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7f�¥ØÓ�"�¥%äkØÓ��Ä(�. mY�f�'¥%3lm"(f� 165 meV �	�3r�k
b�ÛÜ�Ä�; � �'¥%äkér��ÄÍÜ, 3Ù"(f���Ñyér�°�(f>�, 3 165 meV

�	%*	Ø�ÛÜ�Ä�, �éu=�9��� �"�5`, Ù�ÄÑ���Uþ�� 42 meV �(f½��
Uþ�� 67 meV �(f½ü(fk'.

'�c: 7f�, 1Æ¥%, (f�Ä

PACS: 78.55.−m, 61.72.J−

1 Ú ó

�"�-u��>f£����"(f�Ä
�º���, Ò¬31�u1 (PL) 1Ì�"(f
��¡�)NõUþ�$��Ä(�. 7f�¥(
f��� £U� 165 meV, ,�ud £U�
��U�3(f�Ä, �d�§vk?\��¬�
´ uÛÜ, ùÒ�)
ÛÜ"�, �=k"�
±���
�fu)�Ä, PL 1Ì¥¬kr�k
b�u1&ÒÑy ( ulm"(f� 165 meV ±
	), �¡�ÛÜ�Ä� [1]. ÛÜ�Ä�Ì��6u
7f�¬�S:"��£Eå��þ m, |^{�
ÅnØ�±��:"���ÄªÇ ω =

√
k/m, Ù

¥ k ´Å¥~ê, Ïd"��þu)Cz�, ÙÛ
Ü�Ä��¬u)UC [2].

ÏL*	"(f��¡��Ä(�, �±íÿ
Ñ"��«a, ¿ÏL�nØO��é'?�
±(@"��(�. 8céu1Æ¥%�Ä(�
�ïÄé�, Ì�´Ï�¢�¥k�¬�3éõ
"(f�, �Ä(�u)Ü, ½*	��"(f
�Ø
rØ|uïÄÙ�Ä(�. �©?1�

þ�¢�, ÏLN!�«ëê, l��
��1
Æ¥%�!���ß��Ä1Ì, é?�ÚïÄ
�(½ù
"�¥%�(��.äk����
¿Â.

2 ¢ �

�©ïÄ�Á�Ì��)n«, �«�X CVD
7f�, ¹�þ3 1 ppm ±e; �«´U, IIa .
7f�, ¹�þ3 10 ppm ±e; �«´ HTHP p
�7f�, Ì�k Ia .9 Ib .ü«; �k�«´
'�, HTHP 7f�, 'ßÝ� 5 × 1018 cm−3. �
¢�¥>fËì´d Philips EM430 ß�>fw
�º (TEM) ¢y�, ÙËì>Ø�p� 300 kV,
òò�u7f�¥%�f� £KU (∼97 keV),
ÏdØ¬u)%�fm�õ?-E. ,	, Bristol
� TEM ¥N\
���k^|��1´, ¤õ
/Ø�
âfå¥>f±	�Ù¦,�, ¦��^
uÁ��âf�k>f. Ü©Á�´3\² Berke-
ley�¤>fËì�, Ëì>Ø� 600 kV.

PL 1Ì´d RRIM 2000 X�©1O¼��,
��´ Ar+ Spectra Physics 2000 series Class 3B -
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1ì, -uÅ���À� 488 nm; ,��´ IK series
He-Cd NUV Class 3B -1ì, -uÅ�� 325 nm.
,	, ùü�-1ìÑ�kw�I�, �Ñ�\
1 Oxford �±e%C�, ÿÁ§Ý�$� ∼7 K.
ò»´3 PS1500/TWS92 \9ì!6Ä��í¨
�¥�¤�, T��`:Ò3u,ü§�m4á,
d 1000 ◦C ü�¿§�IØ� 10 min, Ù¦í¨
¬KI�A���.

3 (J?Ø

3.1 mmmYYY���fff���'''���111ÆÆÆ¥¥¥%%%

7f�¥mY�f��¢%�f, Ù(f�Ä
  �±DÂ� 165 meV ±	�¬�ÛÜ, /¤Û
Ü"�, 31Ì¥±r�kb�ÛÜ�Ä�/ªÑ
y. �y,�(f��T1Æ¥%�ÛÜ�Ä�,
�~���{Ò´ÏLUC�«¢�^�ïÄØ
ÓËìÁ�, XÿÁ§Ý!ò»?n!b	ì�!
¹�þ!Ëì>Ø!Jþ9�Ç�, 5*	"(f
��ÛÜ�Ä��mrÝCz���5; éuËì
«�äN,�:5`, Ù"(f��ÛÜ�Ä��
rÝ'�´��~ê. �!Ì�ïÄ
 3H ¥%,
515.8 nm, 533.5 nm, 580 nm 9 648.1 nm ¥%��
Ä(�, ¿ïÄ
�g�ÛÜ�Ä�.

3.1.1 3H ¥%
3H ¥% u 503.5 nm ?, 3A�¤k>fË

ì�X7f�� PL 1Ì9áÂ1Ì¥Ñ�±*
	�, ��X¹�þ,pOr [3]. �Ð Walker
@�§´���ë�X����f�� "��
' [4], �C5NõïÄ(JÑy²§´dmY�
fÚå� [5,6]. À���²-1���� 2 mm
��á�NU, IIa .7f�, ¿3 Berkeley ?
1 600 keV >fËì�, 3 488 nm -u 7 K �?
1ïÄ, ã 1 ´ 3 H ¥%���;.��Ä1Ì,
dã�±�ß/*	� 3 H ¥%3lm"(f
� 165meV �	�3o�ér�ÛÜ�Ä�, ©
O u 540.8, 543.8, 544.9 9 552.5 nm(éAX(f
Uþ©O� 169.3, 182.4, 186.7 9 217.8 meV). ï
Ä>fËì¹12C �13C ��Ó 50%�7f�Á�
� PL 1Ìuy, 3H ¥%��(f� (552.5 nm ?)
©��n�, ©OéAu12C-12C, 12C-13C, 13C-13C
n«(� [5], Ïd@� 3 H ¥%´dü�mY�f
|¤�.

ã 1 3 H ¥%�ÛÜ�Ä�

3.1.2 515.8 nm, 533.5 nm 9 580 nm ¥%
515.8 nm, 533.5 nm 9 580 nm ¥%3>fË

ì�X7f�� PL 1Ì¥ÑU*	�, ��X
¹�þ,pÅì�� [7]. 515.8 nm ¥%Ñ�
� X 561.3 nm ( f � � Ñ y, 533.5 nm ¥ % �
�X 579.3 nm (f��Ñy, 580 nm ¥%��
X 652.3 nm (f��Ñy.

ïÄØÓËìÁ�²Lb	ì�!ò»!
UCÿ Á§Ý� �, "(f���gÛÜ�Ä
��rÝCzäk��5. ïÄ>fËì¹12C
�13C ��Ó 50%�7f�Á�� PL 1Ìuy,
515.8 nm, 533.5 nm 9 580 nm ¥%éA�ÛÜ�
Ä�vku)©�´ £, Ù £Ïf�CnØ
�

√
12.5/12, Ïd@�§�Ñ´dõ�mY�f

|¤�, Ó��y²
 515.8 nm ¥%3 561.3 nm
?�3��ÛÜ�, 533.5 nm ¥%3 579.3 nm ?�
3��(f�, 580 nm ¥%3 652.3 nm ?�3�
�(f� [7]. ¢Sþ, ù
1Æ¥%�ÛÜ�Ä�
��3éõ, X 580 nm ¥%3 630—645 nm ��
SE,�3éõÛÜ�Ä�.

3.1.3 648.1 ¥%
648.1 nm ¥%´3'�, HTHP 7f�>

f Ë ì � * 	 � � [8−10], ù ` ² T ¥ % � Ë
ì�)�mY�f½� k'. ÀJ��¹'
� 5×1018 cm−3 � HTHP Á�, 3 5×1019 e·cm−2,
300 keV e?1>fËì, ��² 500 ◦C ò»�,
DB1 ¥%�þ�ò»K, 600—740 nm ��1Ì¥
��3rÝép� 648.1 nm ¥%. ã 2 ´ 648.1 nm
¥%��Ä(�, 1Ì´3 488 nm -u 7 K �¼
��.
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d ã � ± w Ñ, 648.1 nm ¥ % 3 $ U Ü ©
671.6 nm (67 meV), 698.5 nm (138 meV) 9 714.6 nm
(178 meV) ?Ñ�3Xu�¸, @�T¥%��
Ä ( � � � � U þ ��67 meV� ( f k ', �
698.6 nm?u1¸�1�S(f��; �dã��
± * 	 � �ß� ( f > .(165 meV ?), 
714.6 nm¸@�´648.1 nm¥%���ÛÜ�Ä
�, ù ` ²648.1 nm¥ % é � U ´ m Y � f �
'�.

ã 2 648.1 nm ¥%�ÛÜ�Ä�

3.2 ���   ���'''���111ÆÆÆ¥¥¥%%%

� äkér�R>5, Ïd§äkér��
ÄÍÜ, 3Ù"(f��Ñ�3r�°�(f>�,
Ø¬3 165 meV �	/¤r�kb�ÛÜ�Ä

�. �¢�¥²~¬uy PL 1Ì¥�3éõ"(
f�, �Ä(�u)Ü, ½*	��"(f�Ø

r*	Ø�Ù�Ä(�. �!ÏLN!¢�
ëê�ÿÁëê, ��
 GR1 � ND1, NV � H3,
9 DB1 ¥%����ß��Ä1Ì.

3.2.1 GR1 ¥%9 ND1 ¥%
GR1 ¥%� ND1 ¥%´>fËì7f�~

��1Æ¥% [11,12], �X�¹þ�,p, ¥5�
  V0 m©�K>Ö V− =z, ½�����f¤
åP, l¦� GR1 ¥%rÝü$ [13]. GR1 ¥
%�@�´d¥5� Úå�, Ä� u�U?,
�ÙUþ�$�-u� uÄ��þ� 1.673 eV
(741 nm) ? [14]; ¥5� �Ä:þ�	åP

��>f, Ò/¤�K>�� , = ND1 ¥%, §
�-u� uÄ��þ� 3.149 eV (393.5 nm) ?,
� ND1 ¥%�-u� u7f���¥, �>f
�[�d¥%�-u��, Ò�lfz
, K>
Ö� ����=z�¥5�  [10]. �X7f
�² 300 keV, 5 × 1019 e·cm−2 >fËì�, ©O
|^ 488 nm � 325 nm -1ïÄTËì«�, 1
Ì�ã 3.

dã�±wÑ, GR1 ¥%��Ä(�Ì��
9��Uþ� 42 meV �(f, Ù¥ 90 meV ?
� 125 meV ?(f�©O�1�(f���1
n ( f � �, � � ± * 	 � ���ß� ( f >
.;  ND1 ¥%��Ä(�Ì��9��Uþ
� 67 meV �(f.

ã 3 GR1 ¥%� ND1 ¥%��Ä(�

3.2.2 NV ¥%� H3 ¥%

3¹��p� Ib .7f�)�L§¥, �á

�3�ü����fÓâ:
 ��¬u)¬
�ÆC (��f�»��), )�§ÝqØv±
¦���fu)ìà�, Ò¬3�C� �?Ú
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\��� , Ò/¤
 NV ¥%, Ì��3¥5�
K>ü«>ÖG�, = NV0 � NV−, PL 1Ì¥§
��"(f�©O u 575 nm � 637 nm ? [12].
�
¼�rÝ�p� NV � NV, ÀJ² 300 keV,
5 × 1019 e·cm−2 >fËì�� IIa .7f�� Ib
7f�, þ²L 700 ◦C p§ò»�, 3 488 nm -
u 7 K �?1ïÄ, IIa .7f�¥�*	� NV

¥%��Ä(�,  Ib .7f��*	� NV
¥%��Ä(� (�ã 4). NV ¥%�ÄÌ��
9��Uþ� 42 meV �(f, 90 meV ?(f�
@�´1�(f��, �dã��±*	��ß
�(f>.. NV ¥%��ÄÌ��9��Uþ
� 67 meV �(f, 130 meV (f�@�´1�(f
��.

ã 4 NV ¥%��Ä(�

ã 5 H3 ¥%��Ä(�

3p�7f�)�L§¥,  ¬Ñy���
�f�ìà, = Ia .7f�, Ì�k A .� B .
ü«. � A .ìà�����fåP��� �,
Ò/¤
Í¶� H3 ¥%, PL 1Ì¥T¥%�"(
f� u 503.2 nm ?, (�� NVN, ¤å$G [15].
ã 5 ´p� Ia .Á�Ëìc3 488 nm -u 7 K
�� PL 1Ì. dã�±wÑ, H3 ¥%��Ä(�
Ì��9��Uþ� 42 meV �(f, 84 meV ?
� 125 meV ?(f�©O�1�(f���1n
(f��.

3.2.3 DB1 ¥%
> f Ë ì ' � , 7 f � � ² ~ � ± * 	

� 635.7 nm ¥%� 666.0 nm ¥%, � 666.0 nm

¥%3$§�rÝ�p,  635.7 nm ¥%3¿§
�rÝ�p, §��@�´5gÓ��"�¥%,
P� DB1 ¥% [9]. |^b	ì�'�,7f�
Ëì«��, uy DB1 ¥%Or��X GR1 ¥
%�~f. b�b	ì��, ¥5� �lfz,
K V 0 → V + + e−, Ïd@� DB1 é�U´d��
��>�� Úå� [9,16,17]. ¹' HTHP 7f�
Ëì«�b	ì��, DB1 ¥%rÝ,p, ïÄT
b	ì�«�3 488 nm -u¿§� PL 1Ì, �±
*	� 635.7 nm ¥%��Ä(� (�ã 6). dã�
±wÑ 635.7 nm ¥%äkér��ÄÍÜ, Ì��
9ü�(f, ��Uþ�� 42 meV, ,��Uþ�
� 67 meV.

ã 6 DB1 ¥%��Ä(�
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4 ( Ø

3H ¥%3 165 meV �	�3o�ér�Û
Ü�Ä�, 515.8 nm, 533.5nm, 580 nm 9 648.1 nm
¥%�Ñ*	�ÛÜ�Ä���3, ù`²ù

1Æ¥%þ´mY�f�'�;  GR1 � ND1 ¥
%!NV ¥%� H3 ¥%!DB1 ¥%vk*	�Û
Ü�Ä�, ´é°�r�(f>�, ù`²ù

1Æ¥%þ´� �'�. ¯¢þù
1Æ¥%

=�9��� , ¥5� GR1, NV 9 H3 ¥%�
�Ä���Uþ�� 42 meV �(fk', �K
>�ND19NV¥%��Ä���Uþ�� 67 meV
�(fk', ��>� DB1 ¥%%�ùü�(f
k'.

a� De Beers úi��ó�Jø
Nõ¢�Á�, �

~a�Ü��� John Steeds(J.W. Steeds) �Ç3¢�9Ø©

>�L§¥��
Ã�Ø�/'~.

[1] Liang X X, Ban S L 2004 Chin. Phys. 13 71
[2] Xu W L, Zheng Z B 1989 Acta Phys. Sin. 38 290
[3] Wotherspoon A 2003 Ph. D. Thesis (UK: University of Bristol)
[4] Walker J 1975 Inst. Phys. Conf. Ser. 23 317
[5] Steeds J W, Davis T J, Charles S J 1999 Diamond Relat. Mater. 8

1947
[6] Wang K Y, Li Z H, Gao K 2012 Acta Phys. Sin. (in press)
[7] Wang K Y, Steeds J W, Li Z H 2012 Diamond Relat. Mater. 25 29
[8] Steeds J W, Gilmore A, Charles S J 1999 Acta Mater. 45 4025
[9] Charles S J, Steeds J W, Evans D J F 2003 J. Appl. Phys. 94 3091
[10] Green B L, Newton M E, Welbourn 2011 Proc. 62nd Diamond

Cofer. Warwick, UK
[11] Davies G, Campbell B, Mainwood A 2001 Physica Status Solidi

(a) 186 187
[12] Steeds J W, Charles S J, Davis T J 2000 Diamond Relat. Mater. 9

397
[13] Wang K Y, Steeds J W, Li Z H 2011 Proc. 22nd Euro. Cofer. On

Diamond p1.102
[14] Mainwood A, Stoneham A M 1997 J. Phys.: Condens. Matter 9

2453
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Investigation of vibronic structures of optical centres
in diamond by photoluminescence spectra∗
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Abstract

The vibronic spectra mainly depend on the nature of the defects in diamond. The strong sharp local vibronic modes are observed

for the interstitial-related centres beyond their phonon cut-off energy (165meV), but not for the vacancy-related centres. The vibronic

spectra of these vacancy-related centres show very strong and broad sidebands closely after the zero phonon lines. Further, the vibrations

involving only one vacancy are due to two separate phonons or both, one has an energy of approximately 42 meV and the other has

approximately 67 meV.
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