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æ^Äu�Ý�¼nØ�1�5�n�{, éäk"�.�Ô¶(����Ná� AIIAl2C4
V I(A =

Zn, Cd, Hg; C = S, Se) ��.Ú>f(�?1ïÄ, ¿XÚ�	
�¬N�1Æ5�. éu�51Æ5�, Ê«¬
N3ù	«ÚÜ©��1«äkûÐ�ß15U, Ù¥ HgAl2S4 Ú HgAl2Se4 ¬Näk·¥�Vò�Ç. 3��5
1Æ5��¡, Ta¬N�ª�A�r, nØýÿ�����·��ªXêþ�� (> 20 pm/V). NX��ª�A
Ì�5
ud�ºNC± S/Se d p ;��Ì�¤©�U��¹k�õ Al/Hg d p ¤©����m��[. ÏL�
®û�z� AgGaC2 ¬N1Æ5��é', (JL² HgAl2S4 Ú HgAl2Se4 ´�a5U`û�ù	��51Æ¬
Ná�.

'�c: "�.�Ô¶(�, �Ý�¼nØ, U�(�, 1Æ5�

PACS: 71.20.Nr, 78.20.Ci, 42.65.Ky

1 Ú ó

d/B, 0AÚ3Ax��|¤� A/ B0
2 C4

3

.n���Ná�´�a­��õUá�, cÙ
´31>ïÄ+�äkd3�A^d� [1]. Ù¥,
CdGa2Se4 Ú CdAl2S4 ¬N®�^u���NÈÅ
ìÚb	1>&ÿì [2,3]. Ó�, TazÜÔäk
�¥%é¡(�¦Ù�LyÑ����51Æ5
�. ~X, ¢�*ÿ� HgGa2S4 ¬Näk�r��
��ª�A (SHG), Ù�ªXê�� 31.2 pm/V[4],
pu®û�z�äko��Ô¶(�� AgGaS2.
d	, du A/B0

2 C4
3 .zÜÔÏ~äk��

��Y, �±ýÿTa¬Näk�Ð�|-1�ú
5U.

�²;�Ô¶.��Ná��' [5−8], k'
A/B0

2 C4
3 .zÜÔ�ïÄ��é�� [9−12].

3nØïÄ�¡, Jiang �<æ^�5 muffin-tin ;
� (LMTO) �{éØÓ|¤� A/B0

2 C4
3 zÜ

Ô�U�(�?1
XÚïÄ [9], ¿é§���
Y?1
ýÿ. Mishra �<�Cæ^;åP LMTO
�{�	
 AAl2Se4 (A = Ag,Cu,Cd,Zn) ¬N�
�.Ú>f(� [10], ­:é A � Se �f�m� p-
d ,z§Ý?1
&?. Verma �<æ^�³U
M\²¡Å (FP-LAPW) �{ïÄ
 ZnAl2Se4 �
>f(�!�51Æ5�±99Æ5� [11]. �
éu A/B0

2 C4
3 ¬N�����51Æ5�

�nØïÄ�ÿ����. �d, �©/ÏnØ
ïÄ�{, é B  �f� Al ���Ê« AAl2C4

(A = Zn,Cd,Hg; C = S,Se) ¬N�>f(�!�
5Ú����51Æ5�?1XÚïÄ, éÙ�U
äk�AÏ1Æ5U?1nØýÿ, �TaõUá
�3¢S+�¥�A^JønØ�â.

2 O��.Ú�{

�©�Ì�O�ó�æ^ VASP §S [13,14] �
¤. O�¥æ^Äu�Ý�¼nØ (DFT) �1�
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5�n�{, À� PAW .�³Ú PBE .���'
�¼ [15] é AAl2C4 ¬N��.ÚU�(�?1ï
Ä, ²¡Å��Uþæ^§S�%@�. 3�.`
z¥, ¤À�� k ����� 9 × 9 × 9. 3���
.�Ä:þ, ·�?�ÚïÄNX��5Ú��5
1Æ5�.

¬N�1Æ5��NX�0>¼ê�éX. 3
�5�A��S, ¬Né1>|��5�AdE0
>¼ê5£ã:

ε(ω) = ε1(ω) + iε2(ω), (1)

3¢SO�¥, 0>¼êJÜ ε2(ω) �±ÏLÓ
âÚ�ÓâU��m�ÄþÝ
�¦Ñ. ,�Ï
L Kramers-Kronig 'Xª [16], �±¦�0>¼ê
¢Ü ε1(ω). �
�y1Æ5��Âñ, ²L�X�
ÿÁ�, 31Æ5�O�¥¤À�
� k ����
� 15×15×15(��) 1688 �Ø�� k :). |^E
0>¼ê, ·����NX��«�51Æ5�ë
ê, �)ò�Ç (n)!�1Xê (κ)!áÂXê (α)
Ú��Ç (R) �, Ù¥ n Ú κ �0>¼ê, ±9§
��Ù¦�51Æëê�m�'XXe:

n(ω) =

√√
ε2
1(ω) + ε2

2(ω) + ε1(ω)
2

, (2)

κ(ω) =

√√
ε2
1(ω) + ε2

2(ω) − ε1(ω)
2

, (3)

α(ω) =
2ωκ(ω)

c
, (4)

R(ω) =
(n − 1)2 + κ2

(n + 1)2 + κ2
. (5)

éu¬N�����51Æ5�, 8cÌ�k
ü«å»5O����ªXê: �«´æ^ÄþL
�, ~X�MUïÄ|¤JÑ�U?��ªXêO
��{ [17]; ,�«´æ^�ÝL�, T�{��Ð
ó�´d Aversa Ú Sipe �¤� [18], ¦�ÏLò 

��Î©¤�S�zÚ�m�züÜ©, í�ÑÃ
uÑ5�úª. ��, Rashkeev �< [19] òL�ª
­#ü�±w«ÑÙ Kleinman é¡5. �©òæ
^�ÝL��{5O��¬N��ªXê. �âT
�{, ¬N����ªXêL«� (±eL�ªþ
æ^�fü �)

χabc(−2ω, ω, ω) =χabc
two-band(−2ω, ω, ω)

+ χabc
three-band(−2ω, ω, ω) (6)

Ù¥ χabc
two-band �NVU?��z, §=�)�m

�[�¤©; χabc
three-band(−2ω, ω, ω) �N
nU?

�z, ÏT��¹
n^U�. 3"ª�, �©O
L«�

χabc
two-band =

1
V

∑
nml,k

ra
nm{rb

mlr
c
ln}

ωnmωmlωln

× [ωnfml + ωmfln + ωlfnm], (7)

χabc
three-band =

i
4V

∑
nm,k

fnm

ω2
mn

[ra
nm(rb

mn;c + rc
mn;b)

+ rb
nm(ra

mn;c + rc
mn;a)

+ rc
nm(ra

mn;b + rb
mn;a)], (8)

þª¥ fnm = fn − fm �3,� k :, 1 n ^
U��1 m ^U��¤�Ïf��; ωmn �T k

:�1 m ^U��1 n ^U��m�U?�,
= ωmn = ωm − ωn; V �ü�NÈ; rb

mn;a ��I�
2Â�Î, ½Â�

rb
mn;a =

ra
nm∆b

mn + rb
nm∆a

mn

ωnm

+
i

ωnm

∑
l

(ωlmra
nlr

b
lm − ωnlr

b
nlr

a
lm), (9)

Ù¥ ∆a
mn = (pa

nn − pa
mm)/m �1 n ^U��1 m

^U��m>f�Ý�.
� \ � 1 � ª Ç u ) U C �, χabc

two-band

Ú χabc
three-band �L�ª©O�

χabc
two-band(−2ω, ω, ω) =

1
V

∑
nml,k

ra
nm{rb

mlr
c
ln}

(ωln − ωml)

[
2fnm

ωmn − 2ω
+

fln

ωln − ω
+

fml

ωml − ω

]
, (10)

χabc
three-band(−2ω, ω, ω) =

i
2V

∑
nm,k

fnm

[
2

ωmn(ωmn − 2ω)
ra
nm(rb

nm;c + rc
mn;b)

+
1

ωmn(ωmn − ω)
(ra

nm;cr
b
mn + ra

nm;brc
mn)

+
1

ω2
mn

(
1

ωmn − ω
− 4

ωmn − 2ω

)
ra
nm(rb

mn∆c
mn + rc

mn∆b
mn)

− 1
2ωmn(ωmn − ω)

(rb
nm;ar

c
mn + rc

nm;ar
b
mn)

]
. (11)
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�âþã�n, ·�?�
O��5Ú����
51Æ5��§S�¬, T§S�¬� VASP ^
��Ü¦^, $1�¤Ñ\ëê�)ü�NÈ!
�U�Uþ���!å©ª�U�±9�[Ý

��. T§S�¬���5®3c©é LiAsSe2

Ú Pb2B5O9I NX�ïÄ¥���y [20,21]. d	,
duX DFT �{��$�
��N�Y, Ïd, 3
¢S1Æ5�O�¥IÚ\}
�Ïfò���
Nþ£5���Y, ±¼����1Æ5Uëê.

3 O�(J�?Ø

3.1 ���...`̀̀zzz(((JJJÚÚÚ>>>fff(((���

AB2C4 ¬Náuo�¬X I 4̄ �m+, Ùü�
�. (�ã 1(a)) 5
u²;� ABC2 .�Ô¶(
� (�ã 1(b)). dã 1 �±wÑ, AB2C4 .¬N�
ü��±w� ABC2 .ü�"�
 2 � A �f

/¤�, =éAu"�.�Ô¶(�. /¤"��,
�
ü��±>¥5, IÚ\
1�Bx�LÞ7
á�f (Zn, Cd Ú Hg) 5�O ABC2 .ü�¥�e
� A �f. �,ü«�. A Ú B �fþ�o� ,
� C �f�� ê%ØÓ. 3 AB2C4 .(�¥ C

�f�n� , §�±� 1 � A �fÚ 2 � B �
f/¤n�I(�. Ïd, ��Ô¶�.�', "�
�ü��é¡5eü, ùk|uO�NX���5
4zÇÚ���ª�A.

L 1 �Ñ 5 « AAl2C4 ¬N�ü��.`z(
J, ¿�Ñ
�A�¢�(J±ø'�. oNþw,
nØýÿ���ü�ëê a Ú c ±9ü�NÈþ
'¢����, Ù�Ï��©¤æ^� GGA .�
¼Ï~´$��fm�(ÜrÝk'. Ó�, dL 1

êâ�±wÑ, � A �fØC�, ü�ëêÚü�
NÈ� C �fSê�O�
C�.

ã 1 ü��.ã (a) "�.�Ô¶(�; (b) ���Ô¶
(�

L 1 AAl2C4 (A = Zn, Cd, Hg; C = S, Se) ¬Nü�ëêÚ�Y�¢���O�(J

¬N
a/Å c/Å NÈ /Å3 Eg/eV

Scissor/eV
¢�� O�� ¢�� O�� ¢�� O�� ¢�� O��

CdAl2S4 5.5528a) 5.5979 10.1081a) 10.2239 311.67a) 320.39 3.40f) 2.81(2.61) 0.59

CdAl2Se4 5.7606b) 5.8636 10.7147b) 10.8664 355.56b) 373.61 3.07g) 2.02(2.13) 1.05

HgAl2S4 5.5059c) 5.6010 10.1918c) 10.3140 308.96c) 323.56 3.43h) 2.11(2.18)h) 1.32

HgAl2Se4 5.7183d) 5.8281 10.7643d) 10.9158 351.98d) 370.77 2.83h) 1.46(1.57)h) 1.37

ZnAl2Se4 5.503e) 5.6143 10.9e) 10.9854 330.08e) 346.26 3.31f) 2.17(2.23) 1.14

a)[22], b)[23], c)[24], d)[25], e)[26], f)[27], g)[28], h)[9].
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U�O�(JL², Ê« AAl2C4 ¬Näk
aq�U�(�, �´� C  � S �f�, �m
��Y��N; e� Se �f�, K����Y�
�N. ã 2(a) ± HgAl2S4 Ú HgAl2Se4 �~, �Ñ

�A�U�ã. éu HgAl2S4, Ùd�º (VBM)
 uÙp�« X :, ��. (CBM)  u Γ :;

 HgAl2Se4 � VBM Ú CBM þ u Γ :?. �

BuU�(��©Û, ã 2(b) �Ñ
ü«zÜÔ
�o DOS ã±9Ü©�f;��© DOS ã. dã
��, ?3Uþ�$«� (� −12 eV) �U�Ì�
¤©� S/Se �f�d� s ;�;  u −6.0 eV N
Cr³��²"�@
U�Ì�5g Hg � 5d ;
�; éu −5.0—0 eV �m�d�, Ì�¤©� Hg

�fÚ S/Se �f�d p ;�, Ù¥�Cd�.�
U�¥ Hg ��z�pu S/Se �f, 
�C VBM
�U�K��, S/Se �zpu Hg �f. 3��¥,
?u¤�U?þ���áU�Ì�¤©� Hg �f
� 6s ;�;  u�pU?«����K�¹k�
õ Al �f��z. éuÙ¦ AAl2C4 NX�DOS©
Ù�ã 2 �q, �´þã�|U��m��é �
k¤ØÓ. d	, ��� ABC2 �Ô¶.¬N�',
�öVBM�Ì�¤©þ� C  �f�d� p ;
�. �du A  �fa.ØÓ (ABC2 zÜÔ¥ A

�f� IB x��), CBM�|¤k¤ØÓ. éu
ABC2 .¬N, ÙCBMÌ�¤©� B �f��z.
~X AgAlS2 ¥ Al �fé CBM ��z��wÍ.

ã 2 HgAl2C4 (C = S, Se) �U�ãÚ��Ý (DOS) ã (a) U�ã; (b) o DOS Ú© DOS ã (ã¥¤�U?�Uþ":)
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L 1 �Ñ
 5 « AAl2C4 zÜÔ�Y�nØ
ýÿ�!¢�ÿþ�±9±e1Æ5�O�¥¤
æ^�}
�Ïf. Jiang �<Q3 LDA �{�
��Y�Ä:þ, éê�« AB2C4 .¬N��Y
?1?�, �����Yþ�¢��ÎÜ�Ð [9].
du HgAl2S4 Ú HgAl2Se4 �Y�¢������
�, �d�©éùü«¬NÀ� Jiang �<?��
��Y (©O� 3.43 Ú 2.83 eV) ��¢��Y. d
L 1 ¤�Ñ�¢��Y���, ùp¤'5�Ê«
¬Nþ�°B���N. �©æ^ PBE �¼���
�Y� LDA (J�C, þ'¢S�Y5��. Ó�,
� A  �f�Ó�, AAl2S4 ��Y�' AAl2Se4

5��.

3.2 ���555111ÆÆÆ555���

AAl2C4 zÜÔáuo�¬X, �ü¶¬N, 3
1ÆÌ¶�IX¥, 0>¼êkü�©þ (εxx =
εyy Ú εzz). O�(JL² 5 «¬N�0>¼ê
äk�q�Cz�¹. ã 3 ± HgAl2S4 �~, �
Ñ
0>¼ê¢Ü (ε1) ÚJÜ (ε2) �Uþ�C
z­�. éu ε1, 31fUþ�$ (< 4.6 eV) «
�, εxx

1 Ú εzz
1 ©þþÅìO�, Ù¥ εxx

1 ©þ�Ñ
�u εzz

1 ; ������, �ö¥yÑç¸.eü
ª³. éu ε2, dã 3(b) �±wÑ0>¼êáÂ
> u 3.43 eV, éAu HgAl2S4 ����Y. L 2
�Ñ
"ª��zÜÔ�·�0>~ê (ε1(0))
±9²þ·�0>~ê (εave(0)). dL¥ê��
�, ��YCzª³��, AAl2S4 �·�0>~

ê��u AAl2Se4 NX. ~X, HgAl2S4 � εave(0)
� 5.908, �$u HgAl2Se4(6.433). d	, ZnAl2Se4

NX'�AO, §� εxx
1 (0) ©þ�u εzz

1 (0). Ù(
J�� ZnAl2Se4 ��ü¶¬N, 
Ù¦o«þ�
Kü¶¬N.

ã 3 HgAl2S4 0>¼ê¢ÜÚJÜ�Cz­� (a) 0>
¼ê¢Ü (ε1); (b) 0>¼êJÜ (ε2)

L 2 AAl2C4 (A = Zn, Cd, Hg; C = S, Se) ¬N·�0>~ê (ε1(0)) !²þ·�0>~ê (εave)!·�ò�Ç (n(0)) Ú·�Vò�
Ç (∆n(0)) �O�(J

εxx
1 (0) εzz

1 (0) εave(0) no(0) ne(0) ∆n(0) = no(0) − ne(0)

CdAl2S4 5.884 5.744 5.837 2.42566 2.39661 0.02905

CdAl2Se4 5.892 5.798 5.861 2.42742 2.40799 0.01943

HgAl2S4 6.003 5.718 5.908 2.4502 2.39115 0.05905

HgAl2Se4 6.526 6.248 6.433 2.55467 2.4996 0.05507

ZnAl2Se4 5.958 5.970 5.962 2.44086 2.44342 −0.00256

3��0>¼êÄ:þ, d (2) ª�¦Ñ�¬
N�ò�ÇÚVò�Ç��. Ù¥Vò�Ç´ï
þ��51Æ¬Ná�5U`��­��I, ·¥

�Vò�Ç (0.06 � 0.1) �±¦¬N3�°Åã
��S¢y� ��, Ó�é\�-1åuÑÝ�
�¦�Ø�uLp. dL 2 �Ñ�O�(J��,
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¹ Zn Ú Cd � AAl2C4 ¬N�Vò�Çþ �, A
O´ ZnAl2Se4 �Vò�Ç�Cu", ù�L² 5
«zÜÔ¥ ZnAl2Se4 LyÑ�f���É5. é
u¹ Hg NX, = HgAl2S4 Ú HgAl2Se4 ¬N�Vò
�Ç��·¥ (�� 0.06), ÎÜ¬N� ����
¦, Ïd§�·Ü���ª¬N.

�â (4) Ú (5) ª, ·�?�Ú��
 5 «
zÜÔ���ÇÚáÂXê­�, Ù¥ HgAl2S4

Ú HgAl2Se4 �O�(J�ã 4. dO�(J�
�, Ê«¬N���Ì�m�[Ì�u)3 5.0 eV
���pUþ«�, 3Ù¦Uþ«���Çþ�
u 50%. Ù¥, 3ù	«ÚÜ©��1« (< 3.0 eV),

Ê«¬N���Çþ$u 20%. dáÂXê­��
�, AAl2C4 ¬N��ráÂ¸þ?3b	«�. d
u§���Y��, Ïd3��ù	ÚÜ©��1
«�áÂXêþé�, cÙ3ù	« (< 1.6 eV), á
ÂXê�". nÜ�Ä��ÌÚáÂÌ, Ê«á�
3��ù	«�þäkûÐ�ßL5, ß1��C
X
��ù	Åã. du AAl2C4 ¬N��ráÂ
¸Ú��¸þ?ub	«�, ¤±§��±�^5
��b	1¶-½öb	&ÿC�. dã 4 ��,
� A �fØC�, �X C �fd S Cz� Se, ¬N
3ù	«���Ç¥yÑþ,ª³, Ó�duNX
�Y�eü, ��áÂÌ¥ß1��~�.

ã 4 HgAl2S4 Ú HgAl2Se4 ¬N���ÇÚáÂXêCz­�ã (a) ��Ç; (b) áÂXê

éu AAl2C4 NX1Æ5��¢�ïÄÿ�
���. �C, Verma �<æ^ FP-LAPW �{�	

 ZnAl2Se4 ��51Æ5� [11], ¤���·�0
>~ê (5.56 Ú 5.76) ±9·�Vò�Ç (0.00731)
þ��©�O�(J�C.

3.3 ������������555111ÆÆÆ555���

d Kleinman é¡5��, o�¬X�����

5�ªXê�k��Õá©þ (d14 = d25 = d36).
�©�âÄu�ÝL�� (6)—(8) ªÚg?§S,
é AAl2C4 NX·��ªXê d36 �ýÿ(J�
L 3. du"y¢�(J��ëì, �
�yO�
(J���5, ·��æ^�Ó�{Ú§S�¬O
�
äkaq(�� CdGa2S4 Ú HgGa2S4 ��ª
Xê, (J©O� 24.47 Ú 38.43 pm/V, þ�¢�ÿ
þ� 27.0 Ú 31.2 pm/V ��ÎÜ [4,29], ùL²�©
é AAl2C4 ¬N�ªXê�ýÿ(J´�&�.
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dL 3 (J��, AAl2C4 ¬N�·��ªX
êþ��, Ù¥¹ Se NX��ªXê�pu�
A¹ S NX. ��
ó, �ªXê��Y¤�'
'X, =�Y���¬N, Ù�ªXê��. �©
�O�(J�ÎÜT5Æ. lL¥ê���, ü«

¹ S ¬N (CdAl2S4 Ú HgAl2S4) �·��ªXê
�C, �� 24 pm/V; 
n«¹ Se ¬N��ªXê
� � ^ S � ZnAl2Se4 < CdAl2Se4 <HgAl2Se4,
= HgAl2Se4 ¬ N L y Ñ � r � SHG
�A.

L 3 AAl2C4 ¬N·��ªXê d36 �nØýÿê�

¬N CdAl2S4 CdAl2Se4 HgAl2S4 HgAl2Se4 ZnAl2Se4

d36/(pm/V) 24.11 24.89 23.53 31.40 21.46

ã 5 HgAl2S4 ¬N·��ªXê d36 �Óâ�Ú�Óâ
� DOS �m��'ã (ã¥¤�U?�Uþ":) (a) Óâ
�; (b) �Óâ�

�
©Û SHG �A�5
, ·�æ^U�(
�©)��{éNX���ªXê�U��UC
�¹?1ïÄ [21]. ã 5(a) ± HgAl2S4 ¬N�~,
�Ñ
�ªXê d36 �ÓâU� DOS �m��'
ã. dã��, éuÓâ�, ��Ä VBM «��U
��, HgAl2S4 ��ªXê d36 Cz��wÍ, Ó

â�¥�pÓâ¬N;� (HOCO) ±9 HOCO-1
� HOCO-3 U�é d36 K���. ëì��f�
© DOS ã, ØJuy, ù
U�Ì�éAu S �f
� 3p ;�, ¿¹kÜ© Hg �f� 5d ¤©. �?
�Ú�ÄÙ¦d�±9 ud�e��Ù¦U�
�, �ªXê d36 Cz�ú, ù`² u −1.2 eV ±
e�ÓâU�é d36 �K���. ��5¿�´
?u −6.0 eV NC± Hg �f 5d ;��Ì�¤©
�U�é d36 K�¿Ø²w. aq/, ã 5(b) �Ñ

 HgAl2S4 ¬N�ªXê��Óâ� DOS �m�
'ã, dã��, 3 2—6 eV U?«�S, �, d36

¥yþ,ª³, �Cz���ú, `²TUþ«m
��U�é d36 ��z��. �XU?�?�ÚO
\, 3 6—8 eV «� d36 ²wO�. dã 5(b) ¥�
�f� DOS ã�±wÑ, E¤þãCz��Ï3
u, ���U?pu 6 eV �, Al Ú Hg �f�d p
;�¤©O\wÍ. Ïd�ÓâU�¥, ù
¹k
�õ Al Ú Hg �f p ;���U�é SHG �A
K���wÍ. d±þ©Û(J��, HgAl2S4 ¬
N SHG �AÌ�5
ud�ºNC± S 3p �Ì
�¤©�U��¹k�õ Al/Hg d p ¤©���
�m��[. éuÙ¦ 4 « AAl2C4 ¬N�ka
q(Ø.

3��·��ªXê�Ä:þ, ?�Úd (10)
Ú (11) ª�¼��NX�ªXê d36 �Uþ�C
z�¹. dã 6 ��, �Ù¦����51Æá�
aq, �\�1Uþ�u�Y����, �¬N�
�ªXê d36 ¥²�þ,ª³. du 5 «zÜÔ�
Yþ��, Ïd3¥�ù	«�, ù
¬N��ª
XêCzØ�, �"ª��(J�C. �X\�1
Uþ�?�ÚO\, d36 ×�O�, ¿3 2—3 eV «
�äk�r� SHG �A.
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ã 6 AAl2C4(A = Zn, Cd, Hg; C = S, Se) ¬N�ªX
ê d36 �Uþ�Cz­� (a) ¹ S NX; (b) ¹ Se NX

4 ( Ø

� © æ ^ Ä u � ³ ² ¡ Å Ä | � DFT �
{ é ä k " � . � Ô ¶ ( � � AAl2C4(A =
Zn,Cd,Hg; C = S,Se) ¬N��.!U�(�±
9�5Ú��51Æ5�?1
�\&?. ïÄ
(JL², TX�zÜÔäk�q�>f(�, Ø
¹ S NX�m��Y��N	, Ù¦þ����

Y��N. duù
zÜÔäk����Y, �§
�3ù	«�þäk`û�ß15U. 3����
51Æ5��¡, 5 «¬NþäkwÍ� SHG �
A, �A��ªXê�� (þ�u 20 pm/V). dV
ò�Ç�O�(J��, TX�zÜÔ¥ HgAl2S4

Ú HgAl2Se4 ¬Näk·¥�Vò�Ç, 
Ù¦
n«¬NVò�Ç �. Ïd, 5 « AAl2C4 ¬N
¥ HgAl2S4 Ú HgAl2Se4 �·Ü��ù	«�-1
�ª¬N.

�
?�Úïþ HgAl2S4 Ú HgAl2Se4 ¬N
1Æ5U�Ð�, L 4 ò§��1Æ5��®
û�z�äk�Ô¶(��ù	��51Æá
� AgGaC2 ?1
'�. du HgAl2C4 ¬N�Y
�éA� AgGaC2 5���, �±ýOÙäk�
p�|-1�úK�, ¿�ß1���°. Ó�,
Ï HgAl2C4 ¬Näk���·�Vò�Ç, �Ù�
 ��Uå��`u AgGaC2 ¬N. ��5¿�´,
¦+ HgAl2C4 �Y��, �Ù�ªXê�C½p
u AgGaC2. dþã�«1Æ5��'�(J�±
wÑ, ¹k Hg �f� AAl2C4 ¬N´�a5U`
û�ù	��51Æ¬Ná�.

L 4 HgAl2C4 Ú AgGa2C4 (C = S, Se) ¬N1Æ5U�'�

HgAl2S4 HgAl2Se4 AgGaS2 AgGaSe2

�Y/eV 3.43 2.83 2.64a) 1.80a)

ß1�� /µm > 0.36 > 0.44 > 0.47b) > 0.71c)

·�Vò�Ç 0.0591 0.0551 0.0532d) 0.0480d)

·��ªXê 23.53 31.40 18 ±2.7e) 37.4 ± 6.0e)

a)[30], b)[31], c)[32], d)[33], e)[34].

[1] Georgobiani A N, Radautsan S I, Tiginyanu I M 1985 Sov. Phys.
Semicond. 19 121

[2] Radautsan S I, Tiginyanu I M 1993 Jpn. J. Appl. Phys. 32 5

[3] Joshia N V, Luengo J, Vera F 2007 Mater. Lett. 61 1926

[4] Levine B F, Bethea C G, Kasper H M, Thiel F A 1976 IEEE J.
QE-10 367

[5] Zeng Y Z, Huang M C 2005 Acta Phys. Sin. 54 1750 (in Chinese)
[Q[�, �{X 2005 ÔnÆ� 54 1750]

[6] Feng J, Xiao B, Chen J C 2007 Acta Phys. Sin. 56 5990 (in Chi-
nese) [¾¬, �X, �¹� 2007 ÔnÆ� 56 5990]

[7] Wan W J, Yao R H, Geng K W 2011 Acta Phys. Sin. 60 067103 (in
Chinese) [�©j, �eÛ, ñÀ� 2011 ÔnÆ� 60 067103]

[8] Xu C M, Sun Y, Li F Y, Zhang L, Xue Y M, He Q, Liu H T 2007

Chin. Phys. 16 788

[9] Jiang X S, Lambrecht W R L 2004 Phys. Rev. B 69 035201

[10] Mishra S, Ganguli B 2011 J. Solid. State. Chem. 184 1614

[11] Verma U P, Singh P, Jensen P 2011 Phys. Status Solidi B 248 1682

[12] Jiang X S, Yan Y C, Yuan S M, Mi S, Niu Z G, Liang J Q 2010
Chin. Phys. B 19 107104

[13] Kresse G, Furthmüller J 1996 Comput. Mater. Sci. 6 15

[14] Kresse G, Furthmüller J 1996 Phys. Rev. B 54 11169

[15] Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett. 77 3865

[16] Tributsch H Z 1977 Naturforsch A 32A 972

[17] Lin Z S, Wang Z Z, Chen C T, Li M X 2001 Acta Phys. Sin. 50
1145 (in Chinese) [�óR, ��¥, �MU, o²� 2001 Ôn
Æ� 50 1145]

127103-8



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 127103

[18] Aversa C, Sipe J E 1995 Phys. Rev. B 52 14636
[19] Rashkeev S N, Lambrecht W R. L, Segall B 1998 Phys. Rev. B 57

3905.
[20] Ni B L, Zhou H G, Jian J Q, Li Y, Zhang Y F 2010 Acta Phys.

Chim. Sin. 26 3052 (in Chinese) [X+ê, ±Ú�, ñd�, o�,
Ù[� 2010 ÔnzÆÆ� 26 3052]

[21] Huang Y Z, Wu L M, Wu X T, Li L H, Chen L, Zhang Y F 2010
J. Am. Chem. Soc. 132 12788

[22] Krauss G, Kraemer V, Eifler A, Riede V, Wenger S 1997 Crystal
Research and Technology 32(2) 223

[23] Georgobiani A N, Radautsan S I, Tiginyanu M 1985 Sov. Phys.
Semicond. 19 121

[24] Schwer H, Kraemer V 1990 Zeitschrift für Kristallographie 190
103

[25] Schwer H, Kraemer V 1991 Zeitschrift für Kristallographie 194
121

[26] Hahn H, Frank G, Klingler W, Stoerger A D, Stoerger G 1955

Zeitschrift fuer Anorganische und Allgemeine Chemie 279 241
[27] Hyun S C, Kim C D, Choe S H, Jin M S, Lee C I, Goh J M, Oh

S K, Song H J, Kim W T 2000 Journal of the Korean Physical
Society 37 295
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Abstract

First-principles density functional calculations are performed to study the geometries, the electronic and the optical properties of

AIIAl2CVI
4 (A = Zn, Cd, Hg; C = S, Se) semiconductors each with a defect chalcopyrite structure. For the linear optical properties,

five compounds show good transmissions of light in the IR and part of visible regions, and among them HgAl2S4 and HgAl2Se4

possess moderate birefringences. For the nonlinear optical properties, the strong second harmonic generation (SHG) response can

be expected for these crystals, and the large static SHG coefficients (> 20 pm/V) are predicted in this work. The SHG response of

AIIAl2CVI
4 semiconductors can be attributed to the transitions from the bands near the top of valence band which are derived from

S/Se p states to the unoccupied bands that are contributed by p states of Al and Hg atoms. By comparing with the optical properties

of the commercialized AgGaC2 crystals, our results indicate that HgAl2S4 and HgAl2Se4 compounds are good candidates for the

second-order nonlinear optical crystals in the IR region.

Keywords: defect chalcopyrite structure, density functional theory, band structure, optical property

PACS: 71.20.Nr, 78.20.Ci, 42.65.Ky

* Project supported by the Major Research Plan of the National Natural Science Foundation of China (Grant No. 90922022), and the Science and
Technology Fund of Fuzhou University (Grant No. 2008-XQ-07).

† E-mail: zhangyf@fzu.edu.cn

127103-10


