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Fig. 1. (color online) (a) Crystal structure of A-

InOOH with asymmetric hydrogen bond, space group
P2inm; (b) crystal structure of S-InOOH with sym-

metric hydrogen bond, space group Pnnm.
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Fig. 2. (color online) (a) Pressure dependence of O—H
and O---H bond lengths in InOOH; (b) pressure de-

pendence of axial ratios a/c and b/c in InOOH.
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Fig. 3. (color online) Pressure dependence of (a) elastic constants, (b) bulk modulus B and shear modulus G,

(c) longitudinal wave velocity Vp and shear wave velocity Vg in InOOH.
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Fig. 5. (color online) The variation of 3D Young’s modulus surface with pressure.
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AIOOH 1 AlOg AR K 4.772 A3, 4 MOOH
B & A2 MOg U A, Ptk InOOH A 6-
AIOOH A 4 & J\ I i A B 2 57 49 9.544 A3,
5-AlOOH [ S H N a = 4.788 A, b= 4.275 A,
c= 2877 A, #KF1)958.888 A3 ') InOOH ) &% g
ZHNa =538 A, b=4.662 A, c =3.352 A, 1k
TN 84.151 A3, Lb 5-AIOOH KA K 25.263 A3,
KT MOg J\TH A AR R 25 5 (9.544 A3). X%
] 5 6-AI00H M tt, InOOH #: 44 Hh K 4 M Og J\
TR 3 95 1 23 BR B K, 8145 InOOH B 45 5 1t K 4,
X2 3 B InOOH R AL & L 6-AIOOH /)M )
xZ—.

5 & W

KT —MHEEMRR THLEaAH
HInOOHK) A HETE & JE F BIA FRALAT A, B IR
J3 RS X FR AL InOOH 3 ME 5 R 1§ m. 14
45 R K InOOH B LIE 18 GPa ALK, S5
(I BRALAE b/ X AT IR A 38 i AR N IEAE. JE
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G5 5P BORN S S A S IRRUE DL R
T B A T T RN T N, LA B A
PR A S5 5 164 0, 8] 2 4 i A S B T R A T AR A
B R AT 20%—40% I 55 38 n. By DA & 1
My IR BETE A-InOOH HH B & 77 138 n v 3 m, 78
S-InOOH i He /7 () 3G i gekc /1. 58014 5 45 Clyg A1
T I R Vi TE LB 0 FR AL BT S 89 InOOH H 4 b
IR I o8N, 5 R X R A A L s /N R
HK. InOOH 155 R 2 IFIH:, BE& I /138 o
P3G 9, HAERE A SR e E . A&
B (1) X AR AR AL [100], [010] A1 [001] 75 ] F A% FRASE &
W = 77 (1% 38 n i 284 K 1) A8 Ak 34 AR D I R ) 3
BT ogIN. 5 G HoAh g AE 4 214 24 M OOH M 7t
R el k1, MOOH L& W) Il B 2R ek
O ~ Y5 5 B 0 AR A R 5 InOOH AHALL.
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Abstract

Pressure-induced hydrogen bond symmetrization of InNOOH as well as its effects on the elastic properties is inves-
tigated by first-principles simulation. The results indicate that the hydrogen bond in InOOH symmetrized at about
18 GPa, resulting in the pressure derivative of the b/c axial ratio changing from negative to positive. While the a/c axial
ratio increases with the increasing pressure over a range of 0-40 GPa, its pressure derivative does not change significantly
across the hydrogen bond symmetrization.

In the text, ‘A-InOOH’ denotes the asymmetric hydrogen bond phase and ‘S-InOOH’ refers to the symmetric hy-
drogen bond phase. The compressional and off-diagonal elastic constants, bulk modulus B, Poisson’s ratio v, B/G (G
represents shear modulus) and longitudinal wave velocity Vp increase with the increasing pressure in both A-InOOH and
S-InOOH. These properties of A-InOOH are significantly smaller than those of S-InOOH, and therefore they increase
abnormally during the hydrogen bond symmetrization, such as a 20%-40% increase of the bulk modulus. Shear modulus
G and Young’s modulus F increase with the increasing pressure in A-InOOH, but decrease with the increasing pressure in
S-InOOH, implying that hydrogen bond symmetrization would change their pressure evolution trends obviously. Shear
elastic constant C'44 and shear wave velocity Vs decrease with the increasing pressure in both A-InOOH and S-InOOH,
and more quickly in the latter, indicating that the structure change of hydrogen bond would change their pressure
evolution rates. The Young’s moduli along the [100], [010] and [001] directions increase with the increasing pressure
in A-InOOH, while decrease with the increasing pressure in S-InOOH, and those along the [110], [110], [110] and [110]
directions always increase with the increasing pressure over a range of 0-40 GPa. The anisotropy and toughness of
InOOH increase with the increasing pressure in both A-InOOH and S-InOOH, and the hydrogen bond symmetrization
results in abnormal increase. In the materials containing hydrogen bonds, the effects of hydrogen bond symmetrization
on different compressional elastic constants depend on the hydrogen bond projection on corresponding axes: the bigger
the projection, the more significant the effect is.

InOOH has an obviously smaller bulk modulus than 5-AIOOH. The dominant reason is that the In®* radius (0.81 A,
1 A =0.1 nm) is larger than AI*T radius (0.50 A), resulting in the weaker interaction between In** and O?~ than that
between A’ and O?~. In addition, InOOH has more vacancies than 5-AIOOH. Combining with previous investiga-
tions on other rutile-distorted MOOH (M = Al, Ga, Fe, Cr), we can infer that the axial ratios, elastic properties and
wave velocities of all MOOH materials have similar pressure evolutions to those of InOOH, and the hydrogen bond

symmetrization has similar effects on the properties of M OOH.

Keywords: InOOH, hydrogen bond symmetrization, elastic properties
PACS: 62.20.—x, 82.30.Rs, 62.20.de, 62.20.dq DOI: 10.7498/aps.66.236201
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