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Raman Spectroscopy of Materials with Regulated Nano Spaces under High Pressure
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For various types of the regulated nanospace materials (clathrates), the structural phase transitions
and vibrational properties of guest atoms encapsulated in the cages were investigated under
extremely high pressure. We observed pressure induced phenomena which were unique to these
materials and have never been discover in other covalent bonding materials. The vibrations of the
guest were also clarified as a function of pressure for various clathrates. As a result, it was
demonstrated that the guest vibrational frequency is determined by the cage and the quest sizes.

AR TEHA
(SN - M)
ELHERE T R R A& af
2007 £ 15,900,000 0 15,900,000
2008 £ FF 13,100,000 0 13,100,000
2009 4 7,500,000 0 7,500,000
2010 &% 5,600,000 0 5,600,000
2011 & 2,800,000 0 2,800,000
K3 44,900,000 0 44,900,000

W08 - et

P Do F - fIE - AR - B - Bt

F—U—F:I7TFAL—}

1. MBSO F

IV &cs#, C. Si. Ge. SniiZ¥ir /%
K7 T A2 EBRT D, DD HEED
EPT |V20, |V24, |V28 gﬁﬁga ?X&li\ ﬁ%
A LR AEDR Y FT— 7 b7
57T AL — MEROBRERZTHD, il
SOFWE AL, BEAI L= 22/ (7 24
) AL, ZOZEMICH UIAD S Y
H (FAN) EREREHRTIWE (KAL)

EOMERITE > TEERMEDOAIT & &
PAIIfRF S LD, B, 7 A b-A A MHEAE
M, HEDOLZEMZR & ORI Z RO 5
72T BEMEE L ToEER I
boTnd, BEICHEHLTE, Wbwb 7
N7y b U TIRE O & BUREEE~D
RBENELEED TV, ATy Y&
TWENT, WFTETA DY A A TRED &
B STV, FRIAREEIT R Sh T



Weho Tz, RFEIZEBWT, A ITENIZ
X TV A AR TV, 7 A R
Z v M) U TIREN A EEERT 5 2 LBk
ML, LW T R L— MEAY DR EHSE
LR BRET—=H %HD L R,

2. RO BT
AAFSCERE O B, Blsl EMe AT
% W8 & TR R BRI B e & X2
LI DFRE OB BIS (G, 7E/L
77 AMp) Er—UY A RO E DT
NU Y T IREBY O E) & EBRAIIZH DM T
AZETHD, ZTNICLOVFAR—=FKRA D
AR OBSRZED, 7 7 A L — MEEW
EE LIRS ERIWE O Wit DA
W72 R A 1525 = & &7 B L LT,
AELE LTIEEIC Siy Ge 2_X—RA L LT
k7 FAL—bNEHW, @BIESTICETS
DT~ ELDIEE R X BREITIEIC
X B EBROTIEC L VI EIT -T2, IREILL
BRI, AEIC L VL LT mIEZE DT~
VONRET AT AL FRER S T AL
— MZOWTH LN eI OV Tl
~5,

3. WHEDTTIL
Bt OMER Y T AL — ME, AEPTH

HT L, BB ORTFENPL N0,

1 =7 ®VO7~  HEBREIR, ¥ 17

£ R Si R0 Ge D5 & RIFREIZ /S0y,

B2, VI AL— NOWMEEEAT D —
R A NOIER) (bbb T v b TR
) X ARWVEA T 20em? &2 TS, & 512,
EENERETHIIIAAYES R T
Lk (DAC) ZHWAFD. S~ HIE
X5 A YEY RO %L T, 100 pm LLF D
WUNREHCX L TITH 2 kicir b, I~ 25
W X BHFZEA21T 5 2 L BRI 223
HTHDH, 1T, WBEINET v ey
AT ORI OIS CTh 5, XK -
FEEBROGAETHY DACILY 74 FAH
v FNICELE STV 5, BORICHFEE, B

M1 KR - S R < CHEL AT
L DFERIT

7= DAC ozt L., L—8—0g)
DI AF IS, BELEIEEEH X U iEm
WHEIN-EESOY L v X2 LD E
HEnd, ZOXIREEEZRD ZLICLY,
R FOH E O BRIZRIEIC e 5 b — Y — AL
DB E/NSLTE D, £, FHTHIET
BARIZ T~ M52 S WA T A& v,
HAYEL R T oENLE LTEEEELH
ERWNTARL A YT R(Type 1) Z{#
THZEILEY, Xy T ROME N
BER T~ AT MVEHBTWDS, T~
BOELIE X, b £ % 532 nm & L& ik
SLELE TIT o 72, B A YEH NRS2100G kU
TNy edn e I E T L, RIRE R
WEICCD T 4 77 % CIlE &Mt L=,
Fio, T HEOMIZ, BETOMEE
b X0 EEMICHFET 5720, X BET
(XRD) ZFEBr%z H17-7-, XRD FEui,
Spring-8 BL10 3 L U KEK-PF BL18 (2 CT{T»
776

4. HWIERE

(1)7 7 AL — b DOE 175 SRS

75 A L— MEEMITE 2T 5 &4t
L CHBRE O EE LS LA R T 2 E NG
Mo, M2, | M7 7 AL —F
BagGasGeyy THIE INTZ T~ AT ML
DIEIMEAFETH D, T~V ART MLDOE
— 71, FE/% 30 GPa i Tl L., FEdh
BibE Dbt s, —FH, XRD DE—7 %

Raman " BaGa,Gey,

0.0
13.6
19.4
jx&XK“?f*f“ﬁmw

% ot s 30,7

Decompression

Intensity (arb.units)
[k (92} [{e]
Compression

0 300 400

200
Frequency (cm™)

2 BasGaisGeso 7 7 AL — DT~ A
~N7 ~v



/ 2 1,90,G€5
1300 B = Ba,Ga,Gey | 25
4 SrGaGey [T
. 1200 * EuGaeGey, 1 §
< = BagGey 24 3
() 1100 '8
5 Ba | 8
Z 1000 *} | 28k
8 "'- B L‘L, g
900 T
"a - - 122
800 1 1 1 1

0 10 20 30 40 50
Pressure (GPa)

X3 27JAL—bOEBAKEOE KT
P

FWRNBEH STV, BlllEhTnd
T~ AR A MEE E— 2713 | oGS
2 KOHLTHY, I~ TlE, 1FEAEFr—
VIEBIZBHIL WA ZEEEXH L, 30
GPa TH T ~ v ' — 7 OIEKIT 7 — PHEEN
RHEBERRT 2k 9O BEICRE < Ee b Bl
T&E 5, F£7o, HAAAREIT 30 GPa DOFflxs
B CAERAICHED T2 2 LSBT
> (M3), ZOZEIFIEI%E FIFH &
RS (K2&M) = Lnb, aliff7e (K FE
(ERE) OEAbZES FEMEE L THMES
o, ZOBRGIL, o | 7T AL — ]
(SrgGagG630, EusGagGesy, 15ShsGesg,
SrgA|7GaQSi30) BLOvil s 7 21— §
(SrgAlgGagSigo) Iz ﬁ*%ilﬁ %ﬂf:o —
T, KO B L5E (BagGeys) 1TBLA S 7
WV, F723EANLO Ge BT L—L2WNIZHD I
A (BagGerge) THEFE (B ORONIEL
HENR2NZ ERFMBNTWD, ZILbDZ
LD REORET X TORA MEF2
4 B LTWA Y T A L— MIHET 5ME
ThireExbN5,

2 7y NI TEEBO T — YA R
EET < UHELERICL - TEES 7 X

soo BiCaCe)  BaSed ) o SoMGasis (V)

- : i
3501 RO 1 1s00L.¢° |
300} P PO ! i J 3
— .:nggf 00 400L @ |
] 2 Sl R Rt ] 1
S “hert oo™ S g%, -
3 00k set e 1 EE ../‘/ 1300 |
8 :;-“’ : | eote |
gsop T g {200

! 1 '

T __,.:d':_. D e ' ] Laeeoecce o
100pim W iis | [ 100,:;,:;

502 cem QM ] Peert RS
E.’ﬂv. .~<‘ ’ :

ol . I .
0 10 20 30
Pressure (GPa)

0 10 20 30 0 10 20 30
Pressure (GPa) Pressure (GPa)

X4 KFEIIFTAL—FDTv L E—7EH)
DT I A

L— DT~ — 7 IREVER D E K FEME
DL, REMREREZNL O 412
R, BN SN DIREERGEIIT, RA NOE
BIZE S TERY B Si 0GA[X 4 4]T
IEE R EM ORI E Y, £72, KEOEN
| Bl T AL — DT RTIZ, JEHEEBIC
I~ 7 N 5F— RO E N7 ()
Z 1. BagGaGeyp @ 80 cm™ fFHEdE— K),
ZhiE, 6c YA FDORA FOIRET, Ty D
BHEBICBT 5, Zhd, Bk oIENE
W ->TY 7 MET 5 Z &1, IEICRL
6c VA MNETFOFRESOHBILEREL T
D, BENXZENRL R DEREICHES D
(AL NE & 720 (AFE D A Ek ) 70 B4 3 A=
ChLEfRECES, VIR 2L — T
V7 METDHE— RRR SO TR
WA, RA MTED BRI H 5 7 T A L—
I (BagGegs[ 134 H) 2%y 7 MET5E
— NIZR 720,

T HEEATT2RE DL < 13, [FIFFIC
mE XRD FEEix 47072, LEER-T, 7
~ VIRENES O EMRFEIT, B A RTER T
ICHESETZ N TE D, JRTEEN 1KE
TERULTHD ERETIIEZ, 2= MBIV
DIEFBEINSr—V WA X2HHT 52 &N
ﬁﬁ‘éf&)éo (gﬂ%&%\ BagGa;6Gesg L:ﬁb\f\
U — hUL NMENT &2 B ET — X 123 i LR
TVERE RSO0, Ml A2 23 F Tz
CAEB LN EDBHEND HILTE,) =
DZELEFEST, AN Ty NI T O
BN, r—Y A A0 E U TEEIN
%, FEBUIX, Suekuni ©[Phys. Rev. B, 77,
235119 (2008).JiIc k> TIRERSNI-F A L7
J—Z~N—Z (A K ERAROTULEEY
HREENS D S A A AR E R X M EEFRE
AEREFINTRIEEND) 2V, RbHIK
BEICRONDTZ AN Ty N U TiRE%
P L7 (K5), Mk, IREEIZS A K

g’-\ 800 T — T T T T 7

= (CsNa),,Siygs () o SryAlLGagSiy, (1)
£ L] Sr8A|§Ga83i30(VIII)_
o *, !, ° BaSi)

"" e Si (1

E/ 600 .ﬂ"'. ..AEEDD & KgSig(l)

& .',:'h.,. - SrgGanSi%(I)_
%?’400 ~ " Nasin ()
> cSSSnf(l) ey )

5 RbSSnM(I)jEj '

gi'_)- 200 | RbgHg,Sh(1) |
3 = BagGaGex(l) o SryGa,Geyl)
g o BagGeyl) 2 Eu,Ga,Geyl)

10 12 14 16 18
Guest free space (A)

X5 ANy M) UTIREBIOSF R N7
U — R — 2R AFE



JATF-DORTF8&O U2 FeZ T THIEL L2
DTHY ., IEREHD 12 Tl T 5, K
Wi, I L VI B Si, Ge, Sn 7 9 AL
— hOT—=HIPRENTNWD, HEHT NI
. T RTHOIZFAL— FDF—F0n, 1ZIE
F—off (EH) LichsrtThd, =
niE, 7 A SNOEEFENR T A N EFRA RO
FREIZCESTIC, EDLZEEERLTNT
FEFNCHIRZR D, Tk, LT o X 9 IR
T& 5, BEHNTFTOTFT—=ENL Wi, 7
A b =R A N EEET TS e o TN D,
Z %A, RFHOMAEERTRAN I DX
BLAIZ 72 5 7D, IXREEIR ISR L
TWeEEZLND,

5. 7R
(RFFEARERAE . AFTESr A S O 24 |2
TR

(MRS SC) (R 15 14)

1) K. Funahashi, I. Yajima, T. Kume, S. Sasaki, H.

Shimizu, T. Takabatake,

Observation of Rattling Vibrations in Clathrate
under High Pressure and Low Temperature,
Journal of Physics: Conf. Ser. (in press).

2) Y. Imaeda, T. Kume, S. Sasaki, H. Shimizu,
K. Kishimoto, N. Ikeda, T. Koyanagi,

Raman study of Si clathrates SrgAl,GaeSizg
under High Pressure,

Journal of Physics: Conf. Ser. (in press).

3) T. Imai, T. Kume, S. Sasaki, H. Shimizu, A.
Kaltzoglou, and T. F. Féssler , Structural stability
of tin clathrates under high pressure, J. Phys.
Chem. Solids, 71, 587-589 (2010).

4) T. Kume, S. Sasaki, H. Shimizu, Pressure
induced phase transformation of semiconductor
clathrates, J. Phys. Chem. Solids, 71, 583-586
(2010).

5) T. Kume, S. Ohno, S. Sasaki, H. Shimizu, Y.
Ohishi, N. L. Okamoto, K. Kishida, K. Tanaka,
and H. Inui, Pressure induced phase
transformation of BagGa;sGes, clathrate studied
by x-ray diffraction and Raman spectroscopy, J.
Appl. Phys. 107, 013517 (2010).

6) H. Shimizu, Y. Takeuchi, T. Kume, S. Sasaki,
K. Kishimoto, N. lkeda, T. Koyanagi, Raman
spectroscopy of type-l and type-VIII silicon
clathrate alloys SrgAl,Ga;-xSige, J. Alloys
Compds. 487, 47-51 (2009).

7) H. Shimizu, R. Oe, S. Ohno, T. Kume, S.
Sasaki, K. Kishimoto, T. Koyanagi, and Y.

Ohishi,, Raman and x-ray diffraction studies of
cationic type-I clathrate 18Sh8Ge38:
Pressure-induced  phase  transitions  and
amorphization J. Appl. Phys., 105, pp. 043522/
1-6 (2009).

8) Y. Narita, T. Kume, S. Sasaki, H. Shimizu, S.
Maekawa, T. Kikudome, and S. Yamanaka,
High-pressure Raman study of nano-channel
materials: BaAl2Si2 and BaSi6 J. Phys. Conf.
Series , 121, pp. 162002/1-4 (2008).

9) H. Shimizu, T. Imai , T. Kume, S. Sasaki, A.
Kaltzoglou, and T.F.  Fé&ssler, Raman
spectroscopy study of type-I clathrates A8Sn44[]
2 (A= Rb, Cs) and Rb8Hg4Sn42 Chem. Phys.
Lett., 464, pp. 54-57 (2008).

10) H. Shimizu, T. Fukushima, T. Kume, S.
Sasaki, H. Fukuoka, and S. Yamanaka
High-pressure Raman study of Ba doped type-Ill
germanium clathrate Ba24Ge100 up to 26 GPa

J. Appl. Phys. 101, 113531 (2007).

11) H. Shimizu, T. litaka, T. Fukushima, T. Kume
S. Sasaki, N. Sata, Y. Ohishi, H. Fukuoka, and S.
Yamanaka

Raman and X-ray diffraction studies of Ba doped
germanium clathrate Ba8Ge43 at high pressures
J. Appl. Phys. 101, 063549 (2007).

(3R] (FH59 1)
1) T. Kume, S. Sasaki, H. Shimizu,
Raman and XRD studies of group-1V clathrates
at high pressure,
International Conference of New Science Created
by Materials with Nano Spaces: From
Fundamentals to Applications, November 23 — 26
(2011) Tohoku Univ., Sendai, Japan.

2) T. Kume, R. Himeno, F. Ohashi, E. Asai, T.
Ban, T. Suzuki, T. lida, H. Habushi, Y. Tsutsumi,
H. Natsuhara, and S. Nonomura,

Optical Band Gap of Semiconductive Type Il Si
Clathrate Purified by Centrifugation

24th International Conference on Amorphous and
Nanocrystalline Semiconductors (ICANS 24),
Aug. 21-26, (2011) Nara, Japan.

3) T. Kume, I. Yajima, S. Sasaki, H. Shimizu
High pressure Raman and XRD studies of
semiconductor clathrate: Rattling vibration and
phase transition,

The 14th International Conference on High
Pressure Semiconductor Physics, Aug 1-4 (2010),
Changchun, China.




4) T. Kume, S. Sasaki, H. Shimizu, Structural
stability of semiconductor clathrates under high
pressure, AIRAPT-21&HPCJ-50; International
Conf. of High Pressure Sci. and Technol., July
26-31 (2009), Tokyo, Japan.

5) T. Kume, S. Sasaki, H. Shimizu, Pressure
induced phase transformation of semiconductor
clathrates, ISIC15; International Symposium on
Intercatlation Compounds, May 10-15 (2009),
Beijing, China.

6) T. Kume, S. Ohno, S. Sasaki, H. Shimizu, Y.
Ohishi, N.L. Okamoto, K. Kishida, K. Tanaka,
and H. Inui, Raman and XRD Study of Type-I
Clathrate Ba8Gal6Ge30 under High Pressure,
ECT2008; 6 th European Conf. on
Thermoelectrics, July 2-4 (2008), Paris, France.

7) H. Shimizu, R. Oe, S. Ohno, T. Kume, S.
Sasaki, K. Kishimoto, and T. Koyanagi, Raman
Study of Type-l Germanium Clathrate
18Sh8Ge38 at 1 Bar and High Pressures,
ECT2008; 6 th European Conf. on
Thermoelectrics, July 2-4 (2008), Paris, France.

8) H. Shimizu,

Semiconductor Clathrates at High Pressures,
Workshop on Advances in High Pressure
Crystallography at Large Scale Facilities.

at Wadham College, University of Oxford,
3rd-7th September 2007.

(% Dfth)
1) B FRk 20410 A3 H HiTI2 8
B, IR K IEKREERE, ACKUEEEZ S A
(A BRANEH—ARX « 7T AL— ] 1§
W, RIS RS BEEVREEA B O BR%E A~

fm 11
&

2) EELHRY Rk 2441 H 10 B g
WrgEsmmes T2 A XD InZ ) \ZHER]

6. WFZEHH
(OIFFEfFRE
Ak #— (KUME TETSUJI)
I BL R« T8 - e
fFge# & = : 30293541
(H19.4-H21.3 : #F7e5548E)

QW T
ez KERE (SASAKI SHIGEO)
7 B3R« 5280 - idz
P HE 5 30196159

(3)EHIEMIEE
k72 (SHIMIZU HIROYASU)

K7 B RSF « TR0« o
e 5 80023258
(H19.4-H21.3 : BFZEf )



