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æ^Äu�Ý�¼nØ�1�5�n�{, 32ÂFÝCq (GGA) Ú GGA+U �{eék¬�. LiMn2O4 9
Ù Al �,�k¬�. LiAl0.125Mn1.875O4 ¬N�(�Ú>f5�?1
O�. (JL²: æ^ GGA �{��k¬
�. LiMn2O4 ´á�¬X(�, Ù¥� Mn lf� +3.5 d, Ã{)º§� Jahn-Teller ÆC. �Ñ� LiMn2O4 U�(
�A���¢�(JØÎ. æ^ GGA+U �{��3$§e� LiMn2O4 ÚÙ�,NX LiAl0.125Mn1.875O4 �¬
NÑ´��(�, �¢���. �U²(/(½ Mn �ü«d� Mn3+/Mn4+ �©Ù¿�U
`² Mn3+O6 � z �
�k²w� Jahn-Teller ÆC,  Mn4+O6 KvkÆC. LiMn2O4 �U�(��¢�'��U
ÎÜ. æ^ GGA+U

�{é Al �,NX� LiAl0.125Mn1.875O4 �ïÄL², ^ Al O��� Mn Ø¬²w/UC¬N�>f5�, ��
±k�/�Ø Al3+O6 l¡N� Jahn-Teller ÆC, lUõ�4á� LiMn2O4 �5U, ù�>zÆ¢��*	(J
���.

'�c: LiMn2O4, Al �,, >f(�, 1��nO�

PACS: 73.90.+f, 73.20.At, 71.15.Nc, 71.20.Nr

1 Ú ó

� � � l f > ³ � � 4 á�, k ¬ �
. LiMn2O4 ±Ù]´L!¤�$í!S�5
p!À/�!ÃÓ�`ûA5, C
c5É�ïÄ
ö�é�'5 [1−5]. k¬�. LiMn2O4 á��n
ØNþ� 148 mA·h/g, ¢S¥� LixMn2O4 á��
Nþ� 120 mA·h/g �m, �>²�3 4.15 V NC.

3L�>�¹e, �¬Ñy 2.95 V �>Ø²� [6].

du Jahn-Teller ÆC, ��k¬�(� LiMn2O4 ¥
� Mn-O l¡N� Mn-O o¡N=C, ù´��Ø
�_��CL§, E¤Ø�_�Nþ��. d	, k
¬�. LiMn2O4 p§eÌ�Ú;�5U��´�

�Ù¢^z�Ì�Ï� [7].

¢�þ, <�®²é LiMn2O4 �4á�?1

�þ�ïÄ, Ì�8¥3ü��¡: �´æ^�
�{!KíEh{!Pechini �{!��D{!M
�v�{!t��äÜ{��«Ü¤�{Ú¢�
^�&¢��5UûÐ�k¬�. LiMn2O4 �4
á� [8−10]; �´�
~� Jahn-Teller ÆC, ék¬
�. LiMn2O4 ?1U5Ú�,?», Ì�k: 1) Ü
¤ “L��” Li1+xMn2−yO4 (x, y > 0) ½ “"��”

Li1−xMn2−yO4(x, y > 0) á�^5³� Jahn-Teller

ÆC?UõÙÌ�5U; 2) ÏLL¡�CéÙ?
1U5; 3) �k���{´Ú\d�½�,��
fO� Mn3+ lf, �,��fÌ�k: Co, Ni, Cr,

Al, Ga � [11,12].
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nØþ, <�®²æ^1�5�n�{ék
¬�. LiMn2O4 �4á��(�Ú>f5�?
1
&?, �c�O��õæ^ LDA ½ GGA �
{ [3,4,13,14], O��±���¢�'��Î�¬
�~êÚ¬�NÈ. Ceder ïÄ|æ^ LDA �{
O�Ñ�� LixMn2O4 ��ã [13], U'�¤õ/
)º§��C. �´æ^ GGA �{O��(Jw
« LiMn2O4 �7á5, ù�¢�*	� LiMn2O4

zÜÔ´��N�gñ. �ØØ^ LDA ½ GGA

� { Ñ � U � Ñ LiMn2O4 ¥ � � l f � +3.5
d [3,4], §�ÑÃ{�Ñ3¥fû�¢�Ú^Æ
ïÄ¥*	�� Mn3+/Mn4+(=Ó�¹ 3+ Ú 4+
�lf) �¢�¯¢ [15,16]. ù´Ï����zÔ
á�Ï~áur'éXÚ, æ^ GGA ½ LDA �
{ér'éØU�ÑéÐ�£ã. �C�ïÄ
w«, éuLÞ7á�zÔæ^ DFT+U �{U
�Ð/ýÿ§���fÚ>f(� [1,2,17−23]. �
©¥, ·�'�
 GGA �{Ú GGA+U �{O
�� LiMn2O4 9Ù Al �,� LiAl0.125Mn1.875O4

¬ N � A Û Ú > f ( �. ï Ä ( J L ²,

GGA+U � { � ± é LiMn2O4 9 Ù Al � ,
� LiMn2O4 � � f Ú > f ( � � Ñ Ü n �
ýÿ.

2 �.�O��{

¿§ek¬�. LiMn2O4 áuá�¬X, ä
k Fd3̄m � m + [16], Ù ( � X ã 1 ¤ «. 3
z � k ¬ � ¬ � ¥ � k 56 � � f   �, k 32

� O2− l f,   u 32 e   �; 16 � Mn l f,

  u 16 d   �; 8 � Li+ l f,   u 8 a   �.

O � �, Ð © ¬ � ~ ê � �: a = b = c =
8.242 Å. Ø
é k ¬ � . LiMn2O4 ? 1 GGA

Ú GGA+U O � � 	, · � � ò LiMn2O4 ¬ �
¥��� Mn O�¤ Al �f, ��
�,ßÝ
� 6.25%� LiAl0.125Mn1.875O4¬N.

�©�O�Äug^4z��Ý�¼nØ.

¦^�1�5�n�{´Äu VASP §S� (Vi-

enna ab initio simulation package)[24,25], T § S �
æ^²¡ÅÐmÚN�M\Å³�{ (Projector

augmented-wave (PAW) potentials)[26,27] . �©¤k
�O�Ñ´3 GGA(PW91)[28] Ú GGA+U [29,30] µ
ee?1�. O���²¡Å�äUþ� 500 eV.

Li, Mn, O Ú Al � > f | � © O � Li 2s1, Mn

3d54s2, O 2s22p4 Ú Al 2s22p1. Ùp�«�È©
æ^
Monkhorst-Pack �AÏ k :���{ [31], k

�m��:� 5 × 5 × 5. O��, éþ¡¤ã�¬
�/GÚ¬�S��f �Ñ?1
¿©�µþ,

�fÉå�ÂñIO�� 0.05 eV/nm, Uþ�Âñ
IO� 1.0 × 10−6 eV. 3¼��`z�AÛ(��
Ä:þO�XÚ�>f5�.

þ¡®²�Ñ, �
�ÄLÞ7á��zÔ
¥ d >f�Û�z�A, I�æ^ GGA+U ��
{. 3±c�ïÄ¥, Mn � U �®²ÏLgUO
��{¼� [32]. 3k¬�(�¥, Mn3+ lf U

�´ 4.46 eV, Mn4+ lf U �´ 5.04 eV[33]. Ï�
3 LiMn2O4 ¥, Mn3+ Ú Mn4+ lf´¿��, Ï
d�©æ^��k�� U �� 4.84 eV[34].

c

b

a

c

b

a

(a) (b)

ã 1 8×LiAl0.125Mn1.875O4 �¬�(� (a) �l¡NÀã, Mn-O6 l¡Nw«�bÚ (�Ú), Al-O6 l¡Nw«�f�
Ú (fÚ), Li lfK uù
l¡N|¤�n�Ï��m; (b) ��A��fü�ã
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3 (J�?Ø

3.1 LiMn2O4 ¥¥¥ ��� Jahn-Teller ÆÆÆ CCC
ÚÚÚ Mn3+/Mn4+ ���>>>fff(((���

æ ^ GGA Ú GGA+U � {, ² L A
Û ` z � � � � LiMn2O4 9 Ù Al � ,
� LiAl0.125Mn1.875O4 ¬N�¬�~ê!¬�N
È±9Ù¥��lf�d��XL 1 ¤«. GGA

O���� LiMn2O4 �(�´á�¬X, GGA+U

�{��� LiMn2O4 �(�´��¬X, ��
¬X� Rodriguez-Carvajal �3 230 K ±e�¢
�(Jâ´��� [16]. ��, GGA+U �(J�
�Ün. æ^ GGA �{l¬N(�þ¿vku
y Jahn-Teller ÆC (n����¬�~ê´�Ó�,

= a = b = c = 0.816 nm). æ^ GGA+U �{
��� LiMn2O4 ¬�~ê, Ù��� c � 0.863 nm

' a � �
 0.043 nm (ë � L 1), ù Ì � ´ d
u Jahn-Teller ÆC¦� Mn—O �3 z ¶���
��(J. Jahn-Teller ÆC�±�*/l Mn—O �
���©Ù*	� (Xã 2(a) ¤«). ã 2 ¥ z ¶

�� Mn3+—O ���� Mn4+—O ���'²w
O�. 3 LiMn2O4 ¥, z��lf�±�� 6 �
�lf/¤��l¡N, Mn—O �´d�� 2p ;
�Ú�� 3d ;��,z/¤�. �â� |n
Ø [35], �� 3d ;�©�¤�$� t2g ;� (t2g n
�´d dxy, dyz Ú dzx |¤�) Ú�p� eg ;
� (eg ��d dx2−y2 Ú dz2 |¤). éu Mn4+ l
f, d >f�� t32g, =3 xy, yz Ú zx ²¡þ� t2g
;� (dxy, dyz Ú dzx) �>f�4���Ð�3l
¡Nþ����f� p ;��m (�´é¡�), Ï
dvk Jahn-Teller ÆC. éu Mn3+ lf, d >f�
� t32g e1

g, 3 xy, yz Ú zx ²¡� t2g ;� (dxy, dyz

Ú dzx) �>f�4��E,�Ð�3l¡Nþ�
���f� p ;��m, /¤��Ø¬ÚuÆC.

�´, eg ;�¥� dz2 ;�þk��>f (dx2−y2

;�þvk>f), Ù>f�4���Ð3 z ¶�
�þ, �� z ��þü���f� pz �-, l
3 z ��/¤����, C¤.��l¡N, =
�) Jahn-Teller ÆC. 3·�O��¬�¥k 8

� Mn3+O6 l¡N3 z ��Ñk Jahn-Teller ÆC,

 8 � Mn4+O6 Kvk Jahn-Teller ÆC.

L 1 `z��¬�~ê!¬�NÈ!�lf�d�Ú�Y

a/nm b/nm c/nm d� ¬�NÈ /nm3 �Y Eg/eV

LiMn2O4

¢� [16,36] 0.820 0.825 0.828 +3/ + 4 0.560 1.20

GGA(PW91) 0.816 0.816 0.816 +3.5 0.542 7á5

GGA+U 0.820 0.834 0.863 +3/ + 4 0.591 0.25

LiAl0.125Mn1.875O4 GGA+U 0.818 0.836 0.855 +3/ + 4 0.585 0.18

ã 2 æ^ GGA+U O���� (a) LiMn2O4 ¥�lfÚ; (b) LiAl0.125Mn1.875O4 ¥ Al3+ O� Mn3+ ��Ú¾lf±�Ü
©lf� �. çÚ��lf, ùÚ (�Ú) ��lf!f�Ú (fÚ) �L¾lf. +3 Ú +4 L«�A�lf�d�. ã¥IÑ

�Ú¾�±���m��� (ü � nm)
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æ^ GGA Ú GGA+U �{��� LiMn2O4

�U�Úo��ÝXã 3 ¤«, O�´3c^
5�b�e?1�. GGA �{�O�(JL²,

LiMn2O4 ´7á5� (ã 3(a) ¤«), ¤�U?B�
��. GGA+U �{du�Ä
LÞ7á d >f�
Û�z�A, ��� LiMn2O4 �U�(�´��N
5�, �Y�� 0.25 eV(ã 3(b) ¤«). ?�Ú, ·�
�Ñ
�lf d >f�n� t2g Ú�� eg �
©��Ýã. æ^ GGA �{���¤k 16 ��l
f� d >f�©��ÝãÑ´���, Xã 4 ¤«,

Ù¥ eg ;�vk�>fÓâ, t2g �g^�þ�>

f����Óâ, g^�e�>f�K�k 0.5

�>fÓâ, ùL²z��lfþ� +3.5 d (=d
u t2g þ�k 3.5 e Óâ, �éu Mn � 5 � d >f,

`²k 1.5 e >f¿�
. du Mn ���� 2 � 4s

>f, ¤± Mn lf´ +3.5 d�. �L 1). ,��
¡, GGA+U �{��� d >f©��ÝXã 5 ¤
«, ã 5(a) Ú 5(b) �(J�±�Ù/«©�lf�
ü«ØÓ�d�. 3ã 5(a) ¥, Mn lf� t2g ;�
g^�þ�Ü©�>f��Óâ, g^�e�Ü©
vk�Óâ,  eg ;�g^�þ�>f�k��
> fÓâ (g ^ �ev k Ó â), ù�( JL ²


ã 3 æ^ (a) GGA �{Ú (b) GGA+U �{��� LiMn2O4 �U�Úo��Ý, ¤�U?��":
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Mn lf� d >f|�´ t32g e1
g (T|�L² Mn

þ�k 4 � d >fÓâ, �§��f�>f|
� 3d54s2 �', Mn ��
 3 �>f, �� Mn3+).

3ã 5(b) ¥, Mn lf� t2g ;�g^�þ�Ü©
��>f��Óâ,  t2g ;�g^�e�Ü©±
9�� eg ;��U?Ñvk�>fÓâ, ùL²

 Mn lf� d >f|�´ t32g, L² Mn þk 3

� d >fÓâ, � Mn �f�>f|� 3d54s2 �
', Mn ��
 4 �>f, �� Mn4+. �
¥y Mn

lf�Ù±� O lf�¤��¹, ã 6 �Ñ

± Mn3+ Ú Mn4+ lf�¥%!¹ O—Mn—O �
�²¡þ��©>Ö�Ý. dã 6 �±w�, Mn4+

lfÚ Mn3+ lfÑ´�>f�, >Ö=£�
 O,

¤�k²w�lf5; Ó�>Ö�Ý©Ù�LyÑ
²w���5, Ïd Mn—O ��k�d5. Mn4+

lf (ã 6(a)) � Mn3+ lf (ã 6(b)) ±��>Ö
�m©Ù² w ØÓ, w« GGA+U �O �� ± (

ã 4 GGA �{��� Mn lf� d >f t2g Ú eg �©�
�Ý, ¤�U?��":

ã 5 GGA+U �{��� (a) Mn3+ lfÚ (b) Mn4+ lf� d >f t2g Ú eg �©��Ý, ¤�U?��":. ���g^�
þ�©þ, K��g^�e��

(a) (b)

ã 6 (a) O-Mn4+—O ²¡��©>Ö�Ýã; (b) O-Mn3+—O ²¡��©>Ö�Ýã; ��p� (¢�) �L>ÖO\, J�
L«>Ö��
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ã 7 8×LiMn2O4 �¬�¥ Mn3+(^ +3 L«) Ú Mn4+

(^ +4 L«) �ü��¹

½ Mn � ü « d � Mn3+/Mn4+ 9 Ù © Ù.

,	, d © z [37] � � Mn3+ l f � � »
� 0.0645 nm, Mn4+ lf��»� 0.053 mn, d
dO� Mn3+/Mn4+ lf3T�»e�>fÙÛê
©O� s0d2.95 Ú s0d2.30. du LiMn2O4 ¥ Mn � O

�m�¤�Ø��´lf5�, �k²w��d5,

·�¦^�d�»O�� Mn3+/Mn4+ ÙÛê©O
� s0.11p0.14d4.36 Ú s0.13p0.19d4.27(3ùp, �d�
»�� Mn-O l¡N¥¤k Mn-O ���²þ��
��). ¤±, ¢S�>fÙÛê�ûuÈ©�». ±
þé>fÙÛê�O��²(/L²
 Mn lf
kü«d�. ã 7 �Ñ
 LiMn2O4 ¥ Mn3+/Mn4+

lf�ü��¹, 16 ��lf3��¬N�é�þ
/¤o�d Mn lf�¤�o¡N, z�o¡Nd
ü� Mn3+ Úü� Mn4+ |¤.

3.2 LiAl0.125Mn1.875O4 ���(((������>>>fff555���

éu Al �,� LiMn2O4 ��¹ (ò Mn O ),

æ^ GGA+U �{O���� LiAl0.125Mn1.875O4

�U�Úo��ÝXã 8 ¤«. 3��¬�¥,

^�� Al O�Ù¥��� Mn, ��u�,ßÝ
� 6.25%. O �¬��NÈCzé� (dL 1 �,

�~�
 1%), 3¤�U?NC�U�(�Úo
���Ý�Czé�. ù´du Al ��,ßÝé
$, �O �� AlO6 l¡N�o>f��Ý (=
ò Al Ú±> 6 � O �G��Ý\å5) ÚO c
� MnO6 l¡N�o��Ý�~�q (Xã 9 ¤
«). ã 2 �Ñ
��,�� Mn3+O6, Mn4+O6 l
¡NÚ�,�� Al3+O6, Mn4+O6 l¡N�ÛÜ
¬N(�. lã 2(a) �±wÑ, ØÓd�� Mn l
f� Mn—O ��´ØÓ�. du3 LiMn2O4 ¥�
3 Mn3+ Ú Mn4+ ü«d��lf, Mn4+O6 l¡
N¥vkuy²w� Jahn-Teller ÆC (Mn—O ��
²þ��� 0.195 nm),  Mn3+O6 3 z ��k²w
��� (z ��� Mn—O ������ 0.219 nm,

 x-y ²¡�²þ��� 0.199 nm), u)
�²w
� Jahn-Teller ÆC (3.1 ¥® ²) º
ù« ÆC ����� �� � � � � � � � � � � �� 	 
 � � 	 
 	 
� 	� �

� � � � � � � � � � � � � � �
���� �� �

� � � � � � � � � � � �  �
ã 8 æ^ GGA+U O���� LiAl0.125Mn1.875O4 �U�Úo��Ý, ¤�U?��":
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åÏ). 3ã 2(b) ¥, �^ Al O� Mn �·�u
y: Al3+O6 l¡N3 z ¶��þ� Al-O ��C
� 0.196 nm (²þ��� 0.194 nm), = Al-O l¡
N�ÆCÄ�þ��Ø, ¤��l¡N. ùL²,

Al �O �±²w/~� Al-O l¡N� Jahn-

Teller ÆC, 3§±��5�od Mn � Mn4+O6

l ¡ N Ä � v k C z. ? � Ú © Û X e: O  
c LiMn2O4 ¥ Mn3+ lf� dz2 >f�>f�
4���Ð3 z ¶��þ, � z ¶þ��� pz >
f�éA, ¦ z ��� Mg-O �.�, �)
 Jahn-

Teller ÆC. O �, Al � px,py Ú pz >fé¡©
Ù (vk
 dz2 >f), Ú�� px,py, Ú pz >f�
�p�^´é¡�, Ï��~�
 Al-O l¡

N� Jahn-Teller ÆC. ®²kïÄ [1] ;�?Ø Li

lf±� Mn3+ Ú Mn4+ �©Ùé�lf*Ñ
�K�. ¦��(Ø´: 1) Li lf±� (�k 6

� Mn lf) � Mn4+ lf' Mn3+ õ�, �$³
^�/; 2) Li lf±�� Mn4+ lf' Mn3+ �
�õ�, �¥�³^; 3) Li lf±�� Mn4+ lf
� Mn3+ ê���, �p³^. �±íä, ^ Al3+

O� Mn3+ �, Mn4+ �êþ¬�u Mn3+ �ê
þ, ¤± Al �,¬ü$ Li lf±��³^. ,
��¡, Mn3+ ±�� Jahn-Teller ÆC¬J,*Ñ
³^, � Mn3+ � Al3+ �O��, Ù±�� Jahn-

Teller ÆC²w~�, ù�òk|u*Ñ³^�
ü$.

ã 9 (a) �,c Mn3+O6 l¡N�o��Ý; (b)¾O���� AlO6 l¡N�o��Ý

4 ( Ø

æ ^ 1 � � n � { é � l f > ³ � 4 á
� LiMn2O4 9Ù Al �,� LiAl0.125Mn1.875O4 ¬
N�(�Ú>f5�?1
ïÄ. (JL², æ
^ GGA �{Ã{O(/£ã LiMn2O4 ¥Ó�
äk Mn �ü«d� Mn3+/Mn4+, ØU�(/)
º Jahn-Teller ÆC, �ØU�Ñ LiMn2O4 �(�U
�(�. æ^ GGA+U �{U�Ð/£ã���
zÔ¥r'é�>fA�, �±²(/�Ñü«d

�� Mn3+/Mn4+ lf�©Ù±9§��>f5�,

U
`² Mn3+O6 � z ��k²w� Jahn-Teller Æ
C,  Mn4+O6 Kvk²w� Jahn-Teller ÆC, ��
±�Ñ�¢�'����U�(�. æ^ GGA+U

�{é Al �,NX� LiAl0.125Mn1.875O4 �ïÄ
L², ^ Al O��� Mn Ø¬²w/UC¬N�(
�Ú>f5�, ��±k�/�Ø Al-O l¡N�
ÆC, lUõ�4á� LiMn2O4 �5U, �>z
Æ¢��(J��.
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Abstract

The structural and electronic properties of spinel LiMn2O4 and its Al doping system LiAl0.125Mn1.875O4 are investigated

within the density functional theory in both the generalized gradient approximation (GGA) and the GGA with Hubbard U correc-

tion (GGA+U ). The results from the GGA method suggest that LiMn2O4 has a cubic structure and the valences of Mn ions are all

+3.5, which is unable to explain the Jahn-Teller distortions in the material. The band structure of LiMn2O4 predicted by the GGA

method is also inconsistent with experimental result. With the GGA+U method, the low temperature structures of LiMn2O4 and its

Al doping system LiAl0.125Mn1.875O4 are shown to be orthogonal, the two different valence states of Mn, i.e., Mn3+/Mn4+ ions, are

then determined, which is then able to explain the Jahn-Teller distortion in octahedron Mn3+O6 and the non-existence of distortion in

octahedron Mn4+O6. These results are in good accordance with experimental data. Their band structures by GGA+U calculations

are also consistent with experimental results. The GGA+U calculations on the LiAl0.125Mn1.875O4 indicate that with the replacement

of an Mn by Al, the crystal structure and electronic properties are not significantly changed, but the Jahn-Teller distortion in octahe-

dron Al3+O6 can be effectively eliminated, which could improve the performance of the anode materials based on LiMn2O4. The

phenomenon is in consistent with the electrochemical experiments.
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