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�©Ú\�ßÝÚþÝk'� kNL �½ëê, 3 J-O nØÄ:þ, é Er3+/Yb3+ �,� LiNbO3 Ú LiTaO3

ü¬�.þ�õ¬Y9	ò�¬?1
ÄuáÂ1Ì�[ÜO�. LiNbO3:Ω2 = 2.34 × 10−20 cm2, Ω4 =

0.77 × 10−20 cm2, Ω6 = 0.31 × 10−20 cm2, kNL = 4.32 × 10−2 mol·m−2. LiTaO3:Ω2 = 1.68 × 10−20 cm2, Ω4 =

0.84 × 10−20 cm2, Ω6 = 0.45 × 10−20 cm2, kNL = 9.17 × 10−3 mol·m−2. T�{�}Áí2�®N½�N�J±�
�¼�ßÝÚþÝêâ�NX. ²þ=�u1ÿÁ91ÌëêO©Û@� Er3+/Yb3+ lf��,ßÝ'� 1:1 ��
¹e, �¬¥yÉÚþ=�u11Ì; �}Á±ü$Ä�(fUþ��{Jp 4I13/2 U?é 2H11/2 Ú 4S3/2 U?
�þf}à�Ç.

'�c: J-O nØ, þ=�u1, þf}à, Y9	ò

PACS: 78.20.Bh, 61.80.Jh, 42.79.Nv, 81.05.−t

1 Ú ó

LiNbO3 Ú LiTaO3({P� LNO Ú LTO) ´ü
a­����51Æ¬N, �«�, LNO Ú LTO

¬N3Ø>�(1!1Æ�1>f�+�®¼�
2�A^, Dè�,¬N´Ù¥­���a [1,2]. �
�5¿�´, DèÅì¤�ÔÑ]
, A^L§A
5¿!�. 3Dè�,¬N�eZA^¥,   �
3L¡��,lfu��^, 
SÜ��,lf¿
Øë�¢�5ÔnL§��¹. Ïd, �©'5¬
NL¡	òDè�,�½*'Dèlf, F"�±
���'ì�L¡z�8¤zïÄ�Ä: [3].

lf5\{´�¤Ù�lfL¡�,�{, ;
.�A^´ Ti4+/3+ lf*'L¡1Å� [4]. T�
{�`:´é�þ�¬�Çp!�¢yp�,ß
Ý, ":´UÑ�!´/¤L¡(�"�. �©ò
}ÁL§�é�Ú�^zÆ�{ —– Y9{, ¢y
Dèlf	ò½*' [5].

Er3+/Yb3+ �;.�,NX [6−9], �©òlá
Â1Ì\Ã, ïÄá�9�,¥%�u15Æ. J-O

nØ´Dèlfu11ÌïÄ�­��{ [10−15],

DÚ� J-O nØ1Ì©Û, I�(½Dèlf�ß
ÝÚ�¬þÝ, du�¬	ò���, �,oþ�
�, Ï~I�æ^ X ��1>fUÌ (XPS) Ú°�
�1Æ½>f1ÆÃã [16], 
3?ØB�âf�
u15U�,   /ÏuNá��1Ìëê, éu
1L§?1XÚ�?Ø [17]. �©lêÆO��Ý
�Ä, JÑ,�«?ØDè�,��ÚB�lf1
Ì5U�g´, Ú\�±þüÏ�k'�Ïf��
½ëê, }Á|^>ó4�[�^ó4�[ü��
�É, ¢y�DÚ� J-O nØ���[ÜL§, �
�dáÂ1ÌO��'��X�1Ìëê, F"�
©z [16,17] �æ^��{�p/�.

þ=�u1Úþf}à´Cc5Dè�,u
1á�+�É�2�'5�­�L§ [18−20], �©
�ò}Á��dáÂ1ÌëêO�©Ûá���
'5�, ¿(ÜïÄö�¼���'y�, éTO
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��{?1ÐÚµd.

2 �¬��

2.1 111������������

Li 
���M) Li2CO3 /¤�M� (Ì�
¤©���í), N! pH �� 5; Nb 
, Ta 
©
O� Nb2O5, Ta2O5 ��Í�3 180 ◦C e�Y9
M)�¤���M�, N! pH �� 3; Er 
!Yb


©O� Er2O3, Yb2O3 ���M� (Ì�¤©
���í, lf'� 1:1), N! pH �� 4. òl
f
M�UL 1 �'~·Ü��A;S, ±�l
fYN!W¿Ý� 75%, ¼� pH ��� 3.5 �
1�.

L 1 lf
M��ßÝ�^þ

Li 
 Nb 
½ Ta 
 Er 
¿ Yb 


ßÝ/mol·L−1 0.05 0.02 0.001

^þ/mL 2 5 1

2.2 			òòò���AAA

©O± [001] ��¡GX LNO ¬¡Ú [100] �
�X LTO ¬¡��., ±Y9{?1
Dè�,
��)�. äN�{´: ¬¡�g±¯U!Ë�
�!XÀY?n; ò�.�u�A;S�|eþ,

�ú��, ¦þÑ�í�; �A;�uê6¬S,

² 10 min d 20 ◦C(¿§) ,§� 180 ◦C, ð§ 12 h,

g,e%�¿§.

3 (J�?Ø

3.1 ///mmm©©©ÛÛÛ

± SEM(JSM-6701F) L�.¡�/m (ã 1),

��õ¬, �äk�A¬¡�÷*AÛA�, 3�
½§ÝþNy�A¬¡(¬S5.

du�âº����11ÅÅ��'[, ØÓ
.¡ (ØÓ�ê�¬¡ (hkl)) Jø�¬�|�¸Ø
Ó, lÑ�y��Ä, Ù/m�º�þ�UéáÂ
1Ì�)K�.

3.2 111ÌÌÌOOO������©©©ÛÛÛ

3.2.1 áÂ1Ì�U?
æ^ PE-Lambda-900 1Ì¤�ßL�ªÿÁ


�¬ (�.�	ò�) �áÂ1Ì, Xã 2, ��
*NyU?�, ±Åê ζ(ü  cm−1) ��Uþ�
IÝ.

ã 1 Er3+/Yb3+ � , Y 9	ò � ¬ � SEM ì ¡ (a)

LiNbO3; (b) LiTaO3

3.2.2 áÂ1Ì�nØO��©Û
�!òïÄ3�ÿ½ßÝÚþÝëê��¹

e, ��láÂ1ÌÑu, d J-O nØX�1Ìë
ê�O�L§. �frÝ�±dÄuáÂ1Ì�È
©�¡O�¼� [12]

f =
4ε0c

2m

NAe2

1
NL

∫
ln(I0/I)dζ, (1)

Ù¥, ε0 �ýéý�0>~ê, c�1�, m�>f
�þ, NA�C6\�Û~ê, N �Ô�� þ ßÝ,
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I0�\�1rÝ, I áÂ1Ì&ÒrÝ.

é���â!���NX
ó, ßÝÚþÝ 
 ´J±dÿþ(½� (=¦´LN¥)���,

¬N, ÿþ(J�°(§Ý�´k��), �©ò§
����½Xê kNL, ü  mol·m−2, .¡Ñ�!1
fÂ8�Ç�1ÌÿþÏ�, ��±¿\TÏf.

ã 2 Er3+/Yb3+ �,NXU?(���¬áÂ1Ì (a) U?(�ã ((a) �±�, nÜë�
©z [6—9], [16—19] Ú [28—

32]); (b) LiNbO3; (c) LiTaO3

3A^ J-O nØ1ÌO�L§¥, Ï~¬?Ø
>ó4�[ (ED)!^ó4�[ (MD)!>o4�
[ (EQ) �L§. nÜ©Û©z [10—14] ¥�fr
Ýëê fED, fMD, fEQ L�ª��O©z [6—14]

æ^�ÎÒØ���Ó, �©d?�½æ^±eL
�ª:

fED =
8π2mcζ

3(2J + 1)h
χED

∑
λ=2,4,6

Ωλ

× |(fNα′S′L′J ′‖U (λ)‖ × fNαSLJ)|2,

fMD =
hζ

6mc(2J + 1)
χMD|(fNα′S′L′J ′‖L + 2S|

× |fNαSLJ)|2,

fEQ =
16π4mcζ

45h(2J + 1)
χEQ|〈r2〉〈4f |C2|4f〉

× (fNα′S′L′J ′|U (2)‖fNαSLJ)|2.

fED �[ÚL§¥, Ωλ(λ = 2, 4, 6)�DÚ J-O nØ
¥��½Xê, 
 fMD Ú fEQ �L�ª¥ÃT�
½Xê; O�L§�I�^�NyÄ�5U�ò�
ÇÏf χ, χED = χEQ = (n2+2)2/9n, χMD = n, �
©Cq� n(LiNbO3) = 2.3, n(LiTaO3) = 2.2[26].

' � fEQ Ú fED, � L � ª, � ± u y ü ö þ
äk |(fNα′S′L′J ′‖U (2)‖fNαSLJ)|2 Ïf, Ïd,

3 J-O nØ� [ ÜL § ¥, � ± ò fEQ � ü Õ
�Ñ ?Ø, K fEQ ò ¿ \ > ó 4 � [ ë ê Ω2

¥, �©� O � æ ^ T � Y. 
 ^ ó 4 � [
� |(fNα′S′L′J ′‖L + 2S‖fNαSLJ)|2 �, ØU�
Ü¿. ^ó4�[3 Er3+/Yb3+ NX�áÂ1Ì
¥, = 4I15/2—4I13/2 L§÷vÀJ½K (∆S = 0,

∆L = 0, ∆J = 0,±1, ∆M = 0,±1), L(I) = 6,

S = 3/2, J = 15/2, J ′ = 13/2, é J ′ = J − 1


ó [12]
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|(4I15/2‖L + 2S‖4I13/2)|

=[(S + L + J + 1)(S + L + 1 − J)(J + S − L)

× (J + L − S)/J ]1/2,

=[(3/2 + 6 + 15/2 + 1)(3/2 + 6 + 1 − 15/2)

× (15/2 + 3/2 − 6)(15/2 + 6 − 3/2)

/(4 × 15/2)]1/2

=(96/5)1/2. (2)

½ Â 1 Ì È © r Ý ë ê F = kNLf , K � â©
z [10—15] d (1) ª��

F =
c2m

πe2NA

∫
ln(I0/I)dζ = FED + FMD

=
8π2mcζp

3(2J + 1)h
χED

∑
λ=2,4,6

Ω′
λ

× |(fNα′S′L′J ′‖U (λ)‖fNαSLJ)|2

+ kNL
hζp

6mc(2J + 1)
χMD

× |(fNα′S′L′J ′‖L + 2S‖fNαSLJ)|2, (3)

Ù ¥, Ω′
λ(λ = 2, 4, 6) Ú k′

NL �� ½ X ê, Ù
¥ Ω′

λ = Ωλ · kNL. [Ü�, � k′
NL = 10−24kNL,

¦�½Xêc�ê�3êþ?þ�é�C, K

FMD =1024k′
NL

hζp

6mc(2J + 1)
χMD

× |(fNα′S′L′J ′‖L + 2S‖fNαSLJ)|2. (4)

|^[ÜL§¼�� kNL, �±¼� J-O nØ
O��X�ëê. nÜ�Ä©z [6—9], ln(I0/I)�
g,éê1�Ý, Γ �1�ÝÈ©, ´�±Nyá
�5Uëê�Ônþ. O�L§ò¼�ü�áÂ�
¡ σabs(ü  m2)!È©áÂ�¡ σ′

abs(ü  m) Ú
²þáÂ�¡ σabs(ü  m2), �â©z [6—15], �
©¥�O�ª�L«�

σabs =
1

NAkNL
ln(I0/I)dζ,

σ′
abs =

1
NAkNL

∫
ln(I0/I)dζ =

1
NAkNL

Γ ′,

σabs =
σ′

abs

ζ2 − ζ1
.

ζ1, ζ2 ©O�áÂ¸�e!þÈ©�, ü�áÂ�
¡­��±dáÂ1Ì­�¼� (éã 2 ¥�áÂ
1Ì�êÆC�), �¬1ÌëêO�(JXL 2 Ú
L 3(λp�¥%Å�).

L 2 Er3+/Yb3+ �, LiNbO3 Y9	ò�¬1ÌëêO�(J

1Ì� λp/nm ζp/cm−1 Γ/m−1 F/10−8 mol·m−2 fexp/10−6 fthe/10−6 σ′
abs/10−20 m σ̄abs/10−24 m2

4I13/2 1532 6527.4 5004.7 15.65 3.62 3.63 19.24 2.82

4I11/2∗ 981 10193.7 4098.3 12.81 2.97 1.66 — —

4I9/2 804 12437. 8 1243.4 3.89 0.9 0.89 4.78 0.92

4F9/2 658 15197.6 5721.9 17.89 4.14 4.21 22.00 2.68

4S3/2 549 18214.9 1440.4 4.503 1.04 0.99 5.54 1.40

2H11/2 525 19047.6 50615.1 158.25 36.63 36.66 194.63 27.12

4F7/2 491 20366.6 3925.8 12.27 2.84 2.83 15.10 3.30

4F5/2 453 22075.1 658.0 2.06 0.48 0.41 2.53 0.65

4F3/2 448 22371.4 238.8 0.71 0.17 0.21 0.92 0.31

2H9/2 410 24390.2 1437.5 4.49 1.04 1.11 5.53 1.03

4G11/2 380 26315.8 107831.1 337.13 78.04 77.99 414.63 46.48

kNL 4.32 × 10−2 mol·m−2 δ 5.67 × 10−8

Ω′
2 10.11 × 10−26 mol Ω2 2.34 × 10−24 m2 = 2.34 × 10−20 cm2

Ω′
4 3.33 × 10−26 mol Ω4 0.77 × 10−24 m2 = 0.77 × 10−20 cm2

Ω′
6 1.34 × 10−26 mol Ω6 0.31 × 10−24 m2 = 0.31 × 10−20 cm2

∗ TáÂ�¡� Er3+(4I15/2—4I11/2) Ú Yb3+(4F7/2—4F5/2) üáÂL§&Ò�·Ü, Ïd[ÜL¤¥�æ^�A� fexp Têâ, fthe d

Äu[Ü(J�£8O�¼�, L 3 �Ó�?n.
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[Ü¼�� Ωλ(λ = 2, 4, 6), êþ?�©z¥
ü¬á��ÊHO���� [2,27], ù¿�XTL
§äk�½�Ün5; d?� Ω2 3ê�þ�éN
á���Ñ� [2,27], `²Dèlf���f��
d��^�é�f [28], �U´du��NX¥Ú
\ F− lf¤�, ��U´Dèlf3��L§¥
���uÓâ Li+ lf� �; Ωλ � λ �O�

~�, K`²Ûêg¬|éu1¥%��^�gê
O�
~f, NXéUþ�[L§�é¯a [27,28].

¥é�� 1%�,� LiNbO3 Ú LiTaO3 ¬N
ó,

lfßÝ��3 50 mol·m−3(8�¬X, Z = 2,

¬ � ~ ê, LNO:a = 5.148 nm, c = 13.863 nm;

LTO:a = 5.148 nm, c = 13.863 nm)[26], b ½á
Â��þÝ3 µm êþ?, K kNL �nØêþ?
3 10−4 mol·m−2 Y²þ, �'[Üê�� 1 �ê
þ?, �U´.¡Ñ�!1fÂ8�Ç�1Ìÿþ
Ï�K��(J (�� 3. 1 !¥�*/m©Û(J

�<y).

��5¿�´, Ï~@� J-O nØO����
êâØ�´ 20%�m, �©Ú\�Xê kNL, 3ê
Æþ�´��uO\
��Ý
�, Ïd, énØ
O��°ÝÃ¢�5K�, A� 20%�m.

é Er3+ lf
ó, ëì©z [6—15] �O�
L§dL 2 ÚL 3 ¥�1Ìëê�±?�Ú¼
�, �[VÇ Aij (i �Ð�, j �ª�)!U?Æ
· τi!F1©|' βij (�©æ^�O�ª�L«

�, Aij =
2πe2n2ζ2

ε0mc
fij , τi =

1∑
k

Aik
, βij =

Aij∑
k

Aik
,

�©z [10,11]). �Ä�k'�Ý
�ê�d©
z [12] ¼�, -u��m�Ý
�ê��â©
z [29,30] O�¼�. �©òéÜ©U?�O�(
J�uL 4 (©z [14] 0�
�±Jø�%êâ�
©z, Ï�©©z��(J, �©�­EÜ©�'
�E,O�L§, ¼�êâ).

L 3 Er3+/Yb3+ �, LiNbO3 Y9	ò�¬1ÌëêO�(J

1Ì� λp/nm ζp/cm−1 Γ/m−1 F/10−8 mol·m−2 fexp/10−6 fthe/10−6 σ′
abs/10−20 m σ̄abs/10−24 m2

4I13/2 1532 6527.4 1667.8 3.14 3.35 3.37 3.02 6.35

4I11/2∗ 981 10193.7 1631.6 3.07 3.28 1.57 — —

4I9/2 804 12437.8 299.6 0.56 0.60 0.61 0.54 1.64

4F9/2 658 15197.6 1948.1 3.67 3.91 3.93 3.53 5.02

4S3/2 549 18214.9 759.0 1.43 1.52 1.22 1.38 5.10

2H11/2 525 19047.6 18860.8 35.99 37.89 37.96 34.17 104.03

4F7/2 491 20366.6 2769.2 5.21 5.56 5.66 5.01 6.77

4F5/2 453 22075.1 1242.3 2.33 2.50 2.40 2.25 4.68

4F3/2 448 22371.4 622.3 1.17 1.25 1.25 1.13 3.74

2H9/2 410 24390.2 1782.5 3.35 3.58 3.57 3.23 4.52

4G11/2 380 26315.8 67747.6 127.51 136.08 136.17 122.72 179.05

kNL 9.17 × 10−3 mol·m−2 δ 1.11 × 10−7

Ω′
2 15.41 × 10−27 mol Ω2 1.68 × 10−24 m2 = 1.68 × 10−20 cm2

Ω′
4 7.70 × 10−27 mol Ω4 0.84 × 10−24 m2 = 0.84 × 10−20 cm2

Ω′
6 4.13 × 10−27 mol Ω6 0.45 × 10−24 m2 = 0.45 × 10−20 cm2
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L 4 �¬¥ Er3+ lfÜ©-u�U?Æ·9F1©|'�O�(J

U?1Ì� LNO LTO

Ð� ª� τ/µs β τ/µs β
4I13/2

4I15/2 1837 100 1983 100
4I11/2

4I13/2 1462
11

746
10

4I15/2 89 90
4I9/2

4I11/2 0 0
4I13/2 1628 20 2472 19
4I15/2 80 81

4F9/2
4I9/2 0 0
4I11/2 270

4
283

5
4I13/2 5 5
4I15/2 91 90

4S3/2
4F9/2 567 0 388 0
4I9/2 3 3
4I11/2 2 2
4I13/2 26 26
4I15/2 69 69

2H11/2
4S3/2 0 0
4F9/2 0 0
4I9/2 20

1
20

1
4I11/2 1 1
4I13/2 2 2
4I15/2 96 96

2H9/2
4F3/2&5/2 0 0

4F7/2 0 0
2H11/2 0 0
4S3/2 0 0
4F9/2 211 1 61 1
4I9/2 1 1
4I11/2 11 10
4I13/2 41 44
4I15/2 46 44

áÂ1ÌéA�Ù¦U?��Xeíÿ: �
âáÂ1Ì�1�ÝÈ© Γ , �±�OÑ4F7/2,
4F5/2 Ú4F3/2, éª�4I15/2 
ó, ��Æ·U?,

�U��õ1fb	þ=�L§���; 
4G11/2

´�áÆ·U?, �U¤�b	þ=��-u�,

��5¿�´, duÄ�á�Òk��51Æ5
�, 3A½^�e, �±ÏL�ªL§¢yÙâf
êÙØ [27].

éu Yb3+ lf
ó, áÂ1Ì�3 940 nm

Ú 981 nm ?�ü�áÂ¸¥%, ´4F5/2 U?d
©�©��(J, nØþ�3 2 J + 1 = 6 �fU
?, ��ò Yb3+ lfÀ�Ï~@��OnU?(
� [31]. 1ÌO�(JXL 5, Γ (Er3+) d[Ü(J
�£8O�¼�.

duU?Æ·�1�ÝÈ© Γ ¤�', L 5 ¥
�O�(JL², Yb3+ lf�ü�-u�fU?

äk���U?Æ·. 
 Yb3+ lfþU? (u L«
þU?, l L«eU?) �Ë��[VÇ R �UþD
4VÇW �Ú�'uÙáÂ�¡ [21,32], �â3O
Ïd"�[VÇL�ª [10−14], �A�nÜ�[V
Ç�L«�

(R + W )Yb
u = ξσYb

abs

2Jl + 1
2Ju + 1

exp
(

E0 − hcζ

kBT

)
,

(5)

Ù¥, ξ �'~Xê, E0 �"�-uUþ. e@
� Yb3+ lf� Er3+ lf3�¬¥äk�Ó�ß
Ý (Ù���'ßÝ�Ó), K�±íØ, 3T�,
NXe, �� Yb3+ lfò¦ Er3+ lf4I11/2 U?
�k�Æ·~���, Ó�¦Ù¦U?�ÙØêO
\��. ù¿�X Yb3+ lf��¯záÂlf, ò
Jpá�éÅ� 980 nm �-u
�áÂ5U, ò
Uþk�/D4� Er3+ lf.
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L 5 �¬¥ Yb3+ lf1ÌëêO�(J

�¬ λp = 981 nm λp = 940 nm

Γ/m−1 Γ (Er3+)/m−1 Γ (Yb3+)/m−1 Γ (Yb3+)/m−1

LiNbO3 4098.3 2290.6 1807.7 2154.1

LiTaO3 1631.6 783.2 848.4 667.1

3.2.3 þ=�u1©Û
�!ò�â±þO�(J, (Üþ=�u11

Ì�ÿÁ(J, }Á?Ø Er3+/Yb3+ �,NX�þ
=�u1L§. ?ØL§¥, b��,lfþ!©
Ù. ?uÆ·�é���U? 4I13/2, 4I11/2 Ú 4I9/2

� Er3+ lf, ��-u�áÂ¥%. du� 4I9/2

U?÷vUþÀJÚþf}à'X, Er3+ lf�U
? 4F7/2, 4F5/2 Ú 4F3/2 E,´J±��þ=�u
1L§�Ð���Æ·U?, ë�þ=�u1L§,

Ïd, d?Ø?ØTU??Ø.

?uÆ·�é�á� 4I9/2 U?� Er3+ lf,

�±��þ=�u1¥% (ù1); 2H11/2 U?�Æ
·� 4I9/2 �Æ·�á, Ïd3-u1õÇ�$�
�¹e, Ù��þ=�u1�Ð� (É1), �ä`
³; 4S3/2 U?äk� 4I9/2 U?���Æ·, �´,

Ùþ=�u1�F1©|�ÓÙ�$U?Ë��
[� 69%, =ÙÉÚþ=�u1L§�üÚþf�
Ç=� 69%.

� â 3 O Ï d " � [ VÇL � ª [10−14],
2H11/2 U?� 4S3/2 U?'��C, �±òü�U
?Æ·Ø��É1þ=�u1�Ð����Æ·

τeff =

[∑
i

(2Ji + 1) exp
(
− Ei

kBT

)
τ−1
i∑

i

(2Ji + 1) exp
(
− Ei

kBT

) ]−1

, (6)

Ù ¥, Ei � i U ? é A � U þ �, τeffLNO

(4S2
3/2H11/2) = 21.5 µs, τeffLTO (4S2

3/2H11/2) =

21.4 µs.

Ä u ± þ ©Û, �©� À J
 Yb3+ l f
� 2F7/2(NYb0) Ú 2F5/2(NYb1) U?, 9 Er3+ l
f�4I15/2 (N0), 4I13/2 (N1), 4I11/2(N2), 4F9/2(N3)

Ú (4S3/2 + 2H11/2)(N4) U?, ?Ø�¬�þ=�
u1L§, þ=�L§��O²ïG��¹e, �
â©z [22] �Ñ��|�Ç�§, (Üã 2(a) ¤
«L§, %@Ù���k|uþ=�u1��, P

� ET, ���IP� EBT, ok�������
µþL§P� CR. Ñu?Ø�B�Ä, d? Er3+

lfSUþþ=�L§ ETU( À 2N2—N4 + N0, Á

N1—N3 Ú N2—N0) �� Yb3+-Er3+ lf�m�
UþD4�Ä.

�©� ¬ � þ = � u 1 ¢ S ÿ þ ( J X
ã 3, ÃØõÇXÛO\ (5 mW · mm−2 = 5 ×
103 W·m−2), � ¬ � u �É1, � U þ = � �
Ç� $, ù L ², 3 ü « Ä � � þ = � u 1 L
§ τeff(N4) < τeff(N3), �O�(J�� (cö�
u�ö� 1/10), ��Uu�ÉÚþ=�F1.

du 4I13/2(N1) Æ·��, ��µþL§�p
ßÝ N1 ³�, �±�Ñ (éù -Éþ=�u1L§
��TCq, éáÅ�1f�^e�ù	þf}à
L§, ØU�TCq). d�Ç�§|��� [22]

N3/N4 = WET
1 WEBT

4 NYb0/R3W
ET
2 . (7)

du N3 ��u 0, Ë��[VÇ R3 ��é�
� (τeff(N3) �é��), ¤±�í½ NYb1 � N2 �
Uþ��D4�`³L§.

ã 3 Å� 980 nm -1-ue� Er3+/Yb3+ �,NX�¬
�þ=�u11Ì

3þ=�u1ÿÁL§¥, �¬�Uþ=��
Ç�;.�DèÍzÔÚ�zÔNX $ (5 mW

127801-7
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Ñ\éA 0.05 mW ÑÑ), 
¢Sþ, ��íÚ��
í�¿�n���é 980 nm -1-u�þ=�u
1á� [16−19]. �©d?=Jø�«ÿÁ9O�(
J�ë�.

3.2.4 þf}à©Û
4I13/2 U?éCù	— �� — b	Åã�-

u1f?1þf}à, ©z [19,20] Jø
du�
1ÌO�þf}à�Ç�XÚ�{, �©}Ádá
Â1ÌO�¼�� βij êâ, oÑO� N1 é N4 �
þf}à�Ç

η(N4)N1 =
2PCR + PDT

PCR + PDT

=

2β43′ +
∑

4→1

jn=1∏
jm−1=im

βij

β43′ +
∑

4→1

jn=1∏
jm−1=im

βij

, (8)

PCR ���µþ [N4—N ′
3(

4I9/2), N0—N1] u)
� VÇ; PDT �U þ D VÇ, � u � ª Ù Ø N1

F1©|' βij �È�Ú. ��5¿�´, Ï~
=z�Ç η �O���|^-u - u�Ì?1
�, d?´==´ÄuáÂ1Ì���, du J-O

nØ�O�Ø�Ï~3 20%�m, Ïd, �©�
��(J½3 20%�m. O�(J� 114%(LNO)

Ú 116%(LTO), �uÍzÔÀæ>bÄ� Er3+ l
f�þf}à�Ç 190%[19]. Ù�ÏÌ�´, LNO

Ú LTO Ä�(fUþ�é�p [23,24], �Ë��[
L§�±��Ñ (e�ÄTÏ�, þf}à�Çò
ÑkJp), 
ÍzÔÀæ>b�;.�$(fU
þNX, �Ë��[L§VÇ��, Ø�±��Ñ.

©z [25] é Er0.1Gd0.9VO4 ¬N�Äu�� — ù
	-u1Ì� N1 é N4 �þf}à�ÇÿÁ(J
��3 100%—130%Y², A��Ä�(fUþk
'. ��5¿�´, �©�á���L§, æ^�M
�lf
�±Ú\ F− lf, ùéþf}à�Ç�
Jp�U´k|�.

�©�þf}àL§UþD4Ï� [33] O
�, êâ5
u Er3+/Yb3+ V�,NX, �,O
� L § ® ² ò Yb3+ l f �áÂ � Ø, � Yb3+

lf.¾k|uþ=�u1, *�
UþD4

Ï�, òÚåþf}àe=�Ï�CÄ, ?
K
�, þf}à�Ç. ,
, ��5¿�´, ¿Ø´
¤kNX¥� Yb3+ lfÑéþf}àL§Ø|,

Tb3+/Yb3+ V�,NX¥� Yb3+ lfJø
þ
f}àL§�'�U? [34]. d	, ÒUþD4�
Ç
ó, Stotes .�U?��L§�� Stotes .�
U?��L§¯ [35], �©�O�L§�U�ÑO
(�«©, e�ÄTÏ�, O�(JòÑkO�,

= (8) ª¥� β43′ U�¤ β43′ · exp(∆ζch/kBT ),

∆ζ = [(ζ4 − ζ3′)− (ζ1 − ζ0)] ≈ 82 cm−1, Yb é�©
�O�(JÃK�, éÙ¦ ∆ζ ���NX½U?
�U�3K�.

þf}àL§UþD4Ï�Ø=�á��U
?(�k', �A�-u1
k', ©z [25] �
� 337.0 nm Å�1
-ue, þf}à�Ç�é�
p, ´ N1 Ú N ′

3 V­þf}à��(J (�!=O
�
 N1 é N4 �þf}à�Ç).

4 ( Ø

^Y9�{�3 LNO Ú LTO ü¬�.þ¼�
ØëY� Er3+/Yb3+ �,�õ¬	ò�¬. Ú\�
ßÝÚþÝk'� kNL �½Ïf, 3 J-O nØµe
e, �¢yÄuáÂ1Ì��'1ÌëêO�, Ù
(J�©z¥ßÝ9þÝ®��¬�(J��; Ï
Ñ��Ï�K�, kNL �[Ü(J�nØ� �;

T�{�}Áí2�®N½�N�J±��¼�
ßÝÚþÝêâ�NX.

1ÌëêO�(J(Ü�Ç�§©Û, 9þ=
zu1ÿÁ(JL², Er3+/Yb3+ lf�, (ßÝ
' 1:1) LNO Ú LTO ���¢yÉÚþ=�u11
Ì; �â1Ìëêéþf}àL§�O�©ÛL²,

�}Á±ü$Ä�(fUþ��{Jp 4I13/2 U
?é 2H11/2 Ú 4S3/2 U?�þf}à�Ç.

3d, a�M²ISn´ÜÔ]2)|^ïÄ¤¬

Ná�Ü�x²P�!Ü�£ïÄ
ÚÜ»«ó§�J

ø LiTaO3 �.9�'`², a��Snó�Æ���SP

�Jø�>fw�ºÿÁ9©Û(J.
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Room temperature absorption spectra analysis of
Er3+/Yb3+-doped hydrothermal epitaxial layer on

LiNbO3 and LiTaO3 single crystal substrates

Sun Yu Yang Chun-Hui† Jiang Zhao-Hua Meng Xiang-Bin

( School of Chemical Engineering and Technology, Harbin Institute of Technology, Harbin 150001, China )

( Received 11 July 2011; revised manuscript received 16 November 2011 )

Abstract

In this paper we introduce the undetermined parameter kNL which is related to the concentration and thickness, and perform the

fitting calculation that is on the basis of the absorption spectrum about the hydrothermal epitaxial polycrystalline sample on the surfaces

of LiNbO3 and LiTaO3 doped with Er3+/Yb3+ single crystalline substrates according to the J-O theory at the room temperature. It

is obtained that for LiNbO3 Ω2 = 2.34 × 10−20 cm2, Ω4 = 0.77 × 10−20 cm2, Ω6 = 0.31 × 10−20 cm2, and kNL = 4.32 ×
10−2 mol·m−2 and for LiTaO3 Ω2 = 1.68 × 10−20 cm2, Ω4 = 0.84 × 10−20 cm2, Ω6 = 0.45 × 10−20 cm2, and kNL =

9.17 × 10−3 mol·m−2. This method can be extended to the systems in which the data of concentration and thickness such as powder

or colloid are difficult to obtain. According to the up-conversion luminescence analysis and the calculation via spectrum parameters, it

is confirmed that both the samples have the green up-conversion luminescence at Er3+:Yb3+ =1:1, the method of reducing the energy

of matrix phonon is tried to improve the quantum cutting yield of 4I13/2 to 2H11/2 and 4S3/2.

Keywords: Judd-Ofelt theory, up-conversion, quantum cutting, hydrothermal epitaxial
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