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1 Ú ó

Dè���Ù¦7á/¤zÜÔ�(�õ�
5, Ð«
Ù´L�Ôn!zÆA5, äk2�
�A^d�. éõDè��®/¤, XDè[^á
�!Dèu1á�!Dèxzá��, ®A^uÊ
�!ÊU!Ê°!Ï&!¤ì!¤L!U
!�
Ï!�7æ¶!�Æ!O�Å�I¬²LÚI�
�­�+�. Ïd�5�õ�IS	Æö�åué
Dè�ïÄÚmu|^. 'uDèéá��åÆ5
U [1]!F@¡5U [2]!DèzÜÔ�^5U [3]!
��U>³5U [4]!Dè�,�1ÌÆ��K
� [5] ��éõ. X 2011 c, Ç�U� [6] æ^Äu
�Ý�¼nØ�1�5�n²¡Å�^�³�{,

O�
��, ZnO ÚDè (Y, La) �, ZnO NX�
�m(�!U�!>f��Ý�1Æ5�, (JL
²: �,�NX�/¤U~�!­½5Cr!�Y
Ð°!Fermi U??\��¥!NX¥7á5!1
6fu){¿!/¤{¿��N. 2010 c, Romaka

� [7] én�X Gd-Ni-Sn �¬N(�Ú�fÓ ?

1
ïÄ, uy 14 « Gd-Ni-Sn zÜÔ�(�Ä:
Ì�kn«: GdSn2 (ZnSi2 .)!GdNi5(CaCu5 .)

Ú Gd3Ni(Fe3C .). Mohanta � [8] ^1�5�nï
Ä
 Cd �,é­Dè7á�^�°[|�K�,

uy�,��Dè^�°[|��C��f�g
^^Ýk'�. ,
l�fÚd>f(���Ýé
Dè�5U?1ïÄÿ����. ��2�!�
Ð/A^Dè, éÙ��f(�Úd>f(��ï
ÄÒ´7��. �©�â�N�©f²�>fn
Ø (EET), ld>f(�Ú¤�5Æ��ÝXÚ/
éDè�L:Ú(ÜU?1
ïÄ.

EET ´{aÜ [9] 3ïÄU�Ú Pauling[10] d
�nØ�Ä:þ, ÏLé��±ÏLþ�c 78 «
�� (Ø�)ý5íN) Úd§�/¤�zÜÔÚ
Ü7�Ôn!zÆ5U�ïÄïá�nØ�.,

ÙÌ�SN [11,12] �3 4 �Ä�b�þÏLmå
� (BLD) ©Û�{, (½Ô��d>f(�. EET

®²�éõÆö^5O�á��Ôn5U, �9
L:!£:!(ÜU!^ÝÚ Curie §Ý�, X Fu

� [13] A^ EET O�
¡%á�(�7á�L¡
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U, Mi � [14] A^ EET éyÜ7LN(��d>
f?1
ïÄ, Ye � [15] A^ EET ©Û
{Úvé
¾�¬â[z��O. �©3þã���Ä:þA
^ EET éDè���d>f(��L:!(ÜU
��'5?1)º, ¦DèU
�N´/�n)Ú
�Ð/A^.

2 ²�>fnØ{0

EET nØ@��N�©f¥z��f��d
ü�þf�,z
¤, ùü«G��� h (head) �
Ú t (tail) �, Ù¥��k��3Ä�½�CÄ��
-u�. ü�G�ÑkgC��d>fê nc, ¬�
>fê nl Úü��å R(1). 3�½�¹e, G�,
z´ØëY�. ^ Ch Ú Ct ©OL« h �Ú t �3
,zG�¥�¤©, K§�deª�Ñ:

Ctσ =
1

k2
σ + 1

, Chσ = 1 − Ctσ, (1)

kσ =
ĺτ́ + ḿ + ń

lτ + m + n

×

√
ĺ + ḿ + ń

l + m + n

× l ±
√

3m ±
√

5n

ĺ ±
√

3m′ ±
√

5ń
, (2)

ª¥, l, m, n, l′, m′, n′ ©OL« h �Ú t �¥ s, p,

d ���d>fê (�d>fÚ¬�>f), � s >
f�¬�>f�� τ = 0, ÄK τ ′ = 1. � h ��d
>f�Ü´¬�>f�, þªKØ·^, �A^

kσ =
ĺ + ḿ + ń

l
× ĺ + ḿ + ń√

ĺ ±
√

3ḿ ±
√

5ń
, (3)

ª¥ÎÒ¿Â�cª�Ó.
ü��C�f u Ú v �mo´k�d>fé

�3. ü��f�m��d�å�

Duv = Ru(1) + Rv(1) − β log nα, (4)

ª¥ u Ú v L«¤��f, nα � α �þ��d>
féê, β ´�ëê, §����6u¤?Ø�©f
½¬N¥�r�þ� nα �. ��(�ü�S�Ü
�f¤�z��Ü�d>fêA�T(�ü�S
�Ü�d�þ¤k�d>fê�Ú��. �â±þ
b�?1 BLD ©Û, =±¢S�å�O��å�
� |∆D| < 0.05 Å (1 Å = 0.1 nm) 5��Ünþf
���â, 3,z�(½�^�e, A^úªéá
�5U?1O�.

3 ���d>f(��©Û

3.1 ���DDDèèè���������¬¬¬NNN(((���

�©O��Dè��©Oáuo«¬X: Ù¥
áu�ü8��k Sc, Y, Sm, Gd, Tb, Dy, Ho, Er,

Tm, Lu; áu{ü8��k La, Pr, Nd; áu¡%
á��k Ce, Yb; áuN%á��k Eu. ��f
3¬�S�Ó !¬��¬�~êÚ¤á��m
+ [16−18] �uL 1.

3.2 ddd>>>fff(((������ BLD ©©©ÛÛÛ

d EET ¥é�Ó�ê�½Â, �,«� α þ
��Ó�ê Iα �

Iα = IMIsIk, (5)

Ù¥ IM L«3��©f½��¬N(�ü�S�
¹�ë��fê8; Is L«é��ë��f5`,

/¤� α ���Ó��ê8, Ik ´��ëê, ¤�
�fÓa�� 1, ¤��fØÓ�� 2. �âL 1 J
ø�(�ëê (�m+, :
~êÚ�fÓ ) A
^ diamond ^�ÿþ���¢��åÚ�f� 
ê, ¤À��·��åXã 1 ¤«.

ã 1 Uì EET nØéDè���«(�¤���å, � A,
B, C ��U�g~� (a) Eu; (b) Ce; (c) La, Pr, Nd; (d) Sc, Y,
Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu
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L 1 Dè��¤á��m+!¬�~êÚ�fÓ 

Dè�� ¤á�m+ ¬�~ê/nm �fÓ  x y z

Sc P63/mmc a = 3.577 2c 1/3 2/3 1/4

c = 5.618

Y P63/mmc a = 3.6509 2c 1/3 2/3 1/4

c = 5.7388

La P63/mmc a = 3.911 2a 0 0 0

c = 12.14 2c 1/3 2/3 1/4

Ce Fm3̄m a = 5.1558 4a 0 0 0

Pr P63/mmc a = 3.6725 2a 0 0 0

c = 11.8354 2c 1/3 2/3 1/4

Nd P63/mmc a = 3.6582 2a 0 0 0

c = 11.7966 2c 1/3 2/3 1/4

Sm P63/mmc a = 3.621 2c 1/3 2/3 1/4

c = 6.250

Eu Im3̄m a = 4.5829 2a 0 0 0

Gd P63/mmc a = 3.636 2c 1/3 2/3 1/4

c = 5.783

Tb P63/mmc a = 3.6010 2c 1/3 2/3 1/4

c = 5.6935

Dy P63/mmc a = 3.5929 2c 1/3 2/3 1/4

c = 5.6524

Ho P63/mmc a = 3.5773 2c 1/3 2/3 1/4

c = 5.6158

Er P63/mmc a = 3.5588 2c 1/3 2/3 1/4

c = 5.6524

Tm P63/mmc a = 3.5426 2c 1/3 2/3 1/4

c = 5.7388

Yb Fm3̄m a = 5.4847 4a 0 0 0

Lu P63/mmc a = 3.5098 2c 1/3 2/3 1/4

c = 5.5666

,	�âd©z [11] ¥�êâ, Dè�,z
� s-p-d ,z, Ù,zV��
Ch • ◦ ◦ ◦ ◦ Φ • ◦ ◦ l = 1,m = 1, n = 1, ι = 0,

Ct ◦ ◦ ◦ ◦ ◦ • • • ◦ l′ = 1,m′ = 2, n′ = 0, ι′ = 1.

n Ü ã 1 ¤ � � ( J ± 9 d þ ã � , z
V �, A ^ BLD é D è � � © Û � ± � � �
� � � d > f ( � Ú Ü n � , � σ, ( J � u
L 2.

L 2 �Dè���d>f(�ÚÜn�,�

Dè�� �Ó�ê I �d>féê nα O�må D̄/Å ¢�må D/Å må� ∆D/Å Ün,� σ

Sc IA = 6 nA = 0.2066 D̄A = 3.264 DA = 3.253

IB = 6 nB = 0.1731 D̄B = 3.319 DB = 3.308 0.011 σ = 5

IC = 6 nc = 0.0023 D̄c = 4.651 Dc = 4.640

Y IA = 6 nA = 0.2182 D̄A = 3.560 DA = 3.587

IB = 6 nB = 0.1622 D̄B = 3.651 DB = 3.678 0.027 σ = 5

IC = 6 nc = 0.0015 D̄c = 5.100 Dc = 5.125

La IA = 6 nA = 0.1999 D̄A = 3.738 DA = 3.739
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L 2 (Y)

Dè�� �Ó�ê I �d>féê nα O�må D̄/Å ¢�må D/Å må� ∆D/Å Ün,� σ

IB = 6 nB = 0.1808 D̄B = 3.769 DB = 3.770 0.001 σ = 5

IC = 6 nc = 0.0012 D̄c = 5.309 Dc = 5.310

Ce IA = 12 nA = 0.1807 D̄A = 3.671 DA = 3.645 0.026 σ = 4

IB = 6 nB = 0.0013 D̄B = 5.181 DB = 5.156

Pr IA = 6 nA = 0.1901 D̄A = 3.639 DA = 3.640

IB = 6 nB = 0.1713 D̄B = 3.671 DB = 3.672 0.001 σ = 4

IC = 6 nc = 0.0013 D̄c = 5.171 Dc = 5.171

Nd IA = 6 nA = 0.1874 D̄A = 3.628 DA = 3.635

IB = 6 nB = 0.1740 D̄B = 3.651 DB = 3.658 0.007 σ = 4

IC = 6 nc = 0.0014 D̄c = 5.146 Dc = 5.152

Sm IA = 6 nA = 0.1935 D̄A = 3.582 DA = 3.578

IB = 6 nB = 0.1678 D̄B = 3.596 DB = 3.593 0.003 σ = 4

IC = 6 nc = 0.0014 D̄c = 3.624 Dc = 3.621

Eu IA = 8 nA = 0.3501 D̄A = 3.922 DA = 3.968 0.046 σ = 10

IB = 6 nB = 0.0332 D̄B = 4.536 DB = 4.583

Gd IA = 6 nA = 0.2096 D̄A = 3.611 DA = 3.573

IB = 6 nB = 0.1709 D̄B = 3.674 DB = 3.636 0.038 σ = 5

IC = 6 nc = 0.0015 D̄c = 5.136 Dc = 5.098

Tb IA = 6 nA = 0.2027 D̄A = 3.523 DA = 3.525

IB = 6 nB = 0.1585 D̄B = 3.599 DB = 3.601 0.002 σ = 4

IC = 6 nc = 0.0015 D̄c = 5.037 Dc = 5.039

Dy IA = 6 nA = 0.2059 D̄A = 3.502 DA = 3.506

IB = 6 nB = 0.1553 D̄B = 3.589 DB = 3.593 0.004 σ = 4

IC = 6 nc = 0.0015 D̄c = 5.016 Dc = 5.02

Ho IA = 6 nA = 0.2071 D̄A = 3.484 DA = 3.486

IB = 6 nB = 0.1541 D̄B = 3.575 DB = 3.577 0.002 σ = 4

IC = 6 nc = 0.0016 D̄c = 4.993 Dc = 4.995

Er IA = 6 nA = 0.2070 D̄A = 3.468 DA = 3.468

IB = 6 nB = 0.1541 D̄B = 3.559 DB = 3.559 0 σ = 4

IC = 6 nc = 0.0016 D̄c = 4.969 Dc = 4.969

Tm IA = 6 nA = 0.2059 D̄A = 3.454 DA = 3.456

IB = 6 nB = 0.1553 D̄B = 3.541 DB = 3.543 0.002 σ = 4

IC = 6 nc = 0.0016 D̄c = 4.947 Dc = 4.949

Yb IA = 12 nA = 0.1359 D̄A = 3.878 DA = 3.832

IB = 6 nB = 0.0007 D̄B = 5.484 DB = 5438 0.046 σ = 6

Lu IA = 6 nA = 0.2001 D̄A = 3.431 DA = 3.443

IB = 6 nB = 0.1610 D̄B = 3.498 DB = 3.510 0.012 σ = 4

IC = 6 nc = 0.0017 D̄c = 4.904 Dc = 4.916

3.3 DDDèèè���������ÔÔÔnnnLLL:::!!!(((ÜÜÜUUU���OOO���

Ï�Lz��r¬N¥�±n�(��ÌZ
�»�KÒ�, ¤± EET JÑL:úª�

Tm =
b

3R

{
na

D(na)
f +

nlf
′

IσD̄
− CW

Iσ

}
× 103, (6)

ª ¥ Î Ò � L 2 ¥ � Î Ò ¿ Â � Ó, Ï
f 103 ´duü 'XÚ\�, R ´��íN~
þ; Iσ = ΣIαra, Iα ´ α ���Ó�ê, ra �må
�¦��(J; b = 75/n − 0.36δ �>féØ>Ö
�¶-Xê; f ′ =

√
2α �¬�>f�¤�Uå. C
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´��ëê, C = 0.907P , P ���éAu B æx
�2, 3, 4�x, 15x� Fe, Co, Ni, ±9 B .
Ú B /x��©O�g� 6, 5, 4, 3, 2, 1 Ú 0 (0 é

Au B .Ú B /üx), W = åé>f+^>f
	�>foê . d

þã,zV�� (6) ª¥����� 0, ¤±�±
�âL 2 Jø�êâ�ÑDè�L:, �uL 3.

L 3 ¥ T̄m �O�L:�, Tm �¢�L:�;

Sc[19] duk���C, L¥� Tm ��C:, ��
Dè�­Dè^ØÓ� δ �. lL¥êâ��O�
��¢��Ä�ÎÜ.

EET ¥{aÜJÑ
��ÊH���¬N(
ÜUO�úª�

Em = b

{ ∑
α

na

D(na)
f +

nlf
′

D̄

+ am3d − CW

}
, (7)

ª¥���¹Â�L:�O�úªÚL 2 ¥��
ÎÒ�Ó. �âL 2 ·�Ó��±��Dè���
(ÜU. L 4 ©OÀ�
áu�JX�Dè!JX
�DèÚ­Dè�ü��
(ÜU�O�.

L 3 Dè���O�L:Ú�éØ�

�� T̄m / K Tm/K
∣∣∣∆Tm

Tm

∣∣∣ / % �� T̄m/ K Tm/K
∣∣∣∆Tm

Tm

∣∣∣ / %

Sc 1326 1335 0.67 Gd 1634 1586 3.15

Y 1622 1795 9.64 Tb 1641 1629 0.73

La 1222 1192 2.53 Dy 1675 1685 3.21

Ce 1161 1071 8.38 Ho 1694 1747 3.04

Pr 1190 1205 1.24 Er 1703 1802 5.52

Nd 1207 1294 6.71 Tm 1699 1818 6.55

Sm 1267 1347 5.92 Yb 896 1092 17.4

Eu 1106 1125 1.67 Lu 1658 1936 14.36

L 4 ���(ÜU

�� Ē/kJ·mol−1 E/kJ·mol−1
∣∣∣∆Ē

E

∣∣∣/% �� Ē/kJ·mol−1 E/kJ·mol−1
∣∣∣∆Ē

E

∣∣∣/%
Sc 362 376 3.63 Nd 348 328 6.15

Y 384 422 9.00 Gd 449 400 12.14

Pr 347 357 2.71 Tb 435 391 11.25

4 ©Û9?Ø

� 
 ? � Ú ? Ø d > f ( � � D è � Ô
n 5 U � ' X, r � d > f ( � © Û ( J Ú L
:!(ÜU©O±��ã 2 Úã 3. lã 2 ¥·
��±w�, Dè��L:�X>fê�Oõ

¥yþ,�ª³, ù:3­Dè¥w��\²
w. � � d > f ê ¿ v k O \, � Ò ´ ` � d
> f ê Ø ´ û ½ 5 Ï �, = � d > f ê ¿ Ø ´
�r�þ��d>féê. ¬�>f�éL:
�^�f, 3L:O\��ª³eå��½��
6�^, ù�±lã 2 w�. 3¥y�d�Dè
�� (Sm, Eu, Tm, Yb) ?�«>fêk²w�C

z, ¬�>f��d>f=C, d ;�þ�>f�
s-p ;�=C, Ó�L:�²wC$, ùÒéÐ/
)º
�dDè���L:�ndDè�L: 
$��Ï, =;�>fÚ¬�>f�=C��L
:�Cz.

lã 3 ¥(ÜU��A>fê�'X�±w
Ñ, �d>fê�ü$¬��(ÜU�ü$, üö
�Czª³Ä��Ó. ù´Ï��d>fêõ, ë
�¤��>féÒOõ, (ÜU�O�¥��Ä�
¤k¤���d>fé, ù:�¢��ÎÜ�éÐ.

þã(JL²d>f(�éDè�L:Ú(ÜU
åû½5�^, d�Ú>f��=C´Dè�L:
ØÓ�Ì��Ï.
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ã 2 Dè�L:��A�>fê'X

ã 3 Dè�(ÜU��A>fê�'X

é'L 3 ÚL 4 ��, ^ EET O�Dè���
L:Ú(ÜU�¢��Ä�ÎÜ. L 3 ¥Ø
 Yb

Ú Lu, Ù¦��L:� �
∣∣∣∣∆E

E

∣∣∣∣ < 10%. lL 4

�êâ�±��Dè��cÙ´­Dè���(
ÜU�¢��� �3Ün���S, �L: 
�. ÏL©Û·�@�Ì��Ï´3þã�,z�
¥vk 4f >fë�, l
·��±�� 4f >fé
L:��z�f, Ï� 4f >f/¤�d���U
� 5p, 5d >f/¤��d���U��. ·���
l�Dè���­Dè�� 4f >f�5�õ (Sc,

Y vk 4f >f), L 4 ¥Dè(ÜU� ���5
��, ­Dè��� ��L 10%. �â EET nØ,

(ÜU�O���Ä�¤k¤�>fé�K�, ¤
±·��±�� 4f >fé(ÜU�K���, ��
X 4f þ>f�OõK�\r; Gd � �� Tb ��
�Ï´ Gd � 4f >f¥�÷�, ;��é­½, ¶
-�^��. ùL² 4f >féDè�L:!(ÜU

ké�K�, �éDè(ÜU�K�'éL:�K
��.

O�L:Ú(ÜU�, �NØ>Ö�¶-Xê

� b =
75

n − 0.36δ
¥, ·���Dè� δ �� 0, ­

Dè� δ �� 1. �X>fê�Oõ, >f�¥Ô!
��Ú'é�^¬�A/\r, ©¥± 4f >fW¿
��÷��©., �ØÓ� δ �. ¯¤±�, 3Ó�
±ÏS�X>fê�Oõ, �f�»¬~�, =�
fkÂ �A. (ÜL 2 �Ñ��¬N(�©Û�
êâ·���, L:�>fê�Oõ
O\, Ø�
½´ÏL~�ü��å5¢y� (�å�Czvk
5Æ), é�§Ýþ´du 4f >f�m��p�^
¦ δ ��ØÓ���. d(JL²Ød>fÚ 4f >
f	, >f�m�¥Ô!��Ú'é�^�éDè
�L:Ú(ÜUk�½K�.

5 ( Ø

�©�â²�>fnØïÄ
Dè���d
>f(�ÚL:!(ÜU, ©Û(½
JXDè�
��d>f(�, ¿3dÄ:þO�
�Dè��
�L:Ú(ÜU. 3�d�Dè��?k��a�
5Cz, O�(Jw«du�d>fêÚ¬�>f
ê�²wCz��L:Ú(ÜU�Cz. 4f >fê
éDè���(ÜUkK�, �X 4f >fê�Oõ
K�O\, 3�÷�?k��Cz. Ó�>f�¬
ÏL¶-�^K��N©f�ÔnL:Ú(ÜU.
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Abstract

Rare earth element is one kind of strategic materials. Some rare earth elements have been industrialized. They play major roles

in permanent magnetism material, lightening, catalysis and hydrogen storage material. In order to understand the rare earth elements

more, it is necessary to study the structures of the valence electrons and atoms of them. The valence electron structures and properties of

yttrium, scandium and lanthanum group rare earth elements are studied with the empirical electron theory (EET). Based on the valence

electron parameters, the melting points and cohesive energies of these rare earth elements are calculated. The calculations accord

with those of the measurements. According to the analyses of EET, the structures and the physical properties of rare earth elements

depend on the electron emission or transformation between the lattice-electrons and coherent electrons in outer orbital. It is exhibited

that the melting point tends to increase with the lattice electron-covalent electron transformation, however, the valence status of rare

earth element affects significantly the electron distribution and property. The covalent electron hoppings occur at divalent europium,

ytterbium and samarium, and their melting points are related to the electron transformation covalence-electrons. It is different from the

others with trivalent status. The theoretical analysis reveals that the cohesive energy is related to the 4f electrons. The contribution to

cohesive energy increases with the number of 4f electrons increasing, which may be due to the shrinking effect of the atomic radius for

the lanthanum group. The study implies that the characteriscs of rare earth element are due to the relation between their melt pointing

and conhesive energy and electronic structure.

Keywords: rare earth elements, the valence electronic structures, melting point, cohesive energy
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