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In the conventional magneto-optical (MO) spectrometer, MO spectra are measured for each wavelength using monochromatic light, resulting in a
long measurement time of more than 1 h. To shorten the measurement time, we propose an MO spectrometer using a multi-channel spectrometer
combined with the polarization modulation method, by which both Faraday rotation and Faraday ellipticity spectra can be simultaneously obtained
in several minutes from three optical spectra measured with linearly, left- and right-circularly polarized lights. In this study, a measurement of
Faraday rotation and Faraday ellipticity spectra of a bismuth-substituted neodymium iron garnet thin film was demonstrated.

© 2019 The Japan Society of Applied Physics

1. Introduction

Since British scientist Michael Faraday discovered the
Faraday effect in 1845," which is the magneto-optical
(MO) effect in the transmission configuration, various
magneto-optical materials have been researched and devel-
oped. Nowadays, the MO effect is widely applied to optical
isolators, MO recording media etc.”””

The measurement of the MO effect is indispensable for the
evaluation of magnetic materials because information on the
electronic structures of the materials are obtained as well as
the magnitude of the MO effect. There are several methods
for quantitative measurement of the MO effect, such as an
orthogonal analyzer method, a rotational analyzer method, a
Faraday cell method, and a polarization modulation
method.®'7 However, in order to measure the MO spectrum
by those methods, the MO spectra had to be measured for
each wavelength using a spectrometer while applying a
magnetic field. Therefore, for example, the measurement
time of 1-2 h was necessary for the visible region. Saito et al.
succeeded in shortening the measurement time to several
minutes by combining a multi-channel spectrometer with a
conventional Faraday cell modulation method, which can
measure an MO spectrum in a single magnetic field sweep
with an accuracy of 0.004 degrees.'®'” However, Faraday
rotation and Faraday ellipticity spectra had to be measured
individually using different optical setups.

In this study, we combined a multi-channel spectrometer
with the polarization modulation method'”***" in which
rotation and ellipticity spectra can be simultaneously ob-
tained from three spectra measured for linearly and left- and
right-circular polarization. By using the polarization modula-
tion method, it is possible to measure the rotation angle and
the ellipticity with the same optical setup in addition to a
short measurement time of several minutes. In this paper, we
report on the MO spectrometer for the visible light region,
and the calibration method for Faraday rotation and Faraday
ellipticity.

2. Experimental methods

Figure 1 shows a schematic of the MO spectrometer utilizing
the polarization modulation method. A 100 W halogen lamp
(TH4-100, Olympus Co., Inc.) was used as a light source, and
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a multi-channel spectrometer (USB2000 + VIS-NIR, Ocean
Optics Inc.) having a detection range of 350—1000 nm, with a
2048-element linear silicon CCD array detector, was used as
a light detector. For the MO measurement, collimating lenses
(L1, L2, L3), pinhole, polarizer (Pol.), perforated electro-
magnet (EM), and an analyzer (Ana.) were used. A quarter
wave plate (QW) was used to carry out the polarization
modulation method. The QW will be rotated by a stepping
motor (DS102, Suruga Seiki). The transmission axis of
analyzer (o) forms an angle of 45° with the polarizer, and
the QW will be set to —45°, 0° and +45° with the polarizer
for the measurement.

White light emitted from the light source is converted to
parallel light by a combination of a pinhole and collimator
lens, and then converted to linearly polarized light by a
polarizer and passes through a quarter wavelength plate and a
sample. The transmitted light from the sample passes through
an analyzer and is then focused by a collimating lens on the
end of the optical fiber connected to the multi-channel
spectrometer.

The procedure of measurement of the Faraday rotation and
Faraday ellipticity spectra is as follows. While applying a
magnetic field to the sample, the optical axis of the QW was
set to —45°, 0° and +45°, corresponding to left-circularly,
linearly and right-circularly polarized light, respectively.
Those three polarized light intensity spectra were measured,
and Faraday rotation angle (fg) and Faraday ellipticity angle
(np) are calculated by the following equations,'’

1 2l — (I4s° + 1 45°)
r~— , (D
2 (I45° + L 45°)
Iy — I 450
e = — Uss 45°) )

(lis° + Laso)
where I 4s., Iy and I4s- are light intensities when the optical
axis of the QW is —45°, 0° and 45°. The units of the values
obtained by Egs. (1) and (2) are radians. In this article we
convert them to angles for discussion. The exposure time of
spectrum measurement was 1 ms, and 100 times of averaging
were taken for noise reduction. In addition, MO spectra also
measured for magnetic fields of 2.5 and —2.5kOe were
averaged. Total measurement time will not exceed 2 min,
including applying magnetic fields, rotating the QW, and the
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Fig. 1. (Color online) Magneto-optical multi-channel spectrometer using
polarization modulation method.

calculations. A bismuth-substituted neodymium iron garnet,
Ndy sBi, sFes0;, (Bi:NIG), thin film with a thickness of
200 nm prepared on a Gd;GasO;, (GGG) substrate with
(111) orientation by the metal-organic decomposition (MOD)
method®*** was used as a sample.

3. Calibration of MO spectrometer

Figure 2 shows intensity spectra measured for /_4s-, Ip- and
1450, They exhibit broad spectral structures between 400 and
1000 nm in wavelength, which is determined by the spectrum
of the light source, the sensitivity of the multi-channel
spectrometer, and the optical absorption of the Bi:NIG thin
film. It can be seen that those light intensities changed
depending on the wavelength and the polarization state of the
light, which was caused by the Faraday effect of the Bi:NIG
thin film. Since the wavelength range beyond 800 nm is
outside the wavelength range of the polarizing plate and the
QW, MO spectrometer in the wavelength range of 400 to
800 nm is discussed in the following. It should be noted that
both rotation angle and ellipticity cannot be accurately
measured at wavelength of <480nm for the garnet film,
because there is huge optical absorption.” Although the
polarization modulation method should obtain quantitative
MO values in principle, it is considered that an accurate value
could not be obtained due to deviations from ideal character-
istics of optical elements. Therefore, calibration is required to
obtain an accurate rotation angle and ellipticity angle. It will
be described in the following part.

3.1. Calibration method for Faraday rotation

To calibrate Faraday rotation angles, several spectra were
measured and calculated with rotating the transmission axis
of analyzer from 45° to 40°-50° with 1° step without setting
the sample as shown in Fig. 3. This result indicated that the

Fig. 2. (Color online) Light intensity spectra measured with angles of the
M4 plate of —45°, 0° and 45°.
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Fig. 3. Rotation spectra measured for a = 40°-50°.

rotation angles varied with the angle of the analyzer,
however, those values deviated from the expected values
and resulted in the wavy shaped spectra. One of the reasons
why the spectrum of a =45° does not reach y=0° is due to
an error in the angular relationship between the polarizer, the
analyzer and the wave plate. On the other hand, with regard
to the spectral shape, it is considered that the deviation of the
phase characteristic of the wave plate from the ideal value is a
major factor. However, those errors are expected to be
canceled by averaging values measured with positive and
negative magnetic fields. In this case we do not apply any
magnetic field, these errors still exist in the spectra of Fig. 3
so we will eliminate them in the next part.

To obtain a calibration curve for Faraday rotation spectra,
the spectrum measured with the angle of analyzer of 45° was
subtracted from other spectra as shown in Fig. 4, which are
equivalent to Faraday rotation of —5-5°, respectively. It can
be seen that the spectral shape became smooth, but these 10
spectra in Fig. 4 do not show accurate values (y = —5°, —4°,

..4°, 5°). For this reason, a process of rotation angle
calibration is required. From those spectra, a calibration
curve corresponding to an angle of one degree was deter-
mined using the least squares method. Use the rotation angle
in Fig. 4 as the vertical axis when a=40-50° and the
standard value as the horizontal axis (x=—5, —4, ...4, 5),

Fig. 4. Rotation spectra for o = 40°-50°, from which the spectrum for
o = 45° was subtracted. And these spectra could be seen as the angle of
rotation O = —5°-5°.
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Fig. 5. Calibration spectrum corresponding to per 1° rotation angle. It can
be seen that the rotation angle obtained in the experiment differed by this
deviation.

then the slope of the curve in each wavelength will be the
calibration value shown in Fig. 5. From this result, it is
understood that the obtained spectrum shape has wavelength
dependence, indicating the necessity of the calibration.
Through the above calibration of measurement, by using
the calibration value and spectrum of rotation angle, we are
using a standard deviation to confirm the resolution of this
system. To confirm the measurement resolution, setting the
analyzer to 46°, measuring and calculate the rotation angle.
Then, after calibration, the spectrum should match to y=1.
However, the rotation angle measured in the experiment has a
deviation with respect to the theoretical value, so we
calculated the standard deviation from the experimental value
and it is smaller than 0.01° in the range of 500 to 600 nm. So,
we can obtain a measurement resolution of 0.01° for the
Faraday rotation angle in the range of 500 to 600 nm, with an
averaging of 1000 spectra and the exposure time of 1 ms.
3.2. Calibration method for Faraday ellipticity
An optical setup for a calibration of ellipticity is shown in
Fig. 6, where a sapphire plate with a thickness of 0.297 cm is
used as a multi-order plate.’**” The sapphire was set
between a sample and the analyzer. Ellipticity spectra were
measured without setting a sample when the optical axis of
the sapphire plate of +45° with the polarizer with 45°.
Measured spectra are shown in Fig. 7. It can be seen
maxima and minima values are appeared alternately and they
were symmetric for signs. The envelope curve is providing
calibration functions corresponding to the ellipticity of +45°.
Consequently, a calibration curve corresponding to per 1°

Fig. 6.
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Fig. 7. (Color online) Ellipticity spectra for angles of +45°. And the
envelope curve and approximation curve are also plotted.

ellipticity was obtained as shown in Fig. 8, it is obtained by
normalizing the approximate curve of Fig. 7. This calibration
spectrum also exhibited wavelength dependence due to the
same reason for the Faraday rotation. The correct ellipticity
values can be obtained by dividing the experimental values
by the calibration value.

4. MO spectra of Bi:NIG thin film

Faraday rotation and Faraday ellipticity spectra of a Bi:NIG
thin film were measured with averaging of 100 and 1000
times, are shown in Fig. 9, together with Faraday rotation
spectra measured with a conventional MO spectrometer using
the differential detection technique. Faraday rotation angle of
3.95° was obtained at a wavelength of 525 nm, and Faraday
ellipticity of 12.17° was obtained at 490 nm. From Fig. 9, the
shape of these MO spectra are consistent with a typical MO
response of Bi: NIG that had been reported.”*>” The
Faraday rotation angles were consistent with that measured
by the conventional method, except for a wavelength range
shorter than 480 nm. In the range shorter than 480 nm, the
Faraday rotation angles decreased and the noise level
increased. The reason is due to a low transmittance of the
Bi:NIG thin film, resulting that the signal to noise (S/N) ratio
decreased. We consider that the S/N ratio could be improved
by decreasing the stray light during the measurement.

5. Conclusion

We proposed the MO spectrometer using the multi-channel
spectrometer and the polarization modulation method.
Measurements of the Faraday rotation and Faraday ellipticity

(Color online) A diagram of the calibration for Faraday ellipticity.
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Fig. 8. Calibration spectrum corresponding to per 1° ellipticity angle. It is
obtained from the approximate curve in Fig. 7 after normalization.

Fig. 9. (Color online) Calibrated Faraday rotation and Faraday ellipticity
spectra of Bi:NIG thin film. Faraday spectra measured by the conventional
method is also plotted.

spectra were performed for the visible light region. It was
shown that the measurement time of the MO spectrum can be
shortened from the usual 1-2h to 2min by using the
proposed MO spectrometer. Calibrations of Faraday rotation
and Faraday ellipticity were demonstrated. The resolution of
Faraday rotation approximately 0.01° was obtained with an
averaging of 1000 spectra and the exposure time of 1 ms.
Finally, it should be noted that measurement range is limited

SEEA02-4

to 400-800 nm in this study due to the wavelength range of
the polarizing films. We except that the measurement range
could be expanded to 350-1100 nm by using the polarizing
prisms, and moreover, near-infrared and ultraviolet regions
could be measured by changing the multi-channel spectro-
meter.
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Epitaxial Data of Inorganic and Organic Crystals? &\ 5 DR H B3, ZTOH T, Bl IXRAROHEAF T
PIHE SR L (0-ZnS) % AR & LT, BHIFL (CuFeS;), =XV v (CuS), F = — Fi(CuFeS;3), # L — b
(CuGa$S,), HEKHL(FeSy), BRI (FeSy), Wali#kil(FeixS), H#HFL(CurFeSnSs), 7 /LY HL(B-ZnS) e & DHEFEW) 3
ERE —EOHMBERTHRE L TCWD X3 TR0EEHE I ARSI TV D L)1, BARTIEWANAT
TEXF—RHOENTWADTHS, Table | IZFEDHEHZTRT,

— X\,

* OB TR B HRIJST-CRDS L7 = — /RS, )57 /e —FFw N7 +—LPD
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Table2 HARRICA BN X X —Df

Crystal Crystal Orientation | Orientation Lattice Lattice Lattice
Substrate Deposit plane of plane of " |constant (A) | constant(A) | mismatch
of substrate | of deposit
substrate deposit of substrate | of deposit (%)
(110) (001) [001] [130] 5.43 4.15 -23.6
CuFeS; (100) (100) [001] [001] 10.86 10.32 -5.0
(chalcopyrite) (111) (111) [017] 011] 7.68 10.32 3.3
CuS (110) (OOTO) [001] [00 - 1] 15.46 16.36 +5.8
-Z i T T . . -1.
?sp l?aslerite) (covelline) (011) (0001) [110] (11 0] 3.84 3.80 1.0
CuFe2S3(cubanite) | (011) (001) [100] [010] 10.86 11.12 +2.4
CuGa$S; (100) (001) [001] [100] 5.43 5.35 -1.5
(gallate) (111) (001) [011] [110] 3.84 3.79 -1.3
CuFeSnSs (100) (001) [001] [100] 5.43 547 +0.7
(stannite) (100) (100) [001] [001] 10.86 10.74 -1.1

c AR HF—

IR 225 SRR D43 BF T, i & 23D HAM D EIC N TGS AL O - 7o HEEAE RS R 3 26k —
EX XUy VR LTV D, YW directional overgrowth &9 FHEEME IO TN =28, REFIT epitaxial
growth &) HIGEIZIR L CWhv o7z, FY Ui Cepl it [ 1IC) &R 2 B2, taxis (X [H41) . T
] ZB%RTDETH D,

1960 EfRIC2 D &, FEEEELETI Y a v DOREFTE X T —0NBR S, X 0 MRS < KD
RNEE OHFAERO LIS T U VAR EED ZENRTED LT oTe, Fio, WUNT F—7 L7z K
FmAMEAEND Z Lo T, JWEENELND L) IThoTz,

ZD%, GaAs T3, ADRKRMEEZILT S 572012, GaAs K EIC GaAs R ETEX F U v LE
SELZENBIL LT,

cAREIEFF AT RIEIFT—

R LW L THIRS AR CHa 2T 24X v —, B8 %2~T oo XX —Lno, ~
T RIE XX — TSRO KMHE A K E RMEIC D, KT A 2AOHE. ZLOXMBEH > THT S
A AL LTOMECHERR2NDOTAT oI XX =PSB THDILN, BTE2ELEDLT A AT, X
MaDDIRNRETE L X =Pt EN D, RETEZF—DFFL < 20, BRI LA, R LW
WM & THIRS N R D AT R X X — D SRR T D, I RIZEHOLEICH . BRI T
THIEX X —RNEETNDHDOTHD,

e ANTHRIEFXT—DHHE Y
FEICENIE, ~T ez XX —E, RO 3DIIHEEND,
(a) =B ¥ v LR & FERRRS i O mAE DR U TR ERDN T W7 L —7,
ZOBEEETHEY TRLES THIWEREDHELND,
Table 3 (244 T E DU EAM B O AG DR EIBIT D, FERMEFRERD S RAIUZENIID 220,
(b) =B H Xy /U & FERRS i O R SEE DR U Cd 2 M ARG DORRER KR E W IL—T,
(ZOHEEIE, Ny 77 BEFHAL TEAEEMT 2R EDLRE LN E KW AELR,)
(¢) =B X F Ui & SRS DR G N e 5 7 —,
Ny Z77EL LTBETRBOTENT 7 ABEEALIEY . 777 VREEZFIM LY | ERERE
AW REARTREZ LARVE LWEEREAEDAZRN,)
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Table 3 &1 EH & b dbHEE 3T BB ORA A5 o D 5] 5

MR ¥ EH(A) A A Mk ¥ EH(A) i A I
GaP 5.4505 DNEIXZE S
Si 5.4310 XAYELR AIP 5.4635 DSEREAE N
CaFs 5.4638 WA
GaAs 5.65325 YSEHEEEIN
R oo AlAs 5.660 DSEREAE N
Ge 5.679 FArETR ZnSe 5.668 B 604
ErAs 5.7427 PPy
" Cds 5.825 INEEZEEIA
InP 5.894 DAEGiRZAE A GdAs 5 860 o
AlSb 6.1355 YSEHEEEIN
InAs 6.0583 DSEREAE N
I\AY
GaSb 6.094 DNEIREEEA 7nTe 6.10 B BB
CdSe 6.052 PSEIREAE
R L InSh 6.478 DSEAEA
o-Sn 6.4892 XA ¥E R CdTe 6.489 B 4
a=3.180 .~k a=3.111 .
GaN C=5.166 v E AIN ¢=4.980 I

- Bt DR IE b DBV R T % RE

MEFOMAE DEDENTER T 20 O OMBENE T 5, FlziE, BWERREOAEICE > T, lER
ETIEFREEG LTV, BIRTEIRNEAR LRGN H D, o, EMIEOEEK () ar) LM
DOFER (B 21X GaAs) DA EDLETIE, ToF 7oA A RAL Y (BR) ORERH D, 512, [
A& OB DOETh o TH M-V IR EIZ T-VI RO A RET 2560 X 5 IR lio 78 %

~TaESORA, FEIFEENR AT v IR TR o T 5,

ZITEH, AT I —DETDT—AEMETL2OTII R, AT R XX —2E b7 05
fa R EOFEO A 72 IO TN T2 & &b, T OMERIEZRRTZ0,

8. NTRIVEFFV—LBTES

FRE T EF XL VRO T ERDE da & IERD
¥ 1 EE a DI da/a kT AL TE (lattice mismatch)
LWV ), TEXXF U VEORENRHSENGEIT, K
FTAREENSLH -T2 LTH, TEXX T ¥ ILEDOK
THREDZ LI X o THRETOR O 2 > THk
4%, 2wz ae—1L > hliE(coherent growth) % 7=
X2 A2 v = b— hF(commensurate growth) &9

TR XLy LB OB RO ER & —3
L 72 IRHE & fR(LIA% 7955 (pseudomorphic) & F#HL$ 5 Z
LD, ZOHE, BTEREERELLO ELT, A
T HEEL 7 ST [ OFE T EBMN AT Do

abt—Lr hEELTHDI5ETH RENH DM (B
REE LN D) KV RE< D E, BEHTRNLFX— %%
T 27202 A7 ¢ v ME)L(misfit dislocation) 3%
AL TR L, 2RO EHOEIZITS<, Fig. 1
T2 7R R AT O o B2 o v LR E IS BT D

o

Fig. 1 flix OYE RO T RIESJE

JEDRELR 4

& [ S
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SRR L FARBEAEOBRA 7 ey hERTW5S ¢, [[7 LA
HEDETH, VDXL OERH L2, HmIX—HL Tk
V. BB IR T RS OB RIE I D, RIS
25 1% CIEEEAEE T 500-1000 AFEE TH DM, 0.1%278 %
CHT A~ um \ZF THEA D, Mathews & Blakeslee (35
MBI < TIOFTHPEIC LY | lERREEZER LD, 20
R Fig. 1 O B O X 512720, EBRER L OS2
fE%ZE <, —J7, People & Bean (T ICERE Sz R /LK
— DA K0 B FURIE A G L, Fig. 1 OfifE A © X 95 7ok
REH/THD Y, EEOZRTIE A, BB##RORICHMmM LT
Do
[Z2% 1] Mathews O3
BAHEZTLHEN ETHENOHEENTWDIGAE (X7~
7 ) OREAIEE he 1%
2

C:é%%f%%ﬁ%mf+l
EWVIRTREND, 22T b FIBMLON—T =AY ML, vIZRT VUt I3 ARG E | Adal, o
FEENLAR & N—= T — AT M DT A MITRVEEREDORTAHATHD, BEHEDOI AT 4y MEAL(H
REZNT edge dislocation)Z & X 5 &, a=90°, A=0°ThH D06, BfERERIIRATRIND,

C=£%E%{m%+q 2)

[2% 2] People and Bean D3

R OIRIEDE ST R LF — LA AE U TR E Z o 725G OREDEHL TR L X —NEL LR
HFEE L U CHRMAEEZ R L72b DT,

hoolov o1 b> 1 _h

S N T (3)
¢ 1+viery2 a f? "

Fig. 2 BE L+ RIESEE /8T A
— 2L LTCRLEIRT 4w NMELD
] n A LU\ (OFD) 7
1

- BZIRER I ZE DRIE
FREOHGRTIX, TS LSRRI R KIC2 2137 Th D, L LEBICIE, BRI 5
HIEL 2D 0IE, A ARESENAICTNIMEEZ L OBETHLZ N, FIBLIZL > TRENT 9, Fig. 2
1Z. GaixIndAs BZ InP Btk FICkE L7t &ica — LV MNRETALEAZRE LR FREEEZ /XT X
—H L LTRLIEBDTHD, ZOMAE DY TIIHEFARESED-0.08% DIFIZ EE IR i KIEZ & 5 D
Thod, ZOTHORKIL, FERKE X F Y VEOBIRREOEIZH D, Yo 7 FE B, BMPRGREK
DEE Aa, Bl EREIREOREAEZAT L35 &, fmAERED G =R E TOmALERRE T,
o=E - Aa - AT

EHORESOEIENBAEL D, BUSNET X I v VETET TR, BRI REEZ 525D T, 5K
M G OBIZIRIC L 2 TR X 9 2 EA LT iUz 720,
(aeo+aeAT)— (aso+“sAT) ()

(aso+asAT)
I Tawé aplFENENTZE XX v Vg L EROER TORTER., b alTENETL XX vL

Aaja=
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4. 1Btk - BT nRE
T UVFT2—RARAAL YV

IV D X 5 72 846 (nonpolar) O MR TIT-V &7
E it (polar) it i A il 97 2 55 B I - Bl 81 O AH
MDANBLORELDLZ R D, i, ERDOR
T v 70 Fig. 3(@)D X 2 1JREF 0 HAERK S5 h,
B) D X 912 2 Ji1 THERL S 41 5 > THRMERS & o0 Ji 1
FlBIR 725 2 ENRKRTH D, (@QO%HAE, KFEHIC
Ga 72 BLiL 2 B3k & As 123 B 2 5838 & 125
DD, BERAE NP EILT v F 72— X R R
A > (antiphase domain) & #r L T\ %, fEIKOEEA %
7 v F 7 = — A (antiphase boundary) & 95 28,
BERIZIE, @IS T X912 Ga-Ga, As-As D X 9 IZ[A
TR A7 DI SN D REB DAFAET Do

« T UFT 2 — X RAAL OIRNE Fig:/S@(;\éaisiSi BT T7T v F 72— A RAA
GaAs/Si IZBWCT v F 72— X RAA &7 TIC
AT ERER NS Z L TL OOEBOAZFET L OISRk ES SEDHZ ENARETH 5, Fig. 4 (3011}
FENZI AT b LIz Si(100) R FICHKE L7 GaAs DT v F 7 = — X R AL UHRE L & HICH Ol
% kR & BN 2K T h B 10,
FREBREICE W T, @R TAs 2585 &
Si UhEHR) ORFEEIT As (BA) TEbLIT
WAHLEZ NS, ZDOFIC GalAs/Ga - - L FE
J&@ LTw<, EF T RERA) TIXEFE TS
D 2 HD As JRF-(EI)DHHFR TN DREEFIC
Ga (WA BFEET 2D THLIN KD 1, 17,
2,2, 3, DT ETIE, As(BA) & Ga(lu )
DA FNIERTNDTD, Ga, AsDEL LD
L H D, 22T, 2OV A FEHRIC Ga
WEDDHETS (UAICEADOTE) &, $fT
AT VT 7 == REUAAIDEAIZ & Y [100] B o A0
FHR~OEE & HIZ B oITEET 5, 202
&1, RHEED 2L »> CHEIEEN TV 5,

[B&] EEEESICLH LT oF 7 = —X R OJR RS 1

Si. Ge O & 5 ZpMMEREHICENTH, 1 JFTFAT v TR TR L, VGO AT v 7130 d Lo %M
TlE7eWy, Fig. 51200 mEICHB W T, [1101F BRI L TWAHADOAT » TiEE R~ LI-b D Th D, Si
DI T D 001 FMOFEFRELAZ 2D L. BFEHRE a b LT, =0, a/4, a2, 3a/4 D 4 DDJF+FJE
NHDHDOT, 1REFHIZYDAT v 7 (% single step £721% atomicstep &V 9) OE ST a4 L7725,
(11017 AN Bz U 7= 2 B D Si(001)ZE iR 113 A5 AT (DB=dangling bond) & H L& > TH A ~v— (2 &)
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JikEREE T ToT )i} 3C-SiC HffibfF ot
IR L, 2X 1 ALY (surface reconstruction)
WiEE 2N MDO@DEIICEET TADK A~
—DF M EART v T HRNEETH LG % Sa A
ToTERBRL.(ODLICEET TADK A ~—T
FPATCHLLEEE Se AT v 7 LML TN D,

Fig. 5 (QODHAERIO 2 FEOHF T AT v 7 (KT
HOREWVIELERNCH D Z EERLTND,)

Fig.6 STM THM L7z HE+1 2
7 v 7, ERNEIErm o

[B%] 3CSiICOTVFT7xz—ARKAA 12
3C-SiC & Si(00D)FMR D EIZA U DRI 2 i dH 5, —DIET7 v F 7 = —XERAPB), &9 —
DI K (RE2 X7« 74— b SF) ThD,

ToFTo2—ARAAL T 2T DD, STM TEBIHIT 5 &, Fig. 7W2R-T X912, S AT v FIEFHF
FOIRZE &LV SART v FIEAL—=RRIRIR E 70D, Si M ED GaAs DL EITITA 7 EROEMIZ K-
T APB Z I T & 72728, SIC DEAIEL. SF DIGIRFTALA (-1-1 1) EPIZIRE Skt % SF [A %k
M E 7202, BT SF BE A TE RV, TNEMRLEZON, 7oV b— 3 Si RO
HTH D,

Fig. 7 (a) Si(00D¥EM Ed 3C-SiC i2B1F 5 APB  (b) ¢ A e 4
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5. BFAREENT I F VY VREILE X D%

WA AREERDDL L, ERIZLSTIRAT
4y MEMREAELEZD, TEXXT Y ILE
DB 2B OIED, fEfmORET— RIC

R B2 D, TEX XUy VR DOME
EF— RFELTIE, Fig. 8 ILR"T LS5
Frank-van der Merwe (FM)E£— K (&t

HIZ 2 IRTTEDERR S, iR L CREER
EEVHOZOBRABEY KL CREES 1R FET
M ELS BREKE T 2 — F) .
Stranski-Krastanov(SK)E— F (FEIHIL 2 RookEn
LERKE L. HDEXIZ/25 & 3R ENEMR I
KE LTV E— K). Volmer-Weber(VW)E— F ({E
DS BRI ELZT5E—RN) D3 20MBAH 5 Z
LIRE<HMBN TV D BT RESEIT Z Of kR E—

BT DD TH DI AEEEINNINIGE FW £
— RE DN AT ARG E N RE <, Riff—F /L
X —, ST R — DR/ 72808 Tl SK £ —
NL72%, GaAs HM 1IC InAs OBET Ry k% H Ok Fig.9 InP1xSbx/InP RIZH1S 5

AL ET— FOBRZ R TIREX

LR ET 5 DI% SK E— ROFITH 5, #& T HREGEDK
ENATEZEXF T LRETIE VW B— REARD, FUESIL, K
5L % HWT, InPSb/InP #31& 2>\ T Fig 9 IR+ L 9 lEE—F
D JE)E — AR RE Z 1B L 72 13, JBEL L /NS WA 1E InSb AL D
& & Bz FW £ — F6 SK £— RICBITT 528, LAV S e iA FW
o VW~ 5,

e AHEEE | IIREEEICHEET D, EEE RO f I LT
expl- EF?) 0 & 5 (MBI 2T B 4, Fig. 10 13 GaxOs M
YIG/GGG IZ R b D8 RIS L B REORRTH 5 15,

Fig8 = bEXXT ¥ LRED3>OE—FR

R(t) max (um/min)

0 40 80 120
(g - 2512 x 108 (42

6. BT li~7 npE —II-V BB L~ VI BEEE pig10 e & kT
Boxv &%y v VkE TEEE I DBIR
ZnSe I H ECEEBM B E LTE L OBFER 72 S22, filflE InGaN OB CF o7 0 3L 725 C
L¥E o7, IFVIEICIEREOEBRMEIR 20D T, £ < O%E R 23 F UM E 4 & b Higikk
TEEDI GaAs # V550320, LU, A A U HEEEOR TI-VI E & HE MO 1I-V Eo~T7T 1
SN, SN g ERRR T R E L OMUED K D,

ZnSe/GaAs D5, GaAs il & > TZn, Seld, ZNEh, 7787 % —BLO NI —THV, #IZ ZnSe
WZE-5TGa bk AsiFZENEN R T —BXOT 7872 —Th s, REiTAe i, HAKEB EX 5D
T, FEAEIIEEEE ORI PAFAET D, £, S D ZnSe MINT GazSes BELIND Z L bA BT
Wh, Fio, Tk x, BRRFENERINTZELTH, REON R a7 7 A4 VITHEMETH D Z L2 E
B F O 1R FHE TREA TV S,
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7. BT AEEEND DHE OREHEN

- ZERBERRE

FolR & R O BN R 2581 b L EDbN D FEN Ny 7 7 — @O ATH 5, GaAs/Si O
B, Ny 77— @ &2 {KIE00°CLL ), KH#E (0.1 » m/h F2E) T 10nm BELE S &, To®ki@Es ok
RS, 20 2BERERICE>TIAT7 0y MCERT LM RMA NNy 77 —EIZHLZO N TRE
DEEXF T X VBEIERTE 5 16, GaP/Si DA 2%REDO N ZIRINT 2 Z LI2X > T Si EHTEAT
5 ENHLMMTEN, Silcap)/GaP1«Nyx/GaP(seed)/SiGER) DiEE L & 5 Z & TRIMfaD 720y GaPN % {E#fl
T& 1T, ZhZAWVTMOSFET BMERTE D Z LR EN TN D 18,

- RIRRER OR 19

BT TER D REEG 0, BIRIRE DO 2&IZ K
> CTHRERITHE T RIa23E Uz 0 | mEIREC
I I WASTNTHZ a2 %
HEE LT, HECHORIETNy 77 —fE%
EL, SIEHWTRIRTZEEERET S
LM ThN TS, 7 7 A 7 (e Al203)
E®d GaN % Si O, Si LD GaAs k&
TIThihTW\W5,

GaN/¥ 7 7 A 7 DA% Fig.1l (257,
ERIREEICE>TTEALT 7 2D AIN Ry

7 7B YRS, REIZ TSRS L Fig.11 %7 7 A 7 H# E~0 GaN i EcH1F 3
720 . GaN O 2 RTHEICBRNS, R AR AT 20 S

- BB DR A
BT AL M - T h R B X 0 # 8 Tl mN O GaNF/\( R [B

TN —F L CpseudomorphiclZ &4 5, ZOMWEZFIH L CEME ‘ GaN/AINTE $81& 7
E

ra\y7r—fEgL LTHWIUTL, T ERDRRL2MHOT

%y MREH TS SH D T LR THECH S, iR AlGaN/AIN
[E=]

GaN/SiD~T 1= B4 ¥ 2 —Tlk, Si BT, EiakEALGaN/AIN gl

PR E R LBl T2 O TS EMETT ) 2 itk SiEtR

Y % B/ NRIZHN R T GaNIEE D B R M T T %2,
Fig.12 A1GaN/GaN 7 2@ # 1 OF | #1
8. Bz
ZO/NLTIE, AT e XX — 31T, FO LD B RIRENH D DO ONWT, AL RS
TR, A TOMBESEZERETS 2 L3RRV A, 3C-SiC ik E ORIk 0 ZsE 2
WTh 5,
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FHIINEICR>TETND,
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BATIZ720 . T — R a2 BME U CRIsRI M B 2T O~ T U T NR A T =T 4
2R, [RIRHC SRR OB 2 BRI 5 2 B F R U 7 AFE, uRy R EORIBIC X 5%
KRR FRP BRI E L TE e, ORI RHT R FELEMNT 52 L T IEROERT
VECIXIR 0 LA DR 72 > 7o KRB OMEHZ T LT H B RIDOFERE 2 A9 2 MLk - #5E OIS0,
FNELERMEE UTERTHER T 0t 2OMEL I RMITH ZENAREICRD EEZD
o, 7aR—%LTiE, (ERT a2 2OHIES, FoHR & AR St ok fRL S B < ik o
PR &MU T, LEME GO L EME TEMNR LT D LE2B U T, FEMEOA]
AEDI LTS 2,
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Abstract
The strategic proposal (2019FY) “Future Materials Exploring Initiative-
Engineering for Diverse Stable Phases* compiled by JST/CRDS is briefly
summarized.

1. Introduction

To pioneer future materials, the Center for Research and Development Strategy (CRDS) of
Japan Science and Technology Agency (JST) has cooperated with experts, to hold workshops
[1] and interviews, from the perspective of creating highly functional materials from diverse
stable phases. Based on the analysis of them, in July 2019, a strategy proposal called “Future
Materials Exploration Initiative-Engineering of diverse stable phases-" [2] was compiled.

2. Current situation and problems

Development of materials with new and advanced functions is expected to solve various social
problems (energy, environment, mobility, [oT, etc.). For example, coexistence of multiple
functions or conflicting functions such as structural materials with high strength and high
toughness, thermoelectric materials with high electrical conductivity and low thermal
conductivity, permanent magnet materials with high saturation magnetization and large
coercive force, etc. Although various trials have been conducted in each application field and
many high-performance materials were discovered as shown in Table 1, each is approaching its
limits.

For this reason, it is necessary to expand the scope to untapped materials such as complex
compositions with unknown possibilities and utilization of unused stable phases. In addition,
due to intensifying competition in materials development, it is also required to shorten the
development period, including materials design and manufacturing process design, from the
search for new materials to the actual material fabrication, and it is necessary to build guidelines
for creation of new materials beyond the fields of application.

Recent rapid progress in the search of new materials using materials informatics (MI) has lead
materials with complex compositions with unknown possibilities as candidates [3]. However,
it is not known whether the proposed candidate can be stably realized.

In this proposal it is aimed to create new materials by targeting diverse stable phases including
metastable ones through control of the manufacturing process and utilizing artificial forces such
as those acting at the interface between the substrate and the materials and at the interface
between grain boundaries. Figure 1 outlines the research and development of this proposal.
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3. Research and development issues to tackle

3.1 Expansion of material search range

It is necessary to clarify the roles of major factors such as constituent elements and bonding
states that have a great influence on the basic properties and functions of materials, the
individual roles of multiple elements, and the complementary roles of added elements. To
clarify the role of each of these elements, it is important to use high-throughput experiments
and data science as well as theoretical calculation and materials informatics. There is an
experimental challenge of high-throughput discovery of materials using Al and robots [4].
One of the search directions is multi-elementization. This makes it possible to increase the
degree of freedom in the spatial arrangement of elements and create a complex
composition/structure. Introduction of multinary elements leads to an increase in the entropy of
the configuration, and the fabrication at a relatively low temperature is possible because the
Gibbs free energy is lowered. Recently, Kitagawa et al. have succeeded in synthesizing a
platinum group high-entropy alloy nano-catalyst by using multi-elements and showed the
effectiveness of high entropy effect by multi-elementization [5].

3.2 Visualization of reaction process and dynamic control of reaction path

The introduction of multiple elements makes the phase diagram multidimensional, and various
stable phases appear as shown in Fig.2. To freely create the desired stable phase, it is important
to visualize the reaction product, atmosphere, phase change, etc. by in-situ
observation/measurement (operando measurement) and grasp the situation. It is necessary to
develop process equipment that enables such operando measurements, in-situ observation
equipment that can detect reaction products and reaction atmospheres, and measurement
technology that can trace dynamic changes in stable phases.

In addition, prediction of the reaction mechanism from the theoretical calculation of the reaction
is important. Maeda et al. have tried to systematically search for unknown elementary reaction
processes by quantum chemical calculation and have succeeded in automatically searching for
unknown chemical reactions using a computer [6].

Based on these techniques and measured data, we can understand the dynamic changes of
reaction processes and stable phases under various conditions and organize them as a new
theory that handles reaction processes and stable phase changes in an integrated manner.

3.3 Realization of target stable phase by using process control means

Some stable phases have a low energy barrier to other stable phases in the thermal equilibrium
state and become unstable in the usage environment, so it is necessary to construct a method to
stabilize the desired stable phase. A crystal substrate with a specific crystal plane is used to
force the atomic arrangement of epitaxial growth to be aligned, or to rapidly reduce the
temperature and pressure from high-temperature /high-pressure conditions.

For example, a diamond single crystal has a metastable structure produced only under high
temperature and high-pressure conditions, but a diamond thin film can be stabilized by stress
due to lattice mismatch at the interface with the substrate instead of high pressure.

In addition, an experimental example in which the metastable phase aGa>0Os is stabilized by
using the mist CVD method is also an example of stabilization by process control [7].
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4. R&D promotion measures

To promote the research and development described above, it is necessary to carry out
integrated research and development from materials design to fabrication process design
(reaction path design), operando measurement, characteristic evaluation, and data science. It is
important to obtain a new guideline for material design and process design by looking at the
application fields in a cross-cutting manner. Promotion of research under a leader who is fully
aware of this and organizes the whole is desired. Although this kind of research is possible with
a network system that spans related research institutes across diverse fields, it is desirable to
build a research base for efficient research from the viewpoint of development,

In addition to researchers in various basic fields in universities and national research institutes,
participation of researchers and engineers in industry is recommended in both academic and
applicational research. The idea of expanding the search range to untapped materials and
dynamically controlling various stable phases to create new functional materials is only a
fragmentary activity in the world, and this research area is urgently needed in Japan. It is
important to form a new community that spans materials design, process designs, measurements,
and data science, as well as early implementation of equipment to accelerate this research and
development.

5. Summary

The importance of exploring untapped materials with advanced functions from the viewpoint
of engineering of various stable phases was described. We are innovating to dramatically
expand the search space for crystal engineering. It is hoped that this will be realized as a policy
such as strategic goals, with the understanding and support of all researchers involved in
material search.
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Fig.1 Outline of the proposal

Fig.2 Appearance of new stable phases due to multi-elemettization

Table 1 Examples of requirements for high-performance material development
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