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1 FHRRES:

High—frequency electron—spin manipulation in semiconductor artificial atoms and molecules

2 MRERA:
Wilfred G. van der Wiel

3 HRDHLL:

The aim of the project is high—frequency (GHz) electron—spin manipulation in semiconductor few—electron quantum
dots. The main motivation of this proposal is formed by the possible application of electron spins as basic building
blocks for quantum logic.

One concrete aim is to rotate a single—electron spin in a few—electron quantum by means of a locally generated
electron spin resonance (ESR) field. A key experiment that still needs to be done is the determination of the
single—electron spin decoherence time 7, in a semiconductor environment. The next logical step after studying
single dots is to look at double dot systems. The entanglement of two electron spins using tunnel-coupled
quantum dots is of great importance for the realization of the XOR (or controlled—-NOT) gate operation.

41. Few—electron quantum dot devices for single electron spin resonance

We have fabricated vertical few—electron quantum dot (QD) devices with an integrated high—frequency line to
generate an ac magnetic field in the vicinity of the QD [1,2]. This ac magnetic field is intended for realizing single
electron spin resonance (ESR) and measuring the single—electron coherence time 7,. The effective g-factor in our
GaAs dot is derived and microwave experiments show the importance of photon assisted tunneling (PAT) and
pumping.

(a)

A

4| pot [
t 7= b—TAC -
) oL ~ Gurrent GaAs 1a0[ 7
/ St A %m /_ r’/
DepletedGaks, R 2 400 Kg_ou A
DC Curre & / o
Barriers Gate 2 s
E % -'I g=023
E 40 /
g oy
.- . . s .
"] 2 4 G 8 10
B(T)
FIGURE 1. (a) Schematic of a vertical quantum dot (VQD) FIGURE 2. Plots of the differential conductance dl/dV vs.
with a ring gate used for generating an ac magnetic field B, gate voltage V, and source-drain voltage V., for three
The device is positioned in a static magnetic field B, paralle/ different parallel magnetic fields, B=10T (a) 8 T (b), and 6 T
to the dot plane. (b) Scanning electron microscope (SEM) (c). The B-evolution of a Zeeman split state (indicated by
pictures of a VQD device with a local ac magnetic field arrows) is clearly observed. (d) Zeeman energy as a function
generator. In the “combination type” a Ti/Au gate electrode of B. The Zeeman energy cannot be resolved for B < 6 T.
is used for applying both a DC voltage and an ac current. (c) From the linear fit to the data (red line) |gy,| = 023 + 002
SEM pictures of a V@D device with a separate local ac is derived. The Zeeman energy in bulk GaAs (gg.al| = 0.44) is
magnetic field generator. In the “separate wire type” a Ti/Au plotted for comparison. The different symbols correspond to
wire Is fabricated in the vicinity (~1 um) of the dot. different positions in the Coulomb diamond where the Zeeman

splitting has been evaluated.
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Examples of our ESR devices are shown in Fig. 1. Ideally, a single electron is confined in the QD and its
discrete orbital energy level is Zeeman split due to a static magnetic field B, by AE, = g,,1158, with g, the
g-factor in the dot and 173 the Bohr magneton. A microwave magnetic field, B,,, in a plane perpendicular to 5,and
in resonance with the precession rate, causes coherent oscillations between the states |T> and |l> (electron spin
resonance: ESR). The rotation frequency, or Rabi frequency, is proportional to the strength of B,.: fr. = 8ot Mg Bac
/h. The field B,, is generated by driving an ac current lac through a microstripline in the vicinity of the QD. The
Larmor precession and the B,—-induced Rabi oscillations offer two perpendicular axes of rotation, enabling in
principle any desired qubit rotation.

Since g, is expected to differ significantly from the value in bulk GaAs we first independently determined g,
using excited state spectroscopy, as shown in Fig. 2. The Zeeman energy is derived for a series of magnetic fields
from the energy spacing between the ground state and the Zeeman excited state (indicated by red arrows). We
derive |g,,] = 0.23 = 0.02, which is smaller than that of bulk GaAs (|g;.s] = 0.44), probably due to the effect of
electron confinement and the influence of the Aly,Ga,;As barriers (bulk g-factor +0.4).

(a) (b) E.
39.42 GHz t50.00GHz | | Y o n 1 1 e —
[ Bu=0 af Bi=0 M H_ [ +H T
4L 0dB | f, -38 dBm o A,
1 a2k 11 i G
St hf k ~ H ! g, T U,
51 ] | 5t il =[N .. —<
E = : - - - B _
8 2L ﬁ 8 1 g =Y w=1 n=2 by, =0 by #0
N . FIGURE 4. (a) Schematic hybridization of multiple orbital
\ : J 0} states. (b) Energy spectrum of a quantum dot (QD) with two

- L 1 1 orbital levels (level spacing A,,) and Zeeman energy &,
-2.50 -2.45 240  -2.50 .45 2.40 PACINE Lz & o

Gate voltage (V) Gate voltage (V)

with/without a magnetic field gradient bg,. The lowest levels,
[G..>, constitute a qubit. [E.> are excited states.

FIGURE 3. I-V, plots at B = 0 for microwave powers from —40
to =10 dBm, f = 39.42 GHz (a) and from =38 to -10 dBm, f =
50 GHz (b). Satellite peaks ascribed to photon assisted
tunneling are indicated.

Our microwave results (Fig. 4) indicate that

instead of generating only an AC magnetic field, we FIGURE 5. Model of the 1D QD in a slanting Zeeman field.
also create a significant AG electric field near the Ferromagnetic gate electrodes (dark grey) are located at
dot. We have not been able to confirm ESR in our either end of the dot and are magnetically polarized in the
system, hampered by the spurious electric ac field. plus/minus x—direction, creating a magnetic field gradient bg,.
Our results confirm that microwave signals up to 50 A uniform magnetic field B, is applied in the z—direction. The
GHz reach the sample, but also indicate that we spin in the dot is controlled by applying an oscillating voltage

have to reduce the AC voltage generated in the dot Voo between the two gates.

and possibly also the heating of the sample.

As an alternative for the above strategy, we have described a general concept for realizing a solid—state
quantum two—level system (Fig.4), based on a single electron in a quantum dot (Fig.5), which combines ease of
manipulation with long coherence times [3]. An ac voltage is applied to let an electron in a QD oscillate under a
static slanting Zeeman field. This effectively provides the electron spin with the necessary time—dependent
magnetic field. Note the analogy with the Stern—Gerlach experiment, where the spin and orbital degrees of freedom
are coupled by employing an inhomogenous magnetic field. A robust single pseudo—spin system is obtained that
can be controlled by voltage only, without the need for an external time—dependent magnetic field or spin—orbit
coupling. This unique and important feature is expected to considerably facilitate experimental realization of qubits
based on single electrons. It is shown that both single qubit rotations and the C-NOT operation can be realized,
thereby providing a universal set of gates for quantum computation. Using this approach it is also possible to
determine the intrinsic single electron spin coherence time in the system.
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4.2. Electron—phonon Coupling in a Double Quantum Dot

Electron—phonon coupling often leads to dissipation and decoherence problems in nanoelectronic devices. The
decoherence in a tunable two—level quantum system (qubit), such as a double quantum dot (DQD) [4], is of
particular interest in the recent light of quantum computation and information. In analogy to quantum states in
natural atoms — which dominantly couple to, and are successfully controlled by photons — the electronic states in
solid state systems may be controlled by phonons, taking advantage of the strong electron—phonon coupling. We
have observed non—adiabatic transport through a double quantum dot under irradiation of surface acoustic waves
generated on—chip [5]. At low excitation powers, absorption and emission of single and multiple phonons is
observed. At higher power, sequential phonon assisted tunneling processes excite the double dot in a highly
non—equilibrium state. The present system is attractive for studying electron—phonon interaction with piezoelectric
coupling.

@]

100

1.940 1.944 1.948

087 086  -085 f(GHz)
Var (V

FIGURE 6. (a) Picture of the device with interdigital
transducer (IDT, left) and double quantum dot (DQD, right).
The source (S) and drain (D) reservoirs are indicated. The

FIGURE 7. (a) Color scale plot of the D@D current versus
ground state level spacing AE and microwave frequency f

IDT-DQD distance is 227.5 um. In the scanning electron
micrograph (SEM) of the IDT, the electrodes, separated by A =
1.4 um, are visible. In the hatched regions of the DQD SEM
the 2DEG is depleted by dry etching. The position of the dots
/s indicated by white dots. (b) Transmission T (blue curve) and
reflection R (red and greencurves) at room temperature of
two IDTs similar to the one used in the experiments,

applied to the IDT (40 dBm microwave power). V,, and V,, are
swept along the red arrow indicated in Fig. 1(c). The current
at AE=0 and 150 peV corresponds to resonant tunneling
through the ground states (GG), and through the left ground
state and an excited state in the right dot (GE1), respectively.
A clear resonance is observed at 1.9446 GHz (Af = 1.4 MHz),
corresponding to the IDT resonance frequency. The inelastic

separated by a distance of 455 pim. A peak in T and a dip in R current is due to absorption and emission of SAW phonons, as
are visible at 1.92 GHz. (c) Color scale plot of the DQD
current vs. gate voltages V,, and V,, at source drain voltage
Voo = 500 11V without SAWs. The dual gate sweep direction

for the SAW experiments is indicated by the red arrow.

schematically depicted in the energy diagrams (b) and (d),
respectively. The energy diagram for elastic resonant
tunneling is shown in (c).

Our device is described in Fig. 6. Figure 6(c) shows the single—electron tunneling current through the DQD
versus gate voltages I and V, with a large bias voltage of 500 uV with no microwave power (P = 0) applied to the
IDT. When microwaves are applied to the IDT, we observe significant broadening and splitting of the resonant
tunneling peaks only at the IDT resonant frequency, £y = 1.9446 GHz, as seen in the frequency dependence of
the current spectrum in Fig. 7(a). The resonance frequency corresponds very well to that of the GaAs reference
sample (1.92 GHz) of Fig. 6(b).

The microwave power dependence of the current spectra is presented in Fig. 8(a). The peak splitting clearly
increases with microwave power P. In Fig. 8(d) the splitting is plotted (black dots) as function of the amplitude of
the microwave voltage applied to the IDT, V1, confirming the linear dependence. The non—adiabatic calculation in
Fig. 8(c) shows clear additional structure in between the split peaks. This structure originates from the phonon
satellite peaks that should be individually resolvable at AE = nhfy,, if the peak width is smaller than the phonon
energy. In our case, however, the peak width exceeds Af,, (but is less than 2A%,,). We actually find good
agreement between the calculated current spectra and the experimental data (including the inter-peak fine
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structure) at finite microwave power as shown in Fig. 8(b), where we have applied the a—~PdBm conversion derived
in Fig. 8(d). Our data thus reveal clear quantum behavior, even when we cannot resolve individual phonon satellites.
Quantum behavior is also observed in multiple excitation processes between excited states at higher power [Fig.

8(e)l.

=

e

FIGURE 8. (a) Color scale plot of the DQD current versus
AE and microwave power P, at fy= 1.9446 GHz, for the
same transitions as in Fig. 2. (b) Experimental (black dots)
and calculated (red curves) current spectra for different

microwave powers, extracted from (a) and (c), respectively.

o
o
splitting (peV)

The experimental microwave power incident on the IDT is

converted to normalized potential amplitude o using (d).
The current height of the calculated spectra is fitted to
the experimental data. (¢) Calculated DQD current versus

AE and o in the non-adiabatic limit, as explained in the
text. Inset: squared Bessel functions J ﬁ (@) forn=012

and 3. (d) Splitting of the current peaks as function of the

0.0 amplitude of the microwave voltage V,,; applied to the IDT

for the experimental data (black data points and axes), and

&

0 0 80
AE (ueV)

o

2 4 ]
o = eV, mf current peak splitting derived from the calculated spectra

in (c) as function of a (red curve and axes). By matching the experimental and calculated curves, the conversion between P and o is
found. (e) Schematic energy level diagrams for the positions 1 and 2 indicated in (a).

The current spectra reflect the amplitude of the local piezoelectric potential. The lowest power at which we can
resolve peak splitting is =58 dBm, corresponding to V., = 24 nV, which is several orders of magnitude smaller than
the power used to induce dynamical quantum dots and to induce lattice displacements measurable by optical
interferometry. We find that the DQD can be employed as a very sensitive SAW detector and is promising for
studying electron—phonon interaction.
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5 BCEHi:

The original goal of realzing single—electron electron spin resonance (ESR) has turned out to be extremely hard.
The main problem is formed by spurious ac electric fields that obscure a possible ESR signal. Similar kind of
problems have been decribed by groups at Harvard University and Delft University of Technology, where also
attempts have been made to realize single—electron ESR. Motivated by the practical problems we came across, we
have started working on a pulse—and—probe scheme that should, in principle, be able to cope with the problems. In
addition, we have developed an alternative scheme based on a single electron in a slanting magnetic field, as
discussed above. This work has resulted in a publication in Physical Review Letters. Experimental work on the
realization of single—electron ESR will continue, based on the ideas developed.

As far as double quantum dots are concerned, we have made important progress in studying electron—phonon
interaction in a potential two—qubit system. The work was recently submitted to Physical Review Letters and is
expected to function as a stimulus for research on controlled electron—phonon interaction.
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2H rggion 4H region

Lo —A—— ~_ Faulted

region (2H)

AIN grown layer
AIN grown

layer

6H-SiC
1120) sub.

X4: 6H-SIC H&LU 4H-SiC (11-20)E Mk LIZRELT= AIN QBE TEM {&, 6H-SiC £®D AIN (& 2 EBREEI D&
BEDYILVEEEIEH-)AIN THAH., 4H-SiC _ED AN (FEIRD 4 BEEAEZ (TH#LVE 4H-AIN THHIENBARE
|ZHEERTES,

5 BCiHE:

LY BEEICHT DEMRE

o ERIC2EBHEDTNAADFHEICCERITHENTE, ARHFINETNA RAYPBICEIENMEEHERT
E1=, AN/SIC [CRALTIE. AMEHMB DB E REIHE AN ZREHRIERBICANSEWNSTVET RO REYY
T—hER FET BEDBNMEEHEEL . WS BT o1z, £, GaN/SiC HBT IZBL TIX. BEDHEN T DE
DBEBRENRESNTUVEL, BEFOFAN EL THERINTWVEWVEEDBELHDDIZH LT, AMET
. mADEEEILEL. BRIZEFFAICKD IV RAEEN LI > TNS I EEEZRLTLNS,

o FEEBELEFYHDOMHEBIL C-V AlIEICKYIERICHMICHERETHIENTE RN, TNET/N\A X EREL
DHEEANEZFBIZIEESLEMN o= TNNARTORRADRFIEAT+H T, TNAAEEARAEESLYE
TNARTAEANRERTKRIBIZEBIELTOWSIENRETH D MELT NS REDF vy I (T4 TOt
AHIDRES)ICHFEREELALE . IIELARNILDLSTINARALANUAEFE>THKIEFHRTW V=DM
BETHD.

CDIEMTERAMBECAIIERICEIZDENTE, TELNEF->TE-DT. 51 ~3FEDOHICKELHE
BN BoNSBRMELRELMIL> -, MISFET & HBT A TORINIFHLLIMBLNGENA, EELMIDNNTIE,
SiC MOSFET. SiC BJT MRAZHEZZT N\ RERRIE, TMFX vy TEERTIIEEZRBIATOESLR
mF/RBEHFHETAIEL, ERATRETHLIILEERLIZLY,

LUFRADEE

® SiC (0001)EEA~®M AIN DIEEFKEZIBSH. SiC ED AIN DFERBEBEEZ nm A5 —)LTEL., BBSMIZL
Tre T . BRREBEZ T FAEEREAM LT HEVNVSEKENVREEZERHEL, REBEEODFHFTIXEEE
fizxF=.

® SiCEMBME LA, SICDFERBEDIEIZLY. BARICHEELAWVIHBOHEREBEZE D ANDEEIC
BILtze EVAEZZNIEYILYEEAIN QDIEFEIZ1.0nm BHID BARBKFEBI-LLEZL. BEREEDOHA
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BoY . BHTENRERENM TZHEAVIFIA TS,

EE. A2\ EEOFE) ELTIE. THAAREMELIVESELOBRBRO AL KREVNHBHNLGL, (BULMERD
TERFNIE, BINATOESTN\AREELZEETELLD T, DR RITEEAATHREATRES TN
ARAEBROEBREMTIEH DD, ) TNODERIZTOVNTIX, fiFFXERELL. EREL. GH—EENS5F—7
—FTNEDO DY R—hZ, BREFIFATOIEZF L —DH—HEBREVSF—TJ—FTHABEFAEREAZZITS
CEMTE ISTIEN T TEFENFZEX - FMAE CTERBCUTESLZVEEZA TS,

6 MRBIFORME:

HROFERILINAZIRE R ZHEBRMTHAV IV DAREMERRAEBZSFMEL TR vy
TIRNF—DORENEEEXRAGEE SN, IV HED SiC L II-V HED GaN DIFEEBREESLUT /NI ARELHEDH S
NTWS, AREDRWIIFEFEBOHEHNFAEL S FE—LIEAFS—FAWNTIVIRE -V BROATOESHE
mAREMZRAEL. BEON RERREABEMREMHERIHTEILETH S,

AMBETHONEEEBLRBELELTARD 4 AZHEFEIENEES.F 1 [CREZREZICHETHIEICKY,
SICEMEICREDRVWANBBRBEZRRIELIE, F2IZTNERAVTMISEERDRNMS O OX 2% /EL.
BIFGrSUDR M E/I-CE F I3 ITVAVLRARAZEIEL T, GaN/SiC TEAFX L 7 ILEERE AL =ATO
NAR=FSrSUORAHBTZEREL. RIFEEHEEFSEIE HLOWERRACLTOREREBEZITL., 4H-SiIC EiR
LD AN ZHRTIHOH THESEDIZEICHEILIZCE, THD,

ARROERF10FDRERXEZER. 1 mORERM. 2 OBFRECTRRL -, F-AXEREAEZSEN
LEBERMEEZT TS, 2RELTFRSNE-EEDZERELFTMIT S,

7 EHRNE:
X 104

Z&H-FFK¥E N. Onogjima, J. Suda and H. Matsunami

=78 Growth of AIN (11-20) on 6H-SiC (11-20) by molecular-beam epitaxy

F &5 Japanese Journal of Applied Physics Part 2-Letters Volume 41, Issue 12A, Pages: L1348-L1350,
2002

Z&H-FK¥E N. Onojima, J. Suda and H. Matsunami
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F XKt Japanese Journal of Applied Physics Part 2-Letters Volume 42, Issue 5A, Pages: L445-1447, 2003

Z&H-FK¥E N. Onojima, J. Suda and H. Matsunami
78 Growth of high-quality non-polar AIN on 4H-SiC (11-20) substrate by molecular-beam epitaxy
FE IS physica status solidi (¢) Volume 0, Issue 7, Pages: 2502-2505, 2003.

Z&H-FK¥E N. Onojima, J. Suda and H. Matsunami
F 7 Impact of SiC surface control on initial growth mode and crystalline quality of AIN grown by

molecular-beam epitaxy
FE K physica status solidi (¢) Volume 0, Issue 7, Pages:2529-2532, 2003.

=& -%%%E N.Onojima, J. Suda, T. Kimoto, H. Matsunami
78 4H-polytype AIN grown on 4H-SiC(11-20) substrate by polytype replication
F 5 Applied Physics Letters Volume 83, Issue 25, Pages: 5208-5210, 2003.

E&-FKXE N. Onojima, J. Kaido, J. Suda, T. Kimoto and H. Matsunami
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Epitaxy

F R Materials Science Forum Volume 457-460, Pages: 1569-1572, 2004

E&-F¥K#E N. Onojima, J. Kaido, J. Suda, T. Kimoto
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8 Molecular-beam epitaxy of AIN on off-oriented SiC and demonstration of MISFET using AIN/SIiC
interface
FF S physica status solidi (c) Volume 2, Issue 7, Pages: 2643-2646, 2005

EH-FKE Y. Nakano, J. Suda, T. Kimoto

# #&8 Direct growth of GaN on off-oriented SiC (0001) by molecular-beam epitaxy for GaN/SiC
heterojunction bipolar transistor

FF S physica status solidi (c) Volume 2, Issue 7, Pages: 2208-2211, 2005
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F=#8 Epitaxy of nonpolar AIN on 4H-SiC (1-100) Substrates
F 5 Applied Physics Letter Volume 88, Issue 1, Art. No. 011908, 2006
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WY ST ERRE A 2T

1 HHRERESR:
FBAE ATIDNAZRW =R A4 B 5IHIEH S aE R IR

2 AEEKSA:
Heh f2AXER

3 MDY

DNA #ZEEIEELLTEBRMFEEALI-AL DNA I\, KEHEADKDYIZEBAA UV EDERRKIZLY
—ELRABEEET A EERINVELTE,DNA [IXRILAFROBRMGHEEIZEYE R TES=H.
ELT47 7000 FEICERINETEIFELLTENTOSRISEBL. AMETIE. EBAAE2FT/A—
A=A — )L TEIETHHELTODEARE AT DNA DRIELLE, ZO#EEIEEBMEL-, BANIZIE. FED
ERAAVICERIREZFOBRMAFEAIXILAFRELT DNA BHEAPIZHERZIEIZEY., DN#UETERF
FHELCEBNMICEBAA U EEBTIHEREREILL. QRAYFUITHEEEL DN FHMER O FE
BEEDNFHRFOEEEHIEL=.

4 WAERHER:
(1) £EEEATE AT DNA DERK
AMETIEFHLLAL DNA ELT. DNA DRZERIEEEZERE

RFICEESHMABETEZ ATz COLIHEAIDNAIL. £EAA4
VOBEET.#BEREELTCEENZRERKRT S
CENHIFTED (B ). 2REBARE. EBAAVLERAFDOMH
HEDLEIZEY. (1) 6. BEOBRNFORERERLTTES.
(2 ZEEMIEHFE., UEAR . FTERMAR, NEG/\mERELGE
FRRIGEEEES. (3) B E T, MitE. S - RIGTE. st
EE.IVARBERE S ELEYEETT. Loz, BRIEEWE
FEGD5EHMEEE D0, DNA BAEBEAREZHAADE
[ZkY., HLOEEEME D FELTDO AIDNANWEETES, £ T,
BRI PR R TR N—RFF—F | YIRS —RA B1 SE#ZAT DNA
EWRRBEATD . EINTA0TTOvHERBAIRXILAURE
BEL . Tf=. INBXILALR%E DNA SHOEFIRIZEAL, EBERERERL-ERE R ERICED_EH
ReRIZRRTNL =,

(2) £EEARBUEE S AIZES DNA & RAEEHI1E
DNA [EEMICIEENBDOKREEINYITIEICEY ., ZEHE-— KR EADEEBET LHLE. KELER
BEEEEFRECTEAMONTIND, EERHEAREUEE IZLS DNA DEREEFHERETLI-, ATDNAS
REBEDDBMRENEIL. EEREAEATIEESOBRICEYKRECELTEIENAHLNELT=(E 2),

3'-TTTTTTTTTTPTTIT

2 ERBAREANTIEENAICKS DNA & RAEE H
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LUEDESIC, EEEARTIERNFEALI- DNA (. EBAF U E#N)H—EL T, BRIEEDRE HZH 1
TELIENHALMELE STz, DNA [FEEPESENBREICEVWTZEHC=EHOES. B0 TO0ERAE
BLlid, JoT . CO&IGHMAFICEIGRBEHHIIECFHRIREZIIO—ILTE5—DDFEREGLHT
HEMEZEH->TLS,

(3) AIDNAIZ&LSHDNAfE &K It il i

DNA D#E RO E(CEhABERERIGEFIETIIEIELY ., SYEEMICEGEFREREHMHTEIENTES
EEZ NS, DNA RYAS—HE (FToTL—bEA S DNA OB B BIEER S 23D DNA 84 F RIS
BT B-HDBERTHS, EREATATL DNA (TEBAF L 2.1 OBERERHKTEHIEICKVIEERERRK
THLH. ERAAVDFE. EFEICKVIEERBRESIETEIENTES, Ko T BEBEATIEESEL
1)i—&LTz DNA RUAS—EHERIGDRAAVFUIRE | BRWECFEERSHEOIHD A ERELT
EEEABALI DNAZRAWVSIENEAFTED, AR TIE. TF DNA RUAS—FICLSHERIGIZRITT
AL DNA QEEZFRDIHDIC. 6 FEDAL SC-XYULFIR-57-ZUEEEERKL. in vitro TD DNA 7R!)
AS—FRIGIZE T AEEEHHEE Rz, 71—/ — L KBEEEZEDODAIXILAIR-5-Z) UM
DNA RYAS—E L4 EMHBEERET S5 ENBHONT-, Ko T, EBEMALFEF DAL DNA EHFOTY
JL—FDNASEZAWT, EBAAVFEAET. ALIXYULAFR%E DNASEABZRNICEATHIEICEEKAFT-
ha,Ff=. CNEDAIXILAVRIERNARYAS—EODNAXIL7—EICHLREIBRODEZEDHENRONT-,
(2. DNA XUL7—E DAL DNA IZKBEEMR(E. FFFEMUIBEEZRTXILT7—EIZ, FLLVEIR
BERFROL XA BIREEZ5Z 55 EmELCTHEBREL,

(4) EREBEARAI DNAZAVV-EEEAD T/ EFEL
SET. EBRBEARO—RTERBILOAERIFEAENERILERARLTE0H. —RaELOERAA2D
O, EHLTENEEEHIETAIEIIRSETH -, DNAZHEEE D FRED-OHDBHRELTHWSH A
(&, T8 ETERS] 12 HIEL THEBEE L = b EESE TEDETAIZH D, T T ERAFLEURV(H) B XL F
URERMMICEFILT- B SHMHMLE - EHDNA, d(5-GH.C-3), (n = 1 - 5)& &ML, —EHER~DCU (4
COEEETo=(E 3),

||cn--l/0 G d(5'-GHC-3")
Y d(3-GHC-5")
| =
0 d(5-GHHC-3") 5 Ge-
FOHOS A0 d(3-GHHC-5) \ \).--’f"
O N2 c o
U eH d(5-GHHHC-3" - sxcu d"
J d(3-GHHHC-5) pr (.;,
Ho6=g d(5-GHHHHC-3) Fo ("'"{x
= & - CG
O—|_/°yc d(3-GHHHHC-5) G
o d(5-GHHHHHC-3)
d(5-GH,C-3) d(3-GHHHHHC-5")

3 ALDNAZRAW-£BA+ &

ZEHEEFNFNAH-HEEROHKNIEL T nEADCU 1+ £ T 515 o (i

ELTEKZENBALMERST=, 25D AIDNA, d(5-GH,C-3),-nCu*
(Cu-n)l&. RADDNALRIFRLGEEST _EbFABEZLTEY. TOHILTH
HABABIZCUT (AU NIEATIND, EFEELI=CU” 1413 3.7 AT D
THEY. BEWIBEMENLGRAE—REVBEERAZ =Lz, COM@EMERE
HEEAZ. DNAOLBABEIZRIE FREFADCUT 14U A BT HIIZIEH
FHEREICENIMDI-OEEZOND, LLEDKSIZ, EEHEAZ AIDNA
N THIUBRYDEDRELVHEREET HHELTHEET ST REINT,
FREMICIESSICERZEETIENTE, COLIBHER S D FHMERD
EF—TELGDHAREMEF O TS,

4 DNA HhiZEeSELT=
AEVORAK

378



(5) EREAMAIDNAZTUIL—MELE-BREEBAAVDRETERE
DNARANEFIELI-E€BAA U BDHEE/ERZ I

o4 MmEL T, ATDNAERSIEL-2ERETFZE [S 5] o [Sedd e [Hes
FUIL—hELERRSBRAOEZERIEA LTS [P Pl—fP P l—= ~P§P .
n3, £BAALON—R- YOk Bl BaEs. E o G cHOH CH@H -
FOBVERIFAL ATRILAVRESBAA L DS

BHERRT HCEMTESO. DNAZEREFITTA g oo - ‘o o
55 LU= BEMFOERIETVIL—MZ, FH4r  |H A+ -H @ H- -H @ H-
Li-BSI Co B A R LT 5o ER IR TES, P 81 @ U] 8 et
—BlELT EFRFSEURVRRILAVRH)EEY P HT g H- B Gia
DUBRYLAVREP)ZEIIIELIZAIDNAZESH FC G -C G -C G

d(GHPHC),. # XU'd(GHHPHHC),#& L. £EA 7+

L DEREILET ol HIZCU 14> & F E i fin fi B 62 5 DNA EOTRTSLIREDIV-RBRA4 > OIS
HREBRL, T-PRH CER - REAEEEIHTS SR ERNEREOH

CEIZEY . TR ENEEMAODMBEERMIC

H-Cu®*-H, P-Hg**-PiE &t & BiLT= (F 5), ARFE TIZ. AIDNAZTUTL—hETHIEICEY ., BT HH
ILERICLT, REBLBAA L TLAEEEIC 100%DINETEMT A EITHYILI, COARRIL, BAIFE
ERAAVOHEAEHEEBEACLICEY,  BLOEBAAVEIICHEANTRETHIEEZOND, CDESIT,
ENTEBECELIAFEEAVENS, B OIRE A THER-HVVIBELEETEHEL. (FEALE
BlERLELN=O. FLOVHERROBLELTORBENYFTES,

5 BCEHE:

AWMETIL,. DNA D EREENE L T4 TOVIDEIMEISE L= FiE&E THS AIZE B L. DNA %
EBEBOKFREEICKIERENEEBHEAKRICEZRZ-AIDNAZEEL, EEAA %) HT—ELTDNAD
EREEZOVIO—)LTESZE.DNA DEEZFFIALE-EBAA Y DERIEEEENFRETHDIEE LT,
DNA 5 FEBHRELTHEEM D FERBETIRRKDFIRIE. #HEEHE LT 7 IOV DEBEEEZT Y1V
TEDRICHD. BN FITHELIARAEEZRAV. #EEE LT 70y o%M 8, THR L. TEFI1. TAR .
TERRE ISV TOHKERIT I AERERE T CENTE - T COAERELEITHERBTERELE
EREARN, B—HERBEEITHESIYMERRTHEE TR, 49IE. OO AL DNA 2HZFELTER
IEL. A FEROOFHALBELLTORAECTHEEZED D ELEFELED. ZETIEESLIENTELL
otz — A EHLOFERZAVD., ALKERD FEEF—TILERTFRERZFAL. EBHEAED S FEREL
FTZBHIELRBLTEY. SR RYKRELUBEES F P FESHREEHAICY=E2L— T 5= D#H =
BHERDEIL . 2 FOREMEDOERMLZISAICEARZLITTLERL,

6 MTHRIEDRAE:

DNA DR FRB LU FRIHEERICL > THELSRIBEFE DILIZEBL. KEHEORDYIZEER
MEAEFIATACEICEIS>TEREFESTHAATL DNA Z28HL. HILLVEREZ RETCEEHTEOBREL
1=

FELMERRELTRDAAZEITHIENHES F 1 IR, BEEBEDELLIBLDAIXILA VR
EERBL. ChEAVWTIRAAVZETCEEHRAEE AT DNA 2HEETHLEEIC ENRALEDBEKXREEELY.
AT DHRMMNBRNRESFEZICM LIEEIEFRELI-CEF 2 ITBRMNEGTFREERGOFEHE H Y
ELTDNARYAS—FIZ LB BERIGICKRIFT AL DNA DMREAR, BELHEENROGFEAEHERL-CE;
FEIICEFAFIEYRVEXILA VR 6 ERMMICESILI-ZEHDNAZEHL. ZEEHA~NDRIF > DERE
ETW. S EDAA > D—RTEFIEZEEL. ENBRAEDOHAA U BEIZLDIELTHEINDTIIE; FE4ITATEE
AEIANT DNA 27T L—hEeLI-BEBEBAA U DEREILEITof2L. THD. CNBIFSEMBRZMN. £
LR ESROERELTEELHMNRTHS,

HEBRIE Science FEEOEEEMBADOEDREMRI. 7 EOMRMAHX. 13 HOBFHEELLETLARS
h. BEREZESIYMERBEZZELTLNS, 2RELTIZEIFEOEEDORREINERSN-LLIET S,

7 ERRXE:

[RZER/X 6
BEF BN SAE24
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WY 3T 2R 78 Al A

1 RRES:
BFR—LRICETOBRBMIAREFAL-EKREFE Y FRFORHE

2 MEEKA:
BT B &

3 MDY

EFREOIE—L Y MIEIEEFEREMORRICATIZE—STHY . ZOEEHN
BEICEEF > TVWA . FHHEDTOEFZAEVITILERAERAEVIREETRERAEVIREE D
B2 MAEZHA L. TOMBBNBMABOH TRV -OICALBEENLERTHD, £
R, BRPDFOZRRAEVHEZ&Y, BEATRAEY MIOEFHE (7TEFEY M)
NERINTWS, #-oT. BREFROBRRAEVEFAT S 2 LI Y, EFIHERBRIME
EICHBWTIRAWGHATAREENRTEZ EIEHLATHS. L ZANEREFFORRE Y
FEIBZTHL BENLEY I 7y TaM4 L EZRVEZBSERRITCEREOARL L
—H—E— ALK DBEAEEEMNITE. BEARFRICE T2EMEERAE > OaE—L
v hHEARSETH S,

Z CAME T ABHISET - ATEFRCEREINSEFR—ILIRREZFAL TEX
EERBAMNADIE—L Y MIBRMEFETHET 5. EFR—IILInKEICEIT5EF
AE - RAEVEBHMMEEERZFAL TRRAEVZHMIZEHL (WEHL) . FFL
[CEELE=M/NIAIVICEYERRESEMMLTCEFREZOE—L Y MIHIEI L RME
BOBAEVREZR—ILIENHEZ 7O0—J & LTRET 5, KL T, EFHR—ILiFK
REICHBITAEFRE - RRAEVHEBEERICEIT 2EEMEORAEREIT.ZTITHLNT:
MEZFEBELTC.BERIRREVEFEY bRFERART I ENBMTH S F M,
BAEUEBZE 7O—JELTHRAT A EICKY . EFR—IILROEBUEEFAE LY
HERELITS. AMETEREFE Y bRFRRZHAA DI LICKY . FROEFIFHREAM
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CCT BRI TWSEFRYMIBEHMABABRKRELTWADTIEHL EERELTNAS
ERM A= d, CCTERBTREIL.
6(c)IZRT KSITHEBFHEALTOT7AILIZIE 1D
DE—=ILIBNZEIAMHBT, B 6(d)DEHHE
FRIRREDTOT7AILIZIE 2 DOE—HHE
BENTWNSIETH D, CNIIREFRIEIKEE
Tl HDOH D pBNEME X FREZEF DR ENRI S
THAHEEZEBRNITRLTNS, BH. XTHED
BVBEEMNLGRICBVTEROLORBEIDTR @7
[CIEBRETHHIN. EFRYMIRORFRED i
FEETWAHIO &S REBEEHEKELTL
BEEZLND,

—AT. 2O REEAHMKREL DMEF

Ve

Intensity (arb. units) ~~
T T

Intensity (arb. units)
T T

[
1 [

It iREMNSEEREADNEERIZ. BEIE R 16650 050100

Position (nm) Position (nm)

sz =3 a *k S = [ a

ﬁi‘iigﬁfggggi’g\ﬁf;’f?ﬁgﬁggm 6 (a).()FIERF )& FHEETFRhER4K B2 (X)
0 SMLT /AT posf i, (o), (RBTOWERE

HTHE. WEFREHLEBTHTE. TO Spos g ram .
—HhaREROE UN DB TIENEERS
MEECY, AT A ENARETH D, 2FY ., BHILGEBB TH-TH. T/ Ry — LA REFAT
NIE—HHEBRELGYZFOEFREICAZNICTIELRTHIENEBRMICAIRETHAHEEFRL
TWb, NIFFE. F/ R —ILOITHAZEICE>THO TCEICHI I ETFRENDHEEE
BAENLTRIBRZETHY . LARIED YA R ELEZ BT TERDIREFRELENDRD
WIEEFIE - RIELSD. ELVSFHLWWIL—FERRLTWNA I EIZHS,

5 BCIHMM:
1. RS EEBEBA A T DE R fRREL

1. ORI BB I7A/N—TO0—DJRBED=-HDHEH 13 —ay

MEEFIRT DICHY . AOROEEISEAFEMBETIE. TO—TJITB T2 EXLERBEL
SDHDEAHLNDEEELFEBIL. ZRE 2 AZEE 30 nm LT OMEIZELET S0 ISR TIE A
W, EWVSERD Do CNHZEREZSIAL—1 3V T . E2BEORETSXEVHIRIZA
FEREEHEAZEICEOT A0 UTOHAXDEEIGHENHETESZEA0 nim LLTD
TS REE) . BFTEBIERICK > TIEHRBIZLEREKRT 10>-10* EDEEDIE KN ATRETH
BIENHALMNELG ST, CORRT. AFHRRICHHANEEONDTAYMNEIHIEDOD ., FHO
DR ESAFBEMBZFE - TVWAITARTOLI—F—HRELLTRELTLWAEMEBELTD
“BABE7IZDONT., NEREZIEH LT O LGKKIBICHELSIDILEZEKL. EELIEHTH D
EEZTWND,

1-2. RS EEBBA AT DESHREEL

RIS ARz K322 aL—2a 0 Tl 10 nm ZHI5 58RI ZERIGETH A &N Hhh o=
M. B R CTERNISRT CENTEER S EREEL 20 m FBETHY . BHDBEETH>H
nm LRI ETERETEEN 22D ERIEYF+ 2 THoI2EBEZ TS, SENITHRNTO.
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FIE#EDRE . TRAFHOBILIL LITOEEN. COMREE CTHALRRELIFHIEN
TEEISI=—DODEAHTHDIEEZEZOND, — AT, BfiNGERELT, S REEEFEET 57
HDIZFEL TRV HEAERFNAA—D T AEETIBDOIMEICI>THAERL. BE
LERETHDOE—FHTRYIRLATE T EIENTERNIEAEITONS, ChEREET ST
OIZIE, FYBEIN () HALIKWEEZ OGNS F BEREFFINCERBISRI—HREEFA
THIENEZOND, -, EHFDERZFIAITLHICEIBOTHVVEOIVIOEZIVETRHE
NHEIN. SOEREBEERETHEIAA R/ EA—TIL 20 nm BEDT LAV MSEEEM
MAEEL. SVBEOTYCEEYVETHIT Lo TS, EDT=®H. Cr Ny I7—EBETBATH
5AuERETALELT. M nm LTOIYFIBREDEWEEELEFL OTO—J2EET S
CEN—DDRRETHA,

2. $EEAEFRYMIEALAHONI-REFDFEEEHTVELST

1-1. G F0REBEHTVELST

NFETORESAZEMBEZFALLFERT/BEOWMETIE. ZOEVER S FEEED
WRICELLTCRIKH - FRESMEN THRONIDABREZLLICROBEFERED IR ILF—OF
FMIMOE—L U RFFAR BRETIVELRRTHETITONTE =, TNISH LT, BESFE
EMED D REEEHAETERLE AT /7O0—T7(2&-T. BLERBMICEEZLOTL
ERIERED HARIMERAH B DR T /A A= TR R EVSTHE-LFZERE-RE
SE.BED (D REEINEN) EESES A EILBEMISESEREL-OTIENTERREEZ T
B, RXTOCIIMNOAREEELTHREL=LSIC. CORF/TO—TDHEHEEIL. EFFY
MZEACASH SN FEEEDRBBAREEERMTDA A= T 5 EITHFITHEER
[FTTRUMLI=CEF—DRELRE - ERBTHIEEZATLVS, DAA, ROEMM ORI TELS
WSBIZIEB S ITKRBBERNTHETESD ., HMENMECGRT UV IILAEHLIRED SR (FlZ
FAERR 1-3 DEFFYMEE) DXSITER/EITETRVDITKWRTIE, OIXYEERMIZ K ENRS
HORIKPIENYBROMNBEVVSERIEZREVNTHAS, — AT, COFEEILHIZERT A1,
FYHAXDINSNEBERF/1E:EBIZIE. BECEBREFRYN BRETITIBLENHY . HiTH
[CIEESSICEVWERDEESLETHY . SEROFELTRETHIHIEEA TS,

1-2. Ehie FREIREDESEB~TvEL Y

SHICCOBEMERBEIESH TIT oM FREIREDRBBEHA A—TIE KBBEHEL
EixEof- p UERA M Z o TLVA I EERBMICSRT IENTE, ThIEFEZDTR/NY
T—U% N RIENTE, —AT. OISR BEHBREL OAZERIL. BEEE
KTIEPBFEFHTHY ZDRDFREIIBO TNEWNET TH S, IZEhD DT FHEHIC
BRATHENTELZDIE, F/RT—LDH G F /70— EFATIIE—HEBNHRLE
BY., FOBEEREICHEMICTIERTEIENERMIZTAIRETHAEEFEKR LTS, Ch
X, F /DA THAEIZE > THDTEIZE S EHLWAEEFREDHEEERENLTRECS
WETHY. AR RICD YA XEEZ DT TEB ORI FEELE RO WML RELS
BELSFLWIL—FERIRL TSI LIS,

3. $EARF/HBEICBTE ST /AA—T TR

AR—ZADEFREFH LIRBELEN O, S /A ATV T RREVODDFERS /13
EDYMEERATH-OITERL, FI<. REKDFERL —F DM THS. GaAs,_ N,
TIRENDFRY—ITEEATHINIFRI—DHFEEENDIUVF LIZD T DRI BEIHEZSHE (R
ERXERS) . FL-ESFEDEFFYMEEICEVLWTRMKEBEETYEL A ARETHSHT
E(RBRIXER 1)BEDN, F/AA—DU T nREBLTHLNERY  COFEDFRNEETR
FENTEREEZEZAT D,

4. Z Dk
F/EMEBETIEIBR AL BFOMEENSMLTEY . ENHFOMEELDEESELEF
BLTOXRFR-BRIKREFEZLILDOTHo =, I, BEEEEELTH—RUF/Fa—T
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[ZDOWTEKRZLL, IO T/ Fa—T DRREBOHIEoMNTEGRY —ERR (REHRIXRE
2)HIFHENTECLFFABHFIFRITRNEREG ST,

BRIZCK SO THBEEN RSNSOI EHEMBLEBA I AIESHEMBOREBEOMHREM EEFL
WEBAZEHZEOBREL TS, EELARIN T =5 2EE 100nm Z KiEIZ_E[E]S 30nm D5 2
BEERIRT HIEMNHET-,

FELCHERBELTRD 3 AEZEFHIEAHKD, E 1 [ChHEROE-T74/N—T0O—
TBESBEAEREOREMELXER/IICHENL. BEITSXEVEEDFAIZL-T 100 FLL
FDEBRATEELRCEE TR EELIC, TO—T DHRFELER > TR/ AERE 20nm ZERLL=C
LV 2 [THEBEREFEFRYMIALAOON - FEBBEH# O YE T ETU. IRILLzRiE
FLEMBFAPFOEMATDENERELIECEE 3 ICREAEHMIBICKAZ4IBIEMEF
ALTHEFOREEMFRELIZCE, THD. Fz. CNODRKRZREIET. EHRYE~
DBERAEEFICANE=FT /A A= R AT LERESTHD,

HREDODKRILSEDEBREMBADRZR/RX. S RBDMBIRFL. I DRFHEELGLETORS
N, F - ARERTARREANSHARREZZ(T TS, 2RELTEHYDOFEEEBAD
RENGONT-EHIMT S,

7 EERXE:

[RERX :([RERX 8 4. fiFsh-#25% 6 #4)

1. K. Matsuda, T. Saiki, S. Nomura, and Y. Aovyagi, “Local density of states mapping of a
field-induced quantum dot by near—field photoluminescence microscopy” Applied Physics
Letters 87, (2005), 043112-1-043112-3.

2. K. Matsuda, Y. Kanemitsu, K. Irie, T. Saiki, T. Someya, Y. Miyauchi and S. Maruyama,”
Photoluminescence intermittency in an individual single—walled carbon nanotube at room
temperature” Applied Physics Letters 86, (2005) 123116-1-123116-3.

3. K. Matsuda, T. Saiki, T. Yamada, and T. Ishizuka, “Direct optical observation of compositional
fluctuation in GaAs;_,N, by near—field photoluminescence spectroscopy and microscopy with
high spatial resolution” Applied Physics Letters 85, (2004) 3077-3079.

4. K. Matsuda, T. Saiki, S. Nomura, M. Mihara, Y. Aoyagi, S. Nair, and T. Takagahara, “Near—field
optical mapping of exciton wave functions in a GaAs quantum dot” Physical Review Letters
91, (2003) 177401-1-17401-4.

5. K. Matsuda, K. Ikeda, T. Saiki, H. Saito, and K. Nishi, “Carrier—carrier interaction in single
InGaAs quantum dots at room temperature investigated by near—field scanning optical
microscope” Applied Physics Letters 83, (2003) 2250-2252.
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1. K. Matsuda, “Nano-imaging spectroscopy of semiconductor quantum strusctures”, 4th

392
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B 9T 2R 78 Il 5T
1. IRREER FT/EE6REZRAWV-ECFARICEKAIARNBAER
2. K& IUAHEE

3. BIRDALLY:

CNETOBRLEERIL, KE. KB, BLE BFNE LUHRMNICEMTEBENREL
THEOHARFMICIoTRONIEERDREIEZEMNELTLD, AAEDRLLMEL. ARIE
B77TO0—FI2&Y, BHEEREICHL TAEREROBEZER T HAEE. IO AHNE
HAERERETDIETHD, ChIE. FFEE. MREE. QEHAMEDBIERMEEERBIC
I HIRKTERRZLLEVREOHEMNBEEROBEZRRT 5. RERODBLEERLE
MEMITEIENTELTHAI, AMATIE, IOLIBRMELERIETH-HODF—LLEHEHR
DUF IR FDEEFLEKBEEDFEDFT/EERERANERSYT TYN = RT LERH
L. BB RIGEBFEEAT I LICIH T RERRERAA D,

4 WERR:
4. 1. [FLBIC

BEFAERL T BEFEAANICHS. HAV I BEEFRBEZAAMNICHETEILCX
ST HIIEO#EEZIFO— LU RRDABBETOFETHD. AFE. D FENZDESIZL
LS THLWEGFOBETLHEAIN . B FREMREE AL HMBAERIUZAL DA
DEBREYVEZHARADERLYPFINTVS, MBE~DEGLFEANEKE. DAMILREEFED
ANWREEIZKAEING, CNET. BEGFREBRADEOSNIEMNS, FELT, VMILRELH
WS TEz, LOLEDLS, DAL ADBELRERELENHBETHY. AE. BLFEAD
ENEWEVAMIILRAEEEFIFYITORENLEENTLNS, EVMILRAEEEFFYIT7EH
WERRNEGFEATIE. BESFGECFEREMERSELIILICMAT, EZFDARA
THOREHREZEDH . FBEEFEVDITHERMIZI—S T4 TEBMMN, BEFRERLA
WERECERT B, BIZIE AFAUHERFFRYITIE. 22V E IBE. MEKMRELGEDE
KA EBEERLOTL ZOERRNERROFIENEHLOH THLL, KK TIE., ZRHEEICY
BRICHBEERTAIENDTESKAUEENFELT. TILSUBEDSHENSHRDIEIANILR
MEE TR ) TERFEL,
4. 2. DFFALT ISV EBIEFENSLRDI T /EEHRDIER

TLSUERADZHETHY . FFEICEVENMEEEOELBIC. FEEMBIZRELTWNST
DT ORIV INVBELETI—EN L THMAREARYAENSZEAMONTINS, 2T, DK
SEEMEIL DOTILSUEBEFFYITELTHRATNE, BEFOHBADEI—ST429 M
AIREIC/RDEEZOND . FT . FEMH KSR FTHITIN IV EEEFEERIA A2y
TLYIRAERESEREOHIZ. RIGRETHSD N, N-carbonyldiimidazole (CDI) ZFLNT

TLTVDKBEISANLS 5 gz xLs @ARELODTAUALT NSV EREOHEY
DEB AL, Bonl=hF+

> ,“: j)l/5 V) E?;‘ ﬁﬁi 0) X’\O L Pullulan Molar ratio of pullulan hydroxyl groups to CDI ([CDI] / [OH])
A.
. . Molecular weight 0.5 1.0 15 3.0 5.0
=, 3z VAN 3. -
SVBARERRDINEICE
— _ __ 5,900 12.9 18.8
UEELIZECA . K 1 ITRT 11,800 123 220
3. VTHhORFEDNT 2200 27 56 110 20 25
= - L - , 11 6.0 12.3 . 329
WSV THRGBEHICEST, 112,000 22 7.4 10.7 263 331
ARLIVEBAREELSE 212000 o7 307
- W - Spermine introduction was determined by the conventional elemental analysis.
BHIEMTE -,

RIZ, BoNE=AFA LT ILSUFEERETSAIR DNA EFRETHIEIZEST . RYAA
LAVTLYORERRSE . F/EEREESRL-, hF AL TILSUFERETSXIF DNA
EDREBLIX. TS5RXZF DNA DUUEBEEIZHTETILSUFEERKDOTI/EDEILBDLEIN/P
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) TEZELI. R2IFDFEDELDIAFA AT ILSUFEARETSRAIK DNA EDR)AF>
AVTLYIRADENTDRFHARLELVICE—FERETT . D FE5900H KU 11,800 DT
WSV TIE, TTDTFAZK DNA [THARTRELGDFHARERDHE=H. FEH 22,800 M
212,000 OF LS

Tl . DFHARXH T2 BEIDFELGOUICANVIVEARELDAFA LTINSV HEKE
200~300 nm T T3AZK DNA LDRYAF2aVTLVIRDENT DR FHAXEE—FBAL

f=o 7S5 AZFDNA L Pullulan Molar ratio of pullulan hydroxyl groups to CDI ([CDI] / [OH])
7|—{’ IJ T 7_|— T & %) molecular weight 1.0 1.5 3.0 5.0
=&, D FHEE. 5,900 1530 / +11.3 (12.9)
BEMRFENTIE o0 zooisnooise) o10143 010
N = = , +7.00 (5. +14.3 (11. 282/+13.6 (23.0) 195/ +14.5 (32.5)
N \
MoTWWSE % A 47,300 1280/+9.04(595) 246/+150(123)  205/+16.0 (20.4) 282/ +16.8 (32.9)
nd, 73 FA e 7° 112,000 1250/+10.0(7.35) 259/+134(10.7)  283/+10.8(263) 282/+11.3 (33.1)
ILSUEEREDR 212,000 280/ +14.1 (9.74)
JA4A > T4  Free plasmid DNA 410/-147 ()
A E- [ — L =X —
AT EZ (=&Y S B Xl Apparent molecular size (nm) / zeta potential (mV) (spermine introduction)
B FES FHEDOH

LEUNRRIY. CORFHEHDENYMNELLTEEEZLND, R FEDBWNTILSUTIES FiE
MNEL TRIZTSRAIR DNA RFERBSEAENTELRLED . A FHAXAETLEL S
feEZND, — A, RFENKEGEE. RIAF 0TI RIZKY TS AR DNA 5F
[EBELCGEESN, D FHAXDMETLIzEEZOND, -, 5 F= 22,800, 47,300 75U
112,000 DAFAALTILSUFEIRICONT, BLREIRARIVIVEAREEDTILSVFEERE
AWTRYAFAa Ty IR FHAREE—REREERELI-, TORHE. ARLIVE
AEDEBEVWTILSUTIE RFENMEVWTILSUERWNHEERERRIZ. 75 RXIR DNA AV5E
SNT RV AF AV TLYIANRET B EIZELT,. FSASFDNA DHDIFGEELELT,
DFHARXDNKRELLGBEN LD DTz, T, ARILIVEBARDEWNTILSVEEARTIE. B
FAUERENDLNEH., VTV RADE—LRERD BN ENHLMN=, LT, AFA
ETNSUFEERETSRAIF DNA LEDRVAFA AV TULYIREFT/EERENT D,

4. 3. hFAMETILSUFERETSAZIE DNA LD F/EEARZEALV: in vitro BIZFEA

Bonf-FH/EEAROMEBLENHEENMIE~NDEGFEAICEZSEEITDOLVTHRELT.
FT.TNSUNERTEHENTED 7O TOEIVNIEL T 4—%1 DR THS. EFET
HAMIERE (HepG2 M) Lo WIZTYMBRELY BB L - B REMI E Mz (MSC)ZRAWLT., /&
BARZRAL= in vitro DB FEAIZDVWTREI LIz, AWVEGFIE EERALZFALTE
BRETELGCFRRALANILEFTEMI HENTED Luciferase FU /NI BEHEI—KFTBHTFAIR
DNA TH%, K11%. BLRENFELLWICHFAULEEZLEDOAFA UL TILTUFEEKERL
1= HepG2 HIRRZE S TIZMSCIZHE T HEIEFRBELANILETRT AN SHLMEXISIZ, LWTFhD
BDFEDTILSOEAWNEESEL. TILSVDAF A ALEIZKELTEGFRBIXEIELE:,
F. B EVEBGEFREBERITAFAUVILEX. BWVETILSODSFEIZEYEL>TLMV -,
CNETIZ, BIEFEATIE. RUAF2 a0 TV IADH A XH 200 nm FBE TEICHELTLY
558, BLVEGFRENEONEZEAMON TN, R 2 [TRTKIIC. TILSUEERD S
FEN 22800 KYFL ARILIVEARMN 10%LYS MBS RUMA AV TLYIRDHF
P4 XL, 200~300 nm F2E, T—2ERITF+15 mV THY ., RKESPOE—FELIETTIE,
1 CRUAEREHRAT HILIETELGL I EN DM oz, BEBL A FEPLPARILIVEAEN
BULMEE.RIAAa Ty I ANKYRELSH ., BN TEGEFNF YU THSERLA
W=, BEFREMETLIEEZ OGNS,

— A TITAEIAVNIELETE—ITHEETHT7 7RIV CRIBL-HBIZHLT
BIEFEAZTECA . FUTITAITIVLVDRENELLBIZONT, EEFEEREDIE
TTadIenbhhotz, COZEIE. TSV ERWN-FFHAE~DEEFEAIZE. LET42—%
ML=/ EEREFHMEEDEENLTHEERANBESEL TSI EERLTLNS, -, Mgk
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AICHEEBLI=F/EESIKIE. IRV ELRIZARTSH ZDDFEBRENL THIERIZERY A E
NTWBIEN LMotz SHIC, BRI DFEZLDNFAUETILSUEZRVTHBEADERR
FEALHKIREDODBRZARNI-ECAH, DF = 112,000 252 212,000 DT ILSUEAN-BE.
TS5RXZR DNA OBRYRAHZEIEZH 20%EtD R FEDTILSUERL A LVBENI EAD
Motz LOLENS MDD FEDNDTILIUTIE. R FELLWICARIVIVEAE|IZKLT S
JAZR DNA DEYIAAZE(L 65~80% ThH >z, Ll L. F/EEEROYBILEMEELZSTIZHE
FA~NORYAHAZEHDERMNS . BEFREDLEILIZIE. TSRS DNA DEYRAH LIS, #
AR TOEGFOEFENEEERIZLTLDIENHMoT,

A) (8)
4.0x 108

,_.
~
x

oy
=3

3.5x 108 12x10°

3.0x 108 1.0x108
25x108 8.0x107
2.0x 108

15x108

6.0 x 107

4.0x 107

1.0x 108
5.0x107

2.0x107

Luciferase activity (RLU/mg protein)
Luciferase activity (RLU/mg protein

1 AFAUIETLSVFEERODFEHESUICARILEVE AR A HepG2 #IfE (A) 125 TIZMSC(B) IZ81H5
invitro IBIE FEAICEZ5EE

4. 4 FIEEERERWNEFEBAD in vivo BIFEAEFOEYEE

RIS ARICE N TR BEAELZIESEERERTHY . CORBMEDERE . HDHUIIFFE.
FRREELENEELFEBEELLTHMONTWS, F/EEKRZRAVTHEADEEZFI—5T
AT DABEIZHENIE SO DERBICH T HEEFABEADGRABAIEEL G, LilLf=&kS
2. HAFAMET VSO BEREZR AT HIECE->T, FHBA~DBEFEANTRETHDE
MNEASMNZE ST, FCT. BUHBDFELULWIZARILIVEAREZLDAFA UL TILSUE
BIRETSAIR DNA ENDEZRYAF AV TLYIRZRNT, YO ADFEADELEFE
AZRA . TORR. D FE. ARILIVEAR BLWITN//P LLEELSEZIEITKY, F/
BERETAWV-HFBADELGFEANELLTELIIEA LMo, F-. RVEVELGFHRERL
RLUEF/EEERDOERESEMEIX., in vitro & in vivo ETIXFEGDTUV = COEBIEFEAAHNZX
LIZDOWTIE,. RE. BEDRTHIN., T/ EEROEARNTOREHREMF I /NIELDHE
BHEREDNSUANFELTWSEEZ OGNS, T . BEFABEOHLELT. RIELVEER
FRENBONT=HAFAUIETILSOFERZRAVT., FFEBFEENICHADGRINGIHNREZE
DAVINYBEHEFRBESE NAHIBOFEANDEBIMFIRICOVNTHREILz. TOHKERE. 7/
HAKEBIRNRE 1 B, YU NEMBREZEIIADFHIRANIELI-ECA, FBBIEKGELD
[CFSRSF DNA BB E#RELEART, F/BERIRESEICEV T, FE~DEBAIFISN.
HEARAIHORADEGFHBAERL -, COZEE., F/EERERAVWTHEBNEGFEAT S
EIZKY ., FRICE 25 YEENERIN ., NADFIEANDEFENIFE S =ZEEFRLTL
%,

4. 5. FI/EERERWHAD in vivo BIZFEA
BREBREICKYMNERTFEEAT LGS, O SMBEROEBECELFEIESIED
DENHD, CO=OIZ1E., BEZMEMELIS, BEEFEEGRFIVYITEDORIAA 0T
LYy IRADYAXE BT /A= LA —F—DL AR BEELS, MA T, £ARRSEDHE
BEEADVLEWAICHEELTWAIENEFELWWEEZONS, bbb, i~DEGFEAE
BEETBF/EERICTIE, /A=A —F—DH A XEELE. M OERR S EDHEEERIC
KYBETHIIEN GV RTLDEIENNEFRAARTHD, T BLEDIDFELLUITAN
IWEVBAREELEDHFAUETILSUEERETSRAIRDNA ENBHE T /EERERANT. T
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DRADFNDEIEFEAZTHAA . TORER. P FE. ARNILIVEAE N/P L, BHUIZF/
BERDOEEAEZEZALSELIEIZKY . F/EERERAVMANDEGFEANEILT ST
Ehbhh ot BEARMGHRIIRIGLA, F/ESERDERAZETIXRTEHILIZESTEDS
NE=RIZHELRUAFar Ty IR ERRHS EQBEERNDEL ANDIERLN
BIEFEAFAREICLEzEEZDNS,

5 BCiHME:

RREFOBZE. (1) HMIBFENLTEGTFEADLODOKAEES D FHILEDIT/ES
AKEERTHIE, (2)F/BERERAWERFEBZSCIZHHIZ T S in vivo BInFEANEZEFREIL
THIE, (QIEMBMEERBETLHYICHLT. F/BEARZRAVTHBLESTIZHHAD in
vivo BIEFEAZITVVHNHMBAEERZRITTHIL. D 3 ATHofz, LRDEY ., HHEEAM
ZRELCT, (DIZEALTIX, BEFERADXLOWPEIIERTHLIN, (FIXZERTEEEZ
BB, LWLENS, (2)I2DLWTIE., FREAZSUIZHIAD in vivo B FEANARETHDHEL
SHMREIEBONELOD, F/EESERDERATOREMED . EEFREDAN=-XL, K
LUICHBEN LG /B8RO L ELTFREMBELOBRELELE . REMN KT, (3)IZDL
TIE. FBAZRIZ, F/EERERAVTHBAEEEGFEEATILICKIY. . EEETIL
I T HARBNENEONDIEZHONICTERN, (2) ERFICEGEFREAN=ZX LA
[CRETAMEICMA T, AARDREBIETH o IEMBRHEICHT HABEMNEERTT HL
LSRR RKDBEERTHEREG Sz, — A BHWBEREL TGS o=, BHRERBHMEGLE.
BAEEICF AT HEBEADEEFEANTRETHLIELA LI O1-, COMBEFIALT.
SENTHAREIIBEELLGVAERTIEHEN. IREOMI IIL—TI2k->T #EeEGFEEA
L-MERBHEE AN -HEAECEEEM LABGFREEIEEMGEELT, T/E. &Et
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WY 3T 2R 78 I A

1 AREER:
{8 Gbit-MRAM D= D EFESE TMR ZFDEH

2 IREKA:
=ik WA

3 MEDLLY:

1995 F(THS P RILIES (FORILERREE 2 MOBHBES RO EBE CIRALEESRT:
LI, Magnetic Tunnel Junction MEEXFZE>T MTJ &89 ) AERT GMR IR KLVEXKE
BHESERERT IENFKRIN, b RIVESIERIIER (Tunnel MagnetoResistance (TMR)
MR B TENTz. COWEIE GMR AYRIZRHEZRIMR DS HEERSAYFIZIGATES
IZh, FHTLLTIEFR M AT (Magnetoresistive Random Access Memory (MRAM)) DEFE%E
AlREET HBDTHAH. MRAM (FFEH - S REE- BN -EMAMMELEDRFHEHEHFOR
BODAE)IEHEEFEINTEY, REEHFARETHRFARIS EHONTIVS.

AR TIE, #8 Gbit FOKXEE MRAM LESEE HDD BESAYNGEERERT 516D
BELD BN RIVESIERRTFORREET o RO RILERMH THLERNE
DEE<T 227 L (MgO)ZRWL - MTI RFZEEEL, ICALUESNhTELEREX TMR
DROERZBEL=. E5IT, T0 MgO [EE MT) RFDOAETOERORFEDLTo1-

4 HERE:
(MHARE=R

1995 FIZHI KD BB EF I, RILERR(CTEILI7ZABIET LS =) L(AI-O), EBEIZE
EROBBREEBHMEAZRA: MTI RFE/FEL, FIRT 18%ELVSILHBFELTIEIERIZK
F MR LEEERLIZZEIZERY, TMR $1IEA—EEBEEHHLELGHT-. ZOEER TMR
ENEBEHAZHEL ST MTI RFEFAVEHLOTERMEAT!) MRAM O ZEEFRE M HFIE
ETIREY, SNFETIZ 4 Mbit O MRAM A& RHETRINBICTE-STLNS. BEHR 10 F/H, Al-O
[EEEEALV: MT) RFORBHIHREFTHEAMICIThN, B EBM O RKREL (CoFeB
BELGE) P A-OEEDERE (BILEPLENIEEL) DI RICE LT, REFETIZERTH70%
(IR TH 100%) D MR LEARRINTULVS. FET 70%D MR LEERT MTI ZRFEALM
IX, 64~128 Mbit F2ED MRAM WEIFAEEEE A LN TS, LML, SHIZ Ghit ROKXE=E
MRAM #ER CEMES 51012, BRTHHLES 150% U LDE X4 MR LOEBRANFES
NTUW = £, MR EEAKREWNZE, MRAM DA HLEEEEEILTES. Al-O EBEDHEE
B MT) ZFTIEIN UL ORENE MR LOR LIZEHZL. FRB T 150%FBR5E5HE
K% MR LbEETTHFEN, EREDOLRILERETHS. 2001 FIZ Butler F& Mathon &
(&, BRIE T R L (MgO)ZE A )LIEEEIZFL V= Fe(001)/MgO(001)/Fe(001)iE&ENDITEA
Fv)L MTI RFICETIE—REBHEZITLY, 1000%%BA5E X TMR ShEMHFTE
HTEEFEHMITRLI.. COEKX TMR SR OYEMEEX, T2XEL D BEFEOEXTFA,
JOvRKEEOIE—L UM RIVGEISERT 5. #EEDTEILI7R Al-O bR LIEEE
LHEE MgO(001) b RILIBEED R R ILBIEDEWNEEEHDER 1 D L5127 %. Fe/MgO/Fe
IEAFDvIL MTI (FEFRRFERINEF OO RIILEFDIE—LUI—NREFEIND
R SELAEUDBLI: Fe-A, EFNREMICM RILGET S (E 1(b). —A, PEILIFR
Al-OEEE MTIRFTIE, FoRILEEGSLIURAEICEVLW TR FEEORAENREN TS
O, EBADETHEFIRENEROERTI RIVGEIZEESTHER, TMR IEMNETL
TLFES(E 1(a)).

2001 £ Mgo EBEIEAZXT vl MT) DEX TMR $EDEBHFRILATHRLT, ERIC
Fe(001)/MgO(001)/Fe(001)TEAF )L MTI HRFEIEH T HRADEIND AR TRHREE
FILMZITHhN=AY, TR TH-T-. TDREELT Fe/MgOo REIZBEIDERREFHNAYIA
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&, RED Fe BRFMNBIESNTLESICEA BN, BRETEICKSE, REISAELEE
[RFNFETBIEE, Fe-A IREEA MgO-A; IREEICHES TEHULV=HIZ, MR EEAELGHEAL
TLES. 2FY, EX TMR $1R2FRTEE-HICIEIRE 1 RFBOEBEHHNERICEET
H5. LHL, BELGBRIRRERFHNBEVESFCRAETERETLILE ChETRBETHI-.

A, Ag

Fe(001) X 8

..+... IY.l
..*....+ 4 g‘. )

Fe(001) (A,
b,

(a) } ki (b)
kJ.

B 1:hoRILBEROBER. (@) 7EILI7ZRAO PR )LIEEE.
(b) BifES MgO(001)k> L pEEE

(2)MBE B RI- kB E#E S MgO(001)fERE MTJ RFD/EHRL

AMETIIET, BEEZERE (MBE &) ZHLVT Fe/MgO/Fe TEAFX T v )L MTI ZFD1E
RE{Tof=. Fe & MgO DYV—AMEMNLDEFIRAEICLY, BEEZH T MgO(001) HiE &
EiRD LEIZFe(001)BE MgO(001L)BEIEAX VLA RLIz. MgO REHDEEF v/ \A
DAMAADOEEBEEARIMLEBRLIZHER, THARODEERD IR FIKER O&E
EH16)EHEDF O,(BEHH 32) THY, CNOLDEBRARD S EIE MgO D EEREIZLLHI
LTEMITBIENDMof=. ZOTEIE, MgO V—RMEMSEFELT-MgO £ FD—EHARE
F¥/INAT Mg [RFEO RFIZHHEL, SHIZO RFRIEABHELT O, FMEAINDS
CEEEKRT D COXSITLTERL- O R O, 5 MgO B KATD Fe(001) TEREBDRMEIZ
WETHEICEDT, Fe(001) TEREBE L MgO(0L)EREB DR EICBREGEREINEI LD
EEZbNS. FEHRIC, MgO [EEZHRLIZEZDOREIZ O © 0, ARETHILITELST,
Fe(001) L EBEWBED R EICHBEILBRRNED THLEEALND. COMBERRT H20IZ,
MgO #EHNELEES 2.5x107 Pa &Y BLEDIEIZEH>T Fe THEBRE DELR RS ZH
Z, SHIZMgO RRZICBEEZXEHRT7Z—ILTBILIZE>TMgO RE DR ERFELZKRET
B5LEHAL. CNODIXEZToEER, BELBIIFNFELEVWESRL
Fe(001)/MgO(001) REMEIIN TSI ED, ST (KEK-PF)Z Lz X #RIRIR(XAS) &
X RS A= (XMCD) DAIEIZ&>THZEIN - GEHEIXEIR).

{EZIL 1= Fe(001)/MgO(001)/Fe(001) TEZFT 4 )L MTJI D ¥iE D 5@ E FIEMEE(TEM) E
BZM2ITRY. EmE DRGSR Fe(001)EBE & BE R MgO(001) b R ILIEEEE, H&LUR
FLARILTHFEGZRETERSINTWSIEN DM S. TMR HRZRIET H1=HIZIE, FoRIL
EEEEFMMEMIL T RILESRFEERLETNEGESED. THRIVTST—PE
FRIVIST4—FRANTLIORM A=V FEL, Ar 1A VST FIZKYR O RILEED
HREEZAEIVHEL, TOAIE%E SO, FNEBMEEZEETHEL, TO LICLEEREERETS
ZEIZEST MTI RFHTERT B. £z, AARDOERTIE, —HROERLET MgO BDES%E
ERMICE STV OB KON RILEEBEZREL, M#MIIC&>T 1 MOERLIC
E75% MgO [EEEBIEE (twgo) THDZHD MTI HFE1EELT-.
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HR H (Oe)
2:Fe(001)/MgO(001)/Fe(001)TE A2+ 3:Fe(001)/MgO(001)/Fe(001)TE#
)L MTI OE O FBEFEME Fv)L MTI HF (MgO BEES

(TEM)SH. (b)l2(2)DIEASE. 2.3 nm) O SIEHIREER.

Fe(001)/MgO(001)/Fe(001)TEAF S+ )L MTI RFDH B ML SENFEER 3 RT. £
JRT 180%, KB T 245% &LV 5E K% MR AR SINTz. Thik, ERE D AI-O [EEE MTJ
ZFD 2 EEBASEXRLGEER TMR IR THS(E 4 DD). SHIZTEREHEIZ beec Co(001)
ZAWAZEIZEST, BRT271%0D MR M ELNT-.

RIZ, MR D MgO FEEE [E X (tygo) IKFFMHZER 5 (TR, BLREZLIZ MR EEIE tygo IZXTL
TRHMICIRE T HEVSHEBREANBHASIN-. IRBAEAHIX 030 nm THS. bHEAIC,
MgO(001) 1 RFEBDIEEX(X0.22 nm THSHMD, TMRIEFIDEHAEX—FLAEL. DFY, 2D
RENIRZ (T MgO(001)[EREE DR FBRRETIEHRBATELL. T, COISHIRIHITTEILD
7R Al-O [BETIEL2<EBISNEN SRR THD. COLSIHIRBBTEZRDOHEELL T, Mgo /3
URXvvTHDRAHLEFREDFTHEHEHENEZONS. COMBOFMTHRBATEIZTS
N, CORBBRIEA RILVEFNEBEHROIE—L Y —FFRo=FERILIZELTLVS
CEETRTERNGINTHLIEEZALND.

240 T T T T T T T T T .
@ 7 3/ EEREER -JST
220 @1BMd - 250 -
2001
_ s} DERF-ISTO | 200 L
B el —o— MgO(001) K kL pEER -
= =
_ 14of — 150 -
£ ol —O—TEINTFRALO K RILREEE 3
o =
x 1oor 100 F
S
B0
60 0L ¢
st
20F
MIT 0 L I | |
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EE (F) MgOPSEER X f\, . (Pm )

v 5:Fe(001)/MgO(001)/Fe(001)TE#4
[V . i R 3 AN N=| N
4: RO RIVES (MT) OERIZEITS 30000 MT EFD MR Lo

RESIEHT (MR) L DR E DS, VO IR (o, o) (A
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AETIEZ DS, Fe(001)/MgO(001)/Fe(001)TERF v )L MTI DM RILD S
BIEZITLY, PEILT7RAO BETRERASINCEDLGWERTBEZF D RIL-ARY
MLOERIZEIIU - GEAILEIE) .

(2) RN\YEREIC L HEEEM £ 58 MgO(001)f&EEE MTJ R FDIEHL

LD MBE iR LI=TEAFX S ¥IL MTI ZRFIIERNEM RS LUV ERYERARE(C (X HKRE
THHN, £ETOEREDBEUNBENV-OITEIEAIZIXTEETHS. EED MRAM 1
HDD B SAYRDEED=OIZ(E, R/XvF2ZEFRAVERIRIZKVERCU)ERLIC MTI RF
FREBTELTNIELSAL. EEEFEENEENTHS. D=, FEOTHED LI
FBR/N\YARIET MgO BB MT) R F# R TELTO AR ELLES. IBM T IL—T I,
AN FEEANTEE R 5 FeCo(001) /MgO(001) /FeCo(001)1&:& M MTJ HFH1ESIL,
=BT 200%%#B %% MR tEZERLE=- (K 4 DQ). LHL, bee #iED FeCo BABEE MgO
[FEEZ2TO00)EEELARRAIE THRETILELNHY, CODHITHKRES—REDL/ YD
7T—EBERAVCEEBERESARDOERERZHELZTAIEEST, LERVISAIZIEFRETHS.
EETOERBEEMOBBEORRERELT, AMETIERIZIKRARSLSIZ7EILT7ACoFeBE
& MgO(001)fEREHHAA B Hh 1= MTI ZRFERFELT-.

AHETIL, HDD KAV DEFELGE TEEMICHAVLN TWSEERR/\YEEE (7
JLINC-7T100)E T, 8 AV FDOARFREELIED ) ERD L2 MgO [EEE MTI HFE/ERIL
f=. FEXETERER/NYARETESRL, MgO [EEEE X MgO RS —S YD RF <4
FRAVRINYEE, TOMDEIEEEL—S VMDD DC YT ROV R\ REERNTHRIE
Liz. ERILI-SIEORIEEROWE TEM BEZH 6 (7T . BREETHEEBIELTEILI?
A CoFeB THY, RigfHE Pt-Mn RINATRABIZE>TE SN -FEE 7TV EE
(CoFe/Ru/CoFeB) THRM SN TS, ChodD FEMEE(X, MRAM PLHESRAYE TIZEMIZA
WHNTWSEETHY, FHREEBECHEHEX—IRAVTULVEL. BIREZLIZ, FEILIFR
CoFeB TEEEBRE D LIZHEREINT- MgO Fo R ILIEEE(X(00)EALIZEERLI-ZHE R
BLELTHELTWSIENE 6(b)DE S REE TEM BEEMNOHERTES. F1=, 20 MgO [EE
B EIZFEE LTz CoFeB BIET7EINIT7RELD. HETEILT7X CoFeB D LIZHE R ZHE

LEBE (7-8)

A roame

A THEE (KE)
g TR

FRam
LHRNAT AR

6: CoFeB/MgO(001)/CoFeB—MTJ )l i () i%:8 E F Fa 1 68
(TEM)BE. (b)l&(@)DIEASHE.
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g MgO(00L)BAET 5D, FHEHEREREDOEEILLIAM>TLAEL. LlEDKSIZ,
FEILIT7ACoFeBE TFEEBBICHANSZEIZEST, MgOEBEMTI RFE2EED THD L
[CEBR/N\YABIE TR AEL T2, TOEETOERABESHEITEEMNTHS. 2D
CoFeB/MgO(001)/CoFeB % E[&% 360°CTRA L 7=——/LALIEL 1=, MMMILTMTI %
FEESLEER, =BT 230%, KB T 295%ELL0VS5EKXKA MR LEAAERSN - (E 3 DQ).

RIZ, CoFeB/MgO(001)/CoFeB #EEICHEWLTHEE XA TMR IR HIRT 5D M ELVSH
EICDOVWTEET S, FoRILERABELES MgO(001) THE AL M £ 58 MgO(001) TH/AUKR
FoyvThDEFREFEKRMICRLED T, MgO-A REFN LA R ILBIENXEHTH
BHIEIZEDLYIFAEL. BEIL, BEDEDLSLGEFIKEL MgO-A IREEIZHER T M ENST
L THA. TEILIT7R CoFeB BIEBNIZEIZIE, T3 FLEBRIZHED N\ ESEERE -8
FREFFEAELEGL. F-, REBEICHIENSLETNE, EBROEL D HEEE -
TOyAIREEAY MgO-A, KREEICHRHER TR TSI LM AREL LY, TEILT7X A-O [EED
HELEILLIIT MR LEAMET I 5LFBEINS. LHL, 360°CORRSF7=—)LIZ&Y,
CoFeB EABAN001)EIZESEERLT: beec Z#ERBEICHERILTHIEN, #H#l% RHEED £
BORERASHIZHEoT=. DFY, MIBHIZENIL becec CoFeB(001) /MgO(001) /bee
CoFeB(001)iBEZF>TL 518, CoFeB FRAIGEICKDENDHREEZE BRI NIL, TES
Fou)L MTI EREDIAE—L UM U RILAFEZ > THELY.

IEARFXT )L Fe/lMgO/Fe-MTJ LR T, 2458 CoFeB/MgO/CoFeB-MTJ (&R D &EH
MEYIELY. 258 MgO(00L)fEEE B ICIE#ERA R CIREMA S REFLAT H-OTHS. 1ZH
Mhvhind, S#E&E CoFeB/MgO/CoFeB-MTJ [FTEAF T+ )L MTJ £FIZRL MR 45 RA
[EZFRL, KEERLTREIFLGEH—MHEBONATNDS. £505, Z#E& MgO(001)fEEE D5 &R
PR ORER IR FHEICEVNEZEIISEZLZLSLL. ZOZEE, ISHDE=HIZITIEREIZSE
BIRZETHS.

5 B2EHi:

SENFEIIBEDEEMRLEDRESIEX 70%Eo1-. SEAIFTIE, BRET150%%# % 5 MR
EEDEFEEBEIC MRAM TEZ SR FORKEEBEICHRZLRELE. 3 EROMEDHER,
#5& MgO(001) b R ILIEREZ ALV TEE T 300%%#% 5 MR tE#EIHL, MRAM £E 7O+
AIZEEL-FFHEEEORRIZHERIILE-. MgO FoRIILRFIFERICREVAOZSRERAD
EFFRELOTNS. SENITHED BIZZREIL 100% U LEES>TEL. ZOKSITHERRAREMN
BULF-BERELT, AREBEOZHVOEMALZLEHLIERLNLA, MLYETMgO DFE M
DEITHTENTIZTANKREN. DFY, RIDT—IRENENIZEWNSIEIZRESLLE
Z5.

P RIESERSRZFEIESREOHMEAANVIEFELUVER - RBE - TEXSUILTIEAR
AE)—(MRAM) D QW3 EEEL THBRMISHLOARBEEN K ITONTOERETH S, &
FEIEF RILEESISRE N RBEFNIAE—L U REHILSEE RN TR LUCREIR
BEDIRAMLGHEIZL >THERLEZRASLTIMETHY. FERME MO ZN\UTRELLTH
WAEWNST7TO—FEEot=,

FEUMERRBELTARD 3 5B ITHENHES, F 1 IZHFE—LIEFFI—KIZED
T Fe/MgO/Fe BiERBEEEEZERL. FoRIILEFROIAE—L U RZR LSEHER. 4>
AI7LEHRED 70%LY KIEIZLES 180%FE TR LS, E5ITIAE Co/MgO/Co R T 410%&0LN
SHREBEFEBILI-CE,FE 2(2aE—LUMNURYUTERIMTDIREELTHUATHDNY
TEERIKFENREEDESZRT CEZHRRELEIE, BEIICKEETEEROSEVREAE
ELTRNNYA) VG ERRNT == DA EHE THRERMED B MgO NUTEEERT S
HEEBREL.BRTOA AT 230%Z5EEHLI=CE. THH. CNODREIFREHKAE)—
EEXEORENGHBEMEZREIZIEDEEZON AERAEICAI>THEESSITIMELTLY
5, F-. BRADFEERAVTI O RILARROFRLEAHEToTHY., flEtEom EOEREEL
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