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ABSTRACT

A spin polarized ion beam generation apparatus (30) can
efficiently generate a spin polarized ion by using a pumping
light generator (33) to an ion in a high frequency discharge
tube (15) to irradiate optical pumping (33,34) by circularly
polarized light and linearly polarized light orthogonal to each
other to a metastable atom. For example, a polarized helium
ion beam having a spin polarization rate that exceeds 18% and
that is as high as 25% can be generated. The spin polarized ion
beam generation apparatus (30) also can be applied to a
processing apparatus and an analysis apparatus that can irradiate a polarized ion beam to a specimen. According to the
spin polarized ion scattering spectroscopy apparatus, the spin
status in a region at a depth of about 2 to 3 atomic layers from
the surface of the specimen can be measured while discriminating the elements from the atomic layer with a reduced
measurement time and with a high accuracy impossible in the
conventional technique.
30 Claims, 19 Drawing Sheets
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SPIN POLARIZED ION BEAM GENERATION
APPARATUS AND SCATTERING
SPECTROSCOPY APPARATUS USING THE
SPIN POLARIZED ION BEAM AND
SPECIMEN PROCESSING APPARATUS

Conventionally, as disclosed in Non Patent Document 2,
the polarization of a helium ion has been provided by an
optical pumping using circularly polarized light having a
wavelength of the D, line corresponding to the transition of
metastable helium atom 2 3 S 1 to 23P 1 . Techniques for using
circularly polarized light and linearly polarized pumping
light that are orthogonal to each other to generate a spin
polarized electron out of a metastable helium atom are disclosed in Non Patent Documents 3 and 4.
This conventional technique provides a polarization rate of
a helium ion of 18%. A polarized helium ion having a polarization rate equal to or higher than 18% has been impossible.
Thus, it was difficult to prevent the surface contamination
during the measurement, and there has been the limitation on
the measurement result.
In a processing such as a surface reforming by using polarized ion beam, there has caused a limitation of processing
accuracy due to the low polarization rate of the polarized ion
beam.
The analysis for the identification of elements of the magnetic structure is possible by using the conventional techniques such as neutron scattering (Non Patent Document 5)
and magnetic circular dichroism spectroscopy (Non Patent
Document 6). However, these techniques are not sensitive to
the surface of analyzed specimen, it was impossible to analyze the magnetic structure limited to a few atomic layers of
the surface.
On the other hand, the conventional techniques such as the
spin polarized photoelectron spectroscopy (Non Patent
Document 7) and the spin polarized metastable atom deexcitation spectroscopy (Non Patent Document 8) have the sensitivity to the surface. Since these techniques have no capability to identify elements, it is impossible to analyze the
magnetic structure by discriminating an element from an
atomic layer.
As described above, the conventional techniques could not
provide an analysis of the magnetic structure by discriminating the elements in a few atomic layers of the surface.
Furthermore, it was possible to analyze the composition
and structure of the surface and interface by the conventional
ion scattering spectroscopy (Non Patent Document 9). However, an analysis of the spin in the surface and interface of a
specimen could not be achieved.
In other words, while the elucidation of the magnetic structure of the surface and interface has been important in the
development of new devices, it has been impossible to analyze to select elements from the outermost surface of about 2
to 3 atomic layers by using the conventional analysis techniques.
Non Patent Document 1: L. D. Schearer, Physical Review
Letters, 22, (1969), 629.
Non Patent Document 2: D. L. Bixler, Review of Scientific
Instruments, 70, (1999), 240.
Non Patent Document 3: S. Essabaa et al., Nuclear Instruments and Methods in Physics Research, A334, (1994),
315-318.
Non Patent Document 4: L. D. Schearer et al., Physical
Review A, Vol. 42, No. 7, (1 Oct. 1990), 4028-4031.
Non Patent Document 5: C. G. Shull et al., Physical Review,
84, (1951), 912.
Non Patent Document 6: Makoto Imada, Butsuri (Membership Journal of the Physical Society of Japan), 55, (2000),
20.
Non Patent Document 7: P. D. Johnson et al., Journal of
Physics, Condensed Matter, 10, (1998), 95.
Non Patent Document 8: M. Onellion et al., Physical Review
Letters, 52, (1984), 380.
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TECHNICAL FIELD
The present invention relates to a spin polarized ion beam
generation apparatus, a scattering spectroscopy apparatus
through which spin polarized ion beam generated by this
generation apparatus is emitted to a specimen and an ion
scattered from the specimen is subjected to spectroscopy to
investigate the magnetic characteristics of the surface and
interface of the material, and an apparatus that uses the spin
polarized ion beam to subject the specimen to a reforming
processing for example.
The following terms are herein used as having the following meanings.
Polarization Rate:
When assuming that the numbers of ions having an upward
spin and a downward spin are nT and n respectively, a
polarization rate is defined by (n —n )/(n +n). Herein, the
polarization rate is multiplied with 100 and the resultant rate
is expressed by percentage. When a type of ion is specified,
n T is shown as NM, wherein M is ion name. For example, the
number of polarized monovalent helium cations having an
upward spin is shown as NHe+T . In the present invention, the
term "polarization" means polarization by spin (i.e., spin
polarization).
Symbols Such as D o Line, D, Line, D2 Line, 23 S i :
The energy level of a metastable helium atom 2 3 S, related
to an optical pumping will be described with reference to FIG.
19. The spin polarization of the metastable helium atom 2 3 S 1
by an optical pumping uses the transition between 2 3 S, and
23P. This 23P level has a fine structure by the spin-orbit
interaction. The transition from 2 3 S 1 to them is called the D o
2 line in an order of a higher transition line,Dad
energy. The symbols of the D o line, D, line, and D2 line used
herein mean, unless otherwise specified, the transition of the
metastable helium atom 2 3 S 1 to 23P.

10
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TECHNICAL BACKGROUND
Non Patent Document 1 reported that the spin polarized
helium ion is generated by Penning ionization of optical
pumped metastable helium atom (He*(2 3 5 1
The Penning ionization is represented by the following
reaction formula (1),

45

)).

He*+He*_He*+He+e

5o

(1)

where He* represents a metastable helium atom, He represents a monovalent helium cation, and e represents an electron. In this reaction, a spin angular momentum component of
helium is conserved.
Thus, when metastable helium atom (He*) is subjected to
an optical pumping and is spin polarized, then an electron of
the generated helium ion (Hem) is also spin polarized. In the
present invention, such an ion is called a polarized ion or a
spin polarized ion.
In the case of a method of using the polarized ion beam to
inspect the magnetic property of the surface and interface of
material, the measurement time must be minimized in order
to prevent the surface contamination during the measurement
because the polarized ion beam is very sensitive to the surface.

55

60

65

US 8,017,920 B2
3
Non Patent Document 9: D. P. Smith, Journal of Applied
In order to achieve the second object, the present invention
provides a spin polarized ion scattering spectroscopy appaPhysics, 38, (1967), 340.
ratus including: a spin polarized ion beam generator; a spin
Non Patent Document 10: W. Rapper, Review of Modern
polarized ion beam line that irradiates a spin polarized ion
Physics, 44, (1972), 169.
Non Patent Document 11: M. Aono and R. Souda, Japanese 5 beam generated from the spin polarized ion beam generator to
a specimen; and a measurement section that measures energy
Journal of Applied Physics, 24, (1985), 1249.
of ions scattered by interaction of the specimen with the spin
Non Patent Document 12: Taku Suzuki, Extended Abstracts
polarized ion beam, wherein the spin polarized ion beam
of the 53rd Spring Meeting, The Japan Society of Applied
generator including: a high frequency discharge tube for ion
Physics and Related Societies, Tokyo, No. 2, (2006), 782.
Non Patent Document 13: R. Souda et al., Surface Science, io generation; a laser oscillator; and a pumping light generator
that divides a laser light from the laser oscillator to two lights
179, (1987), 199.
of a circularly polarized first pumping light and a linearly
polarized second pumping light to emit these lights to the high
DISCLOSURE OF THE INVENTION
frequency discharge tube with an irradiation angle difference
15 of 90 degrees therebetween, wherein an extraction electrode
Problems to be Solved by the Invention
for extracting the polarized ion is provided to the high frequency discharge tube.
Accordingly, a first object of the present invention is
In the above configuration, the polarized ion beam is prefdirected to a spin polarized ion beam generation apparatus
erably extracted in a direction orthogonal to both of the cirsubstantially obviate the problems due to limitations and
disadvantages of the related art mentioned above. The spin 20 cularly polarized light and the linearly polarized light. The
high frequency discharge tube preferably includes a repeller
polarized ion beam generation apparatus of the present invenelectrode opposed to the extraction electrode. The extraction
tion has a high polarization rate exceeding 18% so that the
electrode preferably includes a fine pore like structure. The
measurement time can be reduced to provide accurate meapumping light generator includes a circularly polarized light
surement and processing impossible by the conventional
25 controller that controls a circularly polarized light of the first
techniques.
pumping light in a clockwise or a counterclockwise direction.
A second object of the present invention is to provide a spin
The laser oscillator preferably outputs laser light with a wavepolarized ion scattering spectroscopy apparatus that can serve
length adjusted so that a polarization rate of a metastable atom
the analysis of the magnetic structure of a layer close to the
as a base of an ion is maximum, the polarization rate being
outermost surface, e.g., 2 to 3 atomic layers, in the outermost
30 calculated by a measurement of absorption of probe laser. The
surface by discriminating elements from the atomic layers.
spin polarized ion scattering spectroscopy apparatus preferA third object of the present invention is to provide a
ably includes a specimen stage that can control an incident
specimen processing apparatus using a spin polarized ion
angle to a spin polarized ion entering the specimen. Preferbeam that can emit spin polarized ion to a specimen to process
ably, the ion is a helium ion, the first and second pumping
the specimen.
35 lights have a wavelength of a D o line, and the probe light has
Means for Solving Problem
a wavelength of a D o line.
In another aspect, the present invention provides a spin
In order to achieve the first object, the present invention
polarized ion scattering spectroscopy using the spin polarized
provides a spin polarized ion beam generation apparatus
ion scattering spectroscopy apparatus as mentioned above
comprising: a high frequency discharge tube for ion genera- 40 including: a step of causing spin polarized ion to enter a
tion; a laser oscillator; and a pumping light generator that
specimen; a step of measuring scattered ions from the specidivides a laser light from said laser oscillator to two lights of
men; and a step of measuring scattered ion intensities with
a circularly polarized first pumping light and a linearly polarregard to respective spins of incident ion species to analyze a
ized second pumping light to emit these lights to said high
magnetic structure of a surface of the specimen based on a
frequency discharge tube with an irradiation angle difference 45 dependency of the specimen on a spin of a probability at
of 90 degrees therebetween, wherein an extraction electrode
which an ion enters the specimen is neutralized.
for extracting a polarized ion is provided to said high freIn the above configuration, the spin polarized ion scattering
quency discharge tube.
spectroscopy preferably includes: a step of detecting the scatIn the above configuration, the polarized ion beam is preftered ion intensity by an electrostatic analyzer to analyze a
erably extracted in a direction orthogonal to both of the cir- 50 magnetic structure of a surface of a specimen based on a
cularly polarized light and the linearly polarized light. The
difference in the scattered ion intensity depending on a direchigh frequency discharge tube preferably includes a repeller
tion of a spin of an ion. The spin polarized ion scattering
electrode opposed to the extraction electrode. The extraction
spectroscopy preferably includes: a step of measuring a
electrode preferably includes a fine pore or aperture so as to
dependency of the scattered ion intensity on an incident angle
reduce the evacuation conductance. The pumping light gen- 55 of the spin polarized ion to the specimen; and a step of
erator preferably includes a circularly polarized light controlanalyzing a spin while discriminating, based on the measureler that controls the circularly polarized first pumping light in
ment of the scattered ion intensity, an atomic layer from an
a clockwise or a counterclockwise direction. The laser oscilelement in a direction of the depth from a surface of the
lator preferably outputs a laser light with a wavelength
specimen. The spin polarized ion scattering spectroscopy
adjusted so that a polarization rate of a metastable atom as a 60 preferably includes: a step of analyzing a magnetic structure
base of an ion is maximum, the polarization rate being calof a surface of said specimen based on a detected amount by
culated by a measurement of absorption of probe laser. Prefan electrostatic analyzer before and after changing a direction
erably, the ion is a helium ion, the first and second pumping
of a spin of the spin polarized ion.
lights have a wavelength of a D o line, and the probe light has
In order to achieve the third object, the present invention
a wavelength of a D o line. The high frequency discharge tube 65 provides a specimen processing apparatus using spin polarpreferably has therein a helium pressure of 15 Pa or more and
ized ion beam including: a spin polarized ion beam generator;
50 Pa or less.
a spin polarized ion beam line that irradiates a spin polarized
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5
ion beam generated from said spin polarized ion beam generator to a specimen; and an ultrahigh vacuum chamber that is
irradiated a shaped spin polarized ion beam from said spin
polarized ion beam line to said specimen thereof, wherein
said spin polarized ion beam generator including: a high
frequency discharge tube for ion generation; a laser oscillator;
and a pumping light generator that divides a laser light from
said laser oscillator to two lights of a circularly polarized first
pumping light and a linearly polarized second pumping light
to emit these lights to said high frequency discharge tube with
an irradiation angle difference of 90 degrees therebetween,
wherein an extraction electrode for extracting said polarized
ion is provided to said high frequency discharge tube.
In the above configuration, the polarized ion beam is preferably extracted in a direction orthogonal to both of the circularly polarized light and the linearly polarized light. The
high frequency discharge tube preferably includes a repeller
electrode opposed to the extraction electrode. The extraction
electrode preferably includes a fine pore. The pumping light
generator includes a circularly polarized light controller that
controls a circularly polarized light of the first pumping light
in a clockwise or a counterclockwise direction. The pumping
light generator preferably includes a circularly polarized light
controller that controls the first pumping light of the circularly polarized light in a clockwise or a counter clockwise
direction. The laser oscillator preferably outputs laser light
with a wavelength adjusted so that a polarization rate of a
metastable atom as a base of an ion is maximum, the polarization rate being calculated by a measurement of absorption
of probe laser. The specimen processing apparatus preferably
includes a specimen stage that can control an incident angle to
a spin polarized ion entering the specimen. The spin polarized
ion beam line preferably includes a lens having a fine pore
functioning as an evacuation hole and the lens is made of non
magnetic material. The ion is a helium ion and the first and
second pumping lights have a wavelength of a D o line.
Effect of the Invention
According to the spin polarized ion beam generation apparatus of the present invention, the spin polarized ion beam
having a polarization rate 1.5 times or more higher than that of
the conventional technique can be achieved. In the measurement with the same accuracy as that used in the conventional
technique, the measurement time could be reduced to 2/3 times
or shorter than that of the conventional technique.
According to the spin polarized ion scattering spectroscopy apparatus of the present invention, the surface spin
analysis can be carried out so that elements and atomic layers
can be discriminated at a depth of 2 to 3 atomic layers from the
outermost surface of the specimen. Thus, the analysis of the
magnetic structure can be achieved at a region at a depth of
about 2 to 3 atomic layers from the outermost surface.
Furthermore, according to the spin polarized ion scattering
spectroscopy apparatus of the present invention, the spin
polarized ion is caused to enter the surface of the specimen.
The energy analysis of the scattered ion can be measured with
regard to the respective spins of the incident ion (i.e., spin
polarization measurement) to measure the spin dependence
of a probability at which an ion entering the surface of specimen is neutralized.
According to the specimen processing apparatus using spin
polarized ion beam of the present invention, the outermost
surface of the specimen can be processed by spin polarized
ion beam. Even when the same processing method as in the
conventional technique is used, this specimen processing
apparatus can realize such a processing accuracy based on the

6
spin dependence of the interaction between ion and the object
to be processed that is 1.5 times or more higher than in the
conventional case. The highly polarized ion beam enabled by
the present invention can be used for the reforming of a
5 specimen or the control of the spin in a step of manufacturing
a device using spin conduction for example, thus providing
more sophisticated material.
BRIEF DESCRIPTION OF DRAWINGS
10

In the drawings:
FIG. 1 is a schematic view illustrating the configuration of
a spin polarized ion beam generation apparatus according to
15 the first embodiment of the present invention;
FIG. 2 is a schematic view illustrating a system for evaluating the polarization rate of a polarized ion generated in the
spin polarized ion beam generation apparatus of FIG. 1;
FIGS. 3A to 3C illustrate an example of the configuration
of
a high frequency discharge tube, in which FIG. 3A is a front
20
cross sectional view of the high frequency discharge tube,
FIG. 3B is a left side view of the high frequency discharge
tube and FIG. 3C is a right side view of the high frequency
discharge tube;
25
FIG. 4 is an enlarged cross sectional view illustrating an
example of an extraction electrode;
FIGS. 5A and 5B illustrate an example of an orifice plate of
FIG. 4, in which FIG. 5A is a front cross sectional view of the
orifice plate and FIG. 5B is a right side view of the orifice
30 plate;
FIG. 6 is a cross sectional view schematically illustrating a
part of the configuration of a polarized ion beam shaping
section;
FIG. 7 is a schematic view illustrating the configuration of
35
a pumping light wavelength adjuster used for the spin polarized ion beam generation apparatus;
FIG. 8 is a schematic view illustrating the configuration of
a spin polarized ion scattering spectroscopy apparatus
40 according to the second embodiment of the present invention;
FIG. 9 is a schematic view illustrating a specific configuration of the spin polarized ion scattering spectroscopy apparatus according to the second embodiment;
FIG. 10 is a front view illustrating an example of the
45 configuration of an ultrahigh vacuum chamber;
FIG. 11 is a top view illustrating an example of the configuration of the ultrahigh vacuum chamber;
FIGS. 12A and 12B illustrate ion scattering spectroscopy,
in which FIG. 12A is a schematic view of the ion scattering
50 spectroscopy and FIG. 12B illustrates a spectroscopy spectrum obtained by the ion scattering spectroscopy;
FIGS. 13A, 13B, and 13C illustrate the spin polarized ion
scattering spectroscopy, in which FIG. 13A is a schematic
view of the spin polarized ion scattering spectroscopy, FIG.
55 13B illustrates spectroscopy spectra obtained by the spin
polarized ion scattering spectroscopy and FIG. 13C illustrates a difference spectrum of the spectroscopy spectra corresponding to the respective spins obtained in FIG. 13B;
FIG. 14 is a schematic view illustrating the configuration of
6o a specimen processing apparatus using spin polarized ion
beam according to the third embodiment of the present invention;
FIG. 15 is a graph that shows the result of Illustrative
Example 1 and that shows a change in the polarization rate in
65 accordance with a change in the helium pressure;
FIG. 16 illustrate graphs in the surface of the iron (100)
adsorbing oxygen, in which (A) illustrates an ion scattering
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spectroscopy (ISS) spectrum and (B) illustrates a spin polarized ion scattering spectroscopy (SP-ISS) spectrum and a
spin asymmetricity rate;
FIG. 17 is a graph showing the incident angle dependence
of the spin polarized ion scattering spectroscopy in the surface of the iron (100) and also shows the spin asymmetricity
rate to a specific incident angle;
FIG. 18 illustrates a geometric relation between shadow
cones and atom positions in a focusing effect corresponding
to peaks (1) to (4) of FIG. 17; and
FIG. 19 illustrates energy levels related to the optical
pumping of metastable helium atom 2 3 S 1

5

10
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DESCRIPTION OF THE REFERENCE
NUMERALS
1: Laser oscillator
2: Optical fiber amplifier
3: Optical fiber connector
4, 8, 67: Lens
5, 10: Half wavelength plate
6, 56: Half mirror
7, 65: Quarter wavelength plate
9, 9A, 58, 59, 64, 66: Mirror
11: Concave mirror
12, 15: High frequency discharge tube
15A: Main body
15B: Flange
15C: He gas inlet
15D: He gas outlet
15E: Wiring port
15F: Extraction electrode insertion section
13: Coil
14, 87: DC power source
16: High frequency electrode
17: Extraction electrode
17A: Orifice plate retainer
17B: Orifice plate
17Ba: Cylindrical section
17Bb: Orifice plate section
17Bc: Screw section
17C: Cylindrical section
17D: Flange
18: Matching unit
19: High frequency power source
20: Repeller electrode
21: Condenser lens
22: Focusing lens
23, 26: Deflector
24: Einzel lens
25: Decelerator
27, 73: Specimen (O/Fe/MgO magnetic substrate)
28: Spin polarized ion beam
30: Polarized ion beam generation apparatus
31: High frequency discharger
32: Magnetic field applicator
33: Pumping light generator
34: First pumping light (circularly polarized light)
35: Second pumping light (linearly polarized light)
36, 36A: Polarized ion beam shaping section
38: Glan laser prism
39: Flange
41, 81: Electrostatic analyzer
42: Secondary electron multiplier
43: Preamplifier
44: Multichannel scaler
45, 82: Computer

15

20

25

30

35

40

50: Pumping light wavelength adjuster
51: Probe light oscillator
52: Transmitted light measurement section
53: Probe light laser oscillator
53A: Probe light laser oscillator power source
54, 54A, 54B, 54C, 54D, 54E: Probe light
55: Beam splitter
57, 68: Slit
60: Probe helium discharge tube
61: Light detector
62: Lock-in amplifier
63: Attenuator
69: Transmitted light detector
70: Spin polarized ion scattering spectroscopy apparatus
71: Spin polarized ion beam generator
72: Spin polarized ion beam line
74, 103: Ultrahigh vacuum chamber
75: Measurement section
76: Optical pumping irradiation light
77: Helium gas inlet
78: High frequency helium ion source
79, 80: Differential evacuation port
81A: Electrostatic analyzer power source
84: Circularly polarized light controller
84A: Motor
84B: Motor driving section
85: Specimen magnetization section
86: Specimen magnetization coil
88: Capacitor
89: Switch
90: Mount stand
91: Vacuum evacuation section
93, 95, 97: Port
94: Stern Gerlach analyzer
96: RHEED
98: Manipulator
99: Specimen carrying section
100: Specimen processing apparatus using spin polarized
ion beam
101: Object to be processed
102: Specimen holding section
THE BEST MODE FOR CARRYING OUT THE
INVENTION

45

First Embodiment

50

55

6o

65

Hereinafter, the present invention will be described in
detail with reference to embodiments shown in the drawings.
First, a spin polarized ion beam generation apparatus
according to an first embodiment will be described.
FIG. 1 is a schematic view illustrating the configuration of
a spin polarized ion beam generation apparatus 30 according
to an first embodiment. The spin polarized ion beam generation apparatus 30 is composed of: a high frequency discharger
31 made of a high frequency discharge tube 12 or the like; and
a magnetic field applicator 32; and a pumping light generator
33 that generates pumping lights.
Gas consisting of atoms for making polarized ion is introduced into the high frequency discharge tube 12. Application
of the high frequency power source 19 or the like forms
plasma to ionize atoms in a metastable status. A magnetic
field (see ¶B of FIG. 1) is applied to the high frequency
discharge tube 12 from the magnetic field applicator 32.
Then, a first pumping light 34 and a second pumping light 35
orthogonal to each other are emitted from the pumping light
generator 33 to turn ions in the high frequency discharge tube
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12 into a polarized ion beam to emit the beam in a direction
helium atom 2 3 S, to 23P0 . The each line width of the first and
vertical to the paper (direction Z).
the second pumping lights 34 and 35 is 2 GHz or less.
In the present invention, the generated spin polarized ion is
On the other hand, the mirror 9 and the concave mirror 11
not limited to those obtained by the high frequency discharge.
are adjusted so that a light passed the half mirror 6 is emitted
The generated spin polarized ion also may be any ion so long 5 to high frequency discharge tube 12. The second pumping
as that the polarized ions can be generated by emitting the
light 35 of linearly polarized light (also called pie (t) light) is
pumping lights 34 and 35 to ions generated by the discharge.
irradiated in a direction adjusted to be vertical to the magnetic
The pumping light generator 33 is an irradiation apparatus
field made by the coil 13. Further, a polarization direction is
for carrying out the optical pumping to the high frequency
adjusted by the half wavelength plate 10 in order to allow a
discharge tube 12. The pumping light generator 33 is struc- io polarization component of the linearly polarized light to be
tured to include: a laser oscillator 1 such as an optical fiber
parallel to the magnetic field made by the coil 13.
laser for performing the optical pumping; an optical fiber
The pumping light generator 33 has a function to divide the
amplifier 2; an optical fiber connector 3; a lens 4; a half
linearly polarized laser light emitted from the laser oscillator
wavelength plate 5; a half mirror 6; a quarter wavelength plate
1 to the circularly polarized light and the linearly polarized
7; a lens 8; a mirror 9; a half wavelength plate 10; and a 15 light and to emit these lights with an irradiation angle differconcave mirror 11.
ence of 90 degrees therebetween, i.e. perpendicular alignAn output light from the optical fiber laser is input to the
ment, to the high frequency discharge tube 12.
optical fiber amplifier 2 via the optical fiber. This input light
FIG. 2 is a schematic view illustrating a system for evaluis amplified by the optical fiber amplifier 2 and an amplified
ating the polarization rate of a polarized ion generated in the
light is emitted from the optical fiber connector 3 to a space. 20 spin polarized ion beam generation apparatus 30. This system
A polarizer provided in the optical fiber laser is used to adjust
also can be used as the spin polarized ion beam irradiation
in advance this emitted light to be linearly polarized light. A
apparatus 30 that emits a polarized ion to a specimen 27. The
polarization direction of an emitted light to the space is
spin polarized ion beam generation apparatus 30 of the
adjusted by the half wavelength plate 5 and a path of the
present invention can emit the spin polarized ion to the speciemitted light having an intensity that is about a half is change 25 men 27 to process the specimen 27.
by using the half mirror 6. This light having the changed path
When the plasma is generated by the application of a high
is converted to a circularly polarized light (also called as
frequency power, a matching unit 18 for impedance matching
sigma (a) light) as the first pumping light 34 by using the
is inserted in order to efficiently realize a power transmission
quarter wavelength plate 7. The first pumping light 34 is
between a high frequency electrode 16 provided in a high
irradiated to the high frequency discharge tube 12. Thus, the 30 frequency discharge tube 15 and the high frequency power
first pumping light 34 is adjusted to be the circularly polarized
source 19. The matching unit 18 can be composed of a translight by the quarter wavelength plate 7. Further, a direction
former, a coil, or a capacitor for example. The high frequency
along which of the circularly polarized first pumping light 34
electrode 16 can have an electrode configuration such as so
is adjusted to be parallel to a magnetic field generated by the
called capacitive coupling and so on. A frequency of the high
magnetic field applicator 32. Thus, the pumping light genera- 35 frequency power source 19 is not limited to a particular value
tor 33 can generate the circularly polarized first pumping light
and it may be 13.56 MHz for example.
34 and the linearly polarized second pumping light 35 from
The spin polarized ion beam 28 generated by the spin
the laser oscillator 1. Specifically, the pumping light generapolarized ion beam generation apparatus 30 is emitted via a
tor 33 serves as a light polarizer that generates the first pumppolarized ion beam shaping section 36 to the specimen 27. As
ing light 34 and the linearly polarized second pumping light 40 shown in the configuration of FIG. 2, the polarized ion beam
35.
shaping section 36 is provided with a repeller electrode 20,
In order to linearly polarize the light emitted from the
lenses 21, 22 and 24, deflectors 23 and 26, and a decelerator
optical fiber laser, the light emitted to the space also may be
25 to transport the polarized ion emitted from an extraction
polarized by the half wavelength plate 5 and a glan laser prism
electrode 17 to the specimen 27.
(not shown). The glan laser prism is a polarization prism 45
Most part of the polarized ion reaching the specimen 27 is
using calcite for example.
neutralized through the interaction with the specimen 27 to
The magnetic field applicator 32 can be composed of an
become atoms in a ground state. In this interaction, electrons
electromagnet consisting of a coil 13 and a DC power source
are emitted from the specimen 27. With regard to the respec14. The magnetic field made by the coil 13 is adjusted to be
tive directions of spins of the polarized ions, an intensity of
about 1 to 3 gauss by the DC power source 14. The magnetic 50 these electrons are measured as a function of its kinetic
field applied to the high frequency discharge tube 12 must be
energy with regard to the respective direction of spin of the
parallel to the first pumping light 34. The geomagnetic field is
polarized ions by an electrostatic analyzer 41, an secondary
about 0.5 gauss. Its direction is generally not parallel to the
electron multiplier 42, a preamplifier 43, a multichannel
ground and has a magnetic inclination. Thus, the magnetic
scaler 44, and a personal computer 45.
field in the high frequency discharge tube 12 can be parallel to 55
The polarized ion beam shaping section 36, the holding
the first pumping light 34 by the application of the magnetic
section of the specimen 27, and the electrostatic analyzer 41
field of about 1 to 3 gauss higher than the geomagnetic field.
are evacuated by a not shown vacuum evacuation apparatus so
The magnetic field made by the coil 13 exceeding 3 gauss is
as to have an ultrahigh vacuum condition of about 10 -$ Pa.
not preferred because such a high magnetic field has an influThe above evaluation system is surrounded by a not shown
ence on the orbit of the spin polarized ion. Another method for 6o Helmholtz coil to apply a definite magnetic field of the order
using a Helmholtz coil for example to cancel the geomagnetic
of 100 milligauss to the entire system. In the following
field also may be used so long as the magnetic field in the high
description, it is assumed that the polarized ion is polarized
frequency discharge tube 12 is parallel to the first pumping
helium ion made of helium.
light 34.
A direction of the polarization of helium ion (upward or
When the polarized ion beam is made of helium, a wave- 65 downward) can be controlled by changing the direction of the
length of the first and second pumping lights 34 and 35 can be
quarter wavelength plate 7 as shown in FIG. 1. Since the
the Do line corresponding to the transition of the metastable
intensity of emitted electrons by helium ion having upward
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and downward spin components is proportional to NHe+ T and
NHe+ 1„ respectively, a spin asymmetricity rate is represented
by the following formula (2).
Spin asymmetricity rate=(Nae +T - Nae+j)/{(Nae +T+
NH + y)xP}

(2)

where P is a polarization rate of spin polarized helium ion
entering thereto.
Thus, the following formula is determined based on the
formula (2).
P (Nae+T - Nae +I)/{( Nae +T +Nae+I )xspin asym-

metricity rate}

Since the measurement is carried out with regard to the
same specimen 27, a relative change in P can be calculated
with the assumption that the spin asymmetricity rate is a
constant. In other words, the measurement amount is (N H +
which is equal to the Px(spin
asymmetricity rate) and thus is proportional to the polarization rate of polarized helium ion. Thus, the change in the
polarization rate of polarized helium ion is obtained by measuring (NH +T — NHC +J)/(NHC +T +Na,+1) which is given by
the apparatus as shown in FIG. 2. As described above, this
method evaluates the helium ion polarization rate based on
the measurement of the spin asymmetricity rate. The specimen 27 is desirably made of magnetic material.
As shown in FIG. 2, the high frequency discharge tube 15
further includes the extraction electrode 17 and the repeller
electrode 20. The outer periphery of the high frequency discharge tube 15 has the high frequency electrode 16. The high
frequency electrode 16 is connected to the high frequency
power source 19 via the matching unit 18. By this configuration, the high frequency discharge tube 15 generates helium
plasma. Next, the optical pumping by the pumping light generator 33 shown in FIG. 1 serves the metastable helium atom
2 S i in this plasma to spin polarization. This polarized
helium ion can be generated by a Penning ionization reaction
of this polarized metastable helium atom (He*). In the following description, when the high frequency discharge tubes
12 and 15 are a helium discharge tube, the high frequency
discharge tubes 12 and 15 are called a high frequency helium
discharge tube conveniently.
In the case of a polarization electron source for generating
polarized electrons out of helium, the Penning ionization of
He* and CO2 gas is used. However, the Penning ionization
cross section obtained through the Penning ionization of He*
and He* is smaller than the cross section obtained through the
Penning ionization of He* and CO 2 gas. In order to generate
the Penning ionization of He* and He*, a sufficient amount of
He* must be generated. Thus, a higher amount of He gas must
be introduced to the high frequency discharge tube 15 when
compared with a case of a polarization electron source. As
will be described later, a pressure of about 10 Pa or more is
required in order to generate polarized helium ion having a
high polarization rate.
FIGS. 3A to 3C illustrate an example of the configuration
of a high frequency discharge tube 15. FIG. 3A is a front cross
sectional view of the high frequency discharge tube 15. FIG.
3B is a left side view of the high frequency discharge tube 15.
FIG. 3C is a right side view of the high frequency discharge
tube 15.
As shown in FIG. 3A, the high frequency discharge tube 15
is composed of a main body 15A and a flange 15B. The main
body 15A is made of glass or the like. The main body 15A is
composed of: the extraction electrode 17 provided at a left
end in the direction Z; the repeller electrode 20 provided at a
right end in the direction Z; a He gas inlet 15C provided from

the right end in the direction Z to the upper side in the vertical
direction (directionY); a He gas outlet 15D provided from the
left end in the direction Z to the lower side in the vertical
direction (direction —Y); a wiring port 15E; and an extraction
5 electrode insertion section 15F.
As shown in FIG. 3C, the cross sectional shape of the main
body 15A in the plane XY is composed of a circular arc and
two straight lines having ends connected to both ends of this
circular arc. The other ends of the two straight lines are
io connected to form a predetermined angle. Generally, the
polarization of reflected light entered to media having different refractive indices is different from the polarization of the
incident light. Specifically, even when the first pumping light
(a light) 34 is the perfect circularly polarized light, the
15 reflected light from the bottom face of the high frequency
discharge tube 15 is not a perfect circularly polarized light. As
described above, a reduction of degree of circularly polarization of light consequently causes a reduced polarization rate
ofpolarized ion beam. In order to prevent this, the structure of
20 the cross sectional shape of the main body 15A is constructed
so that the first pumping light (a light) 34 reflected from the
bottom face of the high frequency discharge tube 15 is prevented from entering plasma again. In this structure, the cross
section of the high frequency discharge tube 15 is composed
25 of a circular arc and two straight lines having ends connected
to both ends of this circular arc. However, this invention is not
limited to this structure. Any structure may be used so long as
the first pumping light (a light) 34 is prevented from losing
the polarization degree.
30
The extraction electrode 17 is an electrode having a substantially circular conical shape as described later. The bottom face side is opposed to the flange 15B as shown in FIG.
3C. The opening of the vertex side of the circular conical
shape has an electrode 17 including a fine pore or aperture.
35
The repeller electrode 20 is an electrode made of a metal
wire that is provided along the center axis of the high frequency helium discharge tube 15 in the direction Z and is
made of a W (tungsten) wire for example.
As shown in FIG. 3C, the flange 15B is connected to the
40 polarized ion beam shaping section 36. The upper side from
the upper end of flange in the vertical direction is connected to
a port 15E through which a wiring for giving a potential to the
extraction electrode 17 is introduced to vacuum atmosphere.
FIG. 4 is an enlarged cross sectional view illustrating an
45 example of the extraction electrode 17. The extraction electrode 17 is inserted to the extraction electrode insertion section 15F of the high frequency discharge tube 15. The extraction electrode 17 is composed of: a circular conical shaped
orifice plate retainer 17A; an orifice plate 17B inserted to the
50 opening at the vertex of the orifice plate retainer 17A; a
cylindrical section 17C connected to a left end of the orifice
plate retainer 17A; and a flange 17D connected to the left end
of the cylindrical section 17C. The orifice plate retainer 17A,
the cylindrical section 17C and the flange 17D are made of
55 metal such as stainless. The orifice plate retainer 17A and the
orifice plate 17B are connected to each other in an integrated
manner by welding or a screw to prevent electrical resistance.
In the shown case, the orifice plate 17B is screwed with the
orifice plate retainer 17A by screws provided at the inner face
60 of the axis side of the opening of the orifice plate retainer 17A
and a predetermined position of the outer periphery of the
orifice plate 17B. The flange 17D is connected to the flange
15B of the high frequency discharge tube 15. The extraction
electrode insertion section 15F is structured so that a part
65 corresponding to the tip end of the extraction electrode 17 is
opened. By the extraction electrode 17 having a circular cone
like shape as shown in FIG. 4, the first and second pumping
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lights 34 and 35 can be efficiently irradiated to metastable
are evacuated. A flange 39 is connected to a not shown
helium atoms in the vicinity of plasma sheath.
vacuum pump 39A. Evacuation is provided by the vacuum
For example, the respective electrode voltages may be
pump 39A.
provided so that the voltage of the repeller electrode 20 is 1.44
In order to effectively evacuate helium gas flowing from
keV and the voltage of the extraction electrode 17 is 1.2 keV. 5 the polarized ion beam generation apparatus 30, all of the
Then, He ion beam having a kinetic energy of about 1.4 keV
lenses 21 and 22 have a plurality of fine pores at the outer
is generated. These electrode voltages also may be appropriperiphery thereof. The respective fine pores have a diameter
ately changed to provide a predetermined ion kinetic energy
of about 1 mm. A not shown einzel lens 24 (see FIG. 2) in the
other than this kinetic energy.
polarized ion beam shaping section 36A also has fine pores as
10
FIGS. 5A and 5B illustrate an example of the orifice plate
in the condenser lens 21 and the focusing lens 22. The con17B of FIG. 4. FIG. 5A is a front cross sectional view of the
denser lens 21 and the focusing lens 22 are electrostatic
orifice plate 17B. FIG. 5B is a right side view of the orifice
lenses. In order to prevent the depolarization of polarized ion
plate 17B.
beam, all of the condenser lens 21, the focusing lens 22, a not
The orifice plate 17B is composed of: a cylindrical section 15 shown einzel lens 24, and the deflectors 23 and 26 in the
17Ba; and an orifice plate 17Bb provided at the right end of
polarized ion beam shaping section 36A are made of non
the cylindrical section 17C. A predetermined position at the
magnetic material such as copper.
left side of the cylindrical section 17Ba has a screw section
(Method for Generating the Spin Polarized Helium Ion)
17Bc. The center of the orifice plate 17Bb has a fine pore or
Next, a procedure to generate the spin polarized helium ion
aperture like structure (orifice) having a diameter d and a 20 by using the spin polarized ion beam generation apparatus 30
length L. The fine pore is opposed to the main body 15A of a
will be explained.
high frequency discharge tube. The orifice plate 17B is made
The wavelength of the optical fiber laser is adjusted so that
of molybdenum for example. The fine pore is sized to have a
the irradiation light for optical pumping has a wavelength of
diameter of 0.5 mm and the length L on the center axis of 0.8
the Do line corresponding to the transition of metastable
mm for example. The fine pore preferably has a diameter of 25 helium atom 2 3 S, to 23P0 . The output light from the optical
0.3 to 1 mm. The fine pore having a diameter of 0.3 mm or less
fiber laser (D o line) is input to the optical fiber amplifier 2 via
causes a reduced amount of extraction of generated polarized
the optical fiber. This input light is amplified by the optical
ion. The fine pore having a diameter of 1 mm or more is not
fiber amplifier 2 and the amplified light is emitted from the
preferred because a great amount of helium gas in the high
optical fiber connector 3 to the space. The pumping light
frequency discharge tube 15 flows into the polarized ion beam 30 generator 33 provided in the optical fiber laser is used to
shaping section 36. Due to the same reason, the fine pore
adjust in advance this emitted light to be linearly polarized.
preferably has a length of 0.3 to 2 mm.
The emitted light also may be linearly polarized by the glan
According to the high frequency discharge tube 15 of the
laser prism.
configuration, even when the pressure of helium gas in the
The polarization direction of the light emitted to the space
high frequency discharge tube 15 increases, the existence of 35 is adjusted by the half wavelength plate 5 and the path of light
the fine pore provided in the extraction electrode 17 can
having an intensity about a half of the intensity of the light is
reduce the conductance from the high frequency discharge
changed by the half mirror 6. The light having the changed
tube 15 to a beam line. Thus, helium gas can be effectively
path is subsequently changed to circularly polarized light by
suppressed from being flowed into the polarized ion beam
the quarter wavelength plate 7 and the circularly polarized
shaping section 36.
40 light is emitted to the discharging high frequency helium
On the other hand, by applying a positive voltage to the
discharge tubes 12 and 15. The irradiation direction of this
repeller electrode 20 (e.g., by applying a voltage of about 50V
circularly polarized light is adjusted to be parallel to the
to 300V to the extraction electrode 17), polarized helium ion
magnetic field made by the coil 13. The DC power source 14
can be effectively transported to the polarized ion beam shapis adjusted so that the magnetic field made by the coil 13 is
ing section 36. Thus, an increased amount of polarized helium 45 about 1 gauss.
ion can be extracted to the polarized ion beam shaping section
On the other hand, the mirror 9 and the concave mirror 11
36.
are adjusted so that the high frequency helium discharge tubes
The polarized ion beam current reaching the specimen 27
12 and 15 is irradiated by the light passed the half mirror 6.
significantly depends on the degree of vacuum atmosphere in
The direction of this irradiated linearly polarized light is
the polarized ion beam shaping section 36. Gas remaining in 50 adjusted so as to be vertical to the magnetic field made by the
the polarized ion beam shaping section 36 is mainly comcoil 13. The polarization direction is adjusted by the half
posed of helium gas flowed from the polarized ion beam
wavelength plate 10 so that a polarization component of this
generation apparatus 30. The structure of the polarized ion
linearly polarized light is parallel to the magnetic field made
beam shaping section 36 for preventing this inflow of helium
by the coil 13.
gas will be explained.
55
Then, the spin polarized helium ion can be generated by
FIG. 6 is a cross sectional view schematically illustrating a
finely adjusting a polarization rate of metastable helium
configuration of a part 36A of the polarized ion beam shaping
atoms in plasma based on the method disclosed in Non Patent
section. In the polarized ion beam shaping section 36A as
Document 2 so as to maximize the polarization rate. The
shown in FIG. 6, the left side in the horizontal direction of the
method for observing the polarization rate of metastable
paper shows an incoming side of polarized ion connected to 60 helium atoms is not limited to the method of Non Patent
the spin polarized ion beam generation apparatus 30 and the
Document 2 and also may be a method described later.
right side in the horizontal direction of the paper shows a side
According to the spin polarized ion beam generation appafrom which polarized ion is emitted. In the shown case, from
ratus 30 of the present invention, the spin polarized ion beam
the incoming side, condenser lenses 21a, 21b and 21c as well
having a high spin polarization rate can be generated. The
as focusing lenses 22a, 22b and 22c are arranged in this order. 65 spin polarized ion is not limited to spin polarized helium ion
The respective lenses 21 and 22 are provided in a vacuum
and all of ions that can be subjected to an electron spin
chamber and a region including therein the lenses 21 and 22
polarization (e.g., Cd', Sr', Zn', Ba') can be used. When the
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ion is helium ion (He') in particular, the first and second
The probe laser light 54B which passes the half mirror 56
pumping lights 34 and 35 can be the D o line.
to the lower side in the vertical direction of the paper is
By allowing the high frequency helium discharge tube 15
reflected by the second mirror 59. Then, the light passes the
of the spin polarized ion beam generation apparatus 30 to
probe helium discharge tube 60 and is reflected by the first
have the extraction electrode 17 having the orifice plate 17B 5 mirror 58 but does not pass the slit 57.
and the repeller electrode 20, the pressure in the high freIn the probe helium discharge tube 60 of the probe light
quency helium discharge tube 15 can be within a range from
oscillator 51, the two probe laser lights 54A and 54B intersect
15 to 50 Pa. As a result, the spin polarized helium ion having
to each other as described above and the probe laser light 54A
a high spin polarization rate of about 25% can be generated.
there among reaches the light detector 61 to measure the
10
Only by the present invention, polarized helium ions having a
absorption in the probe helium discharge tube 60 to carry out
high spin polarization rate can be generated for the first time.
a so called saturated absorption spectroscopy. The existence
Thus, the ion beam having a high spin polarization rate can
of the two probe laser lights 54A and 54B intersecting to each
be irradiate to the specimen 27 by reforming of the specimen
other can eliminate the influence by the Doppler effect in the
27 and the analysis of the surface of the specimen 27 using the 15 measurement of the absorption.
spin polarized ion beam generation apparatus 30 of the
The output from the light detector 61 is input to a lock-in
present invention. This can reduce the processing time and the
amplifier 62. Since the probe light laser oscillator power
measurement time, improve the throughput and the processsource 53A is feedback controlled by the output from the
ing accuracy, and effectively prevent the contamination of the
lock-in amplifier 62, the wavelength of the probe light laser
surface of the specimen 27.
20 oscillator 53 is adjusted to be the accurate D o line. As for the
(Pumping Light Wavelength Adjuster)
probe light laser oscillator 53, a laser diode in which waveThe optical pumping used in the spin polarized ion beam
length can be controlled by current may be used. By the
generation apparatus 30 according to the first embodiment
wavelength control as described above, the wavelength of the
has a wavelength of the D o line and the wavelength is
probe light is stabilized to 5 MHz or less.
1082.909 nm. On the other hand, the D 1 line and the D 2 line 25
Next, the transmitted light measurement section 52 will be
close to the D o line have wavelengths of 1083.025 nm and
described.
1083.034 nm, respectively. The frequency difference
The transmitted light measurement section 52 is composed
between the D o line and the D, line is 30 GHz and the freof: an attenuator 63; a third mirror 64; a quarter wavelength
quency difference between the D, line and the D 2 line is 2.3
plate 65; a fourth mirror 66; a lens 67; a slit 68; and a transGHz (see FIG. 19). Since the D o line is close to the D, line and 30 mitted light detector 69.
the D2 line, the laser oscillator 1 must be accurately adjusted
Probe light 54 having the D o line emitted from the probe
so as to oscillate the wavelength of the D o line otherwise the
light oscillator 51 passes a beam splitter 55 to change into
He polarization rate is reduced. Thus, a technique for acculight 54C. The light 54C is emitted to the right side in the
rately adjusting the laser oscillator 1 for generating the first
horizontal direction of the paper and passes the attenuator 63
and second pumping lights 34 and 35 to have a wavelength of 35 such as an ND filter, the third mirror 64 and the quarter
the Do line is indespensable to generate the He having a high
wavelength plate 65 and is converted to circularly polarized
polarization rate.
light 54D polarized in the counterclockwise or clockwise
A pumping light wavelength adjuster for adjusting the
direction. The probe light having passed the attenuator 63
wavelength of the laser oscillator 1 used in the spin polarized
generally has an intensity of about 1 mW or lower. This
ion beam generation apparatus 30 to the Do line will be 40 circularly polarized probe light 54D enters the high frequency
described.
discharge tube 15 in a direction parallel to the direction of a
FIG. 7 is a schematic view illustrating the configuration of
magnetic field B. Thus, the circularly polarized probe light
a pumping light wavelength adjuster 50 used for the spin
54D travels in the same travelling direction as that of the first
polarized ion beam generation apparatus 30. As shown in
pumping light 34. A probe light 54E emitted from the high
FIG. 7, the region surrounded by a dotted line denotes the 45 frequency discharge tube 15 passes the fourth mirror 66, the
pumping light wavelength adjuster 50 added to the spin polarlens 67 and the slit 68 to subsequently enter the transmitted
ized ion beam generation apparatus 30. The pumping light
light detector 69.
wavelength adjuster 50 is composed of: a probe light oscillaThe probe light 54 enters the transmitted light detector 69
tor 51 for which the wavelength is adjusted to an accurate D o
so that all of optical paths in the high frequency discharge tube
line;adtrsmgheauntscio52. 50 15 are superposed with the pump light. The light intensity,
The probe light oscillator 51 is constructed to be including:
which is measured by a power meter when no discharge is
a probe light laser oscillator 53; a probe light laser oscillator
carried out through the high frequency discharge tube 15, is
power source 53A; a beam splitter 55; a half mirror 56; a slit
controlled to have a value that is 10% or less to the pump light
57; a first mirror 58; a second mirror 59; and a probe helium
by finely adjusting the optical axis of the probe light 54 as
discharge tube 60 inserted to the first and second mirrors 58 55 well as the shapes and the geometric positional relation of the
and 59.
mirror 66, the lens 67, and the slit 68 after the emission from
The optical path of theprobe laser light 54 emitted from the
the high frequency discharge tube 15.
probe light laser oscillator 53 is bent by the beam splitter 55
The intensity of the probe light 54E having passed the
to the lower side in the vertical direction of the paper and is
helium plasma in the high frequency discharge tube 15 is
bent by the half mirror 56 to the left in the horizontal direction 60 measured by the transmitted light detector 69 such as a power
of the paper. Then, the probe laser light 54 passes through the
meter. When assuming that the transmission intensity of the
slit 57 and passes the probe helium discharge tube 60 via the
probe light 54E is I and the intensity of the entered probe light
first mirror 58 and is reflected by the second mirror 59. Next,
54C is I0, the density of the metastable helium atom (He*) of
the light passes the half mirror 56 again and passes the beam
m1 =+ 1 is n+, and the density of the metastable helium atom
splitter 55 to enter a light detector 61. In FIG. 7, an optical 65 (He*) of m1. — 1 is n_, the transmission intensity I (rhcp) by the
path 54A from the second mirror 59 to the light detector 61 is
circularly polarized light in the clockwise direction (rhcp)
shown by the dotted line.
and the transmission intensity I (lhcp) by the circularly polar-
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ized light in the counterclockwise direction (lhcp) are represented by the following formulae (3) and (4).

a long time. Thus, it has been practically impossible to accurately adjust the wavelength while measuring the polarization
rate.
In contrast with the above conventional techniques,
according to the pumping light wavelength adjuster 50 of the
present invention, the transmission intensity of the polarization by clockwise or counterclockwise polarization may be
measured by a power meter 69 to adjust the transmission
intensity so as to be maximum or minimum. Thus, the wavelength can be adjusted easily.
According to the pumping light wavelength adjuster 50,
the spin polarized ion beam can be generated with a further
reduced time. Thus, when the spin polarized ion beam generation apparatus 30 of the present invention added with the
pumping light wavelength adjuster 50 is used to reform the
specimen 27 or to analyze the surface of the specimen 27, the
processing time and the measurement time can be further
reduced to improve the throughput and to improve the processing accuracy, thus effectively preventing the contamination of the surface of the specimen 27. When the laser oscillator outputs laser light that has a wavelength adjusted so that
the polarization rate of a metastable atom as a base of an ion
that is calculated by the measurement of the absorption of the
probe laser is maximum, the wavelength of the pumping light
can be accurately adjusted as in the case of the above metastable helium atom.

I(nccp) Io(nccp)exp(n oL)

(3)
5

I(hcp) Io(hcp)exp(n,oL)

(4)

where rhcp and lhcp denote the respective circularly polarized lights in the clockwise and counterclockwise directions,
a denotes the light absorption cross section and L denotes a
propagation length of the probe light in plasma.
According to the definition of the polarization rate (nTn)/(nT+n)), when the absolute value n +—n_ becomes
higher, the higher polarization rate He* has given. When the
wavelength of the first pumping light 34 is adjusted to be the
Do line so as to maximize the absolute value of n +—n_ on the
contrary, the maximum polarization rate of He* is obtained.
This method is called "the method for measuring a polarization rate of metastable helium atoms of the present invention".
The absolute value of n n_ is maximum when the absorption of the circularly polarized probe light 54D is maximum
or minimum, as can be seen from the formulae (3) and (4).
This absorption is maximum or minimum only depending on
whether the spin of He* is in an upward or downward direction. Thus, the quarter wave plate 65 may be adjusted to
provide the circularly polarized light in the clockwise or
counter clockwise direction. Specifically, the spin direction
of He* may be controlled in the upward or downward by
adjusting the quarter wavelength plate 65.
In the pumping light wavelength adjuster 50, the adjustment of the wavelengths of the first and second pumping
lights 34 and 35 to the D o line is performed accurately by the
following procedure.
First, the first pumping light 34 is irradiated to enter He
plasma in the high frequency discharge tube 15 to measure the
absorption by a power meter. After the wavelength of the first
pumping light 34 is scanned to measure the three absorptions
corresponding to the D o, the D 1 , and the D2 lines, it is roughly
adjusted to the D o line of about 1083 nm. When the probe light
oscillator 51 is in a stopped status in the above measurements,
the absorption of the first pumping light 34 can be detected by
the fourth mirror 66, the lens 67, the slit 68, and the transmitted light detector 69 of the transmitted light measurement
section 52. The transmitted light detector 69 may be a power
meter.
Next, an accurate D o line is generated from the pumping
light wavelength adjuster 50 by the saturated absorption spectroscopy. This probe light 54 is irradiated to enter the high
frequency discharge tube 15 via the transmitted light measurement section 52. Then, the wavelength of the laser oscillator 1 for generating the pumping lights 34 and 35 may be
adjusted so that the output from the transmitted light detector
69 i.e., the absorption of the probe light 54E, is maximum or
minimum.
In the conventional technique, there are a plurality of methods for calculating a He* polarization rate during discharge. It
is possible for these methods in principle to adjust, while
measuring the He*polarization rate, the wavelengths of the
first and second pumping lights 34 and 35 so that the
He*polarization rate is maximum to adjust the first and second pumping lights 34 and 35 to the D o line. However, any of
these methods has been required to carry out an operation to
scan the wavelength of the probe light to measure the absorption with regard to the respective polarizations (e.g., in clockwise, counterclockwise, and straight directions). Due to this
reason, the measurement of the polarization rate has required
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Next, a spin polarized ion scattering spectroscopy apparatus according to a second embodiment will be described.
FIG. 8 is a schematic view illustrating the configuration of
the spin polarized ion scattering spectroscopy apparatus 70
according to the second embodiment. The spin polarized ion
scattering spectroscopy apparatus 70 of FIG. 8 is composed
of: a spin polarized ion beam generator 71 for generating spin
polarized ions; a spin polarized ion beam line 72 for causing
the spin polarized ion from the spin polarized ion beam generator 71 to enter the surface of a specimen with a predetermined energy; an ultrahigh vacuum chamber 74 for retaining
the specimen 73; and a measurement section 75 that is positioned in the ultrahigh vacuum chamber 74 and that measures
spin polarized ion emitted to the specimen 73 to be scattered
therefrom. As will be described later, the measurement section 75 is composed of: an electrostatic analyzer 81 provided
in the ultrahigh vacuum chamber 74; an electrostatic analyzer
power source 81A; and a computer 82 for processing a detection signal from the electrostatic analyzer 81 for example. The
computer 82 is provided outside of the ultrahigh vacuum
chamber 74 and may be a personal computer or the like.
The spin polarized ion beam generator 71 emits the optical
pumping irradiation light 76 to the high frequency helium ion
source 78 into which helium gas is introduced from the
helium gas inlet 77 to generate spin polarized helium ions.
The generated spin polarized helium ion is irradiated to the
specimen 73 placed in the ultrahigh vacuum chamber 74 with
a predetermined energy by using the polarized helium ion
beam line 72 including differential evacuation ports 79 and
80. The ion energy is controlled by an electric field that is used
when a spin polarized helium ion is extracted from the spin
polarized ion beam generator 71 to the spin polarized ion
beam line 72.
The incident angle of the incident ion to the surface of the
specimen is controlled by rotating the specimen 73 in a direction vertical to the incident ion beam. A part of the incident
ion is not neutralized at the surface of the specimen and is
scattered. This scattered ion is detected by the electrostatic
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analyzer 81 in the measurement section 75. The detection
signal is processed by the computer 82.
FIG. 9 is a schematic view illustrating a specific configuration of the spin polarized ion scattering spectroscopy apparatus 70 according to the second embodiment. The spin polarized ion beam generator 71 may be the polarized ion beam
generation apparatus 30 described in the first embodiment of
the present invention and the modification example thereof.
The shown spin polarized ion beam generator 71 is different
from the polarized ion beam generation apparatus 30 of FIG.
1 in that a glan laser prism 38 is inserted between the lens 4
and the mirror 9A. According to this configuration, the polarization direction of the light emitted from the laser oscillator
1 can be controlled to polarize linearly by the combination of
the half wavelength plate 5 and the glan laser prism 38. The
second difference is that a circularly polarized light controller
84 is provided for the first pumping light 34 irradiated to enter
the high frequency discharge tube 15.
The circularly polarized light controller 84 is composed of:
a motor 84A for controlling the quarter wavelength plate 7;
and a motor driving section 84B. The motor driving section
84B is controlled by the computer 82 and can control the
circularly polarized light of the first pumping light 34 in a
clockwise or counterclockwise direction. The circularly
polarized light controller 84 also may include a pumping light
wavelength adjuster 50 for accurately adjusting the first and
second pumping lights 34 and 35 to be the D o line.
The spin polarized ion beam line 72 is composed of: einzel
lenses 24; deflectors 23, einzel lenses 24 and 25, and the
deflectors 23 arranged in this order.
The analysis chamber consisting of the ultrahigh vacuum
chamber 74 includes a not shown specimen stage for controlling the position of the specimen 73. The specimen stage is
controlled in its position by a manipulator 97 that is disposed
outside of the ultrahigh vacuum chamber 74 and it controls
the incident angle of the spin polarized helium ion to the
specimen 73.
The ultrahigh vacuum chamber 74 also may include a
specimen magnetization section 85 for applying a magnetic
field to the specimen 73. The specimen magnetization section
85 includes: a specimen magnetization coil 86; a DC power
source 87; a capacitor 88; and a switch 89. First, the switch 89
is connected to the DC power source 87 to charge the capacitor 88. After the charge is ended and the switch 89 is connected to the specimen magnetization coil 86 as shown in
FIG. 9, a pulsed current is flown in the specimen magnetization coil 86 and the specimen magnetization coil 86 generates
a pulse magnetic field. This pulsed magnetic field can be used
to change the magnetization direction of the specimen 73.
The capacitor 88 is an electrolytic capacitor having a capacity
of 330 µF and has a withstand voltage of 500V. The voltage of
the DC power source 87 is 360V.
FIG. 10 and FIG. 11 are a front view and a top view
illustrating a configuration example of the ultrahigh vacuum
chamber 74, respectively.
The ultrahigh vacuum chamber 74 is provided on a mount
stand 90. The ultrahigh vacuum chamber 74 includes a
vacuum evacuation section 91 consisting of a turbo molecular
pump or the like and includes a port 93 to which the spin
polarization beam line 72 of the present invention is connected. A not shown electrostatic analyzer 81 is provided in
the ultrahigh vacuum chamber 74. This ultrahigh vacuum
chamber 74 further includes, in addition to a port 95 to which
a Stem Gerlach analyzer 94 for measuring the polarization
rate of a metastable helium atom is connected, a port 97 to
which an analysis device such as a RHEED 96 can be connected (which will be described later). A not shown apparatus

for generating a metastable helium atom is attached to the
position opposed to the Stem Gerlach analyzer 94 of the
ultrahigh vacuum chamber 74. A manipulator 98 for controlling the position of the specimen stage is disposed on the
upper part of the ultrahigh vacuum chamber 74. The specimen
73 can be placed via a specimen carrying section (load lock)
99 into the ultrahigh vacuum chamber 74 without breaking
the ultrahigh vacuum atmosphere.
Next, an analysis method by the spin polarized ion scattering spectroscopy apparatus 70 will be explained.
First, when not polarized ion beam is irradiated to the
specimen 73, the conventional ion scattering spectroscopy
(hereinafter called ISS) can be carried out.
FIGS. 12A and 12B illustrate ion scattering spectroscopy.
FIG. 12A is a schematic view of the ion scattering spectroscopy. FIG. 12B illustrates a spectroscopy spectrum obtained
by the ion scattering spectroscopy.
As shown in FIG. 12A, when helium ion having a kinetic
energy of about 1 to 10 keV enters the specimen 73, the most
part of helium ion is neutralized through the interaction with
the substrate surface and is changed to a helium atom having
a ground state. In this interaction, when the intensity of scattered ion which is not neutralized is analyzed by the electrostatic analyzer 81 or the like as a function of the kinetic
energy, a composition analysis of atoms existing in a few
atoms or a few molecular layers of the surface of the specimen
73 can be possible.
The peak positions A and B as shown in FIG. 12B mean the
energy calculated based on the classical binary collision of
the incident ion to a target atom. This calculating formula is
represented as follows (see Non Patent Document 11):
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where E, and Eo represent incident energy and scattering
energy, M, and M 2 represent the mass of the incident ion and
the target atom, and (3 is a scattering angle.
The spin polarized ion scattering spectroscopy apparatus
70 can emit polarized ion beam to the specimen 73 to carry
out the spin polarized ion scattering spectroscopy (hereinafter
called `SP-ISS'). This method is a new spectroscopy that is
impossible in the conventional technique.
FIGS. 13A, 13B and 13C illustrate the spin polarized ion
scattering spectroscopy. FIG. 13A is a schematic view of the
spin polarized ion scattering spectroscopy. FIG. 13B illustrates spectroscopy spectra obtained by the spin polarized ion
scattering spectroscopy. FIG. 13C illustrates a difference
spectrum calculated based on the spectrum of FIG. 13B.
As shown in FIG. 13A, when a spin polarized helium ion
having kinetic energy of about 1 to 10 keV enters the specimen 73, the most part of helium ion is neutralized through the
interaction with substrate surface as described above and is
changed to a helium atom in a ground state. In this interaction,
when the intensity of scattered ion which is not neutralized is
analyzed by the electrostatic analyzer 81 or the like as a
function of the kinetic energy, a composition analysis of
atoms existing in a few atoms or a few molecular layers of the
surface of the specimen 73 can be performed. Furthermore, in
accordance with the spin of the atom existing in the surface of
the specimen 73, a change in the scattering intensity depending on whether the spin is parallel or antiparallel can be
measured by changing the direction of the spin of the spin
polarized helium ion.
FIG. 13C illustrates a difference spectrum calculated based
on the spectrum obtained in FIG. 13B. Although will be
described later, this value can be used to also determine
whether the spin owned by the detected element is positive or
negative.
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Furthermore, the respective atomic layers at a depth from
the outermost surface of the specimen 73 to about a few
atomic layers can be analyzed with regards to the element and
spin status by measuring the dependency on the incident
angle of the polarized helium ion beam to the specimen 73.
Specifically, the spin polarized ion scattering spectroscopy
spectrum mentioned above can be obtained by an analysis
using the computer 82 of the detection value of the electrostatic analyzer 81 of the spin polarized ion scattering spectroscopy apparatus 70. The analysis is carried out based on a
following procedure.
(a) The specimen 73 is pulse magnetized in a direction
parallel to the direction of the magnetic field surrounding the
specimen.
(b) The scattering intensity of the helium ion spin polarized
in parallel with the magnetization is measured by the electrostatic analyzer 81 for a fixed time.
(c) The scattering intensity of the helium ion spin polarized
antiparallel to the magnetization is measured by the electrostatic analyzer 81 for the same time as that of the above (a).
(d) In order to remove the effect by a temporal change, the
measurements of (a) and (b) are repeated a predetermined
times.
(e) After the series of measurements, the signal intensities
obtained through the repeated measurements (a) and (b) are
counted by the computer 82 with regard to the respective spin
directions. Thus, a required spin polarization scattered ion
intensity can be obtained finally.
Since a probability at which the incident ion species is
neutralized at the surface of the specimen depends on the
magnetic structure of the surface, the above spin polarized ion
scattering spectroscopy can be carried out. The incident ion
species showing the phenomenon as described above is not
limited to helium ion and also may be all ions that can be
subjected to electron spin polarization (e.g., Cd', Sr, Zn',
Ba') or an atom (e.g., Li, Na, K, Rb, Cs (see Non Patent
Documents 9 and 10)).
According to the spin polarized ion scattering spectroscopy apparatus of the present invention, a surface spin analysis can be made to be discriminated from an atom and an
atomic layer at two to three atomic layers of the outermost
surface of a specimen. Thus, this can provide the analysis of
the magnetic structure in a region at a depth of about two to
three atomic layers from the outermost surface. Furthermore,
when the spin polarized ion is irradiated to enter the surface of
the specimen, the energy analysis of the scattered ion with
regards to the respective spins of the incident ion, i.e., spin
polarization measurement, can be performed. Thus, the spin
dependency of the probability of the neutralization of the
incident ion at the surface of the specimen can be measured.
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The spin polarized ion beam generator 71, the spin polarized ion beam line 72 and the ultrahigh vacuum chamber 103
can have the same configuration as in the spin polarized ion
scattering spectroscopy apparatus 70. The spin polarized ion
generated from the spin polarized ion beam generator 71 is
transported by an electric field for example to the spin polarized ion beam line 72. Depending on the object of the processing of the specimen, the spin polarized ion beam line 72
performs a beam shaping or a beam operation such as to
narrow the diameter of the beam, to increase the diameter of
the beam, or to scan the beam. Generally, since the ion beam
current depends significantly on the vacuum degree of the
spin polarized ion beam line 72, thus, the sufficient evacuation is needed. The polarized ion beam having the desired
shape as described above is finally irradiated to the specimen
101 as an object to be processed to subject the specimen 101
to a surface reforming, ion implantation, or a surface processing for example. This object to be processed 101 is generally
retained in vacuum atmosphere. When the surface is highly
reactive for example, the object to be processed 101 is
retained in ultrahigh vacuum atmosphere.
In order to measure the beam intensity of spin polarized ion
for example, the ultrahigh vacuum chamber 103 also may
include various analyzers such as the electrostatic analyzer 81
as in the spin polarized ion scattering spectroscopy apparatus
70.
According to the specimen processing apparatus 100 using
spin polarized ion beam of the third embodiment of the
present invention, a new specimen processing apparatus that
can process the outermost surface of the specimen 101 by spin
polarized ion beam can be provided. Even if using the same
processing method as in the conventional technique, a processing accuracy of this specimen processing apparatus 100
based on the dependency on the spin of the interaction
between ion and the object to be processed can be raised 1.5
times or more higher than that of the conventional case.
Highly polarized ion beam enabled by the present invention
can be used for the reforming of a specimen or the control of
the spin in a step of manufacturing a device using spin conduction for example, thus providing more sophisticated material.
Example 1

Next, the present invention will be described in more
details based on Examples.
The spin polarized ion beam generation apparatus 30 of
Example 1 uses the high frequency helium discharge tube 15
and the polarized ion beam shaping section 36 as shown in
5o FIG. 1 to FIG. 7. The main body 15A and the extraction
electrode insertion section 15F of the high frequency helium
Third Embodiment
discharge tube 15 are made of Pyrex® glass. The flange 15B,
the He gas inlet 15C, the He gas outlet 15D and the wiring port
Next, a specimen processing apparatus using spin polar- 15E are composed of flange or piping components made of a
ized ion beam according to a third embodiment will be 55 stainless. The Pyrex® glass of the main body 15A was joined
described. to flange or piping components made of a stainless by using
FIG. 14 is a schematic view illustrating the configuration of
Kovar®.
the specimen processing apparatus 100 using spin polarized
The orifice plate 17B in the extraction electrode 17 had a
ion beam according to a third embodiment of the present
fine pore having a diameter d of 0.5 mm and a length L of 0.8
invention. The specimen processing apparatus 100 using spin 60 mm. The distance between the extraction electrode 17 and the
polarized ion beam is composed of: the spin polarized ion
repeller electrode 20 was 50 mm. Voltages of 1.26 kV and
beam generator 71 using the polarized ion beam generation
1.44 kV were applied to the extraction electrode 17 and the
apparatus 30 described in the first embodiment; the spin
repeller electrode 20, respectively. High frequency discharge
polarized ion beam line 72 connected to this spin polarized
was carried out by the high frequency power source 19 having
ion beam generator 71; and an ultrahigh vacuum chamber 103 65 a frequency of 13.56 MHz and an output of 500 W. However,
including a specimen holding section 102 in which a specithe high frequency power source 19 was generally used with
men 101 as an object to be processed is placed for example.
5 W or lower.
45
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The spin polarized ion beam generation apparatus 30 of
Example 1 was used to generate spin polarized helium ion
based on the following procedure.
Output light having a wavelength of optical fiber laser of
about 1083 nm (Do line) was input via the optical fiber to the
optical fiber amplifier 2. This input light was amplified by the
optical fiber amplifier 2 and the amplified light was emitted
from the optical fiber connector 3 to the space. The optical
fiber amplifier 2 was adjusted to have an output of 3 W.
A polarizer provided in the optical fiber laser was used to
adjust this emitted light to be linearly polarized in advance. In
this case, the polarization direction of the emitted light also
could be adjusted to be linearly polarized by optically arranging the emitted light from the optical fiber laser by a combination of the glan laser prism and the half wavelength plate.
The polarization direction of the light emitted to the space
was adjusted by the half wavelength plate 5 and the half
mirror 6 was used to change the path of light having an
intensity that is about a half of the intensity of the light. Next,
the light having the changed path was converted to the circularly polarized light (a light) by the quarter wavelength plate
7 and the light was irradiated to the high frequency helium
discharge tube 12. The irradiation direction of this circularly
polarized light was adjusted so as to be parallel to the magnetic field made by the coil 13. The DC power source 14 was
also adjusted so that the magnetic field made by the coil 13
was about 1 gauss. On the other hand, the mirror 9 and the
concave mirror 11 were adjusted so that the light having
passed the half mirror 6 irradiated the discharge tube 12. The
irradiation direction of this linearly polarized light (7t light)
was adjusted to be vertical to the magnetic field made by the
coil 13. The half wavelength plate 10 was used to adjust the
polarization direction so that a polarization component of the
linearly polarized light (7t light) was parallel to the magnetic
field made by the coil 13. The wavelength of the irradiation
light of the optical pumping was adjusted to the D o line
corresponding to the transition of the metastable helium atom
23 5 1 to 23P0 .
The polarization rate of a metastable helium atom in
plasma generated by the above method was finely adjusted to
be maximum through the observation by the method disclosed in Non Patent Document 2. It was confirmed that not
only the method disclosed in Non Patent Document 2 but also
the method described in the section "the method of measuring
a polarization rate of a metastable helium atom of the present
invention" could be used to finely adjust the polarization rate
of the metastable helium atom so as to be maximum.
Next, the polarization rate of an ion generated in the polarized helium ion source was evaluated by the system as shown
in FIG. 2 for measuring the polarization rate of the polarized
ion.
First, the helium plasma was generated in the high frequency helium discharge tube 15 by using high frequency
power sources 16 to 19 for example. Next, the metastable
helium atom 23 S 1 in this plasma was spin polarized by the
optical pumping as shown in FIG. 1. The polarized helium ion
was generated by using the Penning ionization reaction of thi s
polarized metastable helium atom.
This polarized helium ion was transported to an O/Fe/MgO
magnetic substrate 27 by the repeller electrode 20, the extraction electrode 17, the lenses 21, 22 and 24, the deflectors 23
and 26, and the decelerator 25.
The O/Fe/MgO magnetic substrate 27 was obtained
through the following manufacture method.
First, an Fe single crystal thin film of about 50 nm having
a body centered cubic structure was grown on a MgO (001)
single crystal substrate at room temperature. This substrate

was heated in vacuum at about 600 degrees C. for 10 minutes
to subsequently expose this substrate to oxygen atmosphere
of 100 Langmuir. Then, the substrate was heated in vacuum at
about 500 degrees C. for 10 minutes to pulse magnetize the
5 substrate in vacuum.
The most part of the polarized helium ion reaching to the
O/Fe/MgO substrate 27 is neutralized through the interaction
with the substrate surface and is changed to a helium atom in
a ground state. Through this interaction, electrons are emitted
from the O/Fe/MgO substrate 27. The intensity of this elec10
tron was measured as a function of the kinetic energy with
regard to the respective directions of the spins of the polarized
ion by the electrostatic analyzer 41, the secondary electron
multiplier 42, the preamplifier 43, the multichannel scaler 44
and the personal computer 45. The direction of the polariza15 tion of the helium ion (upward or downward) was controlled
by the direction of the quarter wavelength plate 7 of FIG. 1.
By obtaining the polarization rate of metastable helium
atom by the Stern Gerlach analyzer 94 in advance, the absolute value of the polarized ion was calculated to compare the
20 emitted electron spectrum of the metastable helium atom
(spin polarized metastable atom deexcitation spectroscopy)
with the emitted electron spectrum of the polarized ion at the
same surface (spin polarized ion neutralization spectroscopy). In advance, the polarization rate of the helium ion at
25 the helium pressure of 20 Pa was obtained to be 16.6% by
using this method (see Non Patent Document 12 for the
details).
The polarization rate of the helium ion in Example 1 and
the conventional technique was investigated as a function of a
helium gas pressure in a discharge tube.
30
FIG. 15 is a graph that shows the result of Example 1 and
that shows a change in the polarization rate in accordance
with a change in the helium pressure. In FIG. 15, the abscissa
axis shows the helium gas pressure (Pa) in the discharge tube
and the ordinate axis shows the helium ion polarization rate
35 (%). The polarization rate was measured with the power of the
high frequency power source 18 adjusted to 1 W. This graph
is plotted based on an assumption that the polarization rate
when the helium pressure was 15 Pa was equal to the polarization rate of 16.6% calculated in advance at 20 Pa. FIG. 15
40 also shows the conventional data for comparison. The spin
asymmetricity rate was calculated by measuring electrons
having a kinetic energy of 7.7 eV to 9.4 eV. The optical
pumping according to the conventional technique was carried
out as follows. While the mirror 9 of FIG. 1 was inclined so as
45 to prevent linearly polarized irradiation light from irradiating
the high frequency helium discharge tube 15, the wavelength
of the irradiation light was adjusted to the D, line.
As can be seen from FIG. 15, the maximum value of the
polarization according to Example 1 is 1.5 times or more
50 higher than that of the conventional technique. Specifically,
according to the spin polarized ion beam generation apparatus 30 of the present invention, the helium ion polarization
rate at the helium pressure of 15 Pa (see the black squares (•)
in FIG. 15) is about 17.5% that exceeds the helium ion polar55 ization rate of the conventional value (see the white circles (a)
in FIG. 15). It shows that the helium ion polarization rate at a
pressure in a range from 15 Pa or more to about 50 Pa is as
high as 20 to 25%. The upper limit of the helium pressure is
preferably about 50 Pa or less. The reason is that when the
60 helium pressure is 50 Pa or more, the amount of helium flown
into the polarized ion beam shaping section 36 will be
increased.
Example 2
65

The spin polarized ion beam generation apparatus 30 of
Example 2 having the pumping light wavelength adjuster 50
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as shown in FIG. 7 attached to the spin polarized ion beam
FIG. 17 is a graph showing the dependency of the spin
generation apparatus 30 of Example 1 will be described.
polarized ion scattering spectroscopy on an incident angle in
The probe light laser oscillator 53 used was the laser diode
the surface of the iron (100) and also shows the spin asym(SDL 6072 made by SDL, Inc.). The light detector 61 for
metricity rate to a specific incident angle. In FIG. 17, the
absorption spectroscopy was a photo diode. The signal from 5 abscissa axis shows an incident angle a (degrees), the left
the photo diode 61 was amplified by the lock-in amplifier 62
ordinate axis shows an ion scattering intensity (x10 3 counts),
and this output was used to feedback control of the laser diode
and the right ordinate axis shows a spin asymmetricity rate
power source (SDL-803 made by SDL, Inc.). The time
(x10-2). The spectra of FIG. 17 are shown by removing a
required for the wavelength control of the first and second
component of the neutralization of an incident ion depending
pumping lights 34 and 35 has reduced to about 1/o or lower
10 on an angle that depends on a speed component in the directime by using the pumping light wavelength adjuster 50.
tion of surface normal line. The incident angle was scanned in
the Fe [100] direction and the scattering angle was 145
Example 3

degrees.

The resolved spectrum of the incident angle (background
The specimen 73 was analyzed by using the spin polarized 15
subtracted in FIG. 17) was obtained by removing, from the
ion scattering spectroscopy apparatus 70 as explained in FIG.
raw data obtained through the measurement (AR SP-ISS raw
8 to FIG. 13. The spin polarized ion beam generator 71 has the
data in FIG. 17), the background curve calculated based on
same configuration as that of the spin polarized ion beam
the dependency of the neutralization on the angle (backgeneration apparatus 30 of Example 1. The specimen 73 was
measured by the above procedures of (a) to (e). The parallel 20 ground in FIG. 17) (with regard to the dependency of the
and antiparallel cases were measured 100 times, respectively.
neutralization on the angle, see Non Patent Document 13).
FIG. 16A illustrates an ion scattering spectroscopy (ISS)
As shown in FIG. 17, the scattering intensity from iron at a
spectrum in the surface of iron (100) adsorbing oxygen. FIG.
clean surface of iron was investigated as a function of the
16B illustrates a spin polarized ion scattering spectroscopy
incident angle. As a result, the peaks (1), (2), (3) and (4) in the
(SP-ISS) spectrum and a spin asymmetricity rate in the sur- 25 angle resolved spectrum were found to be obtained by the
face of iron (100) adsorbing oxygen. The specimen 73 by
focusing effect to iron atom positioned at the first layer (the
growing the Fe (100) single crystal thin film onto the magneoutermost layer), the second layer, the third layer and the third
sium oxide MgO (100) single crystal substrate and exposing
layer starting from the surface of the specimen 73 to the inner
the substrate to oxygen was used.
side, respectively.
The specimen 73 was fabricated by firstly growing the Fe 30
FIG. 18 illustrates a geometric relation between shadow
single crystal thin film of about 50 nm having a body centered
cones and atom positions in the focusing effect corresponding
cubic structure on the MgO (001) single crystal substrate at
to the peaks (1) to (4) in FIG. 17. As shown in FIG. 18, the
room temperature to subsequently heat the substrate in
scattering intensity from iron at a clean surface of iron was
vacuum at about 600 degrees C. for 10 minutes. Prior to the
investigated as a function of the incident angle. As a result, the
measurement, this specimen 73 was pulse magnetized in a 35 peaks (1), (2), (3) and (4) in the angle resolved spectrum were
direction along which the Fe [100] is easily magnetized. The
obtained by the focusing effect to iron atoms positioned at the
measurement was carried out with remnant magnetization.
first layer (outermost layer), the second layer, the third layer,
The incident helium ion had a kinetic energy of 1.7 keV, the
and the third layer respectively. The spin asymmetry correincident angle (an angle formed by the normal line direction
sponding to the incident angles of the peaks (1) and (4)
of the surface and beam) was 0 degree (vertical incidence), 40 corresponded to iron atoms of the first layer and the first layer
and the scattering angle was 145 degrees.
to the third layer respectively and also had the same spin
In FIG. 16A, the abscissa axis shows a kinetic energy (eV)
asymmetry.
and the ordinate axis shows an ion scattering intensity (x10 5
As explained above, the directions of the spins detected by
counts).FIG16Ahwatesurfcohpimn73
the spin polarized ion scattering spectroscopy mainly reflect
is composed of two elements of iron and oxygen. These peak 45 the spin polarities of the occupation level in the vicinity of the
positions corresponded to the energy calculated based on the
Fermi level of the surface of the specimen 73.
classical binary collision of the incident ion and the target
As can be seen from the Examples, according to the SP-ISS
atom (shown by the broken line in FIG. 16A).
of the present invention, the spin polarized helium ion can be
When assuming that the scattering intensity of a helium ion
used to analyze the magnetic structure in a few atomic layers
spin polarized in a direction parallel to the magnetization 50 at the surface of the specimen 73 as shown in Table 1.
direction is NHe+T and the scattering intensity of a helium ion
spin polarized in a direction antiparallel to the magnetization
TABLE 1
direction is NHe+1„ the spin polarized ion scattering spectroscopy spectrum (B) was defined as (Nae+T -Nae+J). The
SP-ISS (the present
ISS (conventional)
invention)
respective points show experimental values and the solid line 55
shows an average of a neighboring 5 points. At the respective
Incident particles
(He') ion
Polarized (He') ion
peak positions of iron and oxygen of the spectrum in FIG.
Detected particles
Ion
Ion
Obtained
Composition
Magnetic structure
16B, significant signal intensities were obtained, showing the
information
and structure
polarization of iron and oxygen.
Furthermore, when assuming that the incident beam has a 60
polarization PHe+, the spin asymmetricity rate was defined by
The present invention is not limited to the above Examples
the following formula.
and also can be modified in various ways within the scope of
the invention disclosed in the claims. These modifications are
\i`He+T —N He+^)^L PHe++\l`He+T +NHe+^)J

also included in the scope of the present invention. For

The spin asymmetricity rate was calculated with regard to 65 example, in the embodiment, the configurations of the spin
iron (1272 to 1290 eV) and oxygen (630 to 690 eV), showing
polarized ion beam generation apparatus 30 and the spin
the spin analysis while discriminating the elements,
polarized ion beam line 72 as well as the components thereof
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may be appropriately changed depending on the acceleration
voltage or current of the polarized helium ion.

and said probe light has a wavelength of a D o line that is
circularly polarized light in a counterclockwise or clockwise
direction.
8. The spin polarized ion beam generation apparatus as set
forth in claim 1 or 3, wherein said high frequency discharge
tube has therein a helium pressure of 15 Pa or more and 50 Pa
or less.
9. A spin polarized ion scattering spectroscopy apparatus
comprising:
a spin polarized ion beam generator;
a spin polarized ion beam line that irradiates a spin polarized ion beam generated from said spin polarized ion
beam generator to a specimen; and
a measurement section that measures energy of ions scattered by interaction of said specimen with said spin
polarized ion beam, wherein
said spin polarized ion beam generator including:
a high frequency discharge tube for ion generation;
a laser oscillator; and
a pumping light generator that divides a laser light from
said laser oscillator to two lights of a circularly polarized
first pumping light and a linearly polarized second
pumping light to emit these lights to said high frequency
discharge tube with an irradiation angle difference of 90
degrees therebetween, wherein
an extraction electrode for extracting said polarized ion is
provided to said high frequency discharge tube.
10. The spin polarized ion beam generation apparatus as set
forth in claim 9, wherein said polarized ion beam is extracted
in a direction orthogonal to both of said circularly polarized
light and said linearly polarized light.
11. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 9, wherein said high frequency discharge tube includes a repeller electrode opposed to said
extraction electrode.
12. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 11, wherein said extraction electrode
includes a fine pore.
13. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 9, wherein said pumping light generator includes a circularly polarized light controller that
controls a circularly polarized light of said first pumping light
in a clockwise or a counterclockwise direction.
14. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 9, wherein said laser oscillator outputs
a laser light with a wavelength adjusted so that a polarization
rate of a metastable atom as a base of an ion is maximum, said
polarization rate being calculated by a measurement of
absorption of a probe laser.
15. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 9, further comprising: a specimen
stage that can control an incident angle to a spin polarized ion
entering said specimen.
16. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 9, wherein said spin polarized ion
beam line includes a lens having a fine pore functioning as an
evacuation hole and said lens is made of a non magnetic
material.
17. The spin polarized ion scattering spectroscopy apparatus as set forth in claim 9 or 14, wherein said ion is a helium
ion and said first and second pumping lights have a wavelength of a D o line.
18. A spin polarized ion scattering spectroscopy using the
spin polarized ion scattering spectroscopy apparatus according to any of claims 9 to 16 comprising:
a step of causing spin polarized ion to enter a specimen;
a step of measuring scattered ions from said specimen; and

INDUSTRIAL APPLICABILITY
5

With regard to a magnetoresitance effect device using the
electron spin widely used in the fields such as the electron
industry such as a giant magnetoresitance effect device or a
tunnel magnetoresitance effect device, the evaluation of the
magnetic structure of the interface between magnetic material and non magnetic material has been required frequently.
These detailed evaluations will be expected by using the spin
polarized ion beam generation apparatus 30 that can generate
highly polarized ion beam according to the present invention
as a probe.
On the other hand, the reforming and shaping of material
using ion beam have been widely carried out as typically in
the ion implantation technique. The specimen processing
apparatus 100 using highly polarized spin polarized ion beam
enabled by the present invention can be used for the reforming
of the specimen 101 and the control of the spin in a step of
fabrication of a device which uses the spin conduction for
example. Thus, more sophisticated functional material is
expected to be realized.
This technique allows the high polarization of a metastable
helium atom. Thus, this technique may be used for a magnetic
resonance image by the polarized helium atom and a field
using a polarized metastable helium atom such as an atomic
beam lithography.
What is claimed is:
1. A spin polarized ion beam generation apparatus comprising:
a high frequency discharge tube for ion generation;
a laser oscillator; and
a pumping light generator that divides a laser light from
said laser oscillator to two lights of a circularly polarized
first pumping light and a linearly polarized second
pumping light to emit these lights to said high frequency
discharge tube with an irradiation angle difference of 90
degrees therebetween, wherein
an extraction electrode for extracting a polarized ion is
provided to said high frequency discharge tube.
2. The spin polarized ion beam generation apparatus as set
forth in claim 1, wherein said polarized ion beam is extracted
in a direction orthogonal to both of said circularly polarized
light and said linearly polarized light.
3. The spin polarized ion beam generation apparatus as set
forth in claim 1, wherein said high frequency discharge tube
includes a repeller electrode opposed to said extraction electrode.
4. The spin polarized ion beam generation apparatus as set
forth in claim 3, wherein said extraction electrode includes a
fine pore.
5. The spin polarized ion beam generation apparatus as set
forth in claim 1, wherein said pumping light generator
includes a circularly polarized light controller that controls
said circularly polarized first pumping light in a clockwise or
a counterclockwise direction.
6. The spin polarized ion beam generation apparatus as set
forth in claim 1, wherein said laser oscillator outputs a laser
light with a wavelength adjusted so that a polarization rate of
a metastable atom as a base of an ion is maximum, said
polarization rate being calculated by a measurement of
absorption of a probe laser.
7. The spin polarized ion beam generation apparatus as set
forth in claim 1 or 6, wherein said ion is a helium ion, said first
and second pumping lights have a wavelength of a D o line,
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a step of measuring scattered ion intensities with regard to
respective spins of incident ion species to analyze a
magnetic structure of a surface of said specimen based
on a dependency of said specimen on a spin of a probability at which an ion enters said specimen is neutralized.
19. The spin polarized ion scattering spectroscopy as set
forth in claim 18 further comprising: a step of detecting the
scattered ion intensity by an electrostatic analyzer to analyze
a magnetic structure of a surface said a specimen based on a
difference in the scattered ion intensity depending on a direction of a spin of said ion.
20. The spin polarized ion scattering spectroscopy as set
forth in claim 18, further comprising: a step of measuring a
dependency of said scattered ion intensity on an incident
angle of said spin polarized ion to said specimen; and
a step of analyzing a spin while discriminating, based on
the measurement of said scattered ion intensity, an
atomic layer from an element in a direction of the depth
from a surface of said specimen.
21. The spin polarized ion scattering spectroscopy as set
forth in claim 18 further comprising: a step of analyzing a
magnetic structure of a surface of said specimen based on a
detected amount by an electrostatic analyzer before and after
changing a direction of a spin of said spin polarized ion.
22. A specimen processing apparatus using spin polarized
ion beam comprising:
a spin polarized ion beam generator;
a spin polarized ion beam line that irradiates a spin polarized ion beam generated from said spin polarized ion
beam generator to a specimen; and
an ultrahigh vacuum chamber that is irradiated a shaped
spin polarized ion beam from said spin polarized ion
beam line to said specimen thereof, wherein
said spin polarized ion beam generator including:
a high frequency discharge tube for ion generation;
a laser oscillator; and
a pumping light generator that divides a laser light from
said laser oscillator to two lights of a circularly polarized
first pumping light and a linearly polarized second
pumping light to emit these lights to said high frequency

discharge tube with an irradiation angle difference of 90
degrees therebetween, wherein
an extraction electrode for extracting said polarized ion is
provided to said high frequency discharge tube.
23. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, wherein said polarized
ion beam is extracted in a direction orthogonal to both of said
circularly polarized light and said linearly polarized light.
24. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, wherein said high
frequency discharge tube includes a repeller electrode
opposed to said extraction electrode.
25. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, wherein said extraction
electrode includes a fine pore.
26. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, wherein said pumping
light generator includes a circularly polarized light controller
that controls a circularly polarized light of said first pumping
light in a clockwise or a counterclockwise direction.
27. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, wherein said laser
oscillator outputs laser light with a wavelength adjusted so
that a polarization rate of a metastable atom as a base of an ion
is maximum, said polarization rate being calculated by a
measurement of absorption of a probe laser.
28. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, further compring: a
specimen stage that can control an incident angle to said spin
polarized ion entering said specimen.
29. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22, wherein said spin
polarized ion beam line includes a lens having a fine pore
functioning as an evacuation hole and said lens is made of non
magnetic material.
30. The specimen processing apparatus using spin polarized ion beam as set forth in claim 22 or 26, wherein said ion
is a helium ion and said first and second pumping lights have
a wavelength of a D o line.
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