
����������	�
����������������������
����! �"$#%�&�� ('*)��,+-'�)�� ./ #�0�0�'�1$ �#��2�&35476

8:9595;=<�>@?=A�B=CEDE<GF5<IHJ95BKF5?=CJBL;@MNCEOQPSRTBKCEF5B=CEDEUN?=AWVGX=Y Z\[^]:D`_aY Z\[^]
9Wbc?dRe?=fgMih Rjhk?=CECJ?=Fl?mRe<�UN?d>@B

nporqsort�u*vpw�x�y�z�npo|{�or}~x$v,x%���&�$ys���(z�}�o|��o|��x������$y�z,��o|��o(��x���u$v,x�y�z�npo|��o(�lx��%x�y�z-npo|�Jo��i�s���&v��%�d���7������z�qsor}�or����v,��u��sx�y�z
�Ior��or�5��w��*�p�!��z, �or�Jo��d���¡x�y!w����¡¢¡�

£�¤|¥�¤§¦�¨ª©%¦%«|¬®%¯%°K¯�±%¬|¥�¯�¥(©�¥�²$³%¤´¦�±%µ|°K¶&¯%·�¯�%¯d¯%¸�¹7º,¹ £�¹´»,µ(±%¬|¥�¼(±�¥�¯�±�µr½$¼l¾�¿�À
Á|Â�Â�Ã�Ä�ÄÆÅ ¼$¥�Ç$¯�±%¼rÈ�É�¤®±%¯�±%«ª¦�¼®³%¬®%¼�²dµ�¨(Ê�¹ È&¾�µ�¬�¬�¯�²

Ë�Ì µ�¬®%µ(½*¬��¯%°=«rµ�¬´©%³�¼®¦7¬|¥|½*¤�±�±%Í�°Î¯�±%¬|¥�¯�¥(©�¥�¬|¥�¼rÊ$¯d¯L¬®Ï�Ê$¼r½*µr½$È Á�Á�Ð�ÄrÑ�Ð Ì µ�¬®�½$¼rÈ!¾�µ�¬�¬(¯�²
ÒsÓ�Ô�Õ*Ö7×�Ø�Ù�ÚlÛlÜ*Ý�Þ�Ú|ß�à�Ø%áãâ*ä�å¡Ú|æ�â�ç�ç$è,é(ê

ëì���*���*í���3î�ï35�*4�47�*1$�I��ð����*ñ�	Îòôó,õ�ö�÷´��ð����$ñ7	�ø��7ù7�*
�ð�ñ�ð�47�L������ú�ð|ñ7�*
*	�4���ð���	*1$4����%4��~û=��
��*ü����%
d��ý�ú��$�%�&þpð�ù�÷
ù�����ÿ��*
��������	��
�������	��
� ����rý	�7ð�4���ð��r	�
������&�������%�J��ÿ7��ù��*���%�Jñ7�&47	�������ð���ÿ��*ü@ù7ð|ú�	*ÿ���	��7�&���J� û%	�ù%	*ÿ���ð�ù7���|÷
�%�&ÿJù�	$���7ù�ð�ñ�ð�ú�ð�4���6@ú��*ÿ7	*ú���4��~ûc����	*�%����ð���ÿ��!ûc�7�$ú�ð�üE�7����
��*ú���ú��=ý�������4��&�%�Nþ�	��|�*
��-ðd���*�����$674���6 ���|��ú�ð�ñ%ý�ð��ï�~û
����ù%	������*
7 

�	����õ	��'��% #�07 �� ��¡'��% !�07 "$#��¡'��% %�'� &�'s�¡'��% ��07 (�)7�s'+*7 '��� ,�-

.0/21436587+9;:	<	7=:;7�3�>�1?52@2>�1A587+BC:;D�E?52F�9�D�7+B�3�GCHI3�/25I7?3+>
<J:;B27?K27�3+DL>�MONJ52@?B;<JPQ7�K�K214<J>;DRMTS;HI7�U�7?3�B;H4DRMTS;H�>�1RB21RK�VXW
361436NYU�7�3+B;H�NYF�BZM�D?[?:	<JB;:�1R7A<]\�5I7?>;B;K�<J^�7?3+>�1R7_N$/21RK8G;921�`
^�7�:J<;GbadcYe�fRgihkjb1R9;:�14lk3�B214K21R:JV�S�361Rm+92DR:	<	7n:;D=7+9;<o:�14l
M�D?B27�K�<JD+5�@8:;1Rlp/258D?B�PQ14K2M�7XNo3+B;K21RlJ3�B;H�S	/;K27�1RERK2D?mqN$FrU�<JW
<J:;PQ14K�M�D?s;<oFtHuPQ1RK�M�7C:;DRM�DR[?:	<o^�7�:	:;143�B;<vHk\+5I7?>;B;K2<;`
^�7?3+>�1R7�:;DR/;K8G�w�7?:	<;7<x1RE4K2D�B;:�12SyG;H45IG�7+B�3�G=HI7?3+@2M�D�/;K�<;`
HR587�>;D?B27�5�@8:	VXMzK27?{�7�:	<	7�M|:;D?36NYU�:	VXW}m�D?9�DR^~367�:	3614K�:�14l
B27+W;:	<J>J<YSyM�DR[�:J<	B;:�14l~/�D?M�G;B;<}<~M�<J>	K21?\+5I7�>	B�K214:	<o>	<YS�H
^;D?3�B;:�143+B�<A3+/;<o:;B;K21R:J<J>	<$S�3�B;K27�M�G	U�7?l	3�Gp361R7�9;<J:	<JB�@p921�`
3�B214<J:;3+B;H4D�\�:�7?K�[�14:�7�m�DRHI<J3+<oMO14l|M�DR[�:J<	B;:�14l0/�DRM�G;B�<v<
E4V�3�B;K21R987?l	3+B�H?NYFrU�<JWp\�587�>;B;K�<J^;7�3�>	<JW=3�<	3+B87?Mu1RE4K2D�ER1RBI`
>	<}<J:;PQ14K�M�DRs;<o<YhLjZ9;KRN$[+1RlA3�B214K214:	V�S�14/;V�B�S�:;DR>�14/25I7�:�`
:	VXl}3�MO14M�7�:;B�D�1RE4:;DRKRN;w�7�:	<	G}/27?K2H8VXWnMONJ52@?B;<	PQ7?K�K21R<;`
>�14Hn�i:;DR^;D�5I1��I�4`�W�[+1R9814H�����HI7�>;DR�qS�/21Rm�H41?52<	5	S�:;DR>�14:�7�soS
361Rm�9�DRH4D?B;@�M�D?B27�K�<	D�5�V�H�1RE4VX^	:	VXWzNo365814HI<;G	WoS�927�M�1R:�`
3�B;K�<JK4NYFrU�<JW�3+<	52@2:	V�7�M�DR[�:J<	B21?\�5I7?>;B;K�<J^�7?3+>	<	7�3�H414l	3+B8`
H4D8hL.y1RBA/214^�7�MON~3�7�lo^;D?3�[+14HI1RK8G;B�1�:;D?3�B21?G	U�7�M��6K27�:;7�36`
3�DR:;3�7+��M�DR[�:J<	B21?\�5I7?>;B;K�<J^�7?3+>�14lZ�i������B27�M�D�B;<o>	<YS�HIVXK2D+`
wrD?FrU�7?M�3�GAH_/21?G	HR587�:	<o<A3�7�>	s;<olYS�/2143+HRG	U�7�:J:	VXWnMONJ52@4`
B;<	PQ7�K�K214<J>	D?MTS�:;D=3�<JM�/21?m�<�N$M�DRWZ/21AM�D?[?:�7�B;<	m+MONYS�/;K21�`
H47�927�:	<o<3+/27?s;<	D�52@2:	VXW�>�14:;PQ7?K27�:	s;<olp<\�>;3�/214:�7�:	s;<JD�52@4`
:�14MuK2143�B27L/8N�E�5�<J>;DRs;<ol=:;D�\�BINAB27?M�NYh
��DR:	[�DR:	<JB�V����=������/;K21?G	HR58G;F�BnER1�5�@8{�1R7pK2D?m+:;1R1RE+`

K2D�m�<;7nP�<	m�<J^�7?3+>J<JW]3+HI1RlJ3�B;H~H}m�DRHI<J3+<JM�143�B;<�1RB]K27�9;>�1�`
m67?MO7+52@2:�14[�1�\+5I7?MO7?:;B�D��rhyjY1R7�9�<o:�7�:J<;Gx3�ER1?52@2{�<JM�<;14:2`
:	VXMvK2D?9;<�No3�14Mz\�587�M�7�:;B�D�� �¢¡y£;SQ¤�¥+Sy¦�§YS�¨�©�SQª�«$SO¬�§
<z�®o�x>	K�<	3�B�D�5I5�<	m6NYF�B�36G�Hk14K8B214K214MOE4<o^�7�3�>�14lv3+B;KRN$>2`
B8NYK27A3A/;K2143+B;K8DR:;3+B;H47?:	:�14l¯[?K4NY/;/214l�°�±$²�³ba ´4gihv.03�1�`
7+9;<J:;7�:	<	G;Wp3LM�7�:	@2{�<JMk<;14:	:JVXMbK2D?9�<;No3614Mk\+5I7?MO7?:;B�D��
�¢µ�¶	SYª�¥+SY�©�S�·�®$SY¡�«�S�·�S$¨	¸�<�¹º����:;D�E?52F�9�D�7+B�36G=[+7�>;3+D+`

»½¼ Ý�¾À¿�Á�Â ÃÅÄYÆ+ÇiÂ Ã ÈqÁ�É�Ê?Ë?Ê?Â ê ÇÌÊ?Í�ê ÎÌÏ

[+14:;D�52@2:;D�Gp>	K�<	3+B2D�5852<J^;7�3�>;D�Gp3�B;K4NY>;B8N$K8DL3�/;K2143�B;K2D?:	3�B8`
HI7�:	:�14l_[?KRN$/;/21Rl�°r�I�+Ðq²Ña Ò?gihOÓ	7?>;3�DR[+14:;D�52@2:	V�7�M�D?:J[+DR:	<;`
B;VÔ/;K�<J:;D?925I7+wrD�BÕ>]>�58D?3+3qN�PQ7�K�K21?\�5I7?>;B;K214M�DR[?:�7+B;<o>�14H�S
H�>�1RB814K�VXW�B27�M�/27�K2D?B8NYK2D�/27�K27�WI1R9�DrHLPQ7?K�K21�\+5I7?>;B;K2<o^�7?3q`
>�1R7T3�143�B21?G;:J<;7TÖ	×CØu�I�I�JÙ�c?�I�8�OÚx:;DRM�:�14[+1�HIVX{�7�B27�M�/276`
K2D?BIN$K�VÛD?:	B�<JPQ7�K�K214M�DR[?:	<JB�:;1R[+1k�ÌÜQÝr����NY/214K8G;921R^;7�:	<	G
Ö	Þ¯Ø�ßR�JÙ�c�fI��Úba �Rgih
àXD?3�B21?G	U�D�GáK2D+ER1RB�Dz/2143+H4G;U�7?:;Dz<	3�3�5I7�9814HID?:J<JFâ5I1�`

>;D�52@2:	VXWÛM�D?[?:	<JB;:	VXWã/21?587�lä<ä<oWÛK8D?3�/;K27+927�587�:	<	GåH
MONJ52@?B;<	PQ7?K�K21R<o>;DRW�µ�¶2�=��� � <L·��=��� � 3�/214MO14U�@8F�M�F�`
14:	:�14[+1ÕMO7�B81R9�Dx<J3�3�5I7+9214H4DR:	<	G�HI7�U�7?3�B;H4D]�Àæ�¨��X`ºM�7+B21R9��qh
çyE4K2D�m�s;VÕE4V�5�<�/21?5INY^�7?:	V]M�7+B21R9214MxB;HI7�K29214PQD�m�:�14[+1�3+<o:2`
B27+m+DIh�èXm+M�7�K27?:	<;G�HIVX/21?52:;7�:	V�:;D�M�F�14:	:�14MÕ>	D?:	D+587T3+<o:2`
W;K214s;<J>�581RB�K214:;D�é�è�ê�Ý|ë�Ü�à�3�/214M�14U�@2F�æ�¨;�X`½N�3�B�DR:�14H?`
>	<~aìß�gih
.Õ\?>;3+/27?K�<JM�7�:;B27�<	m�MO7?KIG�5�<	3+@�H8K27�M�7�:	:	V�7LK2D?3+/;K27�9276`

5I7?:	<;G/21Rm+<JB;K21R:;1RHLíLî4�Ìïð��S;1RE4K2D�m�14H4DRHI{�<JW23�G�/;K�<�K2D?3+/�D?927
æ��y`ºMO7�m614:;D��Àæ��Õñóò���ô�õ4î�ôöõR÷J��<�H8V�5I7�B87?HI{�<JW�HX:;DR/;K2D?HR`
5I7?:	<J<�<J3+W81R9�:;1Rl�M�F�14:	:�14l�/21?5IG	K�<	m�DRs;<o<pHI1�HIK27?MO7?:	:�14M
14>	:�7�ø�ï�Ø�´JùìÒrú�û�÷A/214365I7�MO14M�7�:;B�D�143�B�DR:�14HI>J<x>;D�wr9214[�1
M�F�14:;D�H�1RE4K2D?m+s274S$[�927rû6÷�epHIK27?MOGpwr<Jm+:	<AM�F�14:;D8h�.QK27�`
M�7�:	:�1R7�K8D?3�/;K27+927�587�:	<	7�/21?m�<	B;K214:�14Hr14/;<	3�VXH4D�7+B�3�G�HIVXK2D+`
w�7�:	<	7�M
í î �¢ïð�Oüva íLý$úiþ�ÿ����ºÙXï��Rû ÷ � g�ú�adc$ô_³��	ú����?�Ìïð�8ô_³	�;ú
���?�¢ïð� g�ô���

�ºc?�
[+987�í�ýLen:;1RK�M�<JK214HI1R^J:;D�Gx>�14:;3�B�DR:;B�D�<	52<YS�<o:	VXM�<x3�5I1�`
H4DRM�<YS�^J<	36581Zm�DRK27�[?<	3+B;K2<oK214H4DR:	:	VXW�/21Rm+<JB;K21R:;1RH��rû ÷��
��� ùÅc��2ß2c8c�ú8c?�����$3re�HIK27?MOGpw�<	m+:J<xM�F�14:;D���³ � SY³ � e�:;D+`
^;D�52@2:;D�GLD?3+<oM�M�7+B;K�<;GLK2D?3+/�D?9�D�M�F�14:�14H�S8143�B�DR:�14HI<JH8{�<JW8`
36GrH�1RE4K2D�m�s27��½³ � �qSI<r7�7�PQ14:�14H4D�G�>�14M�/214:�7�:;B�D��Ì³ � �Y1RB�M�F�`
14:�14H�S	143+B2DR:�14H8<JHI{�<oW83�GH41�HIWI1R9;:	VXW�14>	:;DRWp>	K�<;143�B�D?B�DL<
m�D?9�DRFrU�7�M~3+^;7+B;^	<J>;7T987�B27�>;B214K2D�M�F�14:�14H	��� � �¢ïð��S	� � �¢ïð��e
P�NY:	>	s;<o<=K27�52D?>	3�DRs;<J<n/21?58G;K�<Jm�DRs;<J<�925IG_M�F�14:�14H;SJ143�B�D+`

����������	�
������� ���*����� 
����! �"�"�+Æ"�# #�0�0�' ß��8Ò



ß��8� n�orqsort�u*vpw�x�y�z�n�or{�o(}~x$v,x%�����*y�z�}Æo|��or��x������$yN���&v�o

:�14HI<oHI{�<JW236G�H�1RE4K8D?m�s27�<rPQ14:�14HIVXW�<	3+B21R^J:	<J>;DRW �	�=e�PQ14:
365INY^;DRlJ:JVXW�3�1RH8/�D?987?:	<Jl$h
é�K�<}DR:;D�52<	m�7�\�>;3�/27�K�<JM�7�:	B2D�5�@8:	VXWn92DR:	:JVXWx<J3+/21?52@4`

mqN$F�B�/;K27+9;/21?5I1?w�7?:	<;7�1�PQDR>;B214K�<	m�DRs;<o<�P�NY:J>	s;<J<�K27�52D?>�`
3�DRs;<J<��

� � �Ìïð�Oü �����Ìïð�yú � ��� �Ìïð� � � � �
[�927������¢ïð�T14/;<	3+VXHID�7+B�K27�58DR>;3+DRs;<JF�So1RE+No3�5I14HR587�:	:2N$Fv9;<;`
:;DRM�<o^�7?3+>	<oM�<x\?P�PQ7�>;B�DRM�<$SYD �����6�¢ïð�Te�P�NY:	>Js;<;GnK27�52D?>�`
3�DRs;<J<CH�3�B�D?B�<o^�7?3+>	<oWZ/21�58G	Woh_é�K2<C<	mqN$^�7�:J<J<Õ9;<o:;DRM�<;`
^�7?3+>	<oWrG	HR587�:	<olYSR1RE�N�365I14H452<JHIDRFrU�<oW�K27�58DR>;3+DRs;<JF�3�/;<J:;D
M�Fr1R:	DIS�P�N$:	>	s;<;G_K27�58DR>;3+DRs;<J<�m�D?9�D�7+B�36Gpm�DRHI<J3+<JM�143�B;@2F

�����¢ïð��ü�þ�ÿ	���ºÙ
	�ú�ïð� � �Ìf2�

[�927�	pe�3+>;1RK2143+B;@�9;<J:;DRM�<J^�7?3+>�14lnK27+58DR>;3+D?s;<o<Yh
àXD_K�<	34hÅc�927?MO14:;3+B�K�<oKRNJ7�B�36GAm+D?H8<	3�<JM�143�B;@=3+>;1RK2143+B;<

K27�52D?>	3�DRs;<J<¯/21�58G	K2<Jm�DRs;<J<u143�B�DR:�14HI<oHI{�<JW236G�M�F�14:�14HÕH

20 30 40 50 60 70 80 90
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

T (K)

l
m(

s
)

–
1

������ "� %ë¡ÿ��*ù������%�5ù�ð�ú�	�ÿ7��	��������7�$ú�6�ù����r	+�7�&�I�ï35�*4��*
7��������	�÷
47��
��&
�Æ�!û���6E
@����ù%	�����ð����?���	� 
 
 47ý&ú�ð�
��*�î��	*1$4��&�%47���
���$ú�ð

1RE4K8D?m�s27Õµ�¶2�=��� � 1RBbB27�M�/27�K2D?B8NYK�Vt��	���h .Q<J9;<JM 9;H4D
/;<J>;D�� ßR��Úu<=´2��Ú��qSY>�1RB214K2V�7�361R1RB;H47�B23+B;H�NYF�Bp9�H?NYM�PQD+`
m614HIVXMã/27�K27+W81R9�DRMXS�/27�K�H8VXlz��� ütß4�OÚ��Le�/27�K27+W81R9�<Jm
/�DRK8DRM�DR[�:J<	B;:�14[+1u36143�B21?G	:	<;GvH¯36143+B21�G	:	<	7�DR:;B;<JPQ7�K�K21�`
M�DR[?:	<JB�:;1R[+1¯NY/214K8G;9814^�7?:	<;G�h .QB21RK214lÔ/27?K27+W81R9 ��� ü
ü�´2�OÚ��Q3�HRG;m�DR:�3�K2D�m�H414K21RB214MC3�/;<J:�14H��n�p:;D �I�����Ì3�/;<J:2`
K21RB2DRs;<	1R:J:	VXlu/27�K27�WI1R9;��h���D?>;1R7�N�B;H47?K8w�927?:	<;7AW814K214{�1
3614[�58D?3qNJ7�B�36GZ3_K27�mqNJ5�@?B�D�B�DRM�<YS�/21?5INY^�7?:	:	VXM�<C9;K4NY[?<JM�<
MO7�B21?9�DRM�<xa �;S �Rgih

�Q7+B�D�52@2:�1R7�<	mqN$^�7�:J<;7rP�N$:	>	s;<o<pK27+58DR>;3�DRs;<o<_/21?58G;K�<;`
m�DRs;<J<¯M�Fr1R:;1RH � � /21Rm�H41?5IG�7�BÕ14/;K27+927�5�<	B;@Õ/�DRK2DRMO7�B�K�V
K2D�3�/;K27+927�587�:	<	G5I14>;D�5�@8:	VXWpM�DR[?:	<JB�:JVXWp/21?5I7?l=/;K�<=K8D?m6`
52<o^	:	VXWpB87?M�/27?K2D�B8N$K8DRWp<	3�3�5I7�9INo7�M�VXW�1RE4K8D?m�s21RH;h

��DR>�925IG�1RERK2D?m+s�D�µ�1R�=�Y� � P�N$:	>	s;<oF]K27+58DR>;3�DRs;<o<�/21�`
5IG	K�<	m+D?s;<o<x143�B�DR:�14HI<JH8{�<JW236GxM�F�14:�14H ���R�¢ïð�rH�:2No5I7�HI14M
M�DR[?:	<JB�:;1RM�/21?587�No9�D+7�B�36G14/;<	3+D?B�@�m+DRHI<	3�<JM�143�B;@2F

� � �¢ïð�Oüva ³ � ú8�ºc��4fXô � �4f�ú�¸6¶������ � ú�ïð�yú�þ6ÿ����ºÙ�ø � ú�ïð�ð� ô

ô�³��2ú½�ºc��4fJô � �Rf�úÅ¸�¶��������;údïð�+údþ6ÿ��y�ºÙ�ø��2údïð�ð��gºúdþ�ÿ	�y�ºÙ
	yúÅïð� ���Ì´2�
[+987}³ � ô|³ � üt³ � e�:;DR^;D�52@2:;D�GuD?3+<oM�M�7+B;K�<;GuK2D?3+/�D?9�D
M�F�14:�14H�S	143�B�DR:�14HI<oHI{�<JW23�GpH�1RERK2D?m+s27 ��	pe3+>�14K2143+B�@9�<;`
:;DRM�<J^�7?3+>�14l~K27�52DR>;3�DRs;<J< � � �"! �Lü �$# ú$% �"! ��e=s;<o>�52<o^�7�36`>	<	7�^;D?3�B21RB;Vk�Ì3�HRG;m�DR:	:	V�7�361�3+K27�9�:J<JMA5I14>;D�52@2:	VXMA/21?587�M
H_MO7?3�B27�5I14>;D�52<Jm�DRs;<J<~M�F�14:;DR� �yø �&! ��eAK2D?m6E4K2143�^;D?3�B21RB�S3+H4G;m�DR:	:	VXl¯3ZK8D?m�ERK2143�14M HI:2NYB�K27?:	:	<oWbM�D?[?:	<JB;:	VXWu/21�`
5I7?lYh
àXDxK�<J3Rh � <�f;ST925IG]/;K�<oMO7?K8D8S�/;K�<JHI7+927�:JV P�NY:	>Js;<J<

K27�52DR>;3�DRs;<J<A/21�58G	K2<Jm�DRs;<J< � � �Ìïð��9858G1RE4K2D�m�s�D�µ�1?�n�����

260 280 300 320 340 360 380 400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

t (channel)

G
s

������ #% ��Æý�4�ÿ2�7�&�@ù7ð|ú�	*ÿ���	��7�&� �7�$ú�67ù����|	��7�&�('�)�ò+*®ø�ñ�ú�6N����÷
ù%	����7	����?���;� 
 
c4�ý&ú�ð�
��*�����$ú�ðÎ��ù�� ��ð��ï��ð�ù%	*��ý�ù�ðN�*0-,/.
0 »�1 032 "$'�!�ò )�ør� 054 1 032 0�)�)�ò )�ø6.87 »�1 �*��òª"�ø�98:;���<; »=1
1 %��7òª"$ø�98:;�>.?7 4 1 0@98:;���A; 4 1 !�'�ò '�ø�9B:	�! ã��� 1���ù���÷
�|�*4���	$ú���4��*üC�ÿ7	*ú�ð@ò 
�ù�ð���6D*®ø��*ñ7�&4 ÿ�	*47	*úÎ���*���%
�ð������%
�ý&ð��
07 ��4�����4��$ú��d
�ù�ð���ð�4��@4�	�û��$ñ�������6K
d#���*dÿ�	*4�	$ú�ð

260 280 300 320 340 360 380 400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

t (channel)

G
s

������ !� ��Æý�4�ÿ2�7�&�@ù7ð|ú�	*ÿ���	��7�&� �7�$ú�67ù����|	��7�&�(' ) ò+*®ø�ñ�ú�6N����÷
ù%	����7	����?���;� 
 
c4�ý&ú�ð�
��*�����$ú�ðÎ��ù�� ��ð��ï��ð�ù%	*��ý�ù�ð�!�0-,/.
0 » 1 032 "�0�0�ò #�*�ør� 0 4 1 032 "$'�#7ò #�*�ø6.?7 » 1 '��7òÀ%�ø�98:;�!� ; » 1
1 #�%�ò #�ø�98:;�>.37 4 1 %�0�òª"�ø�98:;�!�5; 4 1 *+!�ò¢*�ø�98:;�� �����1���ù���÷
�|�*4���	$ú���4��*üC�ÿ7	*ú�ð@ò 
�ù�ð���6D*®ø��*ñ7�&4 ÿ�	*47	*úÎ���*���%
�ð������%
�ý&ð��
07 ��4�����4��$ú��d
�ù�ð���ð�4��@4�	�û��$ñ�������6K
d#���*dÿ�	*4�	$ú�ð
925IG�9;H�NYW�W�DRK2DR>;B27�K�:	VXW�B27?M�/27?K8D?B8NYK_�iMO7+w�98Nn/27�K�HIVXM�<
H4B214K�VXMuPQD?m614HIVXM�<=/27�K27�WI1R9�DRM�<=��üzÒ4��Úu<n/21436587�H4B21�`
K214[+18S�3+/;<J:�`�K21RB�DRs;<;14:	:�14[+1�/27?K27+W81R92D��uübfI�OÚ���h

����������	L
������� ���*�ã��� 
����� �"�"¡+�"�# #*0�0�'



{Lw*w����"�¡x�y�u��¡�s���%�$�,w�u��%x���u����������@��u�����u�������x�y	��
�������d������������ù�ù�ù ß �2ß

àXD�K�<	3Rh ´=/21R>	D�m+DR:;Dm�DRH8<	3+<oMO143+B;@_^	D�3+B21?Bn/;K27?s27�3+3+<o<
3+/;<o:;D�M�F�14:;D�H41zHI:2NYB;K27�:	:	<oW�M�DR[?:	<	B;:	VXW�/21?5IG	Wv1?B

20 30 40 50 60 70 80

0

10

20

30

40

50

60

70

80

T (K)

F
(M

H
z)

������ %7 �����
�ð�ñ�ð�4���ð��7	$�����*�J47	��$ú�3lñ7	$ð����*ü��7ù�ðq�7ð��|���&�=72�*�
��ð����7ð�ù�	*��ý�ù�� ���*ù%	+� �7	����?���	� 
 
 47ý&ú�ð�
��*� ���$ú�ð� ��¡
�ðq�r÷
ñ�����ÿ��K+ 7 » ��ÿ�ù�ý!1�ú��-ðl������ÿ��Î+ 7 4

B27�M�/27�K2D?BIN$K�V 1RE4K2D�m�s�DCµ�1R�=��� � Hk:2NJ587�HI1RM H8:�7�{�:�7?M
M�DR[?:	<JB�:;1RM0/21?5I74hA.�<J9�<oMXS�^	B81n/;K�<ZB27�M�/27�K2D?B8NYK2DRWx1RE+`
K2D�m�s�DCM�7�:	@2{�7C� ü ß4�OÚã:	D+E?5�F�92D�7�B23�Gb/;K27�s27?3�3�<;Gb:;D
9;H�NYW�^;D?3�B21RB�DRWoSY1R9;:;D�<	m�>�1RB214K2VXW=/;K27?:�7�ERK27+w�<JM�1�M�D�58D
/21_3�K2D?H8:�7�:J<JFå39;KRN$[+1Rlu� % � � ´8����Ó�s � % ��� c��nÓ�s;�qh
é�1~MO7?K27A/214:	<;w�7�:	<	G�B87?M�/27?K2D�B8N$K2VÔ1RE4K8D?m�s�D % � M�14:�1�`B21R:J:�1pK2D?3�B27+B�S�D % � NYM�7�:	@2{�D�7+B�36G�hré�K�<xB87?M�/27?K2D�B8N$K8DRW
1RE4K8D?m�s�D~:J<;w�7xB27�M�/27�K2D?B8NYK�V ����� � ´ � Ú�^	D�3+B21?B�D % �
m�DRM�7+B;:�1rH41Rm+K2D?3�B�D�7+B_�½/;K2DR>;B;<J^;7�3�>	<�1RB��8�O</;K21R921?5IwrD�7+B
MO14:�1RB214:	:�1�K8D?3+B�<�3r/214:	<	w�7?:	<;7?MuB27�M�/27�K2D?B8NYK�V�h
àXD�K�<	3Rh ÒT927?MO14:;3+B�K�<oKRNJ7�B�36Gr/21RHI7+927?:	<;7X>�1?\�P�P�<os;<;7�:�`

B21RH�³ � <�³����Ì3�MXh�PQ14K2MONJ5INZ�Ì´2� �X/;K2<=<Jm+M�7�:�7?:	<J<nB87?M�/27�`

20 30 40 50 60 70 80
0.02

0.06

0.10

0.14

0.18

0.22

0.26

T (K)

a
a

1
2

,

������ �% ��!	*
����������*���%� 	$���&����ð��%ù��&� �*� ��ð����7ð�ù�	*��ý�ù�� �+��÷
ù%	�����	����?���;��
N
ì4�ý&ú�ð�
��*�2���*ú�ð� ����&4��&� 47	�47ð���ð�4��2ñ7ú�6
47	�1�ú�6�ñ�47�����%� �7�*
�ð�ñ�ð�4���6]�|	*
����������*���%����
�ð��|ñ��+��ÿ�� + 0 » �
ÿ�ù�ý�1�ú��-ð����+��ÿ��Î+ 054 ��1�ñ�ð 0 » , 054 1 0 )

K2D�B8N$K2V�1RE4K2D?m+s�D8hL.�<	9;<JMTS�^;B21�/;K�<AB27�M�/27�K2D?B8NYK27�3+/;<J:�`
K21RB2DRs;<	1R:J:�14[�1/27?K27+W81?9�D_���� "! � ´ � Ú��X/;K214<	3+W81R9;<	B�K27+m6`
>�1R7�<Jm+M�7�:�7?:	<;7�H�3�1R1RB�:;1R{�7?:	<J<nM�7�wr98N}>�1?\?P�P�<Js;<;7?:;B�D+`
M�<�³ � <�³ � h

Ü�:;D�5I14[?<J^	:	V�7u<J3�36587+9214H4DR:	<	GzERV�5�<�HIVX/21?52:�7?:	V :	D
1RE4K2D�m�s27�·��=�Y� � huàXDxK�<	34h �Re	� 927�M�14:;3�B;K�<JK4NYF�B�3�GZK27�`

20 40 60 80 100 120 140
0

0.5

1.0

1.5

2.0

T (K)

20 40 60
0

0.01

0.02

0.03

T (K)l
m(

s
)

–
1 l

m(
s

)
–
1

������ *� %ë¡ÿ��*ù7�*���%��ù�ð�ú�	*ÿ��|	+�7�&�I�7�$ú�67ù����|	��7�&�L��35��47�*
7���*����	�÷
4��*
��&
�Æ�!û���6�
����*ù%	+� �7ðy�����	��
�
Æ4�ý&ú�ð�
��*� ��	*1$4��&�%47�*�J����÷
ú�ð

10 20 30 40 50 60 70
0

0.04

0.08

0.12

0.16

0.20

0.24

T (K)

a
a

1
2

,

������ '% #�!	*
������&���*���%�5	$���&�ï��ð��%ù��&���*�5��ð��ï��ð�ù%	*��ý�ù��E�+�*ù%	��r÷
��	y�X���;��
ï
~47ý�ú�ð�
��*�J�7�$ú�ð� $���&4��&��47	�47ð���ð�4��ìñ�ú�6547	�1�ú�6�ñ�÷
4��*���%�����*
�ð�ñ�ð�4���6T�|	*
������&���*���%�s %��
�ðq�rñ7����ÿ���+ 0 » ��ÿ�ù�ý�1�ú��-ð
������ÿ��=+ 0 4 �&1�ñ�ð 0 » , 0 4 1 0 )

mqNo52@?B�D?B�V�1RE4K2D�ER1RB�>J<_\�>;3�/27�K�<JM�7�:;B�D�52@2:	VXW�9�DR:	:	VXWoSJ/21�`
54N$^�7�:J:	VXWÕ:;D�1RE4K2D?m+s27p·��=�����IhÕ.|/214H47�987?:	<J<]m�DRH8<	3+<;`
M�143�B;<�3+>�14K2143+B�<�K27�58DR>;3+DRs;<J<�/21?5IG	K�<	m+D?s;<o<���	���M�Fr1R:;1RH;S
143�B�DR:�14HI<oHI{�<JW23�G~Hn1RERK2D?m+s27�·��=�Y� � SO1RB~B27�M�/27�K2D?BIN$K�V
1RE4K2D�m�s�DpH8<	927�:}/;<J>~/;K�<}B87?M�/27?K2D�B8N$K27 ��ü��8�OÚXS�>�1RB21�`
K�VXlr361R1RB;HI7+B�3�B;H�NJ7�B�PQD?m614HI1RMON�/27?K27+W81?98N�/�DRK2DRM�DR[?:�7+B;<o>2`
DR:;B;<	PQ7?K2K214M�DR[�:;7+B;<J>p�½K�<	34h �2��h�.A<J:	B87?K�H4D�5I7�B27�M�/27�K2D?BIN$K
´2Ò?e;Ò8Ò�Ú�HI<J9�<oM�:�7�M�14:�1RB814:	:;1R7�/214HI7+927�:J<;7/�DRK8DRM�7+B;K2D 	
H�m�DRHI<J3+<oMO143+B�<p1RBB27�M�/27�K2D?B8NYK�V�1RE4K2D?m+s�Dp�Ì3+MTh�HI3+B�D?H8>2N
:;D�K2<J3Rhì�8�qh
.�<J:;B27�K�HID+587�B27�M�/27�K2D?B8NYK � �?e;�I�yÚAHI<J9�<oMA/;K27?s27�3+3+<JF

:;D�9;H�NYW_^;D?3�B21RB�DRW�% � <C% � S�3�1R1?B;:�14{�7�:J<;7�M�7�wr98N}>�1RB21�`K�VXM�<u361RW;K8DR:�G�7�B23�G�H}N$>;D?m�DR:	:�14M 9�<JDR/�D�m�14:�7xB27�M�/27�K2D+`
B8NYK(% � �$% � � � SoK2<J3Rh �;h

����������	�
������� ���*����� 
����! �"�"�+Æ"�# #�0�0�'



ß��5� n�orqsort�u*vpw�x�y�z�n�or{�o(}~x$v,x%�����*y�z�}Æo|��or��x������$yN���&v�o

20 30 40 50 60 70
0

10

20

30

40

50

60

70

80

90

T (K)

F
(M

H
z)

������ �� �����
�ð�ñ�ð�4���ð��7	$�����*�J47	��$ú�3lñ7	$ð����*ü��7ù�ðq�7ð��|���&�=72�*�
��ð����7ð�ù�	*��ý�ù�� �+�*ù%	�����	��X���;� 
 
�4�ý&ú�ð�
��*�����$ú�ð� �¡
�ðq�|ñ����7÷
ÿ��=+ 7 » ��ÿ�ù�ý!1�ú��-ð5������ÿ��=+ 7 4
àXD_K�<	34h �=927?MO14:;3+B�K�<oKRNJ7�B�36Gx/214HI7+927�:	<	7�/�DRK8DRM�7+B;K214H

ø � <�ø � �iK2D�m�E4K2143�^	D�3+B21?B;�QHT9;<JD?/�D?m�1R:;7�B27?M�/27?K8D?B8NYK � �?e

T (K)

D
(M

H
z)

10 20 30 40 50 60 70
0

10

20

30

40

50

60

������ )� %�!	�
������&�������%�=; » � ; 4 �*�ì��ð��ï��ð�ù%	���ý!ù7���2ñ�ú�6ì�+��÷
ù%	�����	��X���	� 
  ���
�ðq�rñ7����ÿ�� +C; » �-ÿ�ù�ý�1�ú��-ðN������ÿ�� + ; 4

�I��ÚTh$Ü�:;D�5I14[?<J^J:	V�7K27+mqNo52@?B�D?B�VzERV�5�<~/21�5INY^�7?:	VvH_K2D+`
ER1RB87adc��4g½h
çQB�M�7+B;<oMÔ143�1RER7�:	:�143+B;@�HC/214H47�927�:	<o<¯/�DRK�s;<	D�52@2:	VXW

DRM�/25�<	B8No9�³ � < ³��]�Ì3+MTh�PQ14K�MONJ54N0�Ì´2� �pHZ9;<JD?/�D?m�1R:;7

B27�M�/27�K2D?B8NYK � �?e;�I�QÚXh�é�K2<ÕB87?M�/27?K2D�B8N$K27 � � ÒI�OÚ|:;D+`
E?52F�9�D�7+B�36GÕ<Jm+M�7�:�7?:	<;7=Hn3�1R1?B;:�14{�7�:J<J<k:;D?m+HID?:J:	VXWÕ/�D+`
K2DRMO7�B�K214H�³ � �4³����iK�<	3Rhdß4�qh

��D?>J<JMã1RE4K8D?m�1RMÛ9258G�1RERK2D?m+s�DÕ·��=�Y���}/;K�<�B27�M�/276`
K2D?BIN$K27kØ Ò4�OÚäH8<	9;<JM 14361RER7?:	:�143�B;<�Hum+DRHI<	3�<JM�143�B8G	W
1RBkB87?M�/27?K2D�B8N$K2Vã3+>;1RK2143+B;<¯K27+58DR>;3�DRs;<o<u3+/;<o:;DZM�Fr1R:	D
�½K�<J3Rhì�8��<�/�DRK2s;<JD�52@2:	VXW�DRM�/252<	B8No9r³ � <�³ � �½K�<	34h ßI��h�.y1?m6`M�1�w�:�12S�\+B21n3+H4G;m�DR:�1n3=^;D?3�B;<J^J:	VXM�/21RHI14K21RB814M�3�/;<J:�14H
M�D?K�[�DR:	s�D�H�3�1R7+9;<J:�7?:	<J<�·��=������adcIc+g½h

�Q5IGk<	3+365I7�921RHIDR:	:	VXWZ1RE4K2D?m+s214H~µ�1?�n�����A<�·��=�����
m�DRH8<	3+<oMO143+B;@p^;D?3+B81RB;V|/;K27?s27�3+3+<J<A1RB�B87?M�/27?K2D�B8N$K2VzW81�`
K214{�1nD?/;/;K214>;3�<JM�<JK4NJ7+B�3�G]/;K�<]/214M�1RU�<�>	K�<JHI14l]Ú�FrK�<�`
.y7�lJ3�D5� % Ø %����	��ú$�ºc�Ù ����� Þ ��
�3n/214>;D?m�D?B27�587�M�áü
üb�;ùìf �����	ù � � S�^	B81�361R1RB;H47�B�3�B;H�NJ7�B�M�1?927+52<�f���`�M�DR[?:�7+B;<J>	D
Ó	7?l	m�7�:�ER7?K2[+14H83+>�14[+1�B;<J/�D8h
Ü�H4B214K2V]E?58DR[+1R9�D?K�:	Vkë�hì.�hqé�<	3�DRK27?H�Nx�¢Ý8��èu<JMTh�è�14P�`

PQ74SJ[�hoj�D?:J>;B8` é�7+B27�K2E+NYK�[?��m�DL/;K27�98143+B�D?H45I7?:	:	V�7�1RE4K2D?m+s;V
<=s27�:J:	V�7L/25I1R921RB�HI14K�:	V�7�1RE43qN;wr987?:	<;G�h

"� ��� ,- ��
�ðq�rñ���4¡���Æ (�� ���67��	*ÿ��*
��������������,�2%?*��iò #*0�0�%%ør 
#� X�������  ! #"%$Y-& 	'2-Å)7 )(� ?�+*�,�-� /.��?��'I'�0  ��1*�,�-� 3254��&"$#�!�ò #�0�0���ør 
!7 �6  Q�$ ! 70&0Å-&  ��O�ì ð�� -õI- �2)#*,�8����"}�p Q�:92 ;92))�=<> 70 �8(� Q�+*�,�-��
�y����"� ��-� ����q#?  @�����!��0�!iò #*0�0���ør 

%� 9K º�� 2(�-&0A0& ����8� . #����� ;,�- #?�)0&0Å�+)+ � B��Cs�¡"q*7"Kòª"�)���'�ør 
�� X�ì �$Y-& 	'2-Å)7�>.L 3$8 =D�/*�0Å- . *s�>E� 3EX�#*2�F #��)0  �I�1*�,�-� %öG H<� 3IJ #Ì#� 

4��,�!��*�#*0Nò #�0�0�0�ør 
*7 LK� �EL�q#;-�9��A9/M - �8�ì 2���)-;�/NI- ���� 8��� . *�-A"��O #P�)0  �8�1*�,�-� 7öP 7<! 
QSR�R¡�s"�!+%+%?!+%cò #*0�0�#�ør 

'� �ëp :� JT,	*ù7�|��
��pëp º�� VU,�*ù7���*��ð�
7�1U� (�~ �,p�*����ð�
Î�Jñ7ù& �s��ù�ð|÷
�7ù��&4������XW-��÷ª#�*�)�%�� :�	*�R����4�	�÷§#�0�0+*7 

�7 �QÆ �IJ�+ ! ��Y����� ��� �Io- #!<4-d� . *39�N¡���ì º�ì �(��>- '	��"8- ���=<!�@�+��"
�Æ ?6  ;��*39s���1*�,�-� �öP 7<! �IJ #Ì#� 5Z5[¡�!0���'�#�0+%cò #*0�0+%�ør 

)7 �QÆ #Io�+ ! �5Y��6�L !\I 76]���2)7���I �L $õ�9I�,�=�+��"��Æ ;6  ���*39s�+�+*�,�-� 
öP 7<! �Q^��Cs�&#�"�#�%�"�#Nò #�0�0�%%ør 

"�07 @K� 1IJ�+� . �)- #?  ��-õ� ;(� _QX0&9I��"� H0A0 �V.I �����"I ! 6- . �� #O�)0  ���+*�,�-� 
öP 7<! �IJ #Ì#� 5Z54¡�¡"�)�'�#�0+!cò #*0�0�'�ør 

"�"� T�� ;(� `Qy º�ba��c�+��"dK� J��*��q#½#?  eM�- �f(� 	�1*�,�-����y�+��"� �5-� 	���q#?  
��4¡�s"�0�0����Nò #�0�0�*�ør 

����������	L
������� ���*�ã��� 
����� �"�"¡+�"�# #*0�0�'


