of claimb5,
wherein the eI&““ uctive enV|ronnent is a vacuum
28. -The apparattus® ochI%|ﬁ|6 furtherggonprising an extractor, for

extracting the spin-polarized electron fromthe electron source.

wherein the step of directing the spin-polarized electron at
the data magnetic field includés the steps of:

collimating the plurality of spin-polarized electrons
into a spin-polarized electron beam;

] focusing the spin-polarized electron beam; and

directing the spin-polarized electron beam at;the
data magnetlc field.

22. The wethod of claim 4, wherein the step of

. dececring the first or second characteristic ot the secondary
electron includes the step of detecting at least one of an
energy and a spin of the secondary electron.

23. The apparatus of claim 5, further comprising an
extractor for extracting the spin-polarized electron f£rom the
electron source.

_ 24. The apparatus of c¢laim 5, wherein the electron
source provides a plurality of spin-polarized elect¥ohspana
wherein the electron deflector includes:

a2 collimator for collimating the pluralit¥=éffsbin;
polarized electrons into a spin-polarized electron beaw;

a focusing element for focusing the spin-polarized
electron beam; and .

a deflecting element for directing the spin-polarized
electron beam at the data magnetic field.

25. The apparatus of claim 24, wherein the
collimator includes a first electrostatic lens., the fpcusing
element includes a second electrostatic lens, anqﬁtheg- | '
deflecting element includes a microdeflector.

26. The apparatus of claim 5, further cbmpiising a
blanking element for disabling an effect of the spin-
polarized electron.

27. The appératus of ¢laim S, wherein the
electrically nonconductive environment is a vacuum.

28. -The appaxatus of claim 6, further comprising an

eytractor for extracting the spin-polarized electron from the
electron source.
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.29 The apparatus of claim6, wherein the electron source prov1des a .
pIurallty of spin-polarized electrons and"

* [ L [} S *

31

29. The apparatus of claim 6, wherein the electron
source provides a plurality of spin-polarized electrons jand
wherein the electron deflector includes:

a. collimator for collimatiné the plurality df%?pin-
polarized electrons into a spin-polarized electron beam;
a focusing element f{or focusing the spin-polarized

electron beam; and

-~

a deflecting element for directing the spin-polarized
elcctron beam at the data magneticlfield(

30. The apparatus of claim 29, wherein the

collimator includes a first electrostatic lens, the focusing

elemcnt includes a second electrostatic lcns, and the

deflecring element includes a microdeflectoxr.

31. The apparatus of claim 6, further compzisfing a
blanking element for disabling an effect of the spin-
polarized electron beam.

32. The apparatus of claim 6, wherein the electyon
detector includes an électrically conducrive material
configured to detect the deflection of the spin-polarized
electron by the data magnetic field.

33. The apparatus of claim 7, further comprising an

extractor for extracting the spin-polarized electron from the
electron source.

34. The apparstus of claim 7,  wherein the éiEctron

source provides a plurality of spin-polarized electrons and
vherein the electyxon deflector includes:

a collimator for collimating the plurzlity of spin-
polarized electrons into a2 spin-polarized clectron beam;
- a focusing elemcnt for focusing the spin- po‘arlzed

electron beam: and

-
(-8

deflectlng element ‘for directing the spin- polarized
electron beam at the data magnetic field,

-—

35. The apparatus of claim 24. wherein Ehg i

collimator includes a first electrostatic lens, thé focusing

element includes a second electrostatic lens, and the

deflecting element. includes a microdeflector.
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_wWherein the electron deflector includes: a collimtor for
collimating the plurality of spin- polarized electrons into a

spi n-pol ari zeﬁ I H m o a focusing el enent for focusing t he
spi n-pol ari ze lm nﬂun m" ﬁt "Iahd a deflecting el enment for
directing the $pif-pbl dtiZed*el ectron beam at the data magnetic field.

30. The apparatus of claim?29, wherein 3%e collimtor includes a first
el ectrostatic | ens t he focusing- el enment includes a second electrostatic

lens, and th . od .3
Tho hpparat s 86 cl ANABPF P E DT RenGom R BT B Ry CEB SHNE oF

di sabling an eﬁfsﬁﬁtmgfantéfﬁadﬂbif the spinpolarized electron.

37. The apparatus of claim 7, whercin the electron detector includes an
clectrically conductive. material configured to detect the secondary

electron.

38. The apparatus of claim 7, wherein each of the first and .secord
characteristics of the secondary electron includes at least one of an energy

and a spin of the secondary electron.

39. A data storage medium as described hereinbefore with reference (o

the accompanying drawings.

40. A method of storing data as described hereinbefore with referénce

to the accompanying drawings.

41. A method of reading data as described hereinbefore with reference

to (he accompanying drawings.

42.  An apparatus for storing data as described hereinbefore with

reference to the accompanying drawings.

43.  An apparatus for reading data as described hereinbcf;orb' \a;i‘th

reference to the accompanying drawings.
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pol ari zed el ectron beam 32.: The apparatus of claim®6, wherein
the el ectron detector includes an electrically conductive materi al _
configured to detect the deflection of the spin-polarized electron by the
data nmagnetic field. 33. The apparatus of claim?7, further
conprising an extractor for extracthg}the spi n-pol ari zed el ectron fromthe
el ectron source 34. The appa3atus of claim?7, wherein the

el ectron source provides a plurality of spin-polarized electrons and
wherein the el ectron defl ector includes: a collimator for co

imating the plurality of spin- polarized electrons into a spin-polarized
el ectron beam  paApA STORAGE MEDIUM FOR STORING DATA AS

A POLARIZATION OF A DATA MAGNETIC FIELD AND
METHOD AND APPARATUS USING SPIN-POLARIZED
ELECTRONS FOR STORING THE DATA ONTO THE DATA STORAGE
MEDIUM AND READING THE STORED DATA THEREFROM

ABSTRACT OF THE DISCLOSURE

A data storage medium comprising a substrate and a
data storage layer formed on the substrate. The data storage
layer comprises a fixed number of atomic layers of a magnetic
material which provide the data storage layer with a magnetic
anisotropy perpendicular to a surface of the data storage
layer. - A data magnetic field is created in the data storage
layer. The data magnetic field is polarized either in a
first direction corresponding to a first data value or in s

<
second direction corresponding to a second data value.

Data
is stored in the data storage layer by providing a spin-
polarized electron having an electron magnetic field with a
direction of polarization corresponding to one of the first
and the second data values, and directing the spin-polarized
electron at the data magnetic field to impart the direction
of polarizaEion of the electron magnetic field tc the data
magnetic field. Data is read from the data storage layer by
directing the spin-polarized electron at the data magnetic
field and detecting a deflection or ‘attraction of the spin-
polarized electron by the data magnetic field.
Alternatively, data is read from the data storage layer by
directing the spin-polarized electron at the data magnetic
field so that the wmagnetic med{am produces a secondary

electron and then detecting certain characteristics of the
secondary electron.

FIGURE 1
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a focusing el ement for focusing the spln polarlzed el ectron beam and _
a deflecting el ement for directing the spin-polarized electron beamat the’
data magnetic field 35. The ‘apparatus of claim34, wherein the
collimtor-includes a first electrostatic lens, the focusing elenent

i ncl udes a second el ectrostatic Iens ang/qge defl ecting el enent

I ncl udes a nlcrodeflector ' _ .
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32 36 The apparatus of claim7, further conprising a bl anking el enent
‘for disabling an effect of the spinpolarized el ectron. 37. The )
apparatus of claim7, wherein the electron detector includes an

el ectrically conductive materi al éo/néi gured to detect the secondary

Vi2

Vi3

U4

FIG 4(a)
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electron 38. The apparatus of claim7, wherein each of the first and
second characteristics of the secondary el ectron includes at | east one of
an energy and a spin of the secondary el ectron. 39. A data storage
medi um as descri bed hereinbefore with -e/érence to the accompanyi ng

dr awi ngs. )
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40. A nmethod of storing data as described hereinbefore with reference to
"the acconpanyi ng draw ngs. 41. A net hod of

readi ng data as descri bed
her ei nbefore with reference to the acconpanyi ng draw ngs. 42. An
apparatus for storing data as describeqxp%geinbefore with reference to the
acconpanyi ng draw ngs
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43. An apparatus for reading data as describe hereinbefore with
- reference to the acconpanyi ng draw ngs. '
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