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Locating H positions in deep earth materials

H bonding in deep earth material
— Changes in macroscopic properties of
minerals
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H-bearing mantle minerals
(H positions unknown)
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H—-bearing core material
(H positions unknown)




Interior of ice planets and properties of ices at
extreme condi

H, gas

Dense H, fluids

lces with various
structures

core

Neptune (diameter = 49528km)
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Formation condition of hydrogen-ordered ice XI:
neutron diffraction and infrared spectra

Masashi Arakawa’, Hiroyuki Kagi’,
and Hiroshi Fukazawa?

* 1Geochem. Lab., Grad. Sch. Sci., Univ. Tokyo, Japan ™
°Neutron Materials Research Center, Japan Atomic Energy Agency, Japan



Phase diagram of ice
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Ice lh vs. ice Xl

hydrogen-disordered ice Ih hydrogen-ordered ice XI (5#E5E A

\./

o H
9 , H.., &
2H ) P
: s - 8 @)
Hydrogen disordered . . O o T
1 o o
‘ D 0)
—) i ©
. no ° n o
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(e.g., 10,000 e ﬁ D
. years) o
.0 o8
ice rules: (1) two hydrogen atoms exist near each oxygen atom ° =
(2) one hydrogen atom locates on each O—O bond (Leadbetter 1985; Fukazawa et a
2005)

(Bernal and Fowler, 1933; Pauling, 1935; Peterson & Levy, 1957)

MO TIVHIAF o EfEREE
RIZEBATSHIET, KAFHOHA
FUICEZFEDY ., BERTTHKE
DBEIHRESNDS

(Kawada, 1972; Suga et al., 1982,
1983).

KOH-doped ice



Ice Xl in the universe?

FNERFICKDEAIS, FEICHRDIKNEFEET S
(e.g., Brown & Calvin, 2000; Cook et al., 2007)
RREZEDHRENS. AKBERTKITHEREELTHET B (Kouchi et al. 1994).

ice Ih with disordered hydrogen . ferroelectric ordered ice Xl

Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune Pluto
Oort 250 K 130K ¢ 70K 65K 60K 55K

19F (3.6A):2.1V
1 unitcell: 4.2V

iIce particle

RFEEMEICKYVET IHRERNDN. REMR O FELRICEEZS A -AIREMH

(Wang et al., 2005, 2008; ledema et al., 1998; Fukazawa et al. 2006).
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Hydrogen-ordered ice Xl is
a thermodynamically stable phase?

Iﬁqﬁ—fliﬂffﬂﬁfk%l,\iﬁb“lﬁfﬁ (e.g., Cowin and ledema, 1999)

@ Neutron powder diffraction study at low T and
ambient P

VIKXIFE DL SREE FKODF—T L=H B DO A THEIN TLVS (Leadbetter,
1985; Fukazawa et al., 20006).

v'NaOD, LiIODZR—ZF L=k i SiE &

VIKXINERT D&M CREERBRE., F—/\UbDEEERE)



Measuring neutron powder diffraction of doped ices

@ Oak Ridge National Laboratory, USA (ORNL)

: US/Japan
High Flax Isotope Reactor Wide-angle Neutron Diffractometer (WAND)

HFIR) 85 MW
( ) wavelength is 1.476 A, Ad/d ~ 0.8%

@ Japan Atomic Energy Agency, Japan (JAEA)

JRA-AE - A o Frh— L R R

Japan Research Reactor (JRR-3) e
20 MW High Resolution Powder Diffractometer

HRE N elength is 1.82935 A, Ad/d ~ 0.2%



0.01 M NaOD-doped ice

annealed at 60 K for 15 hours and 68 K for 6 days and 21 hours

measured at the

Intensity
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First structural evidence for ice XI in NaOD-doped
ice



0.1 M LiOD-doped ice

annealed at 60 K for 15 hours and 68 K for 3 days and 19 hours

Intensity

measured at the
HRPD 4| Hydrogen-disordered ice |h
o .. || no peak
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First structural evidence for ice Xl in LiOD-doped
ice



Structural parameters

Rietveld analysis was carried out for the diffraction profiles in order
to obtain arrangement of hydrogen (structure parameter) in the

doped ice.
Atoms g X ¥ Zz B (A?) mass fraction, [
0.1 M LIOD-dope ice Ih 0.888
01 1 1/3 2/3 0.0624(2) 1.21(8)
D1 0.5 1/3 213 0.1888(3) 1.96(6)
D2 0.5 0.4552(2) 0.91 0.0176(2) 1.90(8)
0.1 M LIOD-doped ice Xl 0112
o 1 0 0.648(3) 0.058 0.7(5)
0z 1 1/2 0.829(4) -0.057(2) 1.0(8)
D1 1 0 0.653(3) 0.190(2) 1.1(4)
D2 1 0 0.540(3) 0.0254 0.9(4)
D3 1 0.670(4) —0.241(3) -0.025(2) 2.004)
0.01 M NaOD-doped ice Xl 0.235
01 1 0 0.650(2) 0.062 0.1(3)
0z 1 1/2 0.823(2) -0.0617(9) 0.4(3)
D1 i 0 0.658(2) 0.190(2) 0.4(2)
Dz 1 0 0.536(2) 0.024 0.1(2)
D3 1 0.665(2) —0.240(2) -0.0235(8) 1.4(2)
0.001 M KOD-doped ice Xl 0.318
01 1 0 0.653{2) 0.064 0.1(2)
0z 1 1/2 0.818(1) -0.0643(7) 0.4(2)
D1 1 0 0.664({2) 0.198(2) 0.3(3)
Dz 1 0 0.538(2) 0.022 0.1(2)
D3 1 0.667(3) —0.240(2) -0.0221(9) 1.8(2)

NaOD-, LIOD-F—7 O Fb )k DL BB &L,
KOD-R—T D& FEKXIER—ThHoT1=
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Infrared spectroscopy
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To search for ice Xl in the universe...
IKXIFHD TR RURARS N LERIE LT

cryostat

KOH solution placed between two diamond plates
(2 um in thickness)jand a thermocouple

..... I - -----optical path

KBr windows

—— Proton order — Disorder

A neutron scattering study: soo VI X

40
in ice )IZ\ IS 50%/I|bra1é Q?!t ant l11at
In Ice

30

(Fukazawa et al., 1998)
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Infrared absorption spectra of thin film ice Xl

librational

(libration of hydrogen)
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Arakawa et al., APJ, 2009



Summary 1
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(e.g. Goncharov et al. 1996; Aoki et al., 1996)
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=KELHD 8-AIOOH EIKZERTE DXIFME

v 547 RKRT7(a-AIOOH) DEIEHE
(Suzuki et al. 2000)

v BEAFFILFILEIEE

ZEfElAF
(e.g. Vanpeteghem et al. 2007) P21 nm
- BETHRUKRES
0O-O 2.57 A, D-O1.02A
v B—REHE \
(Tsuchiya et al., 2002; Panero and Stixrude, 2004,
Li et al., 2006)
— KF=R/ENIE st FRE
- XMFMEDEN - EE ~ 50 GPa(BF% Pnnm
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PHEF - XEROPTERDGRDIEE
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Sano-Furukawa et al. 2008



KRGS CRINHARIR

v HEDTHEEIZE 'H (p) 1.00782 u < D(=2H; p+n) 2.01410 u
— RTILGRMZLAIER
1. #OFRIRMLAZIR geometric isotope effect AR
HZDICEZE#Z 5E0.. .OFBEMNLENS
2. 2 FNE quantum effect
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v BERE: SATEVRTUEILEL
alft: 0-AlOO(Dy75Hp0s)  (FPIEFEITEEREE L)
— JIHBTILFT7UEILGEREEE (R KFRE)
18 GPa, 900-1000 °C TH&hkL
E AR : He, Loading Pressure (ER{LlE%/KESH)
X#EEIPTEER: Photon Factory, BL13A (A1 =0.4265 A)
£ HRFE : ruby HILE (Zha et al., 2000)
BFEBDRE
- 110, 011, 111, 210, 121, 220, 310,
002, 130, 112 R &% {# A

AN

D N NI NN

after gas loading

Sano-Furukawa et al. 2009



BECHIT DB FELDLLER

a (A) b (A) ¢ (A) V (A%)

AIOOD  4.7199(7) 4.2351(7) 2.8333 (4) 5?1-%?5

AIOOH 4.7147 (5) 4.2250 (4) 2.8318(2) 56.408 (9) > SEHHS
A 0.0052(12) 0.0101(11) 0.0015(6)  0.23 (2)

This study

v EKFIZKBREREASER
— bEAAFIZ{HEE
— CERIEHFYZEILLAELY
> FKFILIZKYO...OFEBEA
ILbSof=t=hEtEZ5ND

(G

Sano-Furukawa et al. 2009
ZiELELY
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5—AIOOH, 5—AIOOD: MNEIZ{FESERLE D ZEAL
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Summary 2

v’ 0 -AlOOD, & -AlOODIZDWWTHLIER/KETICHITHEMEEERZTIT o7
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Intensity of neutron diffraction vs. pres

(@) Difctonmensity s

(1K) Generated pressure (=)
ﬁ::
Our cell
Paris-Edinburgh DAC
| | I
1 cm 1T mm 0.1 mm
Sample size

Development of neutron focusing device



Use of nano polyclistalline diamonds (NPD)
as anvil material

P

Direct conversion from graphite to

nano-diamond aggregate at high T and
Innovated by Irifune er al. (2003)

Sintered Diamond (Co binder)

Single Cystal lla (001)<100>

Nano polycrystalline diamond

(NPD)
| | |
50 100 150
Knoop hardness (GPa)



Laser—fabricated NPD anvils

-

w' s

1.25 mm cullet, 2.7 mm high
30° conical



DAC for neutron diffraction (ver.1.0)
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BL11 BBEERPEFEIITEEE  High Pressure Neutron Diffractometer
(PLANET : Pressure Leading Apparatus for Neutron TOF experiments) Ei&
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