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A NOTE ON UNIFORM RESOLVENT ESTIMATES OF DIRAC OPERATORS

HUBERT KALF, TAKASHI OKAJI AND OSANOBU YAMADA

ABSTRACT. A standard trace theorem can be used to estimate
(1) |(z)5(a-p—2)"Hz)~?

uniformly for non-real z if s > 1/2. In contrast, it is shown that
such an estimate holds for

(2) [{z)~(a-p+mp —2)~H{z)™?|

if s = 1, but not for s < 1. However, with the help of a slightly
refined trace theorem it is possible to replace the weight (x)~* by
lz|7Hz) ™ (0 <t < 1/2,t+s>1/2)in (1) and by |z|~H(z) 1T
(0<t<1/2)in (2).
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1 INTRODUCTION

Let

3

Hy=a-p=Y ajp; H=Hy+mf (m>0), pj=5—
j=1

where = (x1,22,73) € R® and a; and 3 are 4 x 4 Dirac matrices
satisfying oo + apay = 20514 (1 < j, k < 4 ) with oy := 5. We
regard Hy and H as selfadjoint operators acting in the Hilbert space
£? .= L?(R?* We use the norm | - || and the inner product (-, -)
in £2. In the present note we investigate the weighted estimate of the
resolvents

Ro(z) = (Ho —2)~", R(z)=(H-2)"",

uniformly for Im 2z # 0. Simple uniform resolvent estimates for Dirac
operators are the starting point of the investigations in [Ka]. For
Schrodinger operators a typical uniform resolvent estimate

llz[*7HDI*(=A = 2) 7 D|*2[*7!|| < const. (Im z#£0)  (1.1)

is shown as Theorem 1 in [KY] for each 0 < a < 1/2 (see also [RS1],
[RS2]), where

(x) = /14 |z|?, |x|:\/x%—l—x%—l—x§ for J?:(SUl,SUQ,CCg)ERg

and ||T|| is the operator norm of a bounded operator 7' on £2. Here we
use also the weighted Hilbert space for s € R

L3 = L3R = {f(x) | If]ls := [[{x)* f ()] < o0}
and the Sobolev space
He = HY(R*)* = {f(2) | | fllne = [1€)° F(©)]| < o0},

where

f(f) = (27r)_3/2/ e_i<5’x>f(x) dx.
R3
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2 'THE MASSLESS CASE

THEOREM 2.1. For any s > 1/2 there exists a positive constant Cs such
that

(@) ™ Ro(2){2)~°|l = (&) ~* (e - p — 2) " H{a) =] < C
for any non-real z.

Outline of the proof. Let

(a-plu—zu=f, z=A+ieg, €#0,
for (z)*f € L? (s > 1/2). Let

3 . .
o) = (Ii |T\£) _ % (Ii Zjéfﬂ%) |

which satisfies

(- &)Pr(§) = [ PL(€)

in view of (- €)% = |€|2I4. Therefore we obtain

1 Y ;
w€) = —|£|_ZP+(£)f(€) G — P-(/()
and
(u, f) = (4, f) =
(PL(OF©).F1©)  (P_OF (). F(&)
/Rs - 2 FE

Let 1/2 < s < 3/2. For any f € £2, that is, f € H® we can define the
trace operator (k) from H* to X := L?(S?)* for each k > 0 by means
of

(YR ))(w) = kf(kw) (w € 5?),
such that
Iy flls < Croindk?, 1} flls - (k> 0), .
Iy (k) f = (ko) flls < Clkr = kol [ flls (Jhr — ko] < 1) (2.3)
with § = s — (1/2) > 0 (see [Ku, §2.4 and Chapter IV]). Then (2.1)
above implies
(u, f) = (@, f

i, f)
[P A5 g [ PN
0 0 k+z '
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Privalov’s theorem and the trace theorem guarantee that there is a pos-
itive constant C' such that

[(w, )l < ClIflls

which shows

[ull—s < Clf]s,
or by setting g = (x)®f,
[{z) ™" Ro(2){z) gl < Cllg|. O
COROLLARY 2.2. Let s > 1/2 and

Cs = sup |[(x)""Ro(z){z)"[].
Im 2#0

Let Q(x) be a measurable 4 x 4 Hermitian matriz-valued function Q(x)
satisfying

sup (2)**]Q(x)| < 1/C;

z€R3

Then Hg + @ is purely absolutely continuous on R.

The proof follows directly from the resolvent equation

() (Ho +Q — 2) "M a)~*
= (1+ (z)"*°Q(z){(x)"*Ro(2)(z)~*) (z) *Ro(2)(z)".

REMARK 2.3. It is shown in [KOY] that, if

sup |2]|Q(x)| < 1.
rER3

Then zero is not an eigenvalue of Hy + Q.

REMARK 2.4. In contrast to the Schrédinger case it is shown in [Y] that
()~ (a-p = A £i0) " )~

with s > 1/2 does not decay as |\| — co.
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3 'THE MASSIVE CASE

The following property was proved in [IM] by the method of weakly
conjugate operators. The idea of proof given here was stimulated by [O]
and [BG].

THEOREM 3.1. Let m > 0. Then there exists a positive constant C such
that
@)~ (- p+mB—2)"Ha) | < C

for any non-real z.

Outline of the proof. Since

(@-p+mB—2)""=(a-p+mB+2)(p*+m?-2*)",
(a pF A 22 ) 1=(a'p:|:~/22—m2> (p? +m? — 2271,

we have

<x>_1(a-p+m6—2) Ha)™!

)~
= () Ha-pE V22 —m2)7Y (3.1)
+(mB+ 2z F V22 —m2){(z) L (p? + m? - 22) " Ha) "L (3.2)

The first term (3.1) can be estimated by Theorem 2.1, while the second
term (3.2) is given by (1.1) of [KY]. O

COROLLARY 3.2. Let

Ci:= sup [{z)~'R(z){x)""|.
Im 2#0

Let Q(x) be a measurable 4 x 4 Hermitian matriz-valued function Q(x)
satisfying
sup (2)?|Q(z)| < 1/Cy.

z€R3
Then H + @) is purely absolutely continuous on R.

The non-existence of eigenvalues £m is obtained in Theorem 1.2 by [BG]
under a similar condition..

PROPOSITION 3.3. Theorem 3.1 does not hold for s < 1, that is, we cannot
expect

()™ (a-p+mB —2)"Ha)| < C (3.3)

for any non-real z.
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For the proof we prepare

PROPOSITION 3.4. For s < 1 we cannot expect a uniform resolvent esti-
mate

I(=A =27 fll-s < Cslflls

for any non-real z and f € L2.

Proof. Although the proposition is wellknown, we give a simple proof.
Let us assume the uniform resolvent estimate

I(=A = 2) " fll-s < Csllflls (s <1)

for any f € £2 and 2z € C such that Imz # 0. Let u € C5° and put
f = (—A — z)u into the above inequality. we then have

lull-s < Csl[(=4 = 2)ull—s < Csl|Aul| s + Cs|z][Jul| -

for any u € C3° and z € C such that Imz # 0. In the limit 2 — 0 we
obtain
[ull-s < O] Aulls

for any u € C3°. Now we can prove

LeEMMA 3.5. Let s < 1. Then there is not any positive constant C such
that ||ul|—s < Cs||Aul|s for any u € C§°.

Proof. Let g = *(r7%,0,0,0) and ¢ € C* such that p =1 (r < 1), =0
(r > 2). Take R > 0 as sufficiently large and put ¢r(z) := ¢p(x/R)(1 —
©(x)). Then,

lengl2s = [ (14 la) () oo da
R
> CO/ 7“_28_2a+2d7“
2

is divergent as R — oo, if —2s — 2a +3 > 0. On the other hand,
|A(¢r 9)||s is convergent as R — oo, if 2s —2a —1 < 0. Therefore there
is a contradiction, if we find « such that

1< < +3
s—=—<a< -5+ =
2 - 2’

that is, if s < 1. OJ
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Proof of Proposition 3.3. Let us write

= (9
I 0j 0 ’

where o; are Pauli matrices and

I .
H:Ho—|—m6:<;n.; _C’mZ) (m > 0).

Suppose (3.3) for some s < 1. Then
lull—s < Csl|(H = mly)ulls
for any u € C3°. Let us consider the case

2mlis ap)

H—I—mI4:<
op 0

If u =t(v,w) satisfies

[vll—s + llwll-s < C(lI2mo + (ap)uwlls + [[(op)v]s)

and by putting v = —(1/2m)(op)w, we have

lwll-s < [vll=s + wll-s < C5(l|2mv + (ep)w) s + [|(op)]ls)
Cs
= | Awl]s.

2m

Therefore we have a contradiction by the same reason as in Lemma 3.5.
O

4 A REFINED TRACE THEOREM WITH NON-SMOOTH WEIGHT FUNCTIONS

In the trace theorem (2.2) and (2.3) we propose that the condition
s > 1/2 for the weight function p(r) := (r)® is necessary mainly to
the integrability condition

o0
/ p(r) "2 dr < oco.
0
Recently we noticed that the trace theorem can be proved by replacing

plr) =1 ()"

with 0 < ¢ < 1/2 and t + s > 1/2. If we use the result we obtain in the
massless case
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PROPOSITION 4.1. For any 0 <t < 1/2, t+s > 1/2 there exists a positive
constant Cs; such that

o]~ {a) = Ro(2) () ~*|2|~*|
= |[{@)*lz["(a-p— 2)"Ha) 2T < G

for any non-real z.
In the massive case we have

PROPOSITION 4.2. Let m > 0. For any 0 <t < 1/2 there exists a positive
constant C such that

[z~ )" (- p+mB — 2)"Ha) 2T < C
for any non-real z.

The detailed proofs will be given in our forthcoming paper.
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ENHI Grant Number 15K04956.
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A Possibility of Soseki Natsume as a Pragmatist: Exploring the
implications in Theories of Japanese People directing Globalization

Tsukasa Yamanaka

This paper attempts to reinterpret Soseki Natsume’s theory of civilization from the perspective of
pragmatism, and stand out in relief as a pragmatist. Besides it argues that his thought has a significant implication
to current Japanese society which is at the mercy of gloablization. According to Sato (2014), acceptance of
pragmatism by Soseki has been hardly discussed except for some pointings from Hideyo Yamada (1983) and
Shunsuke Tsurumi (2007: 182-185), therefore the approach of these considerations seem to be thought to have
novelty. Picking up especially “Gendainihon-no-kaika” and “Watashi-no-kojinshugi” among his criticisms, the

paper explores Soseki’s pragmatism and his suggestions for how to behave in the global society.

Keywords; Soseki Natsume, Pragmatism, Globalization, “Jiko-honi”, Theories of Japanese People
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Oxide Layer Formation on Fe Ultrafine Grain Particles and Characteristic formation

of ultrafine Ca particles

Chihiro Kaito and Yoshio Saito
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Kusatsu, Shiga 525-8577,Japan

Ultrafine Fe particles are produced in Ar gas pressure based on 100 Torr. Oxide layers
( FeO, Fe;04, «-Fe;03, v - Fe;03) on metallic Fe ultrafine particles less than 500nm orders
have been elucidated by the oxidation temperature changes. IR spectrum of the formed oxides
on metallic particle surface have been elucidated. Ultrafine bce and fcc particles growth
have been elucidated. By heating at 300°C on the formed Ca (bcc and fcc), the

crystallization process to the HCP have been elucidated.

Introduction

One of the most advanced methods for producing ultrafine particles was the gas
evaporation technique, in which a material was generally heated in an atmosphere of Ar inert
gas. Extensive studies on the production of ultrafine particles were started in Japan about 50
years ago by an interesting theoretical result produced by Kubo for the metallic particles.”
The ultrafine particles of a few hundred nanometers in size were easily obtained, and each
particle showed an external form reflecting the crystal structure of the substrate.” Results of
systematic studies on the structure and morphology of ultrafine metallic particles have been
summarized by Uyeda.>® The material temperature at which the vapor pressure was 1 Torr
was adapted as the good growth of ultrafine particles. All the metallic particle melting
points and 1 Torr vapor pressure values were also summarized in paper by Uyeda.” We
studied the oxidatioh process of metal ultrafine particles in experiments using an electron
microscope.”® When if the metallic ultrafine particles were oxidized by exposure to air, an
oxidize layer less than 10 nm thick was formed. The metallic structure, thickness of the
oxide layer at room temperature, and IR spectrum of the oxide formed were elucidated.” Fe
particle of less than 50 nm in diameter were covered with an Fe3O4 on the order of 4 nm
thickness after exposure to air at room temperature. FeO, vy - Fe;O3 and « - Fe;O3 oxide

layer formation on Fe ultrafine particles and IR spectra of the oxidized Fe surface have been
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studied on a 300 nm KBr crystalline film as well as by referring to the experimental report on

crystalline silicate.”

Formation essence of coalescence growth

Fe ultrafine particles are generally prepared by the gas evaporation method in 100 Torr Ar
gas. The evaporation source was a V-shaped tungsten boat heated to 1800°C ( 1 Torr vapor
pressure of Fe.”). A schematic diagram of the particle formation process by the gas
evaporation method is shown in Fig. 1 (a). The gas evaporation technique involves
condensation in free space owing to the collision with an inert gas, which leads to the
formation of three-dimensional particles. These clusters coalesced with each other to
produce ultrafine particles. The particles produced near the evaporation source were
spherical. Particles collected at a distance from the evaporation source showed characteristic
crystal habits.

The temperature distribution around the heater heated at various temperature in Ar gas at 100
Torr and the shape of the smoke is also shown in fig.1(b). Coalescence temperature is
generally took place at the temperature 100 ~ 400°C. In the case of Fe ultrafine particle, the
coalescence took place at about 250°C temperature above the heater. General produced
particle is generally collected at 80 mm from the evaporation source. Therefore the grown

particle is generally collected at the height less than the coalescence temperature.

3o}

1
~ Surface-melting ™™ e
B
coalescence N30

10

Liquid-like
coalescence 0

Evaporation
source

(a) (b)

Fig.1 (a) Schematic diagram of the particle formation process using gas evaporation

technique. A shows the evaporation source. (b) Temperature distribution
curves around the heater heated at various temperature in Ar gas at 100 Torr.

The shape of the smoke is also shown in the left.

_26_



Oxide Layer Formation on Fe Ultrafine Grain Particles and Characteristic formation of ultrafine Ca particles

Results and discussion

(a) Oxidation of Fe ultrafine particle and oxidation in air

Typical smoke which formed by evaporation Fe in Ar gas at 100 Torr by heating at 1800°C
( 1 Torr vapor pressure) is shown in Fig.2. The TEM image indicated Fig.2( a ) shows the
formation of typical sample of Fe ultrafine particles with size of 30~80 nm. The ED pattern
indicated in Fig.2( a ) shows Fe spot of the body —centered cubic (bcc) particles and diffuse
ring of Fe;04. The typical sample of Fe ultrafine particles is shown in Fig.2( ¢ ).The body
centered cubic (bec) particle is generally composed 12 {110} planes. Therefore, 18 surface
particle shapes are produced by the. truncation at 6{100} planes. Therefore, 18 surface
particle shapes are produced. As shown in Fig.2(b) by the HRTEM image of one part of an
iron ultrafine particle, the thickness of oxide layer is 5 nm order. as indicated in the ED
pattern in Fig.2(a). The size of the Fe;0;4 crystallites is produced by exposure Fe ultrafine
particle in air before the STEM observation. The IR spectrum of Fe;O4 showed the

adsorption peak at 16.0 1 m.”

'-‘

Fe;04(311)
0.253 nm

Fe,0, ':‘*so.s(:mf'

.253 nm

(b)

Fig2. (a) Electron microscopic image and electron diffraction pattern of Fe particles

8 cm above the evaporation source. (b) High resolution electron
microscopic image a part of Fe ultrafine particle. Oxide layer 5 nm is

formed. (c) Typical 12 {110} plane shape of ultrafine particle with bce
structure. [111], [110], and [100] are also shown.
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If ultrafine Fe particles heated 500°C in the air showed the formation of oxide «— Fe,O;3
on Fe ultrafine particles. Bright field image and dark field image corresponding to the
diffraction pattern of (101) of « -Fe;O3 is shown in Fig.3. As indicated in Fig.3 ( ¢ ), the

ultrafine particles is composed of central Fe region, vacant region and oxide crystal region.

Fig.3 (a) Bright field electron micrograph of fine iron particles heated at 5000C
for a few seconds in the air. (b) dark field electron micrograph
corresponding to the diffraction pattern of (101)of & -Fe203 (c)
Schematic representation of the oxidized particles. The regions
indicated by, A, B(B1,B2) and C(C1,C2) correspond to central regions,
vacant regions and oxide crystal regions, respectively.
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(b) Anew method on the various oxide formation from Fe ultrafine particle

In the present experiment on the oxidation of Fe ultrafine particles, the two-heater method
indicated in Fig.4 is adopted. After Fe particle formation in 100 Torr Ar gas by heating to
1800°C using heater 1, the produced particles are collected at the heater II position. The
heating stage (heater 1) is kept at 1000°C to 1200°C after Fe particles are collected at the
heater II position. The heating stage ( heater I ) is kept at 200°C,400°C and 600°C by
introducing 1 Torr O, gas in 100 Torr Ar gas for the formation of oxide. After holding for
about 30 minutes, the specimen is observed with an electron microscope on carbon holy film

( Hitachi H-9000 STEM).

heater ]
50mm heater |

L&
()
Fig.4

(b)—1 FeO structure formation

A typical images and the diffraction pattern after heating at 200°C are shown in Fig.5. Fe
ultrafine particles less than 50 nm in diameter are distributed. The diffraction pattern
indicates an Fe particle and the amorphous diffraction pattern of FeO. As seen in the enlarged
image in Fig. 5 (¢ ), fine oxide layer of FeO is produced on the Fe ultrafine particle surface as
well as the formation of Fe30y4 in air as indicated in Fig.2.

As seen in enlarged images in Fig.6, FeO (111) and (200) lattice images with on the order of
3 nm on a small region of the Fe particle show crystallites on Fe (110) and (200) surfaces.
Therefor a FeO layer is clearly produced by heating at 200°C in a gas mixture of 100 Torr Ar
and 1 Torr oxygen.

Fig.7 shows the IR spectrum putted in a KBr pellet. Since the FeO structure is NaCl type
and the Fe particle surface appearing the (100) plane is easily produced the introduction of 4
oxide particle on the Fe (100). Therefore, the FeO IR peak is easily produced. In the case of
the (110) surface of Fe, 4 oxides introduced at ease. But two oxygen on the
(110) is slightly long distance. The IR peak becomes broad on the case of less than 5 nm.

As shown enlarged images in Fig.6, Fe (111) and (200) lattice images of the order of 3

nm order on the small region on the Fe particle shows the small crystallization on Fe (110)
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and (200) surface. Therefore FeO layer is clearly produced by heating at 2000C in the
mixture of Ar 100 Torr and 1Torr oxygen.

Initial study on the compound grain by a evaporation method by evaporating FeO powder
in Ar gas pressure range of 1~100 Torr,” the grains of Fe;04 were produced 25~100 Torr, FeO
grains were produced 17~20 Torr, and Fe graiswere produced 1-15 Torr. The growth of
FeO on the surface of Fe was found at 15 Torr. In the present paper 5 nm order amorphous
FeO phases on Fe particles are produced by the collected particles at 1 Torr O, in 100 Ar  gas.
by heating at 200°C.

111
200

(a) (b) ©
Fig5.(a) Bright TEM image and (b) corresponding ED pattern of Fe
Ultrafine particles heated at 200°C in mixture gas of 100 Torr Ar

and 1 Torr O, Diffuse FeO ring appeared. ( ¢ ) The enlarged image
clealy show the formation of an FeO layer with 5-nm-order thickness

on Fe ultrafine particle surface.
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Fig.6. Enlarged lattice image of FeO crystallites on the surface of Fe particle with
diameter of less than 50 nm. FeO (111) lattice image 2.49 A or (200)

lattice image 2.15 A with of less than 5 nm diameter can be clearly seen.

mass absorption k (cm2/g)

Fig.7.
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IR spectrum of the present FeO on Fe particle surface indicated in Fig.5

Absorption peak position 14 and 16 um are due to FeO ultrafine particle on

Fe ultrafine particle.
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( ¢)2 vy -Fey0s structure formation

A typical image and diffraction pattern of vy - Fe;Os3 are shown in Fig.8. The diffraction
pattern indicates the cubic shape. Since the heating temperature is 400°C, the central Fe
particles with a void layer, as indicated in the model in Fig.2 (b), are well grown. Since the
r-Fe,Osformed grains are less than 10 nm in diameter, diffraction pattern becomes diffuse and
strong peaks can be seen. As indicated in the magnified image in Fig.9, the central dark
contrast for large Fe particles shows the existence of Fe gains.  Fig.10 show the IR
spectrum of that dispersed in KBr crystallites. The r-Fe;Os3 surface has the spinel structure.
The structure of the Fe particle is based on the diamond structure, and oxygen exhibits a
single cubic distribution. The peaks of Fe and O absorption between Fe and FCC FE

occurred at 9.5 pm and 21 u m respectively. The Fe-O adsorption similar to that of the

FeO structure appeared at 16.5 um.

511
422
400
311
220

y-Fe203
(Maghemite)

Fig.8 EM image and corresponding diffraction pattern for Fe ultrafine particle kept
at 400°C in mixture gas of 100 Torr Ar and 1 Torr O,. The diffraction pattern

shows the formation of +y - Fe;03, as well as the amorphous-like particle.
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Fig.9 (a) HRTEM image after the formation of vy -Fe;O3 on Fe particle surface.
The fundamental Fe particle shape was maintained. Rings of white contrast
indicate the formation of void layer owing to the oxidation of the vy - Fe;O3
structure, which started on the Fe particle surface. ( b ) HRTEM images
shows vy - Fe203 crystallite formation on Fe particle surface. The

crystallizations are smaller than 10 nm.

—————
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1556 _%l : :_;T‘.\: ' RN .
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Fig.10. IR spectrum of v -Fe,O; formed on Fe particle by heating at400°C .
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(¢)-3 «-Fe203 structure formation

Typical image and diffraction pattern of « -Fe,O3 are shown in Fig.11. The Fe particle
shape is the structure base of the oxide layer shape. Crystallization growth is well occurred
by higher temperature. Crystalline particles with interest fringes appeared. As indicated in
the magnified image in Figl2, small white holes are seen. The diffraction of oxide inter Fe
particles is effectively occurred. Oxide plated of (104) or (012) are effectively occurred as
shown in Fig 12. Fe (110) is well oxidized hexagonal packing oxygen plate along to c-axis
of a-Fe)Os.

IR spectra indicated in Fig 1 3 is mainly FCC Fe and oxygen at 11.8 x m and 22 u m.

A slight diamond and oxygen effect is apparent at 9.5 1 m in addition to r-Fe;Os.

Fig.11. STEM image and corresponding diffraction pattern of the oxide produced by the
oxidation at 6000C in mixture gas of 100 Torr Ar and 1 Torr O. A typical
a -Fe203 structure appeared. The diffraction pattern indicates the
formation of crystalline oxide particles. The small white defects are due to
the formation of small holes in the oxygen crystal shape of Fe owing to the

oxidation of the surface.
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Fig.12

HRTEM image of crystallite structure planes. The oxide (104) parallel

reaction is composed during the oxidation process of Fe particles. The beam

shape affects the Fe (110) and (200) lattice oxidation to « -Fe,0Os. Therefore

4000
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g 2000
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Fig.14

the shape was chosen to be of typical Fe shape.

T L— T T T

T

a-Fe,0;

———
—

10 15
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20

IR spectrum produced from « -Fe,Oj3 plate particle.

25

In the present study in ( ¢ )-1, ( ¢ )-2 and ( ¢ )-3, Fe oxide layer growth on Fe particle

surface of the order less than 50 nm order and SR structure are presented. The result may

be used on the IR spectra on fine oxide layer. As shown in Table 1 on the present IR spectra,

6 um and 7 um peaks seen IR peak due to the existence of Fe grains shows the oxygen layer

on Fe particle surface.
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Table 1  Absorption peak position from IR spectra by the Fe ultrafine spherical

particle oxidation

sample Absorption peak position (um)
FeO (NaCl) 6 7 14 16
a=4.307 (111) (100)
Y -Fe,0, (magnetite) 6 7 95 16.5 21
a=8.3515 A 111) (011) (100)
a -Fe,0, (Hematite) 9.5 11.8 22
a=5.0340 A (001) (100) (110)
c=13.752 A

O on Fe (100) O on Fe (110)

(d) y —Fe 03 Fine Particle Growth in CO, Gas Plasma Field by the use of stainless-steel
plates plate
The evaporation source and the schematic presentation in a plasma field are shown
on Fig.14. Fe powders were heated in a part of the hold region of a carbon boat with 5
cm length and 5 mm with as shown in Fig.14 (b). The plate of the plasma field (4 x 4)
cm2 was used above 1 cm from the heating boat as indicated previous paper on the
formation of CoO ultrafine particle.lo) Typical smoke shape image is also indicated in
Fig.14 (a). After the evaporation to a vacuum of 1.33 x 10 Pa from the bottom of the
chamber, CO, gas was introduced at a pressure of 2.61 x 10% Pa (20 Torr). Plasma field
with a frequency of 13.56 MHg was used and applied between the two plates. The

collecting holder was set 2 cm from the top of stainless steel plate.
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Collecting

holder \// .‘ L /

Stainless-steel

4mm

plates
i) 4 mm carbon holed as the
3 hole of metal evaporation
icm I
Carbon o
evaporation
source ey

(@) “”

Fig.14 Schematic presentation of evaporation source of metallic powders and the two
stainless steel plate in order to forming the plasma region. The smoke shape
in CO2 gas atmosphere at 2.66x103 Pa is also presented in the schematic

representation. Carbon evaporation shape was presented in (b).

Typical metallic particles of Fe are produced in a CO2 atmosphere at a pressure of 2.66 x
103 Pa. Metallic particles collected 1 cm above the evaporation source, which is heated
at about 2000 K are shown in Fig.15 (a). The temperature at the height is about
450°C,similar to that in particle formation in Ar gas under pressure. The temperature
distribution in the CO; gas also similar to that in Ar gas. The Fe particles collected at a
height 1 cm had a size of 50 nm order with bee structure. The produced iron particles
were typical {110} rhombic decahedrons similar to those formed in Ar gas. The bce
structure of the iron particles as in figure caption is shown in Fig.16(a). The metallic
particles changed to oxide particles with 100 nm size as shown in Fig. 18 (b). The

electron diffraction pattern show the growth of r-Fe,0; particles from metallic particles.
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Fig. 15. (a) Electron microscopic image and electron diffraction pattern of Fe

particles 1 cm above the evaporation source. Metallic particles with a size of
50 nm order and the bee structure were produced. (b) Electron microscopic
image and electron diffraction pattern of Fe particles produced passing through
the plasma field. The electron diffraction pattern shows the vy -Fe;Oj3 structure.

The shape of Fe particles was that of a rhombic dodecahedron.
20 nm _esnim

Fig.16 Typical shape of y - Fe,O; p-article showing the {110} diffraction, shows

truncation at the {100} planes. A (400)lattice can also be seen. The dot-dashed
lines show the {100}and {110} planes.
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(e) -1 Characteristic formation of ultrafine Ca particles

X-ray study of Ca metal D showed the growth of face centered cubic (fcc) structure
(a=0.556 nm) at room temperature. By heating at 300°C, hcp structure ( a=.0.304 nm, c=
6.44 A) appeared. Above 5000C,main structure of body centered structure (bcc)(a=0.438
nm) were produced. It was also showed that the diffractions fcc Ca and bce Ca were also
contained spherical fcc and that the diffraction rr The some diffraction of structure of HCP
were also containe fcc and bec reflection due to the lattice of a=0.646 nm. Melting point of Ca
is 1123 K as reported in paper” .

In the present study , Ca ultrafine particles are produced by the gas evaporation method and
100 Torr Ar gas. The evaporation sources were a V-shaped sungsten boat heated to 1200°C
vapor pressure (Fig.1 ( b) and heated to 1800°C (Fig.1 (b)). Fig.17 shows typical shape of
ultrafine particles of the shape of ultrafine particle with fcc structure (a) and hep structure (b).
The bece structure is presented in Fig.2 (¢).

Fig.17 (a) General typical 16 plane shape of ultrafine particle with fcc structure. Well
growth of {111} plane particles are produced with {100} planes (b) General typical

plane shape of ultrafine particle with hep structure.

(e-)-1 Characteristic formation of ultrafine bec Ca particle by heating at 1200°C.

Typical specimen of the collected particles and corresponding diffraction pattern collected
at 80 mm from the evaporation source are shown in Fig.18. Grain less than 200 nm order is
seen just the grain formation of typical Mg ultrafine particles with typical hcp structure.®’
The present Ca electron diffraction pattern suggestes that the produced ultrafine particles are
composed of Ca with bee structure containing amorphous phases.  As elucidated x-ray study

of Ca metal,'’ the present observed particles are bee structure, which can be grown above
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500°C. The temperature distribution due to heating Ca metal at 1200°C as shown in Fig 1
(b) shows the growth of the vapor to solid at within 5 mm from the heating surface.

The grown particles of HCP at about 10 mm started to change to HCP at about 10 mm to 80
mm , the bee ultrafine particle grain which is composed of 12 ( 110 ) planes may be
coalescence on the formation of HCP. Since the particle growth in 100 Ar at 80 mm at the
temperature of the 100°C take place with in a short period of time (10-3~10-4 second) from
the evaporation as indicated in Fig 1(b), complete growth of HCP hardly occurred.

Fig.19 shows typical collected image at 30mm from the heater. Typical (110) shape
ultrafine particle of bce loss than 50 nm order is seen as first elucidated on Fe ultrafine
particle. Since ca bcc particle is unstable at room temperature, the Ca particles becomes on
stable at high temperature image condition as shown in Fig.19, The surface of the particle is
oxidized to exposure in air before the direct observation by a TEM. Amorphous strong
alteration by coalescence growth between FCC particles took place at collecting 30 mm to
80 mm. Therefore the based formation of the surface of HCP took place.

e 310
220

200
. 110

Fig.18. Bright TEM image and corresponding ED pattern of Ca ultrafine particle on
carbon film in Ar gas of 100 Torr at 80 mm from the typical image smoke particle.
The particle size is less than 200nm order. Linear change ultrafine grain were
general produce for HCP structure. The electron diffraction pattern shows the
growth of BCC of Ca. In spite of large crystal structure, the diffraction pattern

indicates amorphous structure formation took place.
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Fig.19 ( a ) Bright TEM image collected of Ca particle at 30 mm above
evaporation source. Typical ultrafine body centered cubic (bcc) shape are well grown. The
bee particle was composed of 12 {110} planes inserted model image in fig2 (¢ ). (b)
Enlarged taken image of one part of one part in (a). 1 mm length is corresponding 20 A. The
ultrafine particle surface oxidized 50 A order at room temperature. Since melting point of Ca

is lower, the ca bee structure distorted during the observation.

Fig.20 HRTEM image of collected particle seen in Fig.18. Lattice image of mixture of
bee (a=4.46 A) and 6.46 (HCP, C=6.46A) images is seen as the amorphous structure.
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(e)-2  Characteristic formation of ultrafine fcc Ca particle by heating at 1800°C.

Typical specimen of the collected particle and corresponding diffraction pattern collected
at 80 mm from the evaporation source as indicated in Fig.1 (b) are shown in Fig.21. Grains
less than 30 mm order are seen just the grain formation of metallic particle with face centered
particle (fcc) as indicated in Fig 17 (a). The temperature distribution by heating Ca metal at
1800°C as shown in Fig 1 (b) shows the growth of the vapor.to.soled.at.which.about.10 mm
from the. heating source. The growth particles of fcc at height 10 mm may be took place and
may be started to change to HCP at about 10 mm to 30 mm from the evaporation source.
Since the particle growth in Ar gas at 80 mm at temperature of 100°C take place in a short
period of time of 10™* second from the evaporation as indicated in Fig.17 (b), complete growth
of HCP hardly occurred. BCC 12 (110) planes truncated six (100) ultrafine particles canged
characteristic fcc shape due to 6 (111) containing six (100). Typical shape of fcc ultrafine
particle shape have been produced in the present high temperature evaporation for Ca. At
the melting point of Ca at 1 Torr evaporation as well as general formation of metals, bcc
phase Ca ultrafine particles are formed as indicated (e)-1. Present evaporation have been done
on the formation Ca ultrafine particle of FCC in the growth appeal experiment of CaCO3.

Fig.22 show high resolution images of Ca particles. The surface of the particles are covered
with an oxide layer with a thickness of about 3 nm by exposure the specimen to air before the
TEM observation as elucidated metallicparticles.” As elucidated the oxidation of metallic
particle ®, Ca fec particle surface growth by the diffusion of Ca atoms introduced vacant
region in a ultrafine particles. Therefore un-oxidized metallic region, vacant regions and oxide
regions are formed by the oxidation of Ca fcc particles at room temperature. A rot of defect
may be produced in fcc particle. (b) shows moire image due to fcc (111) and (110) beta seen

in electron diffraction pattern in Fig.21 (b).
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Ca

(110)beta

| (220)beta

Fig.21 Bright TEM image ( a) and corresponding ED pattern (b) of Ca fcc ultrafine
anicles ‘

Fig.22 (a) Amorphous CaO formation due to exposure in air observation before due to
HRTEM observation. (b) Moire image due to fec(111) and (110) beta in

Fig.26 (b) (b).
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(e)-3 HCP ultrafine particle formation for Ca (bcc ) (e )-land Ca (fcc).( e )-2

By heating Ca ultrafine particles indicated Fig.18 is heated at 300°C in vacuum by setting
carbon boat at TEM. Typical image and electron diffraction are shown in Fig.23.

Basic configuration of Ca bcc based on the growth of HCP(a-0.394 nm, C=0.646 nm), the
structure shape alteration is hardly occupied, and (100) and (001) heating prisms are well
grown.

BCC ultrafine particles composed ultrafine particles, the coalescence, the coalescence
growth on the (110) planes and crystallized to HCP (001) shop pares and long (100) planes.
The lattice image defects due to the (002) crystal, the (001) fringes are well seen as shown in
Fig.24. The stable CaO layer, by exposure in air is also less than 0.5 nm bused amorphous
structure. The exsistence on Ca ultrafine particles to the formation CaO layer, defect in the
growth HCP structure is much. Therefore the reflection images are well seen in the growth
face of HCP structure. Therefore HCP (101),(111) are also seen amorphous like pattern.

¥

SO

Fig.23 Bright TEM image and corresponding ED pattern of heated Ca ultrafine
particles at 3000C. Diffraction pattern shows the growth of HCP structure.
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. & N TS 103

T

Fig. 24 HRTEM image of the grown HCP structure. Each surface of the ultrafine

particles are covered also with 3 nm thickness CaO layer. HREM image due to
the (001) lattice images of 0.646 nm can be seen.

Fig.25 shows heating Ca ultrafine particles indicated Fig.21 is by heated at 300°C in
vacuum by setting carbon boat at TEM. Typical image and electron diffraction pattern are
shown in Fig.25. Basic configuration of Ca fcc based on the growth of HCP ( a=0.394 nm,
¢=0.646 nm), the structure shape alteration is hardly occurred, and (100) and (001) heating
particles are well grown formed (111) planes of fcc. The surface of HCP present shape is
covered with amorphous oxide layer CaO. Coalescence among ultrafine fcc to the change to
HCP well took place as shown in Fig.26. HCP covered CaO are well grown the defects.
The electron diffraction pattern clearly shows the HCP structure from fcc ultrafine particles.
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(220)beta

Fig.25 Bright TEM image (a) and corresponding

Fig.26 (a) Large image of (a) HCP ultrafine particle indicated in Fig.29.(a). (b) Th
growth of due to the fce to change HCP by heated at 3000C. (c) HRTEM image of
the growth HCP structure. Since melting point Ca is lower, the Ca HCP particles

= - —

covered with oxide layer also distributed during the observation.
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