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Yb3+:Gd2SiO5 ¬¬¬NNN���(((���ÚÚÚ111ÌÌÌ555UUU*

wp#1)2)† Ü�r1) ±+�1)2) u�1)2) N=1)2) �íº1) Ð�/1)

1) ( ¥��S 1Æ°�Å�ïÄ¤S �1fì��á�:¢�¿, Ü� 230031 )

2) ( ¥I�Æ�ïÄ)�, �® 100049 )

( 2011 c 6 � 26 FÂ�; 2011 c 11 � 4 FÂ�?Uv )

æ^J.{¤õ)�º�� φ30 mm × 75 mm � 15at.%Yb3+:Gd2SiO5 ü¬, ¿^ Reitveld �Ì[Ü�{(½

Ù¬�~ê!�f�IÚ§ÝÏf�ëê. ^áÂ1ÌO�
 Yb3+ lf 2F7/2 ↔ 2F5/2 U?�[��frÝ!
Ì�rÝ!�[VÇ!U?Æ·ÚÈ©u��¡�1Ìëê, ¿�â-15Uµ��Ñ(Ø: T¬Näk���K
�A5, k"æ^�õÇ-1�4+"Ë¢y�N�½�¯-1ÑÑ.

'�c: Yb3+:Gd2SiO5 ¬N)�, ¬N(�, áÂ1Ì, u�1Ì

PACS: 81.10.Fq, 61.10.Nz, 71.35.Cc, 79.20.La

1 Ú ó

�X 900—980 nm ÅãpõÇ InGaAs -1
�4+�¤ÙÚû�z, Yb3+ -1á�3p�
Ç!pUþÚ�áóÀ���-1�¡�`�5
Um©É�'5 [1]. Yb3+ lf>f(�� 4f13,
�À����d�Ç, Ù�Ý>f�� 4f1, �k
Ä� 2F7/2 Ú-u� 2F5/2 ü�õ�, ÏØ
�3-u�áÂ!þ=�Ú��µþ, äkd«
ßÝp, �¢ypßÝ�,�A: [2]. Yb3+ -1
á�� Nd3+ -1á��', äk�C�u�Å
�, ����þU?Æ·!p�þf�Ç!°�
u�1Ì±9���N�4+���°�áÂ,
´uÐ�4+"Ë���pU-1�ÄÀá�,
{I� MERCURY �8!F�� GENBU �8!
{I� LUCIA �8Ú�I POLARIS �8ÑÀ^

 Yb3+ -1á� [3].

3&¢ÚïÄ�-1¬Ná�¥, äkü�
¬X� Yb3+:Gd2SiO5(GSO) ¬NLyÑr�¬|
U?©�, ÙÄ� 2F7/2 U?� Stark ©����


 1067 cm−1, ´Ä�©��°� Yb3+ -1á
���, �±¢yOoU?-1$= [4,5]; Ó�,
Yb3+:GSO ¬Nä��-1�4+����°�á
Â, ´�«#.��� Yb3+ -1ó�Ô�, �®
²¢y
p�ëY!£�Ú�N�-1ÑÑ [6−8],
¿¼�
$K�!�¯-1ÑÑ [9−11]. �8c,
Yb3+:GSO ¬N��[(�ëê!�frÝ!Ì�
rÝ!�[VÇ!U?Æ·Úu��¡�1Ìë
ê�����, �ù
ëêéu�\@£á��
1ÌÚ-15U!-1ì��O!¬N)�!u
Ð#. Yb3+ -1á��k��¿Â.

�©æ^J.{)�
 15at.%Yb3+:GSO ü
¬, |^ Rietveld �Ì[Ü�{ïÄ
Ù¬N(�,
|^ÙáÂ1ÌO�
�frÝ!Ì�rÝ!�
[VÇ!U?Æ·ÚÈ©u��¡��1Ìë
ê, ¿éÙ-15U�
ÐÚµ�.

2 ¢ �

2.1 ¬¬¬NNN)))���

æ^pX®N Yb2O3(4N), Gd2O3(5N) Ú SiO2

* I[g,�ÆÄ7 (1OÒ: 90922003, 50872135, 50932005) Ú¥I�Æ��£M#ó§���5�8 (1OÒ: YYYJ-1002) ]Ï
��K.
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(4N) ���, �ìzÆ�A�§ xYb2O3 + Gd2O3

+SiO2 → Yb2xGd2(1−x)SiO5(���� x = 0.15,
15at.%Yb3+:GSO) ¤I�zÆOþ'~¡���,
·Üþ!��Ø¬�(¤�¬, ,��\�7l
�, 3�íí¨e, ^¥ªaAJ.¬?1ü¬)
�¢�. ¢�²LÚ¬!�p!�»!Â�Úü
§�6§��, ¤õ¼�º�� φ30 mm × 75 mm
� Yb3+:GSO ü¬ (Xã 1). ¬N3�§¬¥ò»
�, ÷ (010) ¡��¿V¡�1¤¬¡, ±�BÿÁ.

ã 1 J.{)�� Yb3+:GSO ü¬

2.2 X ������®®®"""ûûû���ÌÌÌ!!!áááÂÂÂÌÌÌÚÚÚ111���uuu
111ÌÌÌ

X ��®"û�Ìæ^Ö= PANalytical úi
� X’pert PRO XRD û�¤?1ÿÁ, ÿÁ�Ý�
�´ 10◦—90◦. áÂÌæ^{I PerkinElmer ú

i� Lambda-900 ©11ÝO÷¬¡ [010] ��?
1ÿÁ, ÿÁÅ���´ 300—2400 nm. 1�u
1Ìæ^{I Jobin Yvon úi� Fluorolog-3-Tau
�/]�F11Ì¤?1ÿÁ. ¤kÿÁ3¿§
e?1.

3 (JÚ?Ø

3.1 ¬¬¬NNN(((���LLL���

�
¼�O(�(�&E, |^ Reitveld �{
é Yb3+:GSO �¬N®" X ��û�ãÌ?1

�Ì°?[Ü. l Yb3+:GSO ¬N®" X ��û
�ãÌ�±wÑ, Ù� GSO ãÌ (IOk¡ ICSD-
27728)[12] ¸ ÎÜ��k�é £, L² Yb3+

�, GSO � GSO äk�Ó�(�, áuü�¬
X, � m + � P21/c (No. 14). d u Yb3+ l f
äk� Gd3+ lf�ÓzÆd, ��C�lf�
» (Yb3+ �»� 0.86 Å, Gd3+ �»� 0.94 Å, Si4+

�»� 0.42 Å), Yb3+ lf3Ú\ GSO ¬�¥A
�� Gd3+ lf?\Ù¤3�� , Ïd3°?
�, ¦^ GSO ¬�(�êâ��Ð©ë�êâ, U
zÆª (Gd0.85Yb0.15)2SiO5 �½¬�¥ Gd, Yb, Si
Ú O �f�ÓkÇ, éÙ¬�~ê!�f ��
I!��Ó5§ÝÏf (Uiso) ?1
°?. °?
�, ¦^�^�´ GSAS(General Structure Analysis
System)[13], [ÜÂñ�\��{��Ïf wRp Ú
�{��Ïf Rp ©O� 5.07%Ú 3.74%.

L 1 Rietveld �Ì[Ü�Ñ� 15at.%Yb3+:GSO ¬�¥��f ��I!ÓkÇÏf (g) Ú§ÝÏf (Uiso)

�f Wyckoff  � x y z g Uiso/Å2

Gd1 4e 0.11796(16) 0.1440(11) 0.4238(10) 0.85 0.0106(14)

Yb1 4e 0.11796(16) 0.1440(11) 0.4238(10) 0.15 0.0106(14)

Gd2 4e 0.52206(28) 0.6254(17) 0.2256(10) 0.85 0.0099(16)

Yb2 4e 0.52206(28) 0.6254(17) 0.2256(10) 0.15 0.0099(16)

Si 4e 0.1981(13) 0.580(5) 0.477(4) 1.00 0.012(5)

O1 4e 0.1909(20) 0.474(6) 0.654(11) 1.00 0.051(10)

O2 4e 0.1365(12) 0.484(7) 0.328(9) 1.00 0.036(14)

O3 4e 0.3643(16) 0.606(10) 0.500(9) 1.00 0.077(14)

O4 4e 0.1186(12) 0.753(8) 0.507(8) 1.00 0.041(13)

O5 4e 0.3681(16) 0.415(8) 0.011(8) 1.00 0.044 (13)
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lã 2 ��, [Ü XRD ãÌ�¢� XRD ãÌ
�m��� (Yobs − Ycalc) Ly�é�, üöUéÐ
ÎÜ. lL 1 �Ñ���f§ÝÏf (Uiso) �±w
Ñ, �� Gd Ú Yb �fäk���§ÝÏf, 
��� Si Ú O �fäk���§ÝÏf, Ï°
?�Ñ��f �&E´Ün�.

ã 2 15at.%Yb3+:GSO ¬N®" X ��û�� Rietveld �
Ì[Ü(J (� ′×′ �´¢�*ÿ� (Yobs); � ′·′ �´O�
� (Ycalc); �’o’ �´¢�*ÿ�ÚO����� (Yobs−Ycalc))

d L 2 � �, Yb3+:GSO ä k � GSO � Ó
��m+ (P21/c, No. 14), �ØÓ�¬�~ê.
Yb3+:GSO �¬�Ì�´3 b ¶��k
���

~�, �N¬�NÈC�, ¬N�ÝC�.
Yb3+:GSO ¬ N ( � « ¿ ã, X ã 3 ¤ «,

÷ [001] ��w, Ùn�(� (ã 3(d)) ´d (Gd/Yb)-
O9 � �o¡N (ã 3(a)), (Gd/Yb)-O7 � �¡
N (ã 3(b)) Ú Si-O4 � o¡N (ã 3(c)) ÷ a ¶
��©�æÈ¤. ln«� N¥�lf��l
f�m�²þ�� (L 3) �±wÑ, Si-O ��²þ
��' Gd/Yb-O ��²þ��áNõ, Ïíä,
(Gd/Yb)-O7 � NÚ (Gd/Yb)-O9 � N/¤�Ä
ìN´»�,  Si-O4 � NK´��½�Äì.
ù�U´ü¬÷ 〈100〉 ¡N´)n��Ï. Ïd, ü
¬)�A¦þ;m [100] ��)�.

3.2 dddáááÂÂÂ111ÌÌÌOOO��� Yb3+:GSO ¬¬¬NNN111ÌÌÌ
ëëëêêê

ã 4 �Ñ Yb3+:GSO ¬N�áÂ1Ì. �,D
è Yb3+ lf´üU?XÚ, �´3�Ñ 2S+1LJ

¬|U?©���¹e, �|^áÂ1ÌO�Ù1
Ìëê [14]. Yb3+ lf�1Ìëê�¹>ó4fÚ
^ó4f�[üÜ©, æ^©z [15] �Ñ�O��
{, �±O��[�frÝ f!Ì�rÝ S!��
�[VÇ A!È©u��¡ Σ ÚU?Æ· τ �ë
ê, O�Ú½Xe:

L 2 Rietveld �Ì[Ü�Ñ� 15at.%Yb3+:GSO ¬�ëê

¬N �m+ a/Å b/Å c/Å β/(◦) V/Å3 ρ/g·cm−3

Yb3+:GSO P21/c 9.11931(14) 7.0130(4) 6.73151(24) 107.485(8) 410.737(23) 6.910

GSO[12] P21/c 9.12 7.06 6.73 107.58 413.09 6.793

L 3 Rietveld �Ì[Ü�Ñ 15at.%Yb3+:GSO ¬�¥�lf�� �lf�m��� (C—O)

¬N �lf � ê é¡5 C—Omin/Å C—Omax/Å C—Omean/Å

Yb3+:GSO
(Gd3+)1 9 C1 2.217 3.147 2.514

(Gd3+)2 7 C1 2.141 2.681 2.476

Si4+ 4 C1 1.196 1.488 1.390

GSO[12]

(Gd3+)1 9 C1 2.272 2.761 2.487

(Gd3+)2 7 C1 2.295 2.532 2.388

Si4+ 4 C1 1.600 1.669 1.632
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ã 3 Yb3+:GSO ¬N(�«¿ã (a) ¬�¥� (Gd/Yb)-O9 � N; (b) ¬�¥� (Gd/Yb)-O7 � N; (c) ¬�¥� Si-O4 � 
N; (d) ÷ [001] ��w, d (Gd/Yb)-O9 � N, (Gd/Yb)-O7 � NÚ Si-O4 � N÷ a ¶��©�æÈ¤�n�(�

ã 4 ¿§e 15at.%Yb3+:GSO ¬N�áÂ1Ì

�â Yb3+ lf�áÂ1Ì, O��frÝÚ

�r, ÙL�ª�

f =
4mε0c

2

Ne2λ̄2

∫
band

α(λ)dλ

=
1.12958325 × 1014

Nλ̄2

∫
band

α(λ)dλ, (1)

S = 10.41348659
n2(2J + 1)

χNλ̄

∫
band

α(λ)dλ. (2)

(1) Ú (2) ª ¥ N ´ ü   N È S � , - ¹ l f
ê; ε0 ´ý�0>~ê; α(λ) ´3Å�� λ �
�áÂXê; λ̄ ´,ã1ÌS�%Å�, ½Â

� λ̄ =
∫

λα(λ)dλ∫
α(λ)dλ

; e ´>Ö~ê; m ´>f�
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þ; c ´ý�1�; n ´ò�Ç; J ´U? J �o
�Äþþfê; χ ´0�?�Ïf, éu>ó4f
´ n(n2 + 2)2/9, éu^ó4f´ n3.

Yb3+ lf�õ� 2F7/2 → 2F5/2 �m�á
Â�[Ì��¹
>ó4fÚ^ó4fÜ©, Ù�
frÝ f �L�ª�

f = fed + fmd, (3)

ª¥^ó4�frÝ fmd �±��O�, Ïdd (1)
ªO�Ñ f �, �d (3) ªO�>ó4f�fr
Ý fed, lO�Ñ>ó4f�r Sed Ú^ó4f
�r Smd, ,�O��[VÇ A. �[VÇ A �L
�ª�

A = χ
16π3e2

3hε0(2J + 1)λ̄3
S, (4)

ª¥ h �ÊK�~ê.

éu Yb3+ lf 2F5/2 → 2F7/2 �m��[,
Ù 2F5/2 �U?Æ· τ ÚÈ©u��¡ Σ �^ A

O�Ñ5, ÙL�ª©O�

τ =
1
A

, (5)

Σ =
λ̄2

8πn2c
A. (6)

L 4 �Ñ
O���� Yb3+:GSO ¬N�1
Ìëê. �±wÑ Yb3+:GSO ¬Näk��F1
Æ·Ú��È©u��¡, ´�«1Ì5U'�Ð
�-1á�. O����F1Æ·´ 1.14 ms �©
z [4] �Ñ� 1.11 ms Ú�¢�ÿÑ� 1.06 ms(ã 5)
ÑUéÐ/¬Ü. l©z [16] ��, ¢y-1ÑÑ
�, Ï~�¦äk��F1Æ·Ú��È©u��
¡, Yb3+:GSO ¬N�F1Æ·�Î¦þ?�È©
u��¡� 3.2× 10−20 m2, �u 10−20m 2, Ïk
|u¢yâfê�=Ú-1ÑÑ.

L 4 15at.%Yb3+:GSO ¬N�1Ìëê

�[ 1Ìëê >ó4�[ ^ó4�[

2F7/2 → 2F5/2
f 2.32 × 10−6 3.32 × 10−7

S/m2 9.50 × 10−25 1.28 × 10−25

2F5/2 → 2F7/2

f 3.09 × 10−6 4.42 × 10−7

S/m2 9.50 × 10−25 1.28 × 10−25

A/s−1 770.0 110.1

τ/ms 1.14

Σ/m2 3.2 × 10−20

ã 5 ¿§e 15at.%Yb3+:GSO ¬N�F1P~�

Ó�^ σabs = α/N O�
 Yb3+:GSO ¬N
�áÂ�¡ (α �áÂXê, N � Yb3+ �,lf
ßÝ), Xã 6 ¤«. ¿§e Yb3+:GSO ¬N�á
Â¸ u 899 nm, 924 nm, 941 nm Ú 976 nm, �A

�áÂ�¡� 0.20 × 10−20 cm2, 0.30 × 10−20 cm2,
0.21 × 10−20 cm2 Ú 0.52 × 10−20 cm2.

3.3 uuu111111ÌÌÌ555UUU

du Yb3+ lf�3�r�2áÂ�A, u�
Ì�Ø´O(ÿþ. � Yb3+:GSO ¬Nu�1Ì�
2áÂ�AÌ�3 976 nm ?, Ù3�é°�u�1
Ì¥Óâ���'~, Ïd?O��u��¡�
Ñ
2áÂ�Aéu�1Ì�K�. ^ Füchtbauer-
Ladenburg �{O�u��¡�úª� [4]

σem(λ) =
λ5A

8πn2c

I(λ)∫
λI(λ)dλ

, (7)

ª¥, A �þU?��[VÇ. du|^áÂ1Ì
O��F1Æ·�¢�ÿþ�é�C, Ï�O�
� A = 880.1/s; n ´ò�Ç, � n = 1.8[5]; c ´ý
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�1�, λ ´Å�; I(λ) ´u�1r. du�Ñ
2
áÂ�A, �

∫
λI(λ)dλ �¢��A'ý¢�Ñ�,

Ïd, O�u��¡3�ÅÅã'¢SÑp. ã 6
�Ñ
 Yb3+:GSO ¬N�u��¡1Ìã.

ã 6 ¿§e 15at.%Yb3+:GSO ¬N�áÂ�¡Úu��
¡1Ì

lã 6 �±wÑ, ¿§e Yb3+:GSO ¬NÌ
u�¸ u 976 nm, 1009 nm, 1030 nm, 1048 nm
Ú 1088 nm, �A�u��¡� 0.51 × 10−20 cm2,
0.37×10−20 cm2, 0.97×10−20 cm2, 0.46×10−20 cm2

Ú 0.33 × 10−20 cm2.
u�1Ì¥, 976 nm "(f��3r��gá

Â�A, ÏØ¨��-1ÑÑÅ�; 3 1009 nm
Ú 1030 nm =k���gáÂ, �±��-1Ñ
ÑÅ�, ��U¬k���K�; 3 1048 nm
Ú 1088 nm Ø�3gáÂ�A, k"¢y$K�-
1ÑÑ. áÂ1Ì¥, 924 nm áÂ¸äk�áÂ�
¡Ú°�áÂ, Ïd�±ÀJTÅ�?1-1�4
+Ä$. �8cTÅ��-1�4+uÐÿØõ�,
láÂÌ��±wÑ, EUÀ^ 940 nm �-1�

4+��Ü·�Ä$. ,	, Yb3+:GSO ¬N�u
�Ì�l 976 nm ò�� 1088 nm, �k 112 nm �
�°, Ïd·ÜuÐ�N�-1Ú�áóÀ-1.

3.4 ---111555UUUµµµ���

�â®�áÂÚu��¡, �±?1-15U
ýÿ, ÙÌ��L�ëêk��âfê βmin!�Ú
Ä$rÝ Isat Ú��Ä$rÝ Imin, nö�m�'
X� Imin = βminIsat. βmin Ú Isat �L�ª� [17]

βmin(λem) =
σabs(λem)

σabs(λem) + σem(λem)
, (8)

Isat(λex) =
hc

λexσabs(λex)τem
, (9)

(8) ª¥, σabs(λem) Ú σem(λem) ´ÀJ λem ��
-1ÑÑÅ��éA�áÂÚu��¡; (9) ª¥,
σabs(λex) ´ÀJ λex ��Ä$Å��éA�áÂ
�¡, h ´ÊK�~ê, c ´ý�1�, τem ´F1
Æ·. Imin L«�¿Â´, 3Ø�ÄÙ¦?Û1
�Ñ��¹e, ��-1K�¤I��Ä$õÇ
rÝ. Ï, éu,«-1á�3A½�Ä$Å�
ÚÑÑÅ��, r�áÂ�¡!��F1Æ·!
��u��¡Ú��2áÂ, ò¬k��� Imin

�, �k|u-1��), éAá��-15U�
�Ð. �
é', ^Ó«�{O�
�¢�¿)�
� 5at.%Yb3+:GSO Ú 10at.%Yb3+:YAG ¬N�-
15Uëê, ¿3L 5 �Ñ
n«¬N�ëê'�.
dL 5 ��, 15at.%Yb3+:GSO ¬N���Ä$r
Ý Imin 'Ù¦ü«¬N�p, L²-1$=�ò¬
k�p�K�, éÄ$õÇ�¦ò¬O�.

L 5 ¿§e 15at.%Yb3+:GSO ¬N� 5at.%Yb3+:GSO Ú 10at.%Yb3+:YAG ¬N�-15Uëê'�

¬N λex/nm σabs/10−20 cm2 Isat/kW·cm−2 λem/nm σem/10−20 cm2 τem/ms βmin Imin/kW·cm−2

1009 0.37 0.590 40.136

(15at.%)
924 0.30 68.027

1030 0.91
1.06

0.301 20.476

Yb:GSO 1048 0.46 0.315 21.428

1088 0.33 0.322 21.905

1009 0.33 0.173 4.323

(5at.%)
925 0.69 22.397

1030 0.66
1.39

0.061 1.366

Yb:GSO 1048 0.38 0.036 0.806

1088 0.41 0.021 0.470

(10at.%)
942 0.85 14.399

1029 1.62
1.71

0.499 7.185

Yb:YAG 1048 0.21 0.821 11.822
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ã 7 15at.%Yb3+:GSO ¬N�ØÓ�=âfê'~ β éA�
OÃ�¡1Ì

-1�OÃA5�L«� σg(λ) = βσem(λ) −
(1−β)σabs(λ)[3], β �âfÙØê�='~, ´-1
þU?��=âfêßÝ�oâfêßÝ�'�;
σem Ú σabs �-1ÑÑÅ� λ éA�u��¡Ú
áÂ�¡. � β �½�, ���u��¡Ú���
gáÂ�A, k|u�)���-1OÃ. ã 7 �
Ñ
 15at.%Yb:GSO ¬N3 β = 0, 0.3, 0.5, 0.8 Ú 1
�-1OÃA5�Å��'Xã, �±wÑ, �X
Ä$õÇ�Or, �=âfê�O\, -1OÃA
5�3Or, ��=âfê'~���ê±þ�,
éA 1030 nm, 1048 nm Ú 1088 nm Å�Ñy�O
Ã, ÏT¬Nk"æ^�õÇ-1�4+Ä$¢

y-1ÑÑ.

4 ( Ø

æ ^ J . { ¤ õ ) � 15at.%Yb3+:GSO ü
¬, ¿ ^ Reitveld � Ì [ Ü ( ½ 
 Ù ¬ N ( �,
� m + � P21/c (No. 14), ¬ � ~ ê � a =
9.11931(14) Å, b = 7.0130(4) Å, c = 6.73151(24) Å,
β = 107.485(8)◦, ü�NÈ� V = 410.737(23) Å3,
�Ý ρ = 6.910 g/cm3. 1ÌëêO�(JL², Ù
þU?Æ·� 1.14 ms �¢�� 1.06 ms �C, È
©u��¡� 3.2 × 10−20 m2. ¬N�áÂ1Ì
Úu�1ÌLy��G, �äk��áÂ�¡Ú
u��¡. 3 860—990 nm áÂ�S, Ì�áÂ¸
´ 899 nm, 924 nm, 941 nm Ú 976 nm, �ÙéA�
áÂ�¡´ 0.20 × 10−20 cm2, 0.30 × 10−20 cm2,
0.21 × 10−20 cm2 Ú 0.52 × 10−20 cm2; 3 950—
1150 nm u��S, Ì�u�¸´ 976 nm, 1009 nm,
1030 nm, 1048 nm Ú 1088 nm, �ÙéA�u��
¡� 0.51 × 10−20 cm2, 0.37 × 10−20 cm2, 0.97 ×
10−20 cm2, 0.46 × 10−20 cm2 Ú 0.33 × 10−20 cm2.
-15Uµ�L², T¬Nk"æ^põÇ-1�
4+Ä$¢y�áóÀÚ�N�-1ÑÑ.
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Structure and spectral properties of
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Abstract

15at.%Yb3+:Gd2SiO5 crystal with a size of φ30 mm × 75 mm is grown by the Czochralski method, and its lattice parameters,

atom coordinates and temperature factors are determined by the full-profile Rietveld refinement method. Its spectral parameters of

oscillator strength, line strength, transition probability, energy lifetime and integral emission cross-section for Yb3+2F7/2 ↔ 2F5/2

transition are calculated using the absorption spectraum. And the laser performance evaluation shows that this crystal is a potential

laser crystal with relatively high threshold, and could be used as a medium of tunable or ultra-fast laser pumped by high-power laser

diode.

Keywords: crystal growth of Yb3+:Gd2SiO5, crystal structure, absorption spectra, emission spectra
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