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æ^1�5�n�{�[ïÄ
ÍzW(��õ«7á�zÔ MH2 (M = La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu,

Sc, Ti, Zr, Hf) �åÆ5� (�5~ê!N��þ!}��þ!¼�þ). O�(JL², MH2 (M = La, Nd, Gd,

Tb, Y, Dy, Ho, Er, Lu, Sc) 3$§eäk½�ÍzW(�, Ù-|NÈ/C, �ACÚ.� (½Ø ) /C�Uå
l LaH2, NdH2, GdH2, TbH2, YH2, DyH2, HoH2, ErH2, LuH2 � ScH2 Åg4O,  MH2 (M = Ti, Zr, Hf) 3$§e
�ÍzW(�Ø½. ÏLéü«½��zÔ (TbH2, ErH2) Úü«Ø½��zÔ (TiH2, HfH2) �>f��Ý
±9�©>Ö�Ý?1é', uy§��½5�7áÚ��m��p�^k��'X.

'�c: 7á�zÔ, åÆ5�, 1�5�n

PACS: 88.30.rd, 62.20.D–, 71.20.–b

1 Ú ó

��#U����´ÃÀ/��'U, d
u�±l°Y¥J�Ñ�þ��í, �§�@
��±O�z�-�. �´���¢SA^, ÒI
�)ûS�;�Ú$Ñ�í�¯K. æ^7á�
zÔ�ª;��í�éÙ¦;��{�S�Úp
� [1,2], ÏdïÄ7á�zÔNX�½5é;�
á��ÀáÚ��´ék7��.

�N��55�´L�á�5U��ëê,
�Ná��½5ÚMÝ. ÏL�5~ê�±�
��¬N�åÆÚÄåÆ5��'�&E [3]. Ï
d, ¼�O(�á���55�´�«;�á�
¥�ÚÄNá��p�^Ån�å»��. ��
;�á��ïÄ¯K��, 7á�zÔ�9åÆ
5����N;�NX�½5. 3@Ï�ïÄ
¥, Setoyama, Yamanaka �æ^ X ��û�©ÛE
âïÄ
 Ti-H, Y-H Ú Zr-H NX�¬�~ê!
¼�þ!}��þ9N��þ��ßÝ�Cz�
¹ [4−11]. Senkov � [12] Kæ^-1�(EâïÄ

 Ti-H NX¥�55��§ÝÚ�ßÝ�Cz�

¹. Tao � [13] æ^1�5�n�{ïÄ
 Mg Ú Ti
NX��zL§. Liang Ú Gong[14] Kæ^1�5
�n�{O�
 Ti-H NX$��¹e�(�
½5!åÆ5UÚ�CL§. Ramiro Ú Romeo[15]

æ^Äu1�5�n��5M\²¡Å�{ (FP-
LAPW) é TiH2, ZrH2, HfH2 � FCC Ú FCT NX�
>f(�?1
ïÄ. �;�NX�'�ïÄ®²
kéõ�� [16−22], ,�7á�zÔ�åÆ5�
�'�êâ%��, cÙ´"yé7á�zÔ�å
Æ5�'�XÚ�ïÄ. �©æ^1�5�n�{,
XÚ/ïÄ
õ«7á�zÔ�åÆ5�, ¿éÙ
½5?1
©Û.

2 Ä��nÚO��{

�©éäk CaF2 .(�, �m+´ (Fm3m)
� MH2 (M = La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu, Sc,
Ti, Zr, Hf) NX?1
O�. Ù¥ H �fÓâ�´
7á M �f�¤� FCC (��¤ko¡NmY
 �, Xã 1 ¤«. Ù¥�¥�L H �f, �¥�
L M �f.
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ã 1 MH2 � CaF2 (� Ù¥�¥L«7á M �f, 7á
�f�¤ FCC (�, �¥L« H �f, Óâ FCC (��¤ko
¡NmY

O�¥æ^
Äu�Ý�¼nØ� VASP ^
��, ^M\ÝKÅ�{5£ãlfÚ>fm�
�p�^ [23,24], ��'é¼êæ^2ÂFÝCq
� Perdew-Wang (PW91)[25]. À��²¡Å�äU
� 400 eV, ^ Monkhorst-Pack �{?1 Brillouin «
� k :��, O�¥�Ä
>f�g^, Ø�Ä§
Ý�K�. ²Lé TiH2 �ÿÁ, uy� k :���
�� 9×9×9 �, O�(J�°ÝÚÂñ5þ�Ð,
Ïd�©¥ k :���� 9×9×9.

�5~ê´^5£ã¬Né	\AC�A�
fÝ. 3ACé���¹e, NX�SU�AC�
���3�g�5'X (Hooke ½Æ), �5~ê Cij

Ò´Lãù«�g�5'X, =�g�5��Xê.
á�¬Xkn�Õá��5~ê C11, C12 Ú C44,
éNX�\ØÓ�AC�k

∆E

V
= (C11 + C12) δ2, (1)

∆E

V
=

3
2

(C11 + 2C12) δ2, (2)

∆E

V
=

3
2
C44δ

2, (3)

Ù¥ ∆E L«�\ACc�NXoUþ�Cz,
V L«�\ACcNX�NÈ, δ L«�\�AC
�ÌÝ.

ÏLá���5~ê, �±?�ÚO�ÙN�
�þ!}��þÚ¼�þ. Ù¥L«á�NÈ�
¤É	åCz�¹�N��þ B �

B =
1
3

(C11 + 2C12) . (4)

L�á�-|}�/CUå�}��þ G �

G =
1
2

(GR + GV ) , (5)

Ù¥

GR = 5 (C11 − C12) C44/ [4C44 + 3 (C11 − C12)] ,

GV =
1
5

(C11 − C12 + 3C44) .

^±£ãNX-|.� (½Ø ) /CUå�¼
�þ E � [26]

E = (9B × G) / (3B + G) . (6)

3 (J9?Ø

ÏLé¬�NX?1(�`z, O���
�
7á�zÔNX�¬�~êÚ�f�½ �, ¬
�~ê�O���L 1. XL 1 ¤«, �©O��
��7á�zÔ�¬�~ê�©z���O��
Ú¢��ÑÎÜ��Ð, Ù¥ ErH2 Ú ScH2 �¬
�~ê�¢��Ä��Ó, � ScH2 �O���
©z [27] �O���¢��ÎÜ��Ð. �©�
�� TbH2, HoH2, ZrH2 Ú HfH2 �¬�~ê©O
� 5.24 Å (1 Å = 0.1 nm), 5.16 Å, 4.82 Å Ú 4.72 Å,
�¢���O��; Ù¥ TbH2 ��éØ���, �
EØ�L 1.2%; Ù¦�zÔ��éØ���Ø�
L 0.85%.

¼�¬N�¬�~êÚ�f�½ ���,
éNX�\AC, ÏL Origin ^�[Ü��SU
ÚAC�'X, �����5~ê. 3O�NX
�5~ê�, �¬��\�ACÌÝ δ l –0.018
� 0.018 ±m� 0.003 Cz, [Ü�:�O 13 �.
ÏLO�Ú[Ü·���
 MH2 NX��5~
ê C11, C12 Ú C44, �L 1.

�âá�¬N�½5^� [34]

C11 > |C12| , C11 + 2C12 > 0, C44 > 0, (7)

·�éO�NX�(�½5?1
�ä. lL 1
��, MH2 (M = La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu,
Sc) ��5~ê C11 > C12 > 0, � C44 > 0, ÷v
þã½5^�, ¤±§�3"§"Øeäk
½�ÍzW(�. , HfH2, ZrH2 Ú TiH2 NX
� C11 < C12, ��X7á�f��f�þO\,
C12 � C11 �����; d	, NX� C44 < 0. o
�, Ø÷vá�¬N�½5^�, ùL² MH2

(M = Ti, Zr, Hf) NX3"§"Øe�ÍzW(�
Ø½. Crane � [35] �¢�y¢ TiH2 3 28 ◦C ±
þ´ CaF2 (�; 3 25 ◦C �m, TiH2 d CaF2 (�
�á��=C�o��. Ïd·�ÏL±þ"§e
�O�(J5í�$§e��¹: 3$§e MH2

(M = La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu, Sc) Aäk
½�ÍzW(�,  MH2 (M = Ti, Zr, Hf) 3$
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§e�Uu)d CaF2 (��á��=C�Ù¦�.
ØJuy Ti, Zr Ú Hf Ñáu1 B x��, §�ä

k�q�d>f(�, Ïd, �±í�7á�zÔ
�½5�7á�d>f(�k'.

L 1 MH2 �¬�~êÚ�5~ê (Ù¥¬�~ê�¹�©�O��!©z���O��Ú¢��)

¬�~ê

�©(J ©z��O�� ©z��¢�� C11/GPa C12/GPa C44/GPa

LaH2 5.65 5.62[27] 5.67[28] 91.7 50.2 47.8

NdH2 5.49 5.47[29] 109.4 56.0 56.3

GdH2 5.28 5.30[29] 126.3 61.2 67.0

TbH2 5.24 5.30[30] 130.3 61.5 69.0

YH2 5.21 5.17[27] 5.17[31] 133.8 59.4 69.6

DyH2 5.20 5.21[29] 134.5 62.5 71.2

HoH2 5.16 5.20[30] 139.1 63.5 73.5

ErH2 5.12 5.12[32] 142.3 64.1 75.0

LuH2 5.02 5.03[29] 153.2 67.5 82.3

ScH2 4.78 4.74[27] 4.78[28] 168.9 64.9 80.9

TiH2 4.42 4.40[27] 4.44[33] 109.8 163.3 –26.2

ZrH2 4.82 4.80[27] 4.78[33] 82.0 162.3 –37.8

HfH2 4.72 4.70[27] 4.68[28] 85.0 184.3 –50.7

ÏL��Ý�±���fm�ÍÜ!,z�
^ÚU�©Ù�¹ [36], d>Ö�Ý�©Ù�±�
«Û��f��A� [37]. Ïd�
¼�7á�z
Ô3$§e�½5�7á�>f(��'X,
�©±Ø½� TiH2 Ú HfH2, ±9½� TbH2

Ú ErH2 �~, ïÄ
§��>f��ÝÚ�©
>Ö�Ý. ã 2 ©O�Ñ
ÍzW(�� TiH2

Ú ErH2 �g^4z>f��Ý, Ù¥¢�L«N
Xo���Ý, :�L«7á d ����Ý, J�
L« H-s ����Ý.

lã 2(a) ¥�±wÑ, TiH2 NXUþ3 −11—
−3 eV ��S, éNX�o>f��ÝåÌ��z
�´ H-s �, Ùg´ Ti-d �. 3 −5.5 eV �m, Ti-d
�Ú H-s �k�²w�,z. Uþ3 −3.0—5.8 eV
���S, éNX�o>f��ÝåÌ��z�
´7á� d �, H A�ØÓâù
U?. 3 Fermi
U??, NX�o>f��ÝÚ7á� d ���
ÝÑ�3��k¸, =3 Fermi U??k�õ�>
f�, ù�UÒ´��NXØ½��Ï. ã 2(b)
¥, ErH2 NX3 −9—−2 eV Uþ«m, �´ H-s �
éNX�o>f��Ý�z��, Ùg´ Er-d �,
3 –5.0 eV NC Er-d �Ú H-s �k�²w�,z.
3 −2—−7 eV Uþ��S H-s �éNX�o>f
��ÝA�vk�z, éNX�o>f��Ý�

ã 2 ÍzW(��7á�zÔ�g^4z>f��Ýã
(a)TiH2; (b)ErH2; Ù¥¢�L«NX�o>f��Ý, :�L«
NX¥7á d ��>f��Ý, J�L«NX¥ H-s ��>f
��Ý
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zÓÌ�/ �´ Er-d �. òã 2(a) Ú (b) ?1
'��±uy, TiH2 NX3 Fermi U??NX�o
��Ý�3��k¸,  ErH2 NXKvkù�k
¸, ùL²NX�Ø½5Ú Fermi U??�ÛÉ
5k¸���', ù� Ramiro Ú Romeo[15] æ^Ä
u FP-LAPW é TiH2, ZrH2 Ú HfH2 �ïÄ(J´
���.

ã 3 ÍzW(�� TiH2, HfH2, TbH2 Ú ErH2 NX�og
^4z>f��Ýã (a) ¢�Ú:�©O�L TiH2 NX
Ú HfH2 NX; (b) ¢�Ú:�©O� ErH2 NXÚ TbH2 NX

� 
 ? � Ú y ² 7 á � z Ô N X  ½ 5
Ú Fermi U??ÛÉk¸�'X, ·�é TiH2,
HfH2, TbH2 Ú ErH2 NX�o>f��Ý?1

'�. ã 3(a) ¥¢�� TiH2 NX�o>f��
Ý, :�� HfH2 NX�o>f��Ý; (b) ¥¢�
� ErH2 NX�o>f��Ý, :�� TbH2 NX
�o>f��Ý. ÏLéã 3(a) Ú (b) ?1'�, �
±uy½�7á�zÔNX TbH2 Ú ErH2 �>
f��Ý3 Fermi U??´²��, Ø½�7
á�zÔ TiH2 Ú HfH2 3 Fermi U??KÑy

>f��Ý�k¸. dd��, 7á�zÔNX
�½5� Fermi U??>f��Ý�©Ù��
�'.

Crane � [35] �¢�uy TiH2 3 25 ◦C �m
d CaF2 (��á��=C�o��, éuÙu)

�C��Ï, Kudabaev � [38] æ^Ø^��?1

ïÄ, uy´ Jahn-Teller �A����C. ¢Ã�
´'u HfH2 NX�½5�vk�'�¢�ïÄ
êâ. �
?�Úy¢7á�zÔ�½5ÚN
X�fm�p�^e>Ö©Ù�¹�'X, ·�©
O�
Ø½� TiH2, HfH2 NXÚ½� TbH2,
ErH2 NX��©>Ö�Ýã (�ã 4), ©Û¤�c
�>Ö�=£�¹. ã 4 ¥¢�L«>Ö�ÝO\,
J�L«>Ö�Ý~�. ÏLã 4(a)—(d) ØJw
Ñ, (a) Ú (b) �>Ö=£�¹�q,  (c) Ú (d) �
>Ö=£�¹�q. ã 4(a) Ú (b) � TiH2 Ú HfH2

NX¥7á�fÑ��
�õ�>Ö, Ù¥ TiH2

¥� Ti �f���>Ö� HfH2 NX¥ Hf ��
�>Öõ, �éu±þüNX, 7á�f�>ÖÑ
� H �fNC=£, �õ>f�åP3
 H �f�
Û�³|NC. XJ>fåPu,��f�Û�³
|NC, >f��fØòu)AÏ�þfåÆ�p
�^, = TiH2 Ú HfH2 NX¥Ñy
 Jahn-Teller �
A [39], T�A¬��NXØ½u)�C, ù�
¢�(Ø [38] �Î. ã 4(c) Ú (d) ¥�>Ö=£�
¹�ã 4(a) Ú (b) k²w�ØÓ, TbH2 Ú ErH2 N
X�>Ö©O� H �fÚ7á�f�SÜ=£, v
k�åP3,��f�Û�³|NC. Ïdlã 4
��, NX�½5Ú7á�f� H �f�m��
p�^k', XJ>f�åP3 H �f�Û�³|
NC, KNX½5�.

�âO�����5~ê, ?�ÚO�Ú©Û

"§"Øeäk½ÍzW(�� MH2 (M =
La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu, Sc) NX�N
��þ (B), }��þ (G) Ú¼� (E), �©�
O��Ú©z���¢���O���L 2. é
u YH2 Ú ErH2 NX, ·�O����N��þ©
O� 84.2 GPa Ú 90.1 GPa, �¢�ÿþ� [41]90 ±
7 GPa Ú 97 ± 4 GPa �', ���éØ�$u 4%.
�©z [40] '�, ·�O�� YH2 �N��þ��
C¢��. YH2 Ú ErH2 NX�}��þ�O��
©O� 54.1 GPa Ú 57.8 GPa, �¢�ÿþ� [41]55
± 10 GPa Ú 60 ± 10 GPa �', þ3¢�Ø��
� S;  ¼ � þ � O � � © O � 133.7 GPa Ú
142.8 GPa, Ú¢�ÿþ� [41]135 ± 20 GPa Ú 148
± 20 GPa �', �Ñ3¢�Ø���S. O��
�¢���ÎÜ§ÝL²^�©�O��{�
���5~ê!N��þ!}��þÚ¼�þ
´�&�.
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ã 4 ÍzW(�� TiH2, HfH2, TbH2 Ú ErH2 ��©>Ö�Ýã ã¥J�L«>Ö�Ý~�, ¢�L«>Ö�ÝO
\; H �fÚ7á�f� �©O^���¶¡I«; o�ã�>Ö�Ý����þ� –0.5—0.5 eV/Å3, �p�m�þ
´ 0.015 eV/Å3

L 2 ½ MH2 �N��þ B, }��þ G Ú¼�þ E

B/GPa G/GPa E/GPa

�©O�� ©z��O�� ©z��¢�� �©O�� ©z��¢�� �©O�� ©z��¢��

LaH2 64.0 34.2 87.1

NdH2 73.8 41.7 105.3

GdH2 82.9 50.1 125.2

TbH2 84.4 52.2 129.9

YH2 84.2 101.1[40] 90 ± 7[41] 54.1 55 ± 10[41] 133.7 135 ± 20[41]

DyH2 86.5 54.2 134.4

HoH2 88.7 56.3 139.4

ErH2 90.1 97 ± 4[41] 57.8 60 ± 10[41] 142.8 148 ± 20[41]

LuH2 96.0 63.3 155.8

ScH2 99.6 109.2 [40] 67.8 165.7

lL 2 �±wÑ, 7á�zÔ�N��þ!
}��þÚ¼�þUìl LaH2, NdH2, GdH2,
TbH2, YH2, DyH2, HoH2, ErH2, LuH2 � ScH2 �^
SÅg4O. �Ò´`, 7á�zÔUì±þ�^
S, -|NÈ/C, �ACÚ.� (½Ø ) /C�

UåÅìOr. lL 1 �±wÑ, l LaH2 � ScH2,
NX�¬�~êÅg4~, Ïd·�ßÿ7á�z
ÔNX�|/CUå�U�¬N(�k'. N��
þ B �¬N¥�f�(ÜU½�U���', ~�
�µ�²þd�rÝ�IO, Ï~ B ��, L²�

108801-5
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A�²þdèrÝ�p. ÏL±þ�O�(J�±
�Ñ, 7á�zÔ¬�~ê��, �f�m�^å
l��, ²þd�rÝ�p, KNX-|/C�U
å�r.

4 ( Ø

�©æ^1�5�n�{XÚ/ïÄ
Íz
W(��õ«7á�zÔ MH2 (M = La, Nd, Gd,
Tb, Y, Dy, Ho, Er, Lu, Sc, Ti, Zr, Hf) ��5~ê, N
��þ, }��þÚ¼�þ. O����¬�~

ê!N��þ!}��þÚ¼�þ�©z��
�¢�ÿþ��Ø�þØ�L 5 %. ÏLO��Ñ,
3$§e MH2 (M = La, Nd, Gd, Tb, Y, Dy, Ho, Er,
Lu, Sc) äk½�ÍzW(�,  MH2 (M = Ti,
Zr, Hf) �ÍzW(�Ø½. �7á�zÔNXo
�>f��Ý3 Fermi U??ÑyÛÉ5�k¸,
½ö>f�åP3 H �f�Û�³|NC�, N
X�½5�, k�Uu)�C. éu½�7á
�zÔó, -|NÈ/C!�ACÚ.� (½Ø
 ) /C�Uål LaH2, NdH2, GdH2, TbH2, YH2,
DyH2, HoH2, ErH2, LuH2 � ScH2 Åg4O.
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Abstract

The mechanical properties of MH2 (M = La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu, Sc, Ti, Zr, Hf) are studied by the first-principles

calculations. The results show that the fluorite structures of MH2 (M = La, Nd, Gd, Tb, Y, Dy, Ho, Er, Lu, Sc) are stable at low

temperatures. Their bulk moduli, shear moduli and Young’s moduli increase in the order of LaH2, NdH2, GdH2, TbH2, YH2, DyH2,

HoH2, ErH2, LuH2 and ScH2. However, the cubic phases of MH2 (M = Ti, Zr, Hf) are unstable at low temperatures. According

to the densities of states and charge densities of TbH2, ErH2, TiH2 and HfH2, it can be found that the stabilities of metal dihydrides

depend on the interaction between metal and hydrogen atoms.
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