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Zusammenfassung

Wechselwirkungen zwischen Molekül und Substrat

Die Fluoreszenzeigenschaften eines elektronisch angeregten Moleküls ändern sich nahe der

Oberfläche eines Festkörpers dramatisch. Die Änderung hängt von dem Abstand d zum

Substrat, sowie von dessen physikalischen Eigenschaften ab.

Hauptaspekt der vorliegenden Arbeit ist die Messung und quantitative Beschreibung

der Wechselwirkung zwischen elektronisch angeregten organischen Molekülen und anor-

ganischen Halbleitersubstraten in Abhängigkeit des Molekül-Festkörper-Abstandes.

Die hierzu verwendete experimentelle Technik ist die zeitaufgelöste Fluoreszenzspektro-

skopie. Die Proben wurden im Ultrahochvakuum (UHV) bei tiefen Temperaturen in-situ

präpariert und untersucht.

Konkurrenz zw. Schicht-internem und Schicht-Substrat Anregungstransfer

Abhängig von Molekülsorte, Wachstumsparametern und experimentellen Bedingungen

wechselwirken die Moleküle innerhalb der Schicht stärker oder schwächer miteinander.

Unabhängig von der Nähe eines Substrats induziert eine solche Wechselwirkung nach

optischer Anregung eines Moleküls der Schicht einen Anregungstransfer zwischen den

Molekülen, was zur Bindung der Anregungsenergie an Excimerplätzen führt, und damit

die Lumineszenzausbeute schwächt. Im Falle einer Molekülschicht auf einem Subtrat

kommt nun ein weiterer Mechanismus hinzu: Der Transfer von Anregungsenergie von

der Molekülschicht auf den darunterliegenden Festkörper. Die zwei Anregungtransferpfa-

de, schicht-intern und Molekül-Substrat, konkurrieren miteinander, und sind für lateral

ausgedehnte Filme ununterscheidbar. Ihre Trennung ist eine Voraussetzung für jede ex-

perimentelle Untersuchung.

Die Untersuchung abstandsabhängiger Molekül-Substrat-Wechselwirkungen kann auf

zwei Arten erfolgen, abhängig von der Methode, mit der der Abstand d definiert und fixiert

wird. Einerseits können verschiedene d durch Einbau einer inerten Abstandshalter-Schicht

definierter Dicke zwischen den isolierten Molekülen und dem Substrat realisiert werden.

Eine zweite Möglichkeit ist das direkte Aufbringen verschieden dicker Molekülschichten

auf das Substrat. In diesem Fall muss man versuchen, die schicht-internen Wechsel-

wirkungen und die, die zwischen den einzelnen Schichten auftreten, numerisch von den

Substrat-induzierten Effekten zu trennen. Für diese Arbeit wurde der Weg der inerten

Abstandshalter-Schichten gewählt.

Theoret. Modelle zur Beschreibung der Molekül-Substrat-Wechselwirkung

Im ursprünglichen Modell von Kuhn [10] wird das elektronisch angeregte Molekül als

gedämpfter klassischer Oszillator betrachtet: die Dämpfung des Dipols rührt von der
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Interferenz seines Strahlungsfeldes mit seiner eigenen vom Substrat reflektierten (retar-

dierten) Partialwelle her. Ausgehend von dieser Interpretation wird nur das Fernfeld

des Dipols berücksichtigt. Als Ergebnis wird ein oszillierendes Verhalten der vom Dipol

emittierten Intensität und Lebensdauer als Funktion des Molekül-Substrat-Abstandes d

vorhergesagt.

In den frühen Siebzigern entwickelten Chance, Prock und Silbey (’CPS’ [11]) ein neues

klassisches Modell (eine Erweiterung des Kuhn-Modells), in dem explizit das Nahfeld

des Moleküls berücksichtigt und seine Auswirkungen auf dessen Anregungslebensdauer

diskutiert werden. Dieses vollkommen phänomenologische Modell, welches nur von der

dielektrischen Konstante des Substrats abhängt, sagt ausser dem von Interferenzeffekten

verursachten oszillatorischen Verhalten eine dramatische Reduzierung der beobachteten

Lebensdauer als Folge eines strahlungslosen Energietransfers vom Molekül zum Substrat

bei Abständen von d< 500 Å voraus.

Die Tatsache, dass ein rein klassisches Modell eine Lebendsdauerverkürzung bei Nähe

zum Substrat fordert, impliziert, dass der Löschmechanismus vollständig von der dielek-

trischen Funktion des Festkörpers beschrieben wird. Dennoch war die Natur des Mecha-

nismus, der die Lebendauerverkürzung im Nahfeld verursacht unklar, bis die Analogie zu

dem Problem der Radiowellenfortpflanzung in Nähe der Erdoberfläche erkannt wurde [12]:

Der Energietransfer von Emitter zu Substrat über kurze Distanzen ist abhängig von der

Möglichkeit, über die kurzwelligen Komponenten des molekularen Nahfelds Oberflächen-

Ladungsdichtewellen (Oberflächenplasmonen) zu erzeugen.

Speziell für direkte und indirekte Halbleitersubstrate und Abstände (d< 100 Å) wurde

im Rahmen der Störungstheorie von Stavola, Dexter und Knox (’SDK’ [13]) ein weite-

res semiklassisches Modell entwickelt. Nach diesem Modell wird eine stark abstands-

abhängige Lebensdauerverkürzung im Bereich des Nahfeldes erwartet. Dieser Energie-

transfer auf das Substrat wird durch strahlungslose Dipol-Dipol-Wechselwirkung zwischen

dem angeregten Molekül und einem durch seine kurzwelligen Nahfeldkomponenten indu-

zierten Elektron-Loch-Paar im Halbleiter erklärt.

Das SDK-Modell sagt voraus, dass für einen direkten Halbleiter abhängig von seiner

elektronischer Bandstruktur und der molekularen Emissionsenergie eine strahlungslose

Transfer-Rate proportional zu d−3 beobachtet werden sollte, für einen indirekten Halb-

leiter wird eine Rate proportional zu ∼ d−4 erwartet. Bei noch kleineren Abständen

(d< 20 Å) reduziert die Energieerhaltung die Effizienz von Elektron-Loch-Paarbildung

und damit die des Anregungstransfers von Molekül zu Substrat.

Fluoreszenz nahe an Halbleiteroberflächen

Neben der grossen Zahl von Untersuchungen an Metallsubstraten wurde den photo-

physikalischen Eigenschaften angeregter Moleküle auf Halbleitersubstraten nur wenig
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Aufmerksamkeit zuteil. Während bei Metallen der Anregungstransfer vom Molekül

zum Festkörper von Wechselwirkungen mit den ungebundenen Elektronen des Substrats

abhängt, wird er bei Isolatoren und Halbleitern hauptsächlich von den gebundenen Elek-

tronen beeinflusst.

Da das klassische theoretische Modell (CPS) keine mikroskopische Beschreibung des

Festkörpersubstrats beinhaltet, sollte es auch für Halbleiter erfolgreich angewendet wer-

den können. Obwohl bereits über experimentelle Untersuchungen berichtet wurde, ist

noch offen, ob sich die Transferrate proportional zu d−3 im Quenchregime verhält. Die

vorliegende Arbeit hat eine Antwort auf diese Frage zum Ziel.

Darüberhinaus wurden alle veröffentlichten experimentellen Arbeiten zu den

Wechselwirkungsprozessen zwischen organischen/anorganischen Molekülen und organi-

schen/anorganischen Substraten ausschliesslich an direkt oder indirekt auf dem Substrat

deponierten Molekülschichten durchgeführt, nie an einem einzelnen isolierten Molekül,

wovon die theoretischen Modelle jedoch ausgehen. Als Konsequenz wurden nicht die

Auswirkungen der Wechselwirkung eines Moleküls mit dem Substrat, sondern derer zwi-

schen einem Satz gemeinsam wechselwirkender Moleküle (in kristallinen, polykristallinen

und amorphen Schichten) und dem Substrat gemessen. Dieser Aspekt wurde bisher fast

völlig vernachlässigt, bis frühere Forschungsprojekte unserer Gruppe (M. Daffertshofer

[34], U. Gomez [43]) zeigen konnten, dass der schichtinterne Transport von dem Anre-

gungstransfer zum Substrat separiert werden kann.

Das Ziel der vorliegenden Arbeit

Ausgehend von früheren experimentellen Arbeiten ist das Ziel der vorliegenden die Unter-

suchung der Wechselwirkungsmechanismen zwischen Molekül und Substrat gemäss dem

Ansatz des ‘isolierten Moleküls’ (z. B. durch Aufdampfen ultradünner Schichten), mit

einem Schwerpunkt auf Halbleitersubstraten.

Diese Studie wurde mit N,N’-Dimethylperylen-3,4:9,10-bis(dicarboximide) (MePTCDI,

ein Perylenderivat) als Molekül und MoS2 (Molybdändisulfid), sowie Si(111):H (wasser-

stoffterminiertes Silizium) als Substrate durchgeführt, Schichtdicken betrugen deutlich

weniger als eine Monolage (ML), zur Präparation wurden verbesserte Techniken verwen-

det.

MePTCDI ist grösser als andere früher verwendete Moleküle, (z. B. Anthracen) und

hat eine geringere laterale Mobilität, bei flüssig Helium temperatur erweist es sich als fast

unbeweglich. Daher ist es besonders geeignet zur Deposition im UHV und wohldefinierte

molekulare Schichten können gewachsen werden.

Als Substratmaterialien wurden Si(111):H und MoS2 wegen ihrer wohlbekannten Ei-

genschaften, den bewährten Präparationstechniken und den verschiedenen Bandstruktu-

ren gewählt. Beide sind indirekte Halbleiter, aber in einem Fall (MoS2) ist die Energie des
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angeregten MePTCDI grösser als die direkte Bandlücke des Materials, in dem anderen

Fall (Si(111):H) kleiner. Dieser Unterschied sollte einen dramatischen Einfluss auf die

Energietransferrate vom Molekül auf das Substrat haben.

Die Substratpräparation wurde ebenfalls weiter verbessert: Insbesondere die Anwen-

dung eines nasschemischen Passivierungsprozesses (ein modifizierter RCA-Prozess) im

Falle des Silizium Si(111) führte zu einem vollständigen Entfernen der natürlichen Oxid-

schicht von der Siliziumoberfläche und einer Wasserstoffterminierung aller ungesättigten

Bindungen; dies erlaubt durch die Herstellung einer chemisch inerten Oberfläche die wohl-

definierte Einstellung des Abstandes zwischen dem Molekül und dem Silizium.

Experimentelle Ergebnisse

Bei schrittweisem Ändern des Bedeckungsgrades (von 1ML bis hinunter zu 0.01ML)

konnte ein kontinuierlicher Rückgang der intermolekularen Wechselwirkung innerhalb der

Schicht bis hin zu einer völligen Unterdrückung des schichtinternen Anregungstransports

experimentell beobachtet werden. Bei 0,01ML Bedeckung auf einem nicht wechselwir-

kenden Substrat (z.B. Quarz) hat die Fluoreszenz monomeren Charakter mit einfachem

exponentiellem Zerfall und nahezu intrinsischer Fluoreszenzlebensdauer (was auf fehlende

Wechselwirkung mit anderen Molekülen oder dem Substrat hinweist). Ganz im Gegen-

satz dazu ist bei aktiven Substraten neben einem monomeren Fluoreszenzspektrum eine

verkürzte Fluoreszenzlebensdauer zu beobachten, da nun Anregungstransfer zum Sub-

strat stattfindet. Die Verkürzung der Lebensdauer kann quantitativ mit der Art des als

Substrat verwendeten Festkörpers in Bezug gebracht werden.

Ausserdem ist durch Aufbringen einer solchen ultradünnen Schicht in einer Entfernung

d vom Substrat (mit Abstandshalter-Schicht) möglich, die Abstandsabhängigkeit der Mo-

lekül-Substrat-Wechselwirkung im Bereich zwischen 0 und 500 Å direkt zu untersuchen,

und zwar in Abwesenheit aller anderen normalerweise konkurrierenden Prozesse.

Die Hauptergebnisse lassen sich wie folgt zusammenfassen:

Elektronisch angeregte MePTCDI Moleküle im Nanometerabstand zu einer Halbleitero-

berfläche (sowohl MoS2, als auch Si(111):H) weisen schnellere Fluorezenzzerfälle auf, als

in verdünnter Lösung (die Referenz für intrinsische molekulare Fluoreszenzlebensdauer).

Die Abstandsabhängigkeit der MePTCDI Fluoreszenzlebensdauer bei Abständen von

0−500 Å (MoS2) bzw. 0−130 Å (Si(111):H) zeigt bei den beiden Halbleitern quantita-

tiv unterschiedliche Verkürzungseffekte: Auf MoS2 verringert sich die Lebensdauer um

zwei Grössenordnungen (von 3.95 ns auf 25 ps), auf Si(111):H um eine (auf 145 ps).

Das CPS-Modell wurde unter Berücksichtigung der dielektrischen Funktionen der Ma-

terialien zur quantitativen Beschreibung der beobachteten Änderungen der Fluoreszenz-

lebensdauern bei Abstandsvariationen zwischen Molekül und Substrat verwendet. Im

Falle des MoS2 bestätigen die experimentellen Daten das CPS-Modell über den gesamten

d−Bereich quantitativ.
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Bei Verwendung von Si(111):H als Substrat kann die experimentelle Abhängigkeit je-

doch nicht durch das CPS-Modell erklärt werden: Bei minimalem Abstand besteht eine

Diskrepanz von mehr als einer Grössenordnung zwischen Modell und Experiment. Das

semi-klassische, speziell für Halbleiter entwickelte Modell (SDK) führt einen neuen Ener-

gietransfermechanismus ein, um die beobachtete Verkürzung der molekularen Lebensdau-

er zu erklären. Es liefert eine qualitative Beschreibung der Abstandsabhängigkeit der

Fluoreszenzlebendsdauer unter Berücksichtigung der Halbleiterbandstruktur.

Die Ergebnisse wurden im Rahmen des SDK Modells wie folgt interpretiert:

−MoS2 ist ein typischer Fall, in dem die molekulare Emissionsenergie grösser ist als die

Bandlücke des Halbleiters. Das Nahfeld des Moleküls kann ein Elektron des Valenzban-

des strahlungslos in das Leitungsband des Halbleiters heben. Auf diese Weise transferiert

das Molekül seine Energie durch einen Dipol-Dipol-Mechanismus (Elektron-Loch-Paar im

Halbleiter) zum Festkörper. Dieser Prozess funktioniert effektiv bei Abständen, die klei-

ner als 300 Å sind. Die Transferrate sollte sich wie im CPS Modell proportional zu d−3

verhalten. Zusätzlich sollte bei sehr kleinen Abständen (d < 50 Å) eine Abweichung von

diesem Verhalten auftreten. Dies konnte wegen der begrenzten Zeitauflösung jedoch nicht

beobachtet werden.

−Ein Fall, in dem die Bandlücke die Emissionsenergie des Moleküls übersteigt, ist

Si(111):H. Hier kann das Nahfeld nicht-vertikale Übergänge durch eine spezielle Ver-

teilung seiner Wellenvektoren anregen, also ohne Beteiligung von Phononen, und auf

diese Weise ebenfalls Elektron-Loch-Paare erzeugen. Dieser Mechanismus sollte eine

d−4-Abhängigkeit der Transferrate zeigen. Bei extrem kleinen Abständen zum Substrat

(d< 25 Å), abhängig von der Überschussenergie des Moleküls, sollte eine Abweichung von

diesem Verhalten auftreten. Unter Verwendung dieses zweiten Modells können die expe-

rimentellen Daten qualitativ erklärt werden.
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��GIHXKTPXN�HcG}PXC1KzfECE[\F�HcGzK�HcHXK�D�hEGIY}GID`P C�u�PXW�GZY}CEO\GIsIN�O\GIa�CED�PXW�GZacN�H=uxK�sIGZC�u PXW�GZacN���a=PXHXKTPXG�y)�nW�G
G!"5��GIHc[\Y}GID`PtK�O�acG PXN�� N�acGIF/PXC F�GI��CEac[QPXGIF PXW�GdN�OQPXHXKTPXW�[\D CEHch`K�D�[\s�3"O\Y}a�K�D�F PXW�G�K�HchECED ac�"K�sIGIH
OkKz_EGIHca�K�HcG9F�GIacsIHc[\��GIF)[\D�3��by � y � y
�nW�G�stW"K�HXK�s PXGIHc[\a=PX[\sIa'C�u�PXW�GB8;:!<4=?>�@BA9Y}CEO\GIsIN�O\G��EPXW�CEacG�C�u�[QPXa
sIH=_ba=PtK�O:K�D�F}PXW�G���N�Hc[ 3"szKTPX[\CED

Y}G PXW�CbF�a K�HcG�F�GIacsIHc[\��GIFd[\D 3��by|�by^�nW�G�acN���a=PXHXKTPXG���HcGI�"K�HXKTPX[\CEDZ[\a�F�GIacsIHc[\��GIFd[\D acGIs PX[\CED�a 3��by �5y �
w 8;D�EGF { K�D�F 3��by �5y|�)w E5HJILKMKMK!NI{ y
�nW�G�CE�5PX[\szK�O�Y}GzK�acN�HcGIY}GID`PXa)CED PXW�Gh3"O\Y}a PtK�M�G���OkK�sIG [\D.pbac[QPXN���KTP)W�GIO\[\N�Y PXGIY}��GIHXKTPXN�HcG��

F�[\HcGIs PXOQ_ KTuvPXGIH PXW�GdF�GI��CEac[QPX[\CED�y��nW�G�acG PXN��/u�CEH PXW�G PX[\Y}G! �HcGIacCEOQfEGIF gb[\D�hEO\G ]^W�C�PXCED���CEN�D`PX[\D�h
J�O\N�CEHcGIacsIGID�sIG gb��GIs PXHcCEacsICE�`_�wkO"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK}K�D�F)F�GIszKz_bat{n[\anF�GIacsIHc[\��GIFV[\D�3��by #�y
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�nW�G /�0�1 a=_ba=PXGIY N�acGIF u�CEH PXW�G F�GI��CEac[QPX[\CED K�D�F K�D"K�OQ_bac[\adC�u�PXW�G CEHch`K�D�[\s 3"O\Y}ad[\adacW�C qrD
[\D 3"h�y � 5'PXW�Gda=_ba=PXGIY sICED�ac[\a=PXa�C�u�K � �!: ���,���"�iH�D�� stW"K�Y ��GIHlK�D�F K � : ��D�,JH$�iH�D���
=�b: �5, /��!:��b:����
�4���5� - :��dw�YZK�[\DdstW"K�Y ��GIHt{ y

7 ��VX��W �L(.�bW #,W ��(5Z VX���]+���(.+�V ��V ������� �,�,VXZ 	�(.�
�nW�G���HcGI�"K�HXKTPX[\CED i CED�G wk3"h�y � �"CED)PXW�G9Hc[\hEW`P { sICED�ac[\a=PXa�C�u^KlO\C`K�F�O\CbstMdK�D�F1K	, / -5, � ���"� :3� �!: ��� �
���"�iH�D��(�4���5� - :��I�5G�6�N�[\����GIF qr[QPXWdK�PXN�Hc��CEY}CEO\GIsIN�OkK�H
��N�Y}� wxj^F5q K�HcF�arj ��� � �E�`{^PXW"KTP GID"K���O\GIa
K��"K�acG���HcGIacacN�HcG�C�u^�� � � 8�� Y �"K�HIy
�nW�G PXHXK�D�a=u�GIHdacGIs PX[\CED;[\adsICED�D�GIs PXGIF PXC PXW�G ��HcGI�"K�HXKTPX[\CED;stW"K�Y ��GIHd�`_ K h`KTPXG1f�K�OQfEG K�D�F

sICED�ac[\a=PXa C�u�K1acGI�"K�HXKTPXGIOQ_ /�0�1B ���N�Y}��GIF fECEO\N�Y}GZG�6�N�[\����GIF qr[QPXW KgOLK�D�hEGZPXC1[\D`PXHcCbF�N�sIGZPXW�G
aXK�Y}��O\Gdwk3 "5GIF CED KZaXK�Y}��O\G! �W�CEO\F�GIH�YZK�F�G�C�u
sICE����GIH�CEH�a=PXGIGIOv{�K�D�F C�u'K}PXHXK�D�a=u�GIH�HcCbF�y9e�D�F�GIH
KTPXY}CEac��W�GIHc[\sn��HcGIacacN�HcG���PXW�GraXK�Y}��O\G! �W�CEO\F�GIH�[\a^[\D`PXHcCbF�N�sIGIFZK�D�FP3 "5GIF KTP^PXW�GrGID�F}C�u�PXW�GrHcCbF 5`PXW�G
fECEO\N�Y}G�[\a'acN�sIsIGIacac[QfEGIOQ_ ��N�Y}��GIF F�C qrD PXC+% � �=8���Y �"K�H�[\D}qr[QPXW�[\D ' � �9Y}[\D�y��nW�G�h`KTPXGrf�K�OQfEG
��G P�q�GIGIDVPXHXK�D�a=u�GIHrK�D�F)��HcGI�"K�HXKTPX[\CED�stW"K�Y ��GIHr[\anCE��GID�GIFVK�D�F�PXW�G9aXK�Y}��O\G�[\anY}C fEGIF�PXW�GIHcGI[\D�y
��D�PXW�Gr��HcGI�"K�HXKTPX[\CED�stW"K�Y ��GIH�PXW�GnacN���a=PXHXKTPXGIa�K�HcG PXHcGzKTPXGIF�PXC9HcGIY}C fEGrHcGIac[\F�N"K�O�sICED`PtK�Y}[\D"K�D`PXa

u�HcCEY PXW�GI[\HracN�H=uxK�sIG�yr�nW�G�aXK�Y}��O\G! �W�CEO\F�GIHn[\aracsIHcG q�GIF CED1K}�MQE�lF�GIhEHcGIGIa�HcC�PtKTPtK���O\G�fEGIH=PX[\szK�O�HcCbF
KTPZPXW�G sIGID`PXHcG C�u�PXW�G stW"K�Y ��GIHIy �nW�G1��HcGI�"K�HXKTPX[\CED�[\a F�[ �:GIHcGID`PdF�GI��GID�F�[\D�h CED�PXW�GVP�_b��G C�u
8 � O$A&O@E ?�$R0;



� � K E1�5� ����: � �!D ��/ ���iH�D����5��� �5���5��� ,JH6, �M�

Argon deposition, 
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� �?��� gbstW�GIYZKTPX[\s F�HXKzqr[\D�h�C�uLPXW�G N�acGIF[/�0�1 a=_ba=PXGIY 5b[QP�sICED�ac[\a=PXa�C�uLP�q�C9�"K�H=PXa�sICED�D�GIs PXGIF}�`_
K�PXHXK�D�a=u�GIH�O\[\D�G�� K��=��HcGI�"K�HXKTPX[\CED��)stW"K�Y ��GIH�sICED`PtK�[\D�[\D�h)W�[\hEW5 �PXGIY}��GIHXKTPXN�HcGPO"N�acW�[\D�h��
K�HchECED ��CED.p�gb��N5PcPXGIHc[\D�h����
	�	l@ K�D"K�OQ_bac[\aVK�D�F ' /,) :�� ac��GIs PXHcCEacsICE�`_ K�D�F�K��=YZK�[\D��
stW"K�Y ��GIH�u�CEH�PXW�G F�GI��CEac[QPX[\CED K�D�F Y}GzK�acN�HcGIY}GID`P�[\D.pbac[QPXN�y1��GIHcG�K1��Gqp.O"N5" sIH=_ECEa=PtKTP
Y}CEN�D`PXGIF [\D�ac[\F�GdPXW�G)stW"K�Y ��GIH K�O\O\C qra�sICED`PXHcCEO\O\[\D�h PXW�G)aXK�Y}��O\GdPXGIY}��GIHXKTPXN�HcG)[\D/PXW�G
HXK�D�hEG�C�u � ��p5#`�E� ��w�,!:�:�PXG!"bP {

PXW�GZacN���a=PXHXKTPXG�yV��D szK�acGZC�unacGIY}[\sICED�F�N�s PXCEHcaI�^KTuvPXGIH�PXW�GZ��HcGI�"K�HXKTPX[\CED :�G �ac[QPXN w�,!:�:���GIO\C q�{�PXW�G
PXHcGzKTPXY}GID`P�[\D.pbac[QPXN}sICED�ac[\a=PXa�GIacacGID`PX[kK�O\OQ_l[\DZK�D�D�GzK�O\[\D�h��`[\DlPXW�G�szK�acG�C�u�Y}G PtK�O\O\[\s acN�H=uxK�sIGIa K�acGIHc[\GIa
C�u�ac��N5PcPXGIH  �K�D�D�GzK�O\[\D�hls _bsIO\GIar��HcC fb[\F�GIa�D�GzK�HnsICED`PtK�Y}[\D"K�D`P  �u�HcGIG�acN�H=uxK�sIGIaIy
�nW�GrK�D�D�GzK�O\[\D�h���HcCbsIGIaca^sICED�ac[\a=PXa^C�u:K�sICED`PX[\D�N�CEN�a^W�GzKTPX[\D�h�C�u"PXW�GnaXK�Y}��O\G��`_�K�PXN�D�hEa=PXGIDP3"OkK� 

Y}GID`P^N���PXC�� #`���t��yEJ"CEH�W�[\hEW�GIH�PXGIY}��GIHXKTPXN�HcGIa^GIO\GIs PXHcCED5 ���CEY �"K�HcF�Y}GID`P�[\a^K�����O\[\GIF�K�sIsIGIO\GIHXKTPX[\D�h
PXW�GIHcY}CbGIO\GIs PXHcCED�a u�HcCEY�PXW�G	3"OkK�Y}GID`Pr�`_�KlW�[\hEW���[kK�a fECEOQPtK�hEG}w � �E�E�� � ���E��B9{ y5�nW�G�K�sIsIGIO\GIHXKTPXGIF
GIO\GIs PXHcCED�a�[\Y}�"K�s P�CED�PXW�G�HcGzK�H�C�u�PXW�G�aXK�Y}��O\G! �W�CEO\F�GIH�K�D�F �`_�PXW�[\a�GID"K���O\G K�aXK�Y}��O\G
PXGIY}��GIHXKTPXN�HcG
N���PXC ' ���E���t��y"�nW�G9PXGIY}��GIHXKTPXN�HcG�szK�D)��G9HcGIhEN�OkKTPXGIF��`_dY}CED�[QPXCEHc[\D�h�PXW�G	O"C qr[\D�hlsIN�HcHcGID`Pzy
�nW�G�ac��N5PcPXGIH  �K�D�D�GzK�O\[\D�h/��HcCbsIGIacaV[\adacN�[QPXGIF PXC/PXHcGzKTP)Y}G PtK�O\O\[\sVacN�H=uxK�sIGIaIy �'_;Y}GzK�D�a�C�u�K

ac��N5PcPXGIH^acCEN�HcsIG�w�gb��GIsIa
����j �M� ���`�E{ ��[\CED�[ i GIFlK�HchECED�KTPXCEY}a�K�HcGrK�sIsIGIO\GIHXKTPXGIF��`_�K�W�[\hEW ��C�PXGID`PX[kK�O
F�[ �:GIHcGID�sIGVwx�E�E�� =���E�E��B9{�K�D�F acW�C�P�K�h`K�[\D�a=P�PXW�G�aXK�Y}��O\G�acN�H=uxK�sIG�y �nW�GZK�HchECED [\CEDtO"N5" szK�D ��G
sICED`PXHcCEO\O\GIF��`_dsICED`PXHcCEO\O\[\D�h�PXW�G9[\D&%cGIs PX[\CEDdC�u^K�HchECED�h`K�an[\DdPXW�G9stW"K�Y ��GIHnPXW�HcCEN�hEW)KlO\GzK�MM �f�K�OQfEG�y

�b(.+���WY�k��������� Z[(.VXWY�,��(5Z[(5�����,�,VXZ 	�(.���JZ[VX�i�]�,�,VXZ 	�(.� �
�nW�G9�"K�H=PnC�u�PXW�G9F�G fb[\sIG�F�GIa=PX[\D�GIFdPXClF�GI��CEac[QPX[\CEDdK�D�F�Y}GzK�acN�HcGIY}GID`Pr[\a acW�C qrD)[\D�3"h�y � ��CED PXW�G
O\G uvPzy���P�sICED�ac[\a=PXa�C�u'K�D G f�K���CEHXKTPXCEH�w�C fEGIDL{�K�D�F C�u'K F�GI��CEac[QPX[\CED1K�D�F Y}GzK�acN�HcGIY}GID`P�stW"K�Y ��GIHI�
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G�6�N�[\����GIF�qr[QPXW)K�PXN�Hc��CEY}CEO\GIsIN�OkK�H���N�Y}��wxj^F5q K�HcF1j ���3���E�`{'PXW"KTP���HcC fb[\F�GIa�K��"K�acG9��HcGIacacN�HcG
C�u^�� # � � �=8 ��� Y �"K�HnF�N�Hc[\D�h�PXW�G9Y}GzK�acN�HcGIY}GID`Pzy
�nW�G}G f�K���CEHXKTPX[\CED a=_ba=PXGIY [\a�sICED�D�GIs PXGIF�PXC�PXW�GlYZK�[\D stW"K�Y ��GIH9�`_ Y}GzK�D�a9C�unKdh`KTPXG�f�K�OQfEG

K�D�Fd[QP [\a acGI�"K�HXKTPXGIOQ_ /�0�1B ���N�Y}��GIF���[\DZPXW�[\a�q Kz_ PXW�G�sIHcN�sI[\��O\G�C�u�PXW�G�C fEGID)szK�Dd��G�G��:GIs PX[QfEGIOQ_
HcG 3"O\O\GIF�qr[QPXW�CEN5P^K�[\Hc[\D�h�PXW�G�YZK�[\D�stW"K�Y ��GIHIy��nW�GnG f�K���CEHXKTPX[\CED�C fEGID�[\a�sICED�a=PXHcN�s PXGIF}K�a^K�sICE����GIH
��O\CbstMd[\D�F�[\HcGIs PXOQ_Zq K�HcY}GIF1�`_VKP3"OkK�Y}GID`Pzy �nW�G�sIHcN�sI[\��O\G�[\a�K}acYZK�O\O�a=PXGIGIO�s _bO\[\D�F�GIH�sIO\CEacGIFV�`_VK
sIC fEGIH qr[QPXW�K � y|��Y}Y7OkK�HchEG�K���GIH=PXN�HcG�� 3"O\O\GIFZqr[QPXWZPXW�G�CEHch`K�D�[\s�acN���a=PtK�D�sIG�K�D�FdF�GIGI��OQ_ [\D�acGIH=PXGIF
[\D�ac[\F�G�PXW�G9sICE����GIHr��O\CbstM}PXC}GID�acN�HcG9PXW�G9W�[\hEW�GIH PXGIY}��GIHXKTPXN�HcG�N�D�[Qu�CEHcY}[QP�_ZCED�[QPXanacN�H=uxK�sIG�y
�nW�G�F�GI��CEac[QPX[\CED�stW"K�Y ��GIH�[\a�G�6�N�[\����GIF�qr[QPXW�aXK�����W�[\HcG
qr[\D�F�C qra�PXC�GID�acN�HcG�PXW�G'W�[\hEW�GIa=P�PXHXK�D�a  

�"K�HcGID�s _)CED�qrW�CEO\G9ac��GIs PXHXK�O�HXK�D�hEG�y�~�W�GIO\[\N�YP LO"N5"dsIH=_ECEa=PtKTP�w���H=_EC f�K�s ��CED`PX[v{�[\arY}CEN�D`PXGIF)�`_
K�D /�0�1B LOLK�D�hEG�[\D�ac[\F�GrPXW�G�stW"K�Y ��GIH@5bPXW�G�PXGIY}��GIHXKTPXN�HcG�C�u�PXW�G�aXK�Y}��O\G���acsIHcG q�GIFVKTP�PXW�G�GID�FdC�u
sIH=_ECEa=PtKTP � a�sICEO\Fg3"D�hEGIH�szK�D1��G�[\D)PXW�[\arq Kz_VsICED`PX[\D�N�CEN�acOQ_)HcGIhEN�OkKTPXGIFV��G P�q�GIGID � � � K�D�Ft#���� �
�`_�K PXGIY}��GIHXKTPXN�HcG�sICED`PXHcCEO\O\GIHIy^j�fEGID)qr[QPXW�CEN5PnW�GIO\[\N�Y�O"N5":��PXW�G�G!"bPXGIHcD"K�O�PtK�D�MZC�u�PXW�G�sIH=_ECEa=PtKTP
wk3"O\O\GIF}qr[QPXW O\[76�N�[\FZD�[QPXHcCEhEGIDL{^GID�acN�HcGIa � �9W�CEN�Hca O\CED�h sICbCEO\[\D�h9PX[\Y}G�KTP $M$ ��yb�nW�G�sICEO\F 3"D�hEGIH [\a
�MQE��F�GIhEHcGIGIa�HcC�PtKTPtK���O\G�K�D�F�PXW�G9aXK�Y}��O\G���CEac[QPX[\CEDdszK�D)��G�fEGIH=PX[\szK�O\OQ_}f�K�Hc[\GIF�N���PXC ' � sIY)y
J"N�H=PXW�GIHcY}CEHcG���[\DdPXW�[\anstW"K�Y ��GIHr[QPn[\an��CEacac[\��O\G�PXClF�GI��CEac[QPXGZwxKTPrW�GIO\[\N�Y7PXGIY}��GIHXKTPXN�HcG { K�HchECED

OkKz_EGIHca9qr[QPXW F�G 3"D�GIF�PXW�[\stM�D�GIaca��`_ O\G PcPX[\D�hdPXW�Gl[\D&%cGIs PXGIF K�HchECED h`K�a9sICED�F�GID�acGZF�[\HcGIs PXOQ_ CED PXW�G
sICEO\FVaXK�Y}��O\G9acN�H=uxK�sIG 5:PXW�G�K�HchECEDVh`K�a�[\D&%cGIs PX[\CED)[\a�sICED`PXHcCEO\O\GIF)�`_VKZO\GzK�M f�K�OQfEG w�F�G PtK�[\O\arCEDVPXW�[\a
��HcCbsIGIF�N�HcG9[\D�3��by � y �`{ y

% �i�!�7% �m� � VX���i� . �iZ (*n V +�� ��V �������]W #,W ��(5Z

�nW�G�F�GI��CEac[QPX[\CED C�u�8;:!<4=?>�@BA93"O\Y}a'u�CEO\O\C qra'PXW�G 29U � o7w 2�Hch`K�D�[\s9U)CEO\GIsIN�OkK�H ��GzK�Y o�GI��CEac[  
PX[\CEDL{nY}G PXW�CbF�y��nW�G C fEGID��G3"O\O\GIF)qr[QPXWh8;:!<4=?>�@BA}Y}[\sIHcCbsIH=_ba=PtK�O\O\[\D�G���C qrF�GIHI�:[\a�sICED`PX[\D�N�CEN�acOQ_
q K�HcY}GIF N�� PXC PXW�G)acN���O\[\YZKTPX[\CED�PXGIY}��GIHXKTPXN�HcG)C�u�PXW�G)YZKTPXGIHc[kK�O�y ��u�PXW�G�PXGIY}��GIHXKTPXN�HcG�HXK�Y}�
W"K�al��GIGID acO\C q�GID�CEN�hEW��'PXW�G�sIHcN�sI[\��O\GdHcGzK�stW�GIalPXW�GIHcYZK�O G�6�N�[\O\[\��Hc[\N�Y)��u�CEH qrW�[\stW �"K�H=PlC�u�PXW�G
Y}CEO\GIsIN�O\GIa}acN���O\[\YZKTPXGVK�D�F��"K�H=P sICED�F�GID�acG �"K�stMLy�gbCEY}GVY}CEO\GIsIN�O\G)szK�D�GIacszK���G1PXW�HcCEN�hEW PXW�G
acYZK�O\O�K���GIH=PXN�HcG CED1PXCE� K�D�F HcGzK�stW PXW�G�aXK�Y}��O\G ' ����sIY4Kzq Kz_Vu�HcCEY�PXW�G C fEGID�y j "bPXHcGIY}G�O\C q
F�GI��CEac[QPX[\CEDdHXKTPXGIarszK�D)��G�acC}CE�5PtK�[\D�GIF)K�D�F)�"K�H=PX[\sIN�OkK�HcOQ_lq�GIO\O�F�G 3"D�GIFg3"O\Y}a F�GI��CEac[QPXGIF�y
~�anPXW�G
C fEGID�W"K�a9D�C�Y}GIstW"K�D�[\szK�O�acW�N5PcPXGIHI��PXW�GlsICEO\F;3"D�hEGIH9W"K�a�PXC���GlHcC�PtKTPXGIF acC�PXW"KTP�PXW�GlaXK�Y}��O\G�[\a
uxK�sIGIF�PXC q K�HcF�arPXW�G9Y}CEO\GIsIN�OkK�H���GzK�Y CEHrKzq Kz_du�HcCEY�[QPzy
��C�CE�5PtK�[\D KdHcGIO\[kK���O\G�F�GI��CEac[QPX[\CED1C�u�N�OQPXHXKTPXW�[\D 3"O\Y}alw�%1�5y � U�4�{�K HXKTPXG�C�u �5y � ���5y|� 9~ �TY}[\D

W"K�a9PXC)��G}stW�CEacGID 5�PXCVY}GzK�acN�HcG}acN�stW K�HXKTPXGZKr6�N"K�H=P i sIH=_ba=PtK�O'Y}CEN�D`PXGIF�[\D���HcCY"5[\Y}[QP�_ C�u�PXW�G
aXK�Y}��O\G�W"K�a���GIGIDVN�acGIF1K�D�F�PXW�G�K�Y}CEN�D`PrC�u�F�GI��CEac[QPXGIF)YZKTPXGIHc[kK�O:W"K�a���GIGIDVY}GzK�acN�HcGIF�PXW�HcCEN�hEW
PXW�GlstW"K�D�hEG}[\D [QPXa9CEacsI[\O\OkKTPX[\CED)u�HcG�6�N�GID�s _Ey ��D PXW�Glu�CEO\O\C qr[\D�h acGIs PX[\CED�[QP9[\a�G!"5��OkK�[\D�GIF�W�C q PXW�[\a
Y}GzK�acN�HcGIY}GID`P�[\anszK�HcHc[\GIF�CEN5Pzy

�����(.���L(.��(5���M(t�MV!�i�
	���V ������� Z[(.VXWY�,��(5Z[(5����WPVX��� ���k����V �����i� . �iZ �,(.+���WY�k������� +����X�����M��
�nW�G���HcCE��GIH HcGIacCED"K�D�sIG�u�HcG�6�N�GID�s _dC�u�K�DdCEacsI[\O\OkKTPX[\D�he6�N"K�H=P i sIH=_ba=PtK�O�[\a�[\DdhECbCbFdK�����HcCY"5[\YZKTPX[\CED



� � K E1�5� ����: � �!D ��/ ���iH�D����5��� �5���5��� ,JH6, � �

��HcCE��CEH=PX[\CED"K�O^PXC1PXW�G YZK�aca�C�urPXW�G CEacsI[\O\OkKTPXCEHIy)��urPXW�[\a�YZK�aca [\a�acN�����CEacGIF PXC1stW"K�D�hEGd[\D�PX[\Y}G��
��GIszK�N�acG}C�u'G f�K���CEHXKTPX[\D�hdY}CEO\GIsIN�O\GIa�PXW"KTP9a=PX[\stM1CED PXW�GP6�N"K�H=P i acN�H=uxK�sIG���[QPXa���HcCE��GIH�CEacsI[\O\OkKTPX[\CED
u�HcG�6�N�GID�s _)[\anacN�����CEacGIF)PXClstW"K�D�hEG w�[\Dd�"K�H=PX[\sIN�OkK�HI�5[QPr[\anG!"5��GIs PXGIF)PXC}��GIsICEY}G�acO\C q�GIHt{ y
o�N�Hc[\D�h PXW�GVCEHch`K�D�[\sb3"O\Y F�GI��CEac[QPX[\CED���PXW�G 6�N"K�H=P i CEacsI[\O\OkKTPX[\CED u�HcG�6�N�GID�s _ [\a}sICED`PX[\D�N�CEN�acOQ_

Y}CED�[QPXCEHcGIF��`_ K�u�HcG�6�N�GID�s _ Y}G PXGIH w���CED�HXK�F J���� � �5�r[\D`PXGIHcD"K�O\OQ_ Y}CbF�[ 3"GIF PXC/��G1[\D`PXGIH=uxK�sIGIF
PXC K�D/K�s�6�N�[\ac[QPX[\CED sICEY}��N5PXGIHt{ y�J"HcCEY%PXW�GdstW"K�D�hEGd[\D u�HcG�6�N�GID�s _E�'YZK�M�[\D�h1N�acG�C�urszK�O\[\��HXKTPX[\CED
Y}GzK�acN�HcGIY}GID`PXa�PXW"KTP���N5P9[\D HcGIOkKTPX[\CED)PXW�GlD�N�Y ��GIH�C�u'F�GI��CEac[QPXGIF Y}CED�CEOkKz_EGIHca�PXC PXW�GlCE��acGIH=fEGIF
stW"K�D�hEGd[\D�u�HcG�6�N�GID�s _E�^PXW�GdK�Y}CEN�D`P C�u�F�GI��CEac[QPXGIF YZKTPXGIHc[kK�O
szK�D ��G szK�O\sIN�OkKTPXGIF�y1~ P�sICED�a=PtK�D`P
G f�K���CEHXKTPX[\CED HXKTPXG���[QP�[\a�PXW�GIHcG u�CEHcG}��CEacac[\��O\G�PXC�GIa=PX[\YZKTPXG�PXW�G�PXW�[\stM�D�GIaca�C�u�PXW�G}F�GI��CEac[QPXGIFh3"O\Y
�`_�Y}GzK�acN�Hc[\D�h PXW�G9F�GI��CEac[QPX[\CEDdPX[\Y}G�y
�nW�G�szK�O\[\��HXKTPX[\CEDlW"K�a���GIGID szK�HcHc[\GIFZCEN5P �`_}[\D`PXGIH=u�GIHcGID�sIG�Y}GzK�acN�HcGIY}GID`P�' #M# )�CEDdK 8;:!<4=?>�@BA

3"O\Y�F�GI��CEac[QPXGIFlCED�E5HJILKMKMK!N'KTP^HcCbCEY PXGIY}��GIHXKTPXN�HcG 5�K�a
K�acCEN�HcsIG��bK���GIO\[\N�YP �p�GICED�OkK�acGIH�q K�a^N�acGIF
w�� 7 QE�`��� ��D�Y)��ac[\D�sIG�KTPracN�stW)q KzfEGIO\GID�h�PXW;8;:!<4=?>�@BA F�CbGIarD�C�P�K���acCEHc�L{ y
o�N�Hc[\D�h1PXW�G�F�GI��CEac[QPX[\CED C�urPXW�Gb3"O\Y)��PXW�G�[\D`PXGID�ac[QP�_ w�D�CEHcYZK�O\[ i GIF HcGIac��GIs P}PXC1PXW�G�OkK�acGIH�[\D5 

PXGID�ac[QP�_�{�C�u
PXW�G�HcG O"GIs PXGIF ac[\hED"K�O�u�HcCEY�PXW�G�aXK�Y}��O\G�acN�H=uxK�sIG�W"K�a���GIGID HcGIsICEHcF�GIF PXCEhEG PXW�GIH�qr[QPXW
PXW�G�u�HcG�6�N�GID�s _ C�u
PXW�Gm6�N"K�H=P i �"K�OkK�D�sIGlK�a9K u�N�D�s PX[\CED C�u'PXW�G�F�GI��CEac[QPX[\CED1PX[\Y}G�y��nW�GlCE��acGIH=fEGIF
CEacsI[\O\OkKTPX[\CED�a�[\D PXW�GnHcG O"GIs PXGIF}ac[\hED"K�O5CEHc[\hE[\D"KTPXG'u�HcCEY PXW�Gr[\D`PXGIH=u�GIHcGID�sIGnG��:GIs P'��G P�q�GIGID}PXW�Gn��GzK�Y}a
HcG O"GIs PXGIF u�HcCEY PXW�G�acN���a=PXHXKTPXGlK�D�FVPXW"KTP�HcG O"GIs PXGIF1u�HcCEY PXW�G acN�H=uxK�sIG C�u�PXW�G93"O\Y F�GI��CEac[QPXGIF CED
[QPzy�gb[\D�sIG PXW�G�HcG u�HXK�s PX[\CED1[\D�F�G!" C�u?8;:!<4=?>�@BA KTP�OkK�acGIH�q KzfEGIO\GID�h�PXW�[\a�M�D�C qrD ' #��&)^K�a�q�GIO\O�K�a
PXW�GlCE�5PX[\szK�O�K�HcHXK�D�hEGIY}GID`Pz��PXW�G PXW�[\stM�D�GIaca�C�u'PXW�G 3"O\Y w�[\D 9~�{�szK�D ��G�[\Y}Y}GIF�[kKTPXGIOQ_�HcGIOkKTPXGIF PXC
PXW�G�PX[\Y}G�[\D`PXGIH=f�K�O���G P�q�GIGID�P�q�C�[\D`PXGIH=u�GIHcGID�sIG�u�Hc[\D�hEGIaIy
J"HcCEY PXW�Ge8;:!<4=?>�@BA�sIH=_ba=PtK�O:a=PXHcN�s PXN�HcG
w�[\D��"K�H=PX[\sIN�OkK�H�PXW�G}F�[\a=PtK�D�sIG}��G P�q�GIGID P�q�CVY}CEO\GIsIN�OkK�H���OkK�D�GIaI��PXW"KTP K�Y}CEN�D`PXa9PXCV�5y #`�*9~�' #*Q*)v{ �
PXW�GZPXW�[\stM�D�GIaca�[\D D�CEY}[\D"K�O
Y}CED�CEOkKz_EGIHdw�U�4�{9[\a�CE�5PtK�[\D�GIF�y1�nW�Gdac[\Y N�OQPtK�D�GICEN�a�Y}GzK�acN�HcGIY}GID`P
C�u�PXW�G 6�N"K�H=P i u�HcG�6�N�GID�s _VfbaIy�PXW�G�F�GI��CEac[QPX[\CED)PX[\Y}G9��GIHcY}[QPXarPXCZF�G PXGIHcY}[\D�G�PXW�G�F�GI��GID�F�GID�sIG�C�u
PXW�GZPXW�[\stM�D�GIacaVw�[\D/U�4�{9fbaIy stW"K�D�hEG C�uo6�N"K�H=P i u�HcG�6�N�GID�s _Ey�J"HcCEY@KVacGIHc[\GIa C�u�Y}GzK�acN�HcGIY}GID`PXa
K�D KzfEGIHXK�hEGlf�K�O\N�G}C�u � y $��
U�4 ��� i [\a9CE�5PtK�[\D�GIF�ydUVK�M�[\D�hVN�acGZC�u�PXW�[\a�f�K�O\N�G���[QP�[\a9��CEacac[\��O\G�PXC
GIa=PX[\YZKTPXG�PXW�G9PXW�[\stM�D�GIaca�C�u�K�D`_�acN�sIsIGIacac[QfEGIOQ_)F�GI��CEac[QPXGIFg3"O\Y��`_�Y}GzK�acN�Hc[\D�h�PXW�G�stW"K�D�hEG�C�u�PXW�G
6�N"K�H=P i u�HcG�6�N�GID�s _)F�N�Hc[\D�h�PXW�G9G f�K���CEHXKTPX[\CED�y
�nW�GrszK�O\[\��HXKTPX[\CED�Y}GzK�acN�HcGIY}GID`PXa
W"KzfEGn��GIGID}szK�HcHc[\GIF�CEN5P
KTP^HcCbCEY PXGIY}��GIHXKTPXN�HcG 5�KTP�PXW�[\a�PXGIYP 

��GIHXKTPXN�HcG�PXW�GB8;:!<4=?>�@BA	3"O\Y hEHcC qra�[\D ��D��������� , � �5�6�7H6��:�u�CEHcY)y�p�G fEGIH=PXW�GIO\GIacaI�5qrW�GID F�GI��CEac[QPXGIF
KTPlW�GIO\[\N�Y PXGIY}��GIHXKTPXN�HcG�w�� 7 � � ��{ ��PXW�Gb3"O\Y hEHcC qral[\D �5�bD�� ����D / ,Zu�CEHcY w�,!:�:/3Z�5y �`{ y �nW�G
3"O\Y7F�GID�ac[QP�_ F�GIsIHcGzK�acGIa�wx�E��� HcGIF�N�s PX[\CEDdC�u��"K�stM�[\D�h�F�GID�ac[QP�_�{ K�D�F PXW�G�HcGIacN�OQPX[\D�h PXW�[\stM�D�GIacan��GIH
Y}CED�CEOkKz_EGIHlstW"K�D�hEGIa}sICED�acG�6�N�GID`PXOQ_ 5�K;3"O\Y F�GI��CEac[QPXGIF KTP}O\C q�PXGIY}��GIHXKTPXN�HcG)KTP}�"K�Hc[QP�_ C�u�F�G! 
��CEac[QPXGIF YZK�aca�PXN�HcD�a CEN5P�PXC1��G N�� PXCt#`��� PXW�[\stM�GIH�' #`�*)�yV�nW�G�6�N"K�H=P i PXW�[\stM�D�GIaca�szK�O\[\��HXKTPX[\CED
[\D)K�D`_�szK�acG9[\ara=PX[\O\O�f�K�O\[\F���ac[\D�sIG�PXW�G�f�K�O\N�G�C�u�PXW�[\stM�D�GIaca�G!"5��HcGIacacGIF;H6� ��D���H6���5���bD���D�� � � :���F�G! 
��GID�F�a�CED�OQ_ZCED�PXW�G�F�GI��CEac[QPXGIF)YZK�acaI��u�CEHrK�sIH=_ba=PtK�O\O\[\D�G43"O\Y � U�4�sICEHcHcGIac��CED�F�arPXC}�5y #`��9~�' #*Q*)��
u�CEH�K�D K�Y}CEHc��W�CEN�ae3"O\Y � U�4;sICEHcHcGIac��CED�F�a�PXC1�5y #`���B#`����wx�5y #`�`{/7B#�y $�Q 9~�����N5P�PXW�G}stW"K�D�hEGZ[\D
u�HcG�6�N�GID�s _ w��l� i {�PXClhEG P � U�4�[\arK�OQq Kz_banPXW�G9aXK�Y}G�y



� # � E 	4=B/�<

% �i�!�7R � � � ��� 	qW�+�VX�M(.�b(*n V +�� ��V �������]W #,W ��(5Z

�nW�Gn��HcCbF�N�s PX[\CED C�u�HcGzK�acCED"K���OQ_ OLKTP
K�HchECED�ac�"K�sIGIH^OkKz_EGIHca�qr[QPXW q�GIO\O  �F�G 3"D�GIF PXW�[\stM�D�GIaca
W"K�a^��GIGID
CED�G9C�u�PXW�G9Y}CEHcG�F�[ #}sIN�OQPrK�ac��GIs P�C�u�PXW�G�qrW�CEO\G�G!"5��GIHc[\Y}GID`PtK�O�K�s PX[Qfb[QP�_ w�,!:�:�K�O\acC+3��by|�E{ y
�nW�G
F�GI��CEac[QPX[\CED�C�u�K�HchECED9OkKz_EGIHca�[\a�szK�HcHc[\GIF9CEN5P�fb[kKnsICED�F�GID�aXKTPX[\CED�C�u5K�HchECED9h`K�a�CED9PXW�G^aXK�Y}��O\G

acN�H=uxK�sIG�M�GI�5PZKTPlW�GIO\[\N�Y PXGIY}��GIHXKTPXN�HcG�y 2�qr[\D�h C�urPXW�GduxK�s P�PXW"KTP}K�HchECED F�CbGIacD� P}sICED�F�GID�aXKTPXG
CED;acN #}sI[\GID`PXOQ_ q K�HcY acN�H=uxK�sIGIa�wvqr[QPXW;� 
tQE�����E� ��{}[QP [\a D�C�P���CEacac[\��O\G)PXC N�acG PXW�G;6�N"K�H=P i
�"K�OkK�D�sIG wvqrW�[\stW [\a9PXW�GIHcYZK�O\OQ_ [\acCEOkKTPXGIF�u�HcCEY%PXW�GZaXK�Y}��O\G}W�CEO\F�GIHt{�PXC1GIa=PX[\YZKTPXGlPXW�GZPXW�[\stM�D�GIaca
C�u^PXW�G�F�GI��CEac[QPXGIF OkKz_EGIHIy9~�a9K�OQPXGIHcD"KTPX[QfEG�Y}G PXW�CbF���PXW�G�F�GI��CEac[QPX[\CEDV[\a�[\D�F�[\HcGIs PXOQ_�sICED`PXHcCEO\O\GIF1�`_
Y}CED�[QPXCEHc[\D�h�PXW�G*���,� �iH �5�!� �!:�,0, /��!: D�1 ����: �4���5� - :���qrW�GID1K�HchECED�[\an[\D&%cGIs PXGIF�y
�nW�G���HcGIacacN�HcG9C�u�PXW�G�stW"K�Y ��GIH�w!' # � � �=8 ��� Y �"K�H KTP � 7 � � ��{'[\anK�acacN�Y}GIF�D�GIhEO\[\hE[\��O\Gnqr[QPXW

HcGIac��GIs P)PXC/PXW�G�K�HchECED �"K�H=PX[kK�O���HcGIacacN�HcG�F�N�Hc[\D�h PXW�G [\D&%cGIs PX[\CED C�u�PXW�G�h`K�aIyA�nW�G�Y}GzK�acN�HcGIF
�"K�H=PX[kK�O���HcGIacacN�HcGlF�N�Hc[\D�h PXW�G h`K�a�[\D&%cGIs PX[\CEDVPXW�N�a9sICEHcHcGIac��CED�F�a�PXC PXW�GlK�HchECED1�"K�H=PX[kK�O���HcGIacacN�HcG�y
~�O\O '�� KTPXCEY}a9K�HcGlacN�����CEacGIF�PXC���CEacacGIaca�ac[\Y}[\OkK�H�fEGIO\CbsI[QP�_/w�F�GI��GID�F�[\D�h)CED PXW�G�PXGIY}��GIHXKTPXN�HcG { �
[�y G�y}PXW�G}��HcGIacacN�HcGZPXN�HcD�a�CEN5P9PXCV��Gl��HcCE��CEH=PX[\CED"K�O�PXC)PXW�G}D�N�Y ��GIH�C�u �"K�H=PX[\sIO\GIaIy ��N5P K�O\acC�PXW�G
sICED�F�GID�aXKTPX[\CEDlHXKTPXG [\a^��HcCE��CEH=PX[\CED"K�O�PXC�PXW�[\a�6�N"K�D`PX[QP�_E�`PXW�GIHcG u�CEHcGn[QP�[\a^��HcCE��CEH=PX[\CED"K�O�PXC�PXW�GrK�HchECED
�"K�H=PX[kK�O���HcGIacacN�HcG 5�[�y G�y�PXW�G K�HchECED sICED�F�GID�aXKTPX[\CED ���"� :r[\a���HcCE��CEH=PX[\CED"K�OEPXC�PXW�G�Y}GzK�acN�HcGIF�stW"K�Y ��GIH
�"K�H=PX[kK�O:��HcGIacacN�HcG��LPXCbC�y
�nW�HcCEN�hEW K1acGIHc[\GIalC�u�szK�O\[\��HXKTPX[\CED�Y}GzK�acN�HcGIY}GID`PXaI�'PXW�G ���"� :bD�1 )��!D �3��� KTP�f�K�Hc[\CEN�a��"K�H=PX[kK�O

stW"K�Y ��GIH
��HcGIacacN�HcGIa�W"K�a
��GIGIDZGIa=PX[\YZKTPXGIF�fb[kK�[\D`PXGIH=u�GIHcGID�sIGrY}G PXW�CbF�aIy��nW�G�G��:GIs P'CEDlPXW�GrhEHcC qnPXW
HXKTPXG)C�u�stW"K�D�hE[\D�h�PXW�GVK�D�hEO\G���G P�q�GIGID;aXK�Y}��O\G�acN�H=uxK�sIG1K�D�F�K�HchECED�%cG PZW"K�a}��GIGID;K�O\acC�[\D`fEGIa  
PX[\h`KTPXGIF�y ~�adK�HcGIacN�OQPz�nF�N�Hc[\D�h�PXW�G K�HchECED h`K�aZ[\D&%cGIs PX[\CED�KTPdK��"K�H=PX[kK�OrstW"K�Y ��GIH ��HcGIacacN�HcG C�u
�5y � � � � 8�� Y �"K�HI�LsICED�F�GID�aXKTPX[\CED1HXKTPXGIa�C�u
�5y �`� 9~ �TaI���5y $�� 9~ �Ta�K�D�F �5y Q`� 9~ �Ta�K�HcG�CE�5PtK�[\D�GIF)qrW�GID
PXW�G�aXK�Y}��O\G�acN�H=uxK�sIG�[\a'��GIHc��GID�F�[\sIN�OkK�H'PXC�PXW�G�%cG Pz�5�"K�HXK�O\O\GIO�PXC�PXW�G�%cG PnK�D�F CEDZPXW�G�CE����CEac[QPXG�ac[\F�G
qr[QPXW�HcGIac��GIs P�PXC�PXW�G %cG Pz�"HcGIac��GIs PX[QfEGIOQ_Ey
�nW�G
sIHc[QPX[\szK�OEK�ac��GIs P�[\D�PXW�G
sICED�F�GID�aXKTPX[\CED�C�ubPXW�G^ac�"K�sIGIH�sICED�sIGIHcD�a�PXW�G
acN���a=PXHXKTPXG^PXGIY}��GIHXKTPXN�HcG

F�N�Hc[\D�h�PXW�Grac�"K�sIGIH'F�GI��CEac[QPX[\CED�y�~�a
G!"bPXGID�ac[QfEGIOQ_}F�[\acsIN�acacGIFZ[\D 3n�by|�b��[QuLPXW�G�sICED�F�GID�aXKTPX[\CED}CbsIsIN�Hca
KTP � 7 � � �>K�D�F PXW�GdOkKz_EGIHPH6, ��D � 1�/�� ����:�� � �!D"��:�,0,!:.�L�'PXW�G ac�"K�sIGIH}K�����GzK�Hca�PXC ��G �JH )*H�� K�D�F
a=PtK���O\G�C fEGIH�acG fEGIHXK�O�W�CEN�Hca ' #`�5� #.$&)�� -"/ �9��D �����"�=y
2�DAacGIY}[\sICED�F�N�s PXCEHcaI� PXC KzfECE[\FAN�D�F�N�OkKTPX[\CED�a K�D�F PXC3hEG P K�W�CEY}CEhEGID�GICEN�a sIC fEGIHXK�hEG [QP

q K�adu�CEN�D�F;PXC/��G Y}CEHcG G��:GIs PX[QfEG sICED�F�GID�aXKTPX[\D�h PXW�G�K�HchECED KTPdPXW�G Y}[\D�[\Y N�Y PXGIY}��GIHXKTPXN�HcG
w���� 7 � � ��{ ��PXW�GIDd��HcCEhEHcGIacac[QfEGIOQ_}q K�HcYAPXW�G�aXK�Y}��O\G�N�� PXC � 7��E� �7w�[\D � �� � �9Y}[\D�N5PXGIat{^PXC O\G P
PXW�GdKTPXCEY}a [\D�PXW�GdK�HchECED OkKz_EGIH acG PcPXO\G [\D���O\C q�GIHc[\D�h �"K�stM�PXW�GZPXGIY}��GIHXKTPXN�HcGZPXC � 7 � � ��K�D�F
sICED`PX[\D�N�G�qr[QPXWZPXW�G�acN�sIsIGIacac[QfEG9F�GI��CEac[QPX[\CEDZC�u�PXW�G�CEHch`K�D�[\s�Y}CEO\GIsIN�O\GIa'CED PXW�G�PXCE�dC�u�PXW�G�ac�"K�sIGIHIy
~�O\O�PXW�GZG!"5��GIHc[\Y}GID`PtK�O
HcGIacN�OQPXa�HcGI��CEH=PXGIF [\D�stW"K��5PXGIH9#VW"KzfEGZ��GIGID CE�5PtK�[\D�GIF u�CEO\O\C qr[\D�hdPXW�[\a

K�HchECED�F�GI��CEac[QPX[\CED ��HcCbsIGIF�N�HcGlPXW"KTP�GID�acN�HcGIa���OkK�D"K�Hc[QP�_1C�u�PXW�G}ac�"K�sIGIH�OkKz_EGIH@5�D�G fEGIH=PXW�GIO\GIacaI��PXW�G
G��:GIs PXa�C�u'N�D`PXHcGzKTPXGIF�ac�"K�sIGIH9N�D�F�N�OkKTPX[\CED W"KzfEG}��GIGID PXW�CEHcCEN�hEW�OQ_Va=PXN�F�[\GIF���PXW�GlHcGIacN�OQPXa9C�u'PXW�[\a
HcGIacGzK�HcstW1K�HcG9G!"5GIY}��O\[ 3"GIF�[\D�3��by|�by



� � K E1�5� ����: � �!D ��/ ���iH�D����5��� �5���5��� ,JH6, � �

% �i�!� � �(�k����V �����i� . �iZ W �	(*n V +�� ��V ������� ��(5�,�������)�,(5W

m W�GIDdPXW�G�PtK�HchEG P?3"O\YAPXW�[\stM�D�GIacarhECbGIa F�C qrD���GIO\C q CED�G�Y}CED�CEOkKz_EGIHI�bPXW�G�F�GI��CEac[QPX[\CED C�u�CEHch`K�D5 
[\sIa KTP�� 7 ���87 � � � ��GIsICEY}GIa�sIHc[QPX[\szK�O�yd��C1hEG P HcGIO\[kK���[\O\[QP�_1K�D�F KVhECbCbF�HcGI��HcCbF�N�sI[\��[\O\[QP�_1PXW�G
F�GI��CEac[QPX[\CEDdY N�a=P���G9GIHcHcCEH u�HcGIG�K�D�F�qr[QPXW)KlsICEHcHcGIs PrPX[\Y}[\D�h�y
J"CEH�PXW�[\DlsIC fEGIHXK�hEGIaI�bG!"bPXHcGIY}G�O\C q G f�K���CEHXKTPX[\CED�HXKTPXGnW"K�a^PXC9��GrN�acGIF wx�5y � ���5y|�59~ �TY}[\DL{ ��qr[QPXW

KdF�GI��CEac[QPX[\CED1PX[\Y}G C�u'PXW�GlCEHcF�GIH�C�u %cN�a=P9u�G q acGIsICED�F�aIy}��D PXW�GlszK�acGlC�u�G!"bPXHcGIY}GlO\C q!sIC fEGIHXK�hEG
wx�5y � � U�4�{ �"N�acN"K�O\OQ_ZD�C}Y}CEHcG�PXW"K�DV��acGIs�K�HcG9D�GIGIF�GIF�y
�nW�G ��HcGIG!"5[\a=PXGID`P�acG PXN�� W"K�a���GIGID1[\Y}��HcC fEGIF)PXC hEG P�KZ��G PcPXGIH�sICED`PXHcCEO�CEDVPXW�G�f�K�Hc[\CEN�a�G f�K��5 

CEHXKTPX[\CED��"K�HXK�Y}G PXGIHcaIyV��D �"K�H=PX[\sIN�OkK�HI��PXW�GZ[\D`PXGIhEHXKTPX[\CED���G P�q�GIGID/CEacsI[\O\OkKTPX[\D�hr6�N"K�H=P i u�HcG�6�N�GID�s _
sICEN�D`PXGIHI��C fEGID�PXGIY}��GIHXKTPXN�HcGlsICED`PXHcCEO\O\GIH9K�D�F�sICEY}��N5PXGIH���GIHcY}[QPcPXGIF PXC�u�CEO\O\C q�PXW�G�PXW�GIHcYZK�O\[ i K� 
PX[\CED}F5_bD"K�Y}[\sIa�C�u:PXW�G46�N"K�H=P i �"K�OkK�D�sIG�F�N�Hc[\D�h�PXW�G�sIH=_ECEa=PtKTP sICbCEO\[\D�h9F�C qrDdK�D�FZPXC�Y}CED�[QPXCEH�PXW�G
G f�K���CEHXKTPX[\CEDdHXKTPXG�qr[QPXWVK�D)K�sIsIN�HXK�s _�C�u ' #}C fEGIH � � �Iy�gb[\D�sIG�PXW�Ge6�N"K�H=P i �"K�OkK�D�sIG�[\ar��OkK�sIGIF�[\D
��HcCY"5[\Y}[QP�_lC�u�PXW�G�aXK�Y}��O\G�W�CEO\F�GIHI��qrW�[\stW [\a 3 "5GIFdCEDZPXW�G�sICEO\F 3"D�hEGIH���O\CbstML�b[QPXa�GIOkK�a=PX[\s�sICED�a=PtK�D`P
wxK�D�F PXW�GIHcG u�CEHcG [QPXa�HcGIacCED"K�D�sIG u�HcG�6�N�GID�s _�{�[\a�[\D�F�[\HcGIs PXOQ_�[\D O"N�GID�sIGIFl�`_ K�D`_ stW"K�D�hEGn[\D sICEO\F 3"D�hEGIH
PXGIY}��GIHXKTPXN�HcG�y^J"CEH
PXW�[\a
HcGzK�acCED��5F�N�Hc[\D�h9PXW�G�sICbCEO\[\D�h9F�C qrD��5K�F�Hc[QuvP'[\DlPXW�G�HcGIacCED"K�D�sIG�u�HcG�6�N�GID�s _
C�u�PXW�Ge6�N"K�H=P i �"K�OkK�D�sIG9[\anCE��acGIH=fEGIF�y
J�[\h�y:�nw � - D #�:T{�acW�C qra�PXW�G F�Hc[QuvP�[\D 6�N"K�H=P i HcGIacCED"K�D�sIG u�HcG�6�N�GID�s _E��qrW�GID1PXW�G aXK�Y}��O\G�W�CEO\F�GIH

PXGIY}��GIHXKTPXN�HcG�hECbGIa�F�C qrD u�HcCEY � 7 �E�E� ��PXC � 7 � � ���TCED�K�PXGIY}��CEHXK�O�[\D`PXGIH=f�K�ObC�uLYZK�D`_�W�CEN�HcaIy
�nW�GZD�CEY}[\D"K�O^C fEGID PXGIY}��GIHXKTPXN�HcG}[\a�acW�C qrD CED�PXW�GZHc[\hEW`P�fEGIH=PX[\szK�O'K�"5[\aI��qrW�GIHcGzK�a�PXW�G}F"K�acW�GIF
W�CEHc[ i CED`PtK�O�O\[\D�GIa�[\D�F�[\szKTPXG�PXW�G�PtK�HchEG P�C fEGID9PXGIY}��GIHXKTPXN�HcGIaIy��nW�[\a�PXGIY}��GIHXKTPXN�HcG^[\a�CED�OQ_�[\D�F�[\szKTPX[QfEG��
a=PXHcCED�hEOQ_�F�GI��GID�F�[\D�h�CED�PXW�G���CEac[QPX[\CED�C�u�PXW�GracGID�acCEH'CEDlPXW�GrsICE����GIH
��O\CbstM [\D�ac[\F�G PXW�GrC fEGID�y
�nW�G
G f�K���CEHXKTPX[\CEDda=PtK�H=PX[\D�h�PX[\Y}G�[\an��CE[\D`PXGIF�CEN5P��`_�K�fEGIH=PX[\szK�O�K�HcHcC q9y
J�[\h�y��nw0- :���D �9{�acW�C qra wvPXW�G ��O\C�P1[\a1HcGIacszK�O\GIFL{�PXW�G CE��acGIH=fEGIF 6�N"K�H=P i u�HcG�6�N�GID�s _3qrW�GID�K

sICEY}��O\G PXG�PXW�GIHcYZK�O\[ i KTPX[\CED CbsIsIN�HcHcGIF w�� ��{9K�D�F�[QPXa9stW"K�D�hEGZC�unacO\CE��G�qrW�GID G f�K���CEHXKTPX[\CED�C�u�PXW�G
Y}CEO\GIsIN�O\GIa�a=PtK�H=PXa w�� � { y}~�uvPXGIH9PXW�GlPXW�GIHcYZK�O\[ i KTPX[\CED/w�N�acN"K�O\OQ_hQ��B$dW�CEN�Hca�K�HcGlD�GIGIF�GIF�PXC)hEG P K
u�HcG�6�N�GID�s _ a=PtK���[\O\[QP�_�C�u��9�5y|��� i C fEGIH	� Q
UV� i {��`_1acO\C qrOQ_)[\D�sIHcGzK�ac[\D�hZPXW�G�C fEGID PXGIY}��GIHXKTPXN�HcG
PXW�G Y}CEO\GIsIN�O\GIa���GIhE[\D)PXC G f�K���CEHXKTPXG K�D�FVPXC HcGzK�stW1PXW�G 6�N"K�H=P i �"K�OkK�D�sIG�y��nW�G CE��acGIH=fEGIFh6�N"K�H=P i
u�HcG�6�N�GID�s _/a=PtK�H=PXa�K�h`K�[\D�PXC stW"K�D�hEG�wvPXC acO\C q7F�C qrD��
� � {���GIszK�N�acG�C�u�[QPXa C qrD/YZK�aca [\D�sIHcGzK�acG�y
J"HcCEYAPXW�G9sIN�H=fEG9acO\CE��G�stW"K�D�hEGZwx� i fEGIHcacN�a�Y}[\D�N5PXGIat{ �5PXW�G�G f�K���CEHXKTPX[\CED HXKTPXG�szK�D���G�GIa=PX[\YZKTPXGIF
wxK�sIsICEHcF�[\D�hZPXCZPXW�G�szK�O\[\��HXKTPX[\CED 3��by � y|�E{�K�D�FVPXW�G F�GI��CEac[QPX[\CEDVC�u^PXW�G�Y}CEO\GIsIN�O\GIa�CEDVPXW�G�aXK�Y}��O\G
szK�D�PtK�M�G1��OkK�sIG w��`_ HcC�PtKTPX[\D�h PXW�G1aXK�Y}��O\G)W�CEO\F�GIH}PXC ��N5PZPXW�G1aXK�Y}��O\G�uxK�sIGIF�PXW�G1Y}CEO\GIsIN�OkK�H
��GzK�Y { y
p�G fEGIH=PXW�GIO\GIacaI��KTPZPXW�GVHcG�6�N�[\HcGIF;HXKTPXG�� PXW�G1stW"K�D�hEG1[\D u�HcG�6�N�GID�s _�[\aZac[\hED�[ 3"szK�D`PZCED�OQ_ CED;K

PXGIY}��CEHXK�O
acszK�O\G C�urW�CEN�Hca KTuvPXGIH�PXW�G ��GIhE[\D�D�[\D�hVC�unPXW�GZG f�K���CEHXKTPX[\CED 5�u�CEH�PXW�[\a�HcGzK�acCED��
KVhECbCbF
GIa=PX[\YZKTPX[\CED�C�u�PXW�G�F�GI��CEac[QPX[\CED�PX[\Y}GZw�D�GIGIF�GIF1PXC}hEG P�PXW�G�PtK�HchEG P�PXW�[\stM�D�GIacat{�szK�DV��G�YZK�F�G�CED�OQ_
KTP^O\GzK�a=P^CED�G W�CEN�H
KTuvPXGIH�PXW�G a=PtK�H=P
C�uLPXW�G G f�K���CEHXKTPX[\CED�y���D�PXW�GnszK�acGnacW�C qrD��`PXW�G 3"D"K�O�F�GI��CEac[QPX[\CED
PX[\Y}G�W"K�ar��GIGID � acGIsICED�F�a�O\CED�h�y



� Q � E 	4=B/�<

0h 1h 2h 3h 4h 5h 6h 7h 8h 9h

5992500

5992600

5992700

5992800

5992900

5993000

5993100

5993200

5993300

Q
ua

rt
z 

F
re

qu
en

cy
 [H

z]

Time [hours]

160

180

200

220

240

260

280

300

320

Thermalization

Evaporation
starting point

O
ven T

em
perature [°C

]

4h 5h 6h 7h 8h 9h

5992504

5992506

5992508

5992510

5992512

5992514

5992516

5992518

Q
ua

rt
z 

F
re

qu
en

cy
 [H

z]

Time [hours]

160

180

200

220

240

260

280

300

320

BA

O
ven T

em
perature [°C

]

� �
� ��% � �
_b��[\szK�O�N�OQPXHXKTPXW�[\D�wx�5y � � U�4�{ 8;:!<4=?>�@BA93"O\Y�F�GI��CEac[QPX[\CED)KTP � 7 ��� 7 � � ��y
'7- D #�:`� ��N"K�H=P i u�HcG�6�N�GID�s _1PXW�GIHcYZK�O\[ i KTPX[\CEDVsIN�H=fEGlF�N�Hc[\D�h PXW�G�aXK�Y}��O\G sICbCEO\[\D�h F�C qrD
u�HcCEY � 7 �E�E� � PXC � 7 � � � w���:�1���{ K�D�F)C fEGID)q K�HcY}[\D�h�N��)HXK�Y}��w �JH )!����{
� :���D � �^j "5�"K�D�ac[\CED�C�u�acszK�O\G�C�u�PXW�G���O\C�PnK���C fEG�y�� � [\D�F�[\szKTPXGIa�PXW�G�F�G 3"D�[QPX[QfEG�PXW�GIHcYZK�O  
[ i KTPX[\CED PX[\Y}G�� � � PXW�GZG f�K���CEHXKTPX[\CED�a=PtK�H=PX[\D�hV��CE[\D`P 5�PXW�G Y}CEO\GIsIN�O\GlF�GI��CEac[QPX[\CED���GIhE[\D�a
CED�G�W�CEN�HrOkKTPXGIHrK�D�F�[QPr[\a�� acGIsICED�F�a�O\CED�h)w�,!:�:�PXG!"bP { y



� � � =*��:e8;:!<4=?>�@BA �bD���: ��/ ��: � $

~�uvPXGIH�PXW�G)F�GI��CEac[QPX[\CED��^PXW�G)C fEGID Y N�a=PZ��G�O\G uvPlsICbCEOnF�C qrD PXC�KTP}O\GzK�a=P � �E� � �A��GIO\C q�PXW�G
acN���a=PtK�D�sIGdG f�K���CEHXKTPX[\CED�PXGIY}��GIHXKTPXN�HcG}PXC KzfECE[\F N�D�sICED`PXHcCEO\O\GIF�u�N�H=PXW�GIH�F�GI��CEac[QPX[\CED�yV�nW�GZPX[\Y}G
HcGIacCEOQfEGIFgO"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK}K�D�FrO"N�CEHcGIacsIGID�sIG�F�GIszKz_ba�szK�D)��G�PXW�GID)Y}GzK�acN�HcGIF�y
o�N�G9PXClPXW�G�G!"bPXHcGIY}G�O\C q O"N�CEHcGIacsIGID�sIG [\D`PXGID�ac[QP�_�wvu�HcCEY 1 : � ����D � D�� ,9��GIH�acGIsICED�F���F�C qrD)PXC

O\GIaca
PXW"K�DbD���:���W�C�PXCEDZ��GIH'acGIsICED�FL{�fEGIH=_}O\CED�h9ac��GIs PXHcN�YAacszK�D}PX[\Y}GIa'K�D�F}PXHXK�D�ac[\GID`P�K�s�6�N�[\ac[QPX[\CED
PX[\Y}GIa9K�HcGlD�GIsIGIacaXK�H=_EyZ~AF�N�HXKTPX[\CED C�u�PXW�Glac[\D�hEO\G Y}GzK�acN�HcGIY}GID`P�N�� PXCdP�q�C)W�CEN�Hca�[\a�sICEY}Y}CED
w�,!:�:�K�O\acC"3��by #�{ �5qrW�GIHcGzK�a�K�Y}GzK�acN�HcGIY}GID`P�acGIacac[\CED)[\an[\D)KzfEGIHXK�hEG � # � � ��W�CEN�HcarO\CED�h�y
�nW�G�CE�5PX[\s�K�O\[\hED�Y}GID`P�PXC�sICEN���O\GnPXW�G�sICEO\O\GIs PXGIF}ac[\hED"K�O�PXC9PXW�G�Y}CED�CbstW�HcCEYZKTPXCEH�q K�a�szK�HcG u�N�O\OQ_

CE�5PX[\Y}[ i GIF PXC�HcGIF�N�sIG�K�D`_ O"N�CEHcGIacsIGID�sIG�[\D`PXGID�ac[QP�_�O\CEacaIy�~ ]�GIOQPX[\GIH  �sICbCEO\GIF���W�C�PXCEY N�OQPX[\��O\[\GIH�qr[QPXW
KlfEGIH=_VO\C q�F"K�HcM�sIN�HcHcGID`Plw�% ��� �TacGIs���,!:�:/39�by #}u�CEH�F�G PtK�[\O\at{�W"K�a���GIGID1N�acGIF��:[\D)ac[\D�hEO\G! ���W�C�PXCED
Y}CbF�G��5PXClsICEO\O\GIs PnPXW�G	O"N�CEHcGIacsIGID�sIG�y
J"CEO\O\C qr[\D�h�PXW�[\an��HcCbsIGIF�N�HcG��"[QPnq K�ar��CEacac[\��O\G�PXCl��HcGI�"K�HcG�K�D�F)CE��acGIH=fEG�N�OQPXHXKTPXW�[\D�3"O\Y}a [\DdPXW�G

sIC fEGIHXK�hEG�O\[\Y}[QP�C�u�PXW�G9D�C�P�[\D`PXGIHXK�s PX[\D�h�Y}CEO\GIsIN�O\GIaI�"K�anF�GIacsIHc[\��GIFV[\DdPXW�G9stW"K��5PXGIH #�y

� .�� 1 ?� (+*�,�-/.1032 6A$�#����8�#�

��D PXW�[\a�acGIs PX[\CED���PXW�G���HcCE��GIH=PX[\GIa�C�u�PXW�Ge8;:!<4=?>�@BA9Y}CEO\GIsIN�O\G�K�D�F C�u�[QPXa�sIH=_ba=PtK�O�K�HcG���HcGIacGID`PXGIF�y

+�� +�� 	q���iZ[(*���# ��+�(.� # ��(5�,( 	!R�� �
� 0��i�.- 	 	 �iW �J���i�MV � 	��"�,�iZ �i�,( � �J\_^.`baPcedgf �
8;:!<4=?>�@BA}��GIO\CED�hEarPXC}PXW�G�uxK�Y}[\OQ_ C�u�PXW�G ��GIH=_bO\GID�G! �F�GIHc[Qf�KTPX[QfEG�Y}CEO\GIsIN�O\GIa@5�[QP�[\a�K}��OkK�[\D��L��W�C  
PXCbstW�GIY}[\szK�O\OQ_ a=PtK���O\G���F�[ #}sIN�OQP�PXC1F�[\acacCEOQfEG���F5_EG Y}CEO\GIsIN�O\Glqr[QPXW�[\D`PXGID�acG CEHXK�D�hEG}sICEO\CEN�HIy)�nW�G
Y}CEO\GIsIN�O\G�a=PXHcN�s PXN�HcG9[\a�acM�G PXstW�GIF1[\D 3"h�y"�5��K sICEO\O\GIs PX[\CEDZC�u���W`_bac[\szK�O�F"KTPtK [\a HcGI��CEH=PXGIF�[\DZPtK���y � y

N �� CH3CH3 �� N

� �
� ��R � gbM�G PXstWVC�u�PXW�G9Y}CEO\GIsIN�OkK�H a=PXHcN�s PXN�HcG�C�u�8;:!<4=?>�@BAty

��GIszK�N�acG}C�u [QPXa�O\C q�f�K���CEN�H���HcGIacacN�HcG KTP9HcCbCEY>PXGIY}��GIHXKTPXN�HcG}K�D�F�C�u�[QPXa�PXW�GIHcYZK�O�a=PtK���[\O\[QP�_E�
8;:!<4=?>�@BAl[\ar�"K�H=PX[\sIN�OkK�HcOQ_ acN�[QPXGIF)u�CEHrPXW�G���HcCbF�N�s PX[\CEDVC�u�acN���O\[\YZKTPXGIFr3"O\Y}arN�D�F�GIH�N�OQPXHXKlW�[\hEW
f�K�sIN�N�Y sICED�F�[QPX[\CED�aIy

\_^.`baPcedgfh�M� #,W ��V!� W ��� �������,��(
�nW�G�8;:!<4=?>�@BA}sIH=_ba=PtK�O�a=PXHcN�s PXN�HcG�[\a�Y}CED�CbsIO\[\D�[\s��"��HcGIacGID`PXa�P�q�C�Y}CEO\GIsIN�O\GIa�[\DVPXW�G ac[\D�hEO\G�sIGIO\O
K�D�F/��GIO\CED�hEa�PXC1PXW�Gdac�"KTPX[kK�O�hEHcCEN�� ]'�

�
�Ts�w�CEH��	�F�
 u�CEO\O\C qr[\D�h)PXW�G)gbstW�RCED O"[\GIa�D�C�PtKTPX[\CEDL{65
PXW�G

a=PXHcN�s PXN�HXK�O�F"KTPtK}K�HcG�O\[\a=PXGIF�[\DdPtK���y � y



� � � E 	4=B/�<

8;:!<4=?>�@BA
SU���(5�*����(
J"CEHcY N�OkK � F�� �

� < poF 2 <
UVK�aca�' K�Y N ) # � �
g�_bY}Y}G PXH=_ oBF��

�9� #,W ��V!�
gb�"KTPX[kK�O�hEHcCEN�� ]'�

�
�Ts

U)CEO�y^��GIHnsIGIO\O �
K ' 9~ ) �5y �*$ #
� ' 9~ ) � �by|���E�
s('-9~ ) � #�y|� C $
2 ' �T) C $by Q`�
B�' 9~ )T) �*$��5y|�
� ' h �TsIY ) ) � y|� C

7 V 	�� ��� ��CEO\O\GIs PX[\CEDdC�u���W`_bac[\szK�O�K�D�F)sIHc[\a=PtK�O\O\CEhEHXK���W�[\s�F"KTPtK�u�CEHo8;:!<4=?>�@BA�' #`�*)�y

c a

a
c

(c)

(a)

c

b

b

c

(b)

(d)

MePTCDI

PTCDA

� �
� ���
� gbM�G PXstWZC�u,8;:!<4=?>�@BA�sIH=_ba=PtK�OLa=PXHcN�s PXN�HcG wxKTuvPXGIH ' #*Q5�k#`�*)v{ �nwxK`{b��HcC&%cGIs PX[\CED}CED�PXW�G wx� � �`{L 
��OkK�D�G���w��L{bCED�PXW�G1w � �`�E{L ���OkK�D�G�yl�nW�GZY}CEO\GIsIN�O\GlK�HcGlCEHch`K�D�[ i GIF�[\D�K�a=PtK�stM a=PXHcN�s PXN�HcG��
�"K�HXK�O\O\GIO^PXC w � �`�E{L ���OkK�D�G 5
�nW�GdY}CEO\GIsIN�OkK�H���OkK�D�GIalK�HcG [\D�sIO\[\D�GIF �`_ C F�GIhEHcGIGIa�qr[QPXW PXC
HcGIac��GIs P�PXCdPXW�G�a=PtK�stM�[\D�h���OkK�D�G�y��nW�GlO\CED�h Y}CEO\GIsIN�OkK�H�K�"5GIa�C�u'PXW�G�D�CED5 �PXHXK�D�acOkKTPX[\CED"K�O
[\D`f�K�Hc[kK�D`Po8;:!<4=?>�@BA Y}CEO\GIsIN�O\GIa�u�CEHcY K�D)K�D�hEO\G�C�u '��MQ5y $ F�GIhEHcGIGIaIy



� ���TE�/ -5, � ���"� :�, �5��� ����:qH � � �!: ���,���"�iH�D�� ��C

J�[\h�y�#�y KracW�C qra�PXW�G 8;:!<4=?>�@BAnsIH=_ba=PtK�Oba=PXHcN�s PXN�HcG K�a���HcC&%cGIs PXGIF CED�PXW�G�wx� � �`{L ���OkK�D�G�� qrW�GIHcGzK�a
J�[\h�y�#�y � acW�C qra PXW�Gd��HcC&%cGIs PX[\CED C�urPXW�G sIH=_ba=PtK�O CED PXW�G w � �`�E{L ���OkK�D�G�y1�nW�GdY}CEO\GIsIN�O\GIa�u�CEHcY@K
, � ����� , � � / ���0/��!: ��qr[QPXWVa=PtK�stM�[\D�hZ��OkK�D�GIa��"K�HXK�O\O\GIO�PXC w � �`�E{L �sIH=_ba=PtK�O���OkK�D�G 5�[QPru�CEHcY}a�K�D K�D�hEO\G9C�u
�E�5y $�F�GIhEHcGIGIa^qr[QPXW�PXW�G�K� �K�"5[\a�C�u�PXW�GnsIH=_ba=PtK�O�y��nW�GrF�[\a=PtK�D�sIGr��G P�q�GIGID}P�q�C�acN�sIsIGIacac[QfEG�Y}CEO\GIsIN�OkK�H
OkKz_EGIHca�K�Y}CEN�D`PXa�PXC1F

���
F 7��5y #`��9~�y�m [QPXW�[\D�PXW�GZac[\D�hEO\G}a=PtK�stM���OkK�D�G}PXW�G Y}CEO\GIsIN�O\GIa�F�C1D�C�P O\[\G

OLKTPz�:��N5P�u�CEHcY>K�D K�D�hEO\G�C�u ' C F�GIhEHcGIGIaI��u�CEHrPXW�[\a�HcGzK�acCED��:PXW�G a=PtK�stM�[\D�hd[\a�D�C�P�[\F�GzK�O�yrm [QPXW�[\D
PXW�G�a=PtK�stM�[\D�h ��OkK�D�GrPXW�G	8;:!<4=?>�@BA9Y}CEO\GIsIN�O\GIa^u�CEHcY7K�W�GIHcHc[\D�h  ���CED�Gra=PXHcN�s PXN�HcG��5qr[QPXW K�D K�D�hEO\G
C�u '��MQ5y $�F�GIhEHcGIGIa���G P�q�GIGID)PXW�G9O\CED�h}K�"5[\anC�u�PXW�G9D�CED5 �PXHXK�D�acOkKTPX[\CED"K�O�G�6�N�[Qf�K�O\GID`P�Y}CEO\GIsIN�O\GIaIy

� �,� � .��MV ������� ���o\_^.`baPcedgf
�nW�G�N�acGIFdacN���a=PtK�D�sIG�q K�a ��CEN�hEW`P �`_ ��CbGIstW�a=PrK�a���C qrF�GIH�qr[QPXWdK�Y}[\D�[\Y N�Y ��N�Hc[QP�_}C�u 
 C ��� y
~�a�PXW�G�[\D`PXGIHcD"K�O Y}CEO\GIsIN�OkK�H���CEN�D�F�a�PXGID�F�a�PXC ��HcGzK�M ��G u�CEHcGdHcGzK�stW�[\D�h PXW�G�Y}GIOQPX[\D�h1��CE[\D`Pz�
[QP
[\a�D�C�P���CEacac[\��O\G�PXC N�acGlK i CED�G! ���N�Hc[ 3"szKTPX[\CEDVY}G PXW�CbF1CED 8;:!<4=?>�@BA 5�C qr[\D�h PXCZPXW�G�fEGIH=_ ��CbCEH
acCEO\N���[\O\[QP�_}C�u�PXW�G9acN���a=PtK�D�sIG K�O\acC�PXW�G9��N�Hc[ 3"szKTPX[\CED fb[kK�HcGIsIHc[\a=PtK�O\O\[ i KTPX[\CEDZ[\anD�C�P�K�����O\[\szK���O\G�y
J"CEH}PXW�[\aZHcGzK�acCED�PXW�GVacN���a=PtK�D�sIG ��N�Hc[ 3"szKTPX[\CED W"K�a ��GIGID;szK�HcHc[\GIF�CEN5PZfb[kK(� D / -5��: # ����/ / �

)����!�.H�:���� , / -5�7H6� �"�iH�D���[\D PXW�G ��Hc[\a=PtK�O\OkK���CEH�C�urPXW�G�e�D�[QfEGIHcac[QP�_ C�u�g�PXN5PcPXh`K�H=Pzy ~�uvPXGIH�PXW�G�3"Hca=P
acN���O\[\YZKTPX[\CED��T[QP�PXN�HcD�GIFlCEN5P^PXW�Gn��HcGIacGID�sIGrC�u�CED�OQ_�CED�GnW�CEY}CEhEGID�GICEN�a�u�HXK�s PX[\CED C�u�YZKTPXGIHc[kK�O���PXW�[\a
[\Y}��O\[\GIanPXW"KTP�PXW�G�a=PtK�H=PX[\D�h acN���a=PtK�D�sIG q K�a�K�s PXN"K�O\OQ_���N�HcG�K�D�FVPXW"KTP�[QP�W"K�a�D�C�P���GIGID Y}CbF�[ 3"GIF
[\D�[QPXan[\D`PXGIHcD"K�O���CEN�D�F�a�F�N�Hc[\D�h�PXW�G9acN���O\[\YZKTPX[\CEDZ��HcCbsIGIacaIy
�nW�G ��N�Hc[QP�_�O\G fEGIO�C�unPXW�GZacN���O\[\YZKTPXGIF�YZKTPXGIHc[kK�O
W"K�a���GIGID ��HcCbC�u�GIF �`_ YZK�aca�ac��GIs PXHcCEY}G PXH=_

K�D�F �o �HXKz_1ac��GIs PXHcCEacsICE�`_�CED PXW�GlY}[\sIHcCbsIH=_ba=PtK�O\O\[\D�G�YZKTPXGIHc[kK�O ' #`�*)
K�D�F�K�O\HcGzK�F5_ KTuvPXGIH�PXW�GP3"Hca=P
acN���O\[\YZKTPX[\CED a=PXGI���"D�C}��HcGIacGID�sIG�C�u�[\Y}��N�Hc[QPX[\GIa'q K�arHcG fEGzK�O\GIF�y

� .�� � 8�<����� "��������
	��>�"?���� �� "����^ "���"��$�	

��D PXW�G���HcGIacGID`PrHcGIacGzK�HcstWVK D�N�Y ��GIH C�u�F�[ �:GIHcGID`PracN���a=PXHXKTPXGIanW"K�an��GIGIDdN�acGIF�y
�nW�G�stW�CE[\sIG�C�u�PXW�G
acN���a=PXHXKTPXGIa}q K�a}YZK�[\D�OQ_�F�Hc[QfEGID �`_/sICED�ac[\F�GIHXKTPX[\CED�a}K���CEN5P�PXW�GI[\H�F�[\GIO\GIs PXHc[\s u�N�D�s PX[\CED�aVwvqrW�[\stW
sICEY}��O\G PXGIOQ_}F�G PXGIHcY}[\D�G�PXW�GI[\H�CE�5PX[\szK�O���HcCE��GIH=PX[\GIanK�a G!"5��OkK�[\D�GIFd[\D 3oQ`{ �bPXW�GI[\H���HcGI�"K�HXKTPX[\CED GzK�ac[  
D�GIaca�K�D�F�PXW�GI[\H�/�0�1!sICEY}�"KTPX[\��[\O\[QP�_Ey
�nW�G9u�CEO\O\C qr[\D�h acN���a=PXHXKTPXGIa�W"KzfEG���GIGID�PtK�M�GIDV[\D`PXClK�sIsICEN�D`Pz�

 dU)CEOQ_b��F�GID�N�Y o�[\acN�O\��W�[\F�G1w 8;D�EGF { �Z[\D�F�[\HcGIs P�acGIY}[\sICED�F�N�s PXCEHI��qr[QPXW F�[\HcGIs P�h`K��/GID�GIHch�_
���	� ��
���� 7 � y C ��G B(%�� �	� 7��by �`��G B�w 8;:!<4=?>�@BA GIY}[\acac[\CEDdGID�GIHch�_�{

 dgb[\O\[\sICED w E5HJILKMKMK!NI{ �^[\D�F�[\HcGIs PnacGIY}[\sICED�F�N�s PXCEHI��qr[QPXW�F�[\HcGIs Prh`K���� ����� � � ������� 7 �5y #^G B 
�� �	�
 ��N"K�H=P i �
[\D�acN�OkKTPXCEHI��K�anHcG u�GIHcGID�sIG�YZKTPXGIHc[kK�O�y

J"N�H=PXW�GIH
Y}GzK�acN�HcGIY}GID`PXaI��D�C�P'HcGI��CEH=PXGIF}[\D�PXW�[\a�PXW�GIac[\aI�`q�GIHcG���GIH=u�CEHcY}GIFlCED}hECEO\F)w ' /GILKMKMK!NI{�K�D�F
h`K�O\O\[\N�YA��W�CEac��W�[\F�GZw��*��<�{ y
U)CEa=P^C�uLK�O\O��SPXW�G'P�q�C�acGIY}[\sICED�F�N�s PXCEHcanw 8;D�EGF
K�D�FmE5HJILKMKMK!NI{�W"KzfEG ��GIGID��"K�H=PX[\sIN�OkK�HcOQ_�a=PXN�F�[\GIF 5

PXW�GrHcGzK�acCEDlC�u�PXW�[\a�stW�CE[\sIG��`PXW�GI[\H�stW"K�HXK�s PXGIHc[\a=PX[\sIa'K�D�F�PXW�GnG!"5��GIHc[\Y}GID`PtK�O�F�G PtK�[\O\a�CED�PXW�GI[\H^��HcGI�"K� 



��� � E 	4=B/�<

HXKTPX[\CED PXGIstW�D�[76�N�GIa�K�HcGlhE[QfEGID�[\D PXW�Glu�CEO\O\C qr[\D�h acGIs PX[\CED�aI��qrW�GIHcGzK�a�PXW�GI[\H9F�[\GIO\GIs PXHc[\s���HcCE��GIH=PX[\GIa
K�HcG�HcGI��CEH=PXGIF)[\D�~�����GID�F�[ "�w�~�y � { y

% �7R �i� \���� F

U)CEOQ_b��F�GID�N�Y F�[\acN�O\��W�[\F�G�wvPXCEhEG PXW�GIH�qr[QPXW/PXW�G�hEHXK���W�[QPXG {�[\a}K1P�_b��[\szK�OrHcGI��HcGIacGID`PtKTPX[QfEG)C�u�PXW�G
OkKz_EGIHcGIF sIH=_ba=PtK�O\aI�bstW"K�HXK�s PXGIHc[ i GIFd�`_}a=PXHcCED�h�sIC f�K�O\GID`P���CEN�D�F�a K�Y}CED�h�KTPXCEY}a H6� ,JH�� :�K�OkKz_EGIH�K�D�F
q�GzK�M f�K�D�F�GIHnm KEK�O\an��CEN�D�F�ar��G P�q�GIGIDVPXW�G9OkKz_EGIHca�wk3"h�y��b��O\G uvP { y
gbN�stW KrsIH=_ba=PtK�O�a=PXHcN�s PXN�HcG'F�GIHc[QfEGIa�u�HcCEY PXW�G'D"KTPXN�HcG
C�u5PXW�G
ac[\D�hEO\G^OkKz_EGIH�u�CEHcY}GIF��`_�KnaXK�D�F5qr[\stW

gMp�U)C�p�g wk3"h�y'�b�
Hc[\hEW`P { �^qrW�GIHcG)GzK�stW�U)C�wk3"O\O\GIF sI[\HcsIO\G {�[\a�[\D Q� �u�CEO\F sICbCEHcF�[\D"KTPX[\CED�qr[QPXW PXW�G
stW"K�O\sICEhEGID w�acN�O\��W�N�HI�"W�CEO\O\C q sI[\HcsIO\G { y

� �
� � � � 8;D�EGFz��acM�G PXstW C�u�PXW�GlOkKz_EGIHcGIF�a=PXHcN�s PXN�HcG K�D�F�C�u�PXW�G}sIH=_ba=PtK�O�y}�nW�Glq�GzK�M�D�GIaca�C�u'f�K�D
F�GIHnm KEK�O\ar��CEN�D�F�a���G P�q�GIGIDVPXW�G�OkKz_EGIHca�YZK�M�GIarPXW�G9sIO\GzKzf�K�hEG9GzK�ac[\GIa=P�K�O\CED�h�PXW�G���OkK�D�G
wx�E�E� � { y

�nW�G�q�GzK�M�D�GIacarC�u���[\D�F�[\D�h���G P�q�GIGID PXW�G�OkKz_EGIHca�G!"5��OkK�[\D�a'PXW�G�G!"5sIGI�5PX[\CED"K�O�sIO\GzKzf�K���[\O\[QP�_lK�O\CED�h
PXW�G���OkK�D�G�wx�E�E� � { y��nW�G�G!"5��CEacGIF�acN�H=uxK�sIG�G!"5W�[\��[QPXaI�5KTuvPXGIH�PXW�G�sIO\GzKzf�K�hEG��5acN�OQu�N�H KTPXCEY}a�K�HcHXK�D�hEGIF
[\D�W�G!"�K�hECED"K�O�a=_bY}Y}G PXH=_E��F�GIacsIHc[\��GIFV�`_ PXW�G�P�q�CZF�[\Y}GID�ac[\CED"K�O:ac�"KTPX[kK�O:hEHcCEN�� ��� � �)y
gb[\D�sIG��`KTuvPXGIH�sIO\GzKzfb[\D�h��TPXW�GIHcGnK�HcG�D�C�N�D�aXKTPXN�HXKTPXGIF f�K�O\GID�sIG GIO\GIs PXHcCED�a�CED�PXW�G acN�H=uxK�sIG9w���GIszK�N�acG

PXW�G9sIO\GzKzfb[\D�hl��HcGzK�M�a�CED�OQ_Zf�K�D�F�GIHnm KEK�O\an��CEN�D�F�at{ ��8;D�EGFrPXN�HcD�a�CEN5PnPXCl��G9stW�GIY}[\szK�O\OQ_ H6��:�� �=y
�nW�G�3"Hca=P�OkKz_EGIH C�urY}CEOQ_b��F�GID�N�Y@KTPXCEY}a�[\a�K�HcHXK�D�hEGIF � y # C 9~ ��GIO\C qAPXW�G G!"bPXGIHcD"K�O OkKz_EGIH C�u

acN�OQu�N�HrKTPXCEY}aIy'J"N�H=PXW�GIH � y # C 9~ F�GIGI��GIHru�CEO\O\C qra�PXW�G�acGIsICED�FVOkKz_EGIHrC�u^g�KTPXCEY}aIy^�nW�G�N�D�F�GIHcOQ_b[\D�h
aXK�D�F5qr[\stW�gMp�U)C�p�g}OkKz_EGIH'[\a'OkKTPXGIHXK�O\OQ_ F�[\ac��OkK�sIGIFZC�u�K�W"K�OQu�OkKTPcPX[\sIGrsICED�a=PtK�D`P�qr[QPXW}PXW�G�HcGIac��GIs P PXC
PXW�G?3"Hca=P^CED�G��`acC�PXW"KTP�PXW�G OkKTPcPX[\sIG�sICED�a=PtK�D`P8��K�Y}CEN�D`PXa�PXC�PXW�G F�CEN���O\G C�uLPXW�G f�K�O\N�G C�uL[\D`PXGIHcOkKz_EGIH
F�[\a=PtK�D�sIG�y
�nW�GlF�[\HcGIs P9�"K�D�F h`K�� GID�GIHch�_ C�u � y C ��G BAYZK�M�GIa�PXW�G 8;D�EGF�acN���a=PXHXKTPXG}K�D [\F�GzK�O�szK�D�F�[\F"KTPXG



� ���TE�/ -5, � ���"� :�, �5��� ����:qH � � �!: ���,���"�iH�D�� � �

w�N�acGIF�PXCEhEG PXW�GIH�qr[QPXW 8;:!<4=?>�@BArY}CEO\GIsIN�O\G {�PXC�a=PXN�F5_9PXW�G'Y}CEO\GIsIN�O\G! �acGIY}[\sICED�F�N�s PXCEH�[\D`PXGIHXK�s PX[\CED
qrW�GID)PXW�G9GIY}[QPcPXGIH GID�GIHch�_�[\a8)��!: �"� :���PXW"K�DdPXW�G�K���acCEHc�5PX[\CED�GIF�hEG9C�u�PXW�G9acCEO\[\F�w�,!:�:(3��5y Q`{ y
~%sICEO\O\GIs PX[\CED C�u���W`_bac[\szK�O9K�D�F;sIH=_ba=PtK�O\O\CEhEHXK���W�[\sVF"KTPtK�u�CEHr8;D�EGF�[\a hE[QfEGID [\D PXW�G acGIsICED�F

sICEO\N�Y}D C�u�PtK���y��byl�nW�G}�"K�D�F�h`K���GID�GIHchE[\GIa9u�CEH�PXW�Gm3"Hca=P�[\D�F�[\HcGIs P�K�D�F�F�[\HcGIs P9PXHXK�D�ac[QPX[\CED�K�HcG
K�O\acC�PtK���N�OkKTPXGIF�y

8;D�EGF E5H
gb�"KTPX[kK�O���HcCEN�� ]lQ ) �TY}Y}s J�F"��Y

KN' 9~ ) �5y � QE��# �by #`�E� �
s�'-9~ ) � �by|� C � �by #`�E� �

wx�E�E� � {L ���OkK�D�G �XQ�Y}Y p
� ' h �TsIY ) ) #�y C � �by #��
��� ����� '��t�/) #����
��� � � 	 '�� �/) �M� �`� � # � �

H6��� ��PXHXK�D�aIy ' G B ) � y � � y � Q
�.H � ��PXHXK�D�aIy ' G B ) � y C � �5y #

7 V 	��l% � ��CEO\O\GIs PX[\CED�C�uL��W`_bac[\szK�O5F"KTPtK�K�D�F a=PXHcN�s PXN�HXK�O��"K�HXK�Y}G PXGIHca�C�uG8;D�EGF ' # C p5� � )�K�D�F�ac[\O\[\sICED
sIH=_ba=PtK�O\a�' �E�&)�y

� ��(.+�V ��V ������� ��� ���,(t\���� F WY� 	 W ����V ��(
�nW�G�Y}CEOQ_b��F�GID�N�Y@F�[\acN�O\��W�[QPXG acN���a=PXHXKTPXGIa}W"KzfEG���GIGID sIN5P1w�[\D aJ6�N"K�HcG�acW"K���G�� ��Y}Y�
 ��Y}YZ{
u�HcCEY�Kl��[\GIsIG�C�u�D"KTPXN�HXK�O�Y}[\D�GIHXK�O���HcC fb[\F�GIFV�`_V]^HcC�u�y o�HIynp�y �9K�HcO'wx�5y ]^W`_baIy ��D�a=Pzy  e�D�[QfEGIHcac[QP�_
C�u9g�PXN5PcPXh`K�H=P { y ��GIszK�N�acG)C�u�[QPXa�OkKz_EGIHcGIF a=PXHcN�s PXN�HcG�� 8;D�EGFZ[\a�G!"bPXHcGIY}GIOQ_ GzK�a=_ PXC���HcGI�"K�HcG)�`_
��GIGIO\[\D�h9�`_lY}GzK�D�a
C�u�K�F�W�GIac[QfEG! ��"K�D�F�y^~�uvPXGIH
��GIGIO\[\D�h�PXW�GracN���a=PXHXKTPXG�[\a^[\Y}Y}GIF�[kKTPXGIOQ_���HcCEN�hEW`P'[\D
/�0�1 K�D�FZK�D�D�GzK�O\GIFZKTPn� #`���t� PXC�F�GIacCEHc�}q KTPXGIH�K�D�F K�D`_lHcGIac[\F�N"K�O"CEHch`K�D�[\snsICED`PtK�Y}[\D"K�D`Pzy��nW�G
G!"5��CEacGIF acN�OQu�N�H��"K�aXK�O
��OkK�D�G�PXN�HcD�a�CEN5P9PXCV��G}D�GzK�HcOQ_ F�G u�GIs P  �u�HcGIGZCED�OkK�HchEG�acszK�O\G�ydj "bPXHcGIY}GIOQ_
acW"K�Hc� 4�j
j
o ���"KTPcPXGIHcD�a
GID�acN�HcG�W�[\hEWlacN�H=uxK�sI[kK�O�CEHcF�GIHIy
U)CEHcGIC fEGIHI�5~�N�hEGIH
ac��GIs PXHcCEacsICE�`_ZK�����O\[\GIF
CED�PXW�G^�"K�HcG 8;D�EGF�sICED 3"HcY}a�PXW�G
sIO\GzK�D�D�GIaca�C�u�PXW�G
acN�H=uxK�sIG��TCED�qrW�[\stW9CED�OQ_�K HcGIac[\F�N"K�OE��GIHcsIGID`PtK�hEG
w"% � �l{�C�u�sICED`PtK�Y}[\D"K�D`PnszK�Hc��CEDVKTPXCEY}anszK�D���G9F�G PXGIs PXGIF�y

% �7R �7% ������������

gb[\O\[\sICEDZW"K�a ��GIGID�stW�CEacGID)��GIszK�N�acG�C�u�[QPXa KTPcPXHXK�s PX[Qfb[QP�_}[\D ��W�C�PXCED�[\sIaI��[QPXa�CE�5PX[\szK�O�stW"K�HXK�s PXGIHc[\a=PX[\sIa
K�D�F�PXW�G^��CEacac[\��[\O\[QP�_rPXCnCE�5PtK�[\D9K�q�GIO\OEF�G 3"D�GIF�stW�GIY}[\szK�O\OQ_�[\D�GIH=P�acN�H=uxK�sIG
�`_�q�G P  �stW�GIY}[\szK�OEG PXstW�[\D�h
K�D�FV�  ��"K�acac[Qf�KTPX[\CED�y
� E I I M �&E2O�� IKA&R0;>= NI � RTCXH>;>O$A�M<B � ; ?$CXH>B O$A



�E� � E 	4=B/�<

U)CEHcGIC fEGIHI�:[QPXa�F�[\HcGIs P��"K�D�FVh`K��VGID�GIHch�_)C�u � 73� � #`�^G B!YZK�M�GIa�ac[\O\[\sICED�[\D�F�[\szKTPXGIF�PXCZa=PXN�F5_
PXW�G9Y}CEO\GIsIN�O\G! �acGIY}[\sICED�F�N�s PXCEH�[\D`PXGIHXK�s PX[\CEDdqrW�GID�PXW�G9GIY}[QPcPXGIHnGID�GIHch�_d[\a���D ��:���PXW"K�D�PXW�G9F�[\HcGIs P
K���acCEHc�5PX[\CED�GIF�hEG9C�u�PXW�G9acCEO\[\F�w�,!:�:(3��5y Q`{ y
~ sICEO\O\GIs PX[\CED�C�uL��W`_bac[\szK�O��ECE�5PX[\szK�ObK�D�F�sIHc[\a=PtK�O\O\CEhEHXK���W�[\s^F"KTPtK�u�CEH�ac[\O\[\sICED�[\a�hE[QfEGID�[\D�PXW�G�PXW�[\HcF

sICEO\N�Y}DdC�u�PtK���y��by

� ��(.+�V ��V ������� ��� ���,( ������������bWY� 	 W ����V ��(
�nW�G ac[\O\[\sICED)acN���a=PXHXKTPXGIa}w�aJ6�N"K�HcG acW"K���GIF�����Y}Y�
 ��Y}YZ{rW"KzfEG ��GIGID sIN5P�u�HcCEY E5HJILKMKMK!N  �q KTu�GIHca
wvm K�stM�GIH  =��W�GIY}[QPXHcCED�[\s {nqr[QPXW1f�K�Hc[\CEN�a�F�CE��[\D�h O\G fEGIO\alw � 7��5y|� � � �E�E���� sIY {rK�D�F F�CE��[\D�hZP�_b��GIa
w��VK�D�F�DL{ y
~�a9KdHcGIacN�OQP9C�u
PXW�GlG!"5��CEac[QPX[\CED1PXC�K�[\HI�:PXW�G�ac[\O\[\sICED1acN�H=uxK�sIGVwk3"h�y�Q5��K���C fEG {�[\a�sIC fEGIHcGIF��`_ K

D"KTPXN�HXK�O�OkKz_EGIH�C�u^CY"5[\F�G��LqrW�CEacG�PXW�[\stM�D�GIaca9K�Y}CEN�D`PXarPXCd� ����� 9~�' ���*)�yr�nW�G [\Y}��CEH=PtK�D�sIG�PXCZPtK�M�G
[\D`PXC}K�sIsICEN�D`PrPXW�G9G!"5[\a=PXGID�sIG�C�u�PXW�G9CY"5[\F�G9OkKz_EGIHrCED�ac[\O\[\sICEDdacN�H=uxK�sIG9[\an��CE[\D`PXGIF)CEN5Pr[\D�3��by �5y �5y
�'_ Y}GzK�D�a�C�u K q�G P�stW�GIY}[\szK�O�G PXstW�[\D�h���HcCbsIGIacaI��[QP9[\a���CEacac[\��O\G�PXC�HcGIY}C fEGlsICEY}��O\G PXGIOQ_VPXW�[\a

CY"5[\F�GZOkKz_EGIH�u�HcCEY%PXW�GZacN�H=uxK�sIGdK�D�F Y}CEHcGIC fEGIH��"K�acac[Qf�KTPXG K�O\O^PXW�GZHcGzK�s PX[QfEG�� 
 F"K�D�hEO\[\D�h �'w�N�D�aXKTP  
N�HXKTPXGIFL{���CED�F�a�qr[QPXW1W`_bF�HcCEhEGID�KTPXCEY}aIy��nW�G�HcGIacN�OQP�[\a�K D�GzK�H���GIH=u�GIs PXOQ_VW`_bF�HcCEhEGID5 ��"K�acac[Qf�KTPXGIF
acN�H=uxK�sIG+' � # )�y��nW�G���HcGI�"K�HXKTPX[\CED)Y}G PXW�CbF)[\ar[\D�F�G PtK�[\O�F�GIacsIHc[\��GIF1[\DdPXW�G9u�CEO\O\C qr[\D�h�y'o�N�Hc[\D�h�PXW�[\a
q�CEHcML��K�O\O�PXW�GZac[\O\[\sICED acN���a=PXHXKTPXGIa�W"KzfEG ��GIGID���HcGI�"K�HcGIF [\D�sICEO\OkK���CEHXKTPX[\CED1qr[QPXW ��y�e�D`PXGIHcGI[\D�GIH
w � y
]^W`_bac[\MTK�O\[\acstW�GIa���D�a=PX[QPXN5P? �e�D�[QfEGIHcac[QP�_dC�u
g�PXN5PcPXh`K�H=P { y
~��"K�H=Plu�HcCEY CY"5[\F�G�OkKz_EGIHI�nK�D N�D`PXHcGzKTPXGIF ac[\O\[\sICED/sIH=_ba=PtK�OrszK�D G!"5W�[\��[QPZK�O\acC�sICED`PtK�Y}[\D"KTPX[\CED

�`_ 2��  ���CED�F�a K�D�F;�`_�W�GzKzf�_�Y}G PtK�O\aIy��nW�G N�acGIF;sIO\GzK�D�[\D�h ��HcCbsIGIacaI���"K�acGIF CED�PXW�G �n��~ �  
Y}G PXW�CbF ' �E�b�=��Q*)���GIO\[\Y}[\D"KTPXGIa�CEHch`K�D�[\s�K�D�F)[\D�CEHch`K�D�[\s�sICED`PtK�Y}[\D"K�D`PXa u�HcCEY7PXW�G9acN�H=uxK�sIG�y
�nW�G9a=PXGI��a�C�u�PXW�G9��HcCbsIGIaca�K�HcG�PXW�G�u�CEO\O\C qr[\D�h��

��]^HcG! �sIO\GzK�D�[\D�h�C�u�PXW�G9acN�H=uxK�sIG9PXW�HcCEN�hEW��"KTPXW)[\D)K�sIG PXCEDVK�D�F�Y}G PXW"K�D�CEO�y
�o#lY}[\Dd[\D��PF�� ���PF���� < �	�PF��BF�acCEO\N5PX[\CED�
 sICED`PXHcCEO\O\GIF�CY"5[\F"KTPX[\CEDdC�u�PXW�G9acN�H=uxK�sIG�y
�o# Y}[\D/[\D��PF�� � �� < ��� ���PF��BF}acCEO\N5PX[\CED�
 F�[\acacCEOQfb[\D�h C�u�CEHch`K�D�[\sd��CEN�D�F�a}K�D�F
u�CEHcYZKTPX[\CED C�u�K�Y}Y}CED�[kK� �sICEY}��O\G!"5GIa�C�u�acCEY}G�Y}G PtK�O\a�w '*)�� > /����oH � � � �X{ y

�o#)Y}[\D [\D��PF�� ��� ��� ���PF��BF�acCEO\N5PX[\CED�
 ~�O\MTK�O\[  rK�D�F�W�GzKzf�_�Y}G PtK�O\a9K�HcGlszK��5PXN�HcGIF
u�HcCEY7PXW�G9acN�H=uxK�sIG�K�D�F�W�CEO\F�[\D�acCEO\N5PX[\CED�y

~�uvPXGIH9GzK�stW a=PXGI����PXW�GlacN���a=PXHXKTPXGZ[\a9F�[\����GIF�[\D`PXC)W�[\hEW���N�Hc[QP�_1q KTPXGIH w���� � � ��� �� sIY { y}~ P�PXW�G
GID�FZC�u:PXW�G���HcCbsIGIaca'PXW�G�acC�PXHcGzKTPXGIFZaXK�Y}��O\Gr[\a
G PXstW�GIF u�CEHl#�Y}[\Dl[\DZK9acCEO\N5PX[\CED}C�u��PF�� � �� <��
PXClaXKTPXN�HXKTPXG�PXW�G�u�HcGIG9��CEN�D�F�arC�u�PXW�G9acN�H=uxK�sIG��`_dW`_bF�HcCEhEGID1KTPXCEY}aIy
�nW�G acC ��HcGI�"K�HcGIF1acN�H=uxK�sIG�PXN�HcD�a�CEN5P�PXC ��G�W`_bF�HcCE��W�CE��[\s���qrW�GIHcGzK�a�PXW�G �  ��"K�acac[Qf�KTPX[\CED)��HcG! 

fEGID`PXa�u�CEH�O\CED�hlPX[\Y}GZwxK�O\acC}[\DVK�[\Ht{�PXW�G�hEHcC qnPXWVC�u
K}D�G q CY"5[\F�G�OkKz_EGIH ' �M$&)�yn~�uvPXGIHrPXW�G���HcGI�"K�HXK� 
PX[\CED��Eac[\D�sIG�PXW�GnaXK�Y}��O\G [\a�a=PX[\O\ObacGID�ac[\��O\G�PXC�sICED`PtK�Y}[\D"KTPX[\CED��`_�W`_bF�HcCbszK�Hc��CED�aI�`[QP^[\a�[\Y}Y}GIF�[kKTPXGIOQ_
PXHXK�D�a=u�GIHcHcGIF}[\D�D�[QPXHcCEhEGIDlKTPXY}CEac��W�GIHcGrK�D�F�qr[QPXW�[\D � �� � ��Y}[\D�N5PXGIa^��HcCEN�hEW`P
[\D`PXCg/�0�1�yE��C�KzfECE[\F
� �"! � E ? � O$; ? H>O$;>B RTS 
$#K;>B A*C R H>O$A 
 �&% '(%



� ���TE�/ -5, � ���"� :�, �5��� ����:qH � � �!: ���,���"�iH�D�� ���

Si O Si O Si

O O

Si-bulk

CH3-(CH2)x-CH3

>5A

Si-bulk

Si Si SiSi Si

OH OH OH OH OH

Si-bulk

Si Si SiSi Si

H H H H H

Hydrophobic surface

Hydrophilic surface Unreconstructed (1x1)
Monohydrogenated surface

NH4F + H2O

H2O + H2SO4 + H2O2

H2O + NH4OH + H2O2

H2O + HCl + H2O2

Modified
RCA - process

� �
� � � � gbstW�GIY}GdC�unPXW�Gd�r_bF�HcCEhEGID/�"K�acac[Qf�KTPX[\CED���HcCbsIGIaca�C�u4E5HJILKMKMK!NlacN���a=PXHXKTPXGIal�`_�Y}GzK�D�a C�u
Y}CbF�[ 3"GIF��n��~  �Y}G PXW�CbF ' �E�b�=��Q*)�y

K�D`_ZHc[\acMlC�u�KTuvPXGIH  �sICED`PtK�Y}[\D"KTPX[\CED�PXW�G�aXK�Y}��O\G�[\a�D�C�P'u�N�H=PXW�GIH�PXHcGzKTPXGIF [\DZ��HcGI�"K�HXKTPX[\CEDZstW"K�Y ��GIHI�
��N5P�F�[\HcGIs PXOQ_ Y}C fEGIF)[\D`PXC�PXW�G9Y}GzK�acN�HcGIY}GID`P�stW"K�Y ��GIHIy
2�PXW�GIH�HcGIacGzK�HcstW�GIa ' ���*):G fb[\F�GID�sIGIFdW�C q E5HJILKMKMK!NnaXK�Y}��O\GIa'��HcGI�"K�HcGIFd[\DdK�ac[\Y}[\OkK�H�q Kz_ZG!"5W�[\��[QP

K ��D��nHcGIsICED�a=PXHcN�s PXGIF��'Y}CED�CEW`_bF�Hc[\F�G! �PXGIHcY}[\D"KTPXGIF�acN�H=uxK�sIG��^qrW�GIHcGdHcGIac[\F�N"K�O'sICED`PtK�Y}[\D"KTPX[\CED��`_
szK�Hc��CEDVKTPXCEY}a szK�D)��G9a=PX[\O\O:��HcGIacGID`Pzy

% �7R �7R � ����	���(5Z W9��("��V ��(5� ��� ���,(;W�VXZ[+���( +���(.+�V ��V �������
�nW�G)��HcGI�"K�HXKTPX[\CED/C�u�PXW�G)aXK�Y}��O\Gd[\alK a=PXGI� C�u�sIHcN�sI[kK�On[\Y}��CEH=PtK�D�sIGZPXC�hEG P}HcGIO\[kK���[\O\[QP�_ [\D PXW�G
HcGIacN�OQPXaIyl�nW�GlacN���a=PXHXKTPXG}��HcGI�"K�HXKTPX[\CED Y}G PXW�CbF�a�F�GIacsIHc[\��GIF�[\D PXW�Gl��HcGIsIGIF�GID`PXa�acGIs PX[\CED�a9GID�acN�HcG
hECbCbF 3"D"K�O�HcGIacN�OQPXa�K�D�F W�[\hEW1HcGI��HcCbF�N�sI[\��[\O\[QP�_ 5:[\DVPXW�[\a�acGIs PX[\CED1u�N�H=PXW�GIH�K�ac��GIs PXa�HcGIOkKTPXGIF1PXCZPXW�G
aXK�Y}��O\G���HcGI�"K�HXKTPX[\CED)K�HcG���CE[\D`PXGIF�CEN5Pz�"[\D��"K�H=PX[\sIN�OkK�HI�

 ]^HcGIacGID�sIG�C�u�D"KTPXN�HXK�O�CY"5[\F�G9OkKz_EGIHrCEDdPXW�G9acN�H=uxK�sIG�C�u�PXW�G9acN���a=PXHXKTPXG�K�D�F�[QPXa PXHcGzKTPXY}GID`P
 d��W�GIY}[\szK�O HcGzK�s PX[Qfb[QP�_ C�u�acN���a=PXHXKTPXGVK�D�F/G��:GIs PXa}F�N�GdPXC PXW�G���HcGIacGID�sIG)C�u�sICED`PtK�Y}[\D"K�D`PXa
��CEN�D�F)CED�[QP

 Z~�HchECED)ac�"K�sIGIH�OkKz_EGIHI��F�[ #}sIN�OQPX[\GIanHcGIOkKTPXGIF�PXClPXW�G�N�D�F�N�OkKTPX[\CED)K�D�F�PXW�G�[\D�W�CEY}CEhEGID�GI[QP�_ C�u
PXW�G9ac�"K�sIGIH

��� +gV ���kn�(g�"�,�i�,( ��V�#�(.� VXWmV[�,V ���,��V!� W�+�VX�M(.�
o�GzK�O\[\D�h�qr[QPXWZF�[\a=PtK�D�sIG! �F�GI��GID�F�GID`PnY}GzK�acN�HcGIY}GID`PXaI��PXW�G�HcCEO\GrC�u�PXW�GrPXW�[\DrD  H�� : � � � :���D"KTPXN�HXK�O\OQ_



� # � E 	4=B/�<

hEHcC qrD�CED PXW�GlacN���a=PXHXKTPXG}acN�H=uxK�sIG}W"K�a9PXC���GlszK�HcG u�N�O\OQ_VPtK�M�GID�[\D`PXC)K�sIsICEN�D`PzyZ��D��"K�H=PX[\sIN�OkK�HI��[QP
W"K�arPXCZ��G�sICED�ac[\F�GIHcGIFVPXW"KTP�PXW�G�CY"5[\F�G�OkKz_EGIH�K�s PXa�K�a�K ���"�0/����5� , ������:�����G P�q�GIGID1PXW�G�acN���a=PXHXKTPXG
K�D�F�PXW�G}Y}CEO\GIsIN�O\GIa�F�GI��CEac[QPXGIF CED�PXCE��yVgb[\D�sIG}PXW�GZF�GI��CEac[QPXGIF CEHch`K�D�[\s�PXW�[\D�OkKz_EGIH�[\a9uxK�H9u�HcCEY
PXW�Gd�"K�HcGdacN�H=uxK�sIG�C�urPXW�GdacN���a=PXHXKTPXG��`_/K�D/K�Y}CEN�D`PlG�6�N"K�O�PXC PXW�GdCY"5[\F�GdOkKz_EGIH PXW�[\stM�D�GIacaVw�N��
PXC)PXGID�a�C�un~�D�hEa=PXHcCEY}at{9K�D�F���GI[\D�h�PXW�GZGIY}[QPcPXGIH  �acN���a=PXHXKTPXGlF�[\a=PtK�D�sIG�%cN�a=P�PXW�G}M�G _��"K�HXK�Y}G PXGIH
[\D�PXW�G�Y}CEO\GIsIN�O\G! �acN���a=PXHXKTPXG�[\D`PXGIHXK�s PX[\CED��"PXW�G�CE��acGIH=fEGIFtO"N�CEHcGIacsIGID�sIG�F�GIszKz_1K�D�F)PXW�G�Y}GzK�acN�HcGIF
O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}GIa K�HcG9G fb[\F�GID`PXOQ_�K5�:GIs PXGIF �`y
�nW�GdsICEY}Y}CED Y}G PXW�CbF�a�K�HcG N�acN"K�O\OQ_�[\D"K�F�G�6�N"KTPXG PXC ��HcGI�"K�HcGdacN�H=uxK�sIGIaVw���C�PXW C�u�acGIY}[\sICED5 

F�N�s PXCEHca�CEH�Y}G PtK�O\at{rsIC fEGIHcGIF�qr[QPXW K�D CY"5[\F�G OkKz_EGIHIy��nW�GlstW�GIY}[\szK�O�PXHcGzKTPXY}GID`P��"K�acGIF�CED ac��GIs! 
PXHcCEacsICE��[\s hEHXK�F�G acCEOQfEGID`PXa�K�D�F CED acN�sIsIGIacac[QfEGZK�D�D�GzK�O\[\D�hdKTP�u�G q�W�N�D�F�HcGIF�a�C�u'hEHXK�F�a�u�CEH�W�CEN�Hca
[\D /�0�1���[\a9D�C�P�G��:GIs PX[QfEGZ[\D�PXW�G}��HcGIacGID`P�szK�acG���ac[\D�sIG}PXW�GlPXW�[\stM CY"5[\F�G}OkKz_EGIH9PXW"KTP�sIC fEGIHca�PXW�G
acN���a=PXHXKTPXG�[\anD�C�P�K�s PXN"K�O\OQ_ZHcGIY}C fEGIF��L��N5P�CED�OQ_ 
 sIO\GzK�D�GIF�Qy
��D CEHcF�GIH�PXC1F�G 3"D�[QPX[QfEGIOQ_�HcGIY}C fEGZPXW�G CY"5[\F�G OkKz_EGIH�K�D�F F�GzK�O'qr[QPXW�PXW�G HcGzK�O�acN�H=uxK�sIGdC�unPXW�G

acN���a=PXHXKTPXG���PXW�G}Y}G PtK�O\O\[\s acN���a=PXHXKTPXGIa�W"KzfEG K�OQq Kz_ba���GIGID�PXHcGzKTPXGIF��`_�K�D�N�Y ��GIH�C�unac��N5PcPXGIHc[\D�h  
K�D�D�GzK�O\[\D�hZs _bsIO\GIalw�,!:�:/3��by � y � { ��qrW�GIHcGzK�a�PXW�G�q�G P9stW�GIY}[\szK�O�PXHcGzKTPXY}GID`Plw�F�GIacsIHc[\��GIF [\D 3��by �5y|�E{
W"K�ar��GIGID)N�acGIFV[\DdPXW�G9szK�acG9C�u�E5HJILKMKMK!N�sIH=_ba=PtK�O\aIy

% �m&�� �i�i�M��� ����W�V ���,��V ��(5� �,VX� ��i�i� � 	�������WmVX��� WY�,���LVX�M(t��(.VX�����kn,�k�$#
�nW�Gl��HcGIacGID�sIGZC�u sICED`PtK�Y}[\D"K�D`PXa�CED PXW�GlacN�H=uxK�sIG}C�u'PXW�GlacN���a=PXHXKTPXGZK5�:GIs PXa9F�HXK�a=PX[\szK�O\OQ_)PXW�GlF�G! 
G!"5sI[QPtKTPX[\CEDd�"KTPXW`q Kz_ba�C�u�G!"5sI[QPXGIF)Y}CEO\GIsIN�O\GIa acN�sIsIGIacac[QfEGIOQ_�F�GI��CEac[QPXGIF�CED�[QP�KTPrK�F�[\a=PtK�D�sIG
6}K�D�F
PXW�GI[\H�O"N�CEHcGIacsIGID�sIG�F5_bD"K�Y}[\sIaIy��nW�[\a'��GIH=PXN�Hc�"KTPX[\CED}[\a
�"K�H=PX[\sIN�OkK�HcOQ_ a=PXHcCED�h�CED}ac[\O\[\sICED}K�D�FZ[QP'W"K�a
��GIGID PXW�CEHcCEN�hEW�OQ_ a=PXN�F�[\GIF���[\D�[QPXa�F�[\a=PtK�D�sIG F�GI��GID�F�GID�sIG��
�`_�Y}GzK�D�a�C�u PX[\Y}G}HcGIacCEOQfEGIF[O"N�CEHcG! 
acsIGID�sIG�ac��GIs PXHcCEacsICE�`_lPXGIstW�D�[76�N�GIa9w�,!:�:/3n�by � y|�E{ yl2�Hc[\hE[\DlC�u�acN�stW sICED`PtK�Y}[\D"KTPX[\CED�[\a^PXW�G���HcGIacGID�sIG
C�uLN�D�aXKTPXN�HXKTPXGIFlF"K�D�hEO\[\D�h���CED�F�arwvu�HcGIG ��CED�F�a^C�uLacN�H=uxK�sI[kK�Obac[\O\[\sICED KTPXCEY}at{�CED PXW�G acN�H=uxK�sIG��`HcGIacN�OQP
C�u�K�D�D�GzK�O\[\D�h9PXHcGzKTPXY}GID`P C�u�PXW�G�aXK�Y}��O\G�CEH�C�u�[\D�sICEY}��O\G PXG��  ��"K�acac[Qf�KTPX[\CED�y^gbN�stW u�HcGIG���CED�F�a K�s P
K�a�stW�GIY}[\szK�O\OQ_)W�[\hEW�OQ_)HcGzK�s PX[QfEG sIGID`PXGIHca�K�D�F G!"bPXGIHcD"K�O 
 sICED`PtK�Y}[\D"K�D`P ��Y}CEO\GIsIN�O\GIa�K�HcG szK��5PXN�HcGIF
K�D�F�PX[\hEW`PXOQ_Z��CEN�D�F�PXC�PXW�G9acN�H=uxK�sIG�y
�nW�GVq Kz_badK�D�CEHch`K�D�[\s�Y}CEO\GIsIN�O\G�szK�D���G)PXHXK�����GIF�CED PXW�G)PXCE��C�u9K�D�CED�OQ_/�"K�H=PX[kK�O\OQ_ aXKTP  

N�HXKTPXGIF ac[\O\[\sICED�acN�H=uxK�sIG W"KzfEG ��GIGID CE�2%cGIs P)C�u�K acGIHc[\GIadC�u�a=PXN�F�[\GIad��GIH=u�CEHcY}GIF;�`_ K D�N�Y ��GIH
C�u�F�[ �:GIHcGID`PlPXGIstW�D�[76�N�GIaIy���D �"K�H=PX[\sIN�OkK�HI�
[QPlW"K�a}��GIGID u�CEN�D�F/PXW"KTP}N�D�aXKTPXN�HXKTPXGIF ac[\O\[\sICED/F"K�D5 
hEO\[\D�h���CED�F�anK�HcG�szK��"K���O\G��5K�O\acC�KTP O\C q;PXGIY}��GIHXKTPXN�HcG��5C�u�F�[\acacCbsI[kKTPX[\D�h�� ��CED�F�a [\D W`_bF�HcCbszK�Hc��CED
ac��GIsI[\GIa(' � C p Q � ) ' Q`�b��K�D�F�HcG u�y�PXW�GIHcGI[\D )�y}�rGIsIGID`PXOQ_E��[QP9W"K�a9��GIGID�F�GIY}CED�a=PXHXKTPXGIF PXW"KTP9CED�KdW`_* 
F�HcCEhEGIDV�"K�acac[Qf�KTPXGIF1ac[\O\[\sICED�acN�H=uxK�sIG K 
 stW�GIY}[\szK�O�sICED`PXHXK�a=P ��szK�DV��G�hEGID�GIHXKTPXGIF1F�GIacCEHc��[\D�h+,JH6� )!��:
W`_bF�HcCEhEGID KTPXCEY �`_�K�D�e��rBo =gb��U w�/�0�1B =gbszK�D�D�[\D�h���N�D�D�GIO\O\[\D�h U)[\sIHcCEacsICE��G { PX[\� ' QE��p QMQ*)>5
N���CEDVacN�sIsIGIacac[QfEG F�GI��CEac[QPX[\CED�C�u�CEHch`K�D�[\s9Y}CEO\GIsIN�O\GIaI��PXW�G _)K�HcG�acGIGIDVPXC}��[\D�F�PXC}PXW�G�acN�H=uxK�sIGP:� �
���$/ ,JH$#�:���� KTP���HcGI�"KTPcPXGIHcD�GIF F"K�D�hEO\[\D�hl��CED�F1ac[QPXGIaIy�~�D1G!"�K�Y}��O\G�C�u�PXW�[\a�ac[QPXG�acGIO\GIs PX[QfEG HcGzK�s PX[\CED
� ��� ?6;>BD? H>B O$A O���V�� ���4B A	��
����������� �&O$;>RTS>C R0A*C R"PQRTC0?��H>B J"R � B H>G ?6A*P � B H>G&O �QH�A*? H �&; ? � O��QBDPQR �D?�$R0; � ?$S
�&;>RTC RTPQR0A@H � NO �*SLR0; � RTPNO$A������������ /U Y � Z %



� ���TE�/ -5, � ���"� :�, �5��� ����:qH � � �!: ���,���"�iH�D�� �E�

[\a�PXW�G�' � �9�&)
s _bsIO\C`K�F�F�[QPX[\CED HcGzK�s PX[\CED���G P�q�GIGID �379��F�CEN���O\Gl��CED�F�[\D�D�CEHc��CEHcD"K�F�[\GID�GVwxp � jn�
��[\s _bsIO\CK' �by � y � )�W�GI�5PtK� =�b�|�� �F�[\GID�G {nK�D�F K}HcGzK�s PX[QfEG�u�HcGIG�ac[\O\[\sICED�F�[\Y}GIH���CED�FVCEDVPXW�G�acN�H=uxK�sIG�' Q*$&)�y
�nW�GIacG CE��acGIH=f�KTPX[\CED�aZacW�C q�PXW"KTPz� � y|{ :�#�:�� � ,JH6� )!��:1N�D�aXKTPXN�HXKTPXGIF;F"K�D�hEO\[\D�h���CED�F;K�s PdK�a K
PXHXK�����[\D�h)sIGID`PXGIH9u�CEH9CEHch`K�D�[\slY}CEO\GIsIN�O\GIa9K�D�F �by|{ PXHXK�����GIF�CEHch`K�D�[\s�Y}CEO\GIsIN�O\GIa9szK�D���GlO\CbszK�O\OQ_
F�G u�CEHcY}GIF)CEHrK�OQPXGIHcGIF�[\DdPXW�GI[\HnstW�GIY}[\szK�O�a=PXHcN�s PXN�HcG�y

� ��W�� ��+,������� ���o\_^.`baPcedgf;��� �������������WY�,���LVX�M(
m W�GID;CEHch`K�D�[\s�Y}CEO\GIsIN�O\GIa1wxK�D�F�[\D �"K�H=PX[\sIN�OkK�H�PXW�GVG!"bPXGID�F�GIF ��GIH=_bO\GID�GVF�GIHc[Qf�KTPX[QfEGIat{}K�HcGVF�G! 
��CEac[QPXGIF!CED_E5HJILKMKMK!N acN�H=uxK�sIG��}PXW�G a=PXHcCED�h�O\CbszK�O�stW�GIY}[\szK�O}[\D`PXGIHXK�s PX[\CED�szK�D K�s PXN"K�O\OQ_3szK�N�acG
w�HcG {�W`_b��Hc[\F�[ i KTPX[\CED/K�D�F u�CEHcYZKTPX[\CED C�u�O\CbszK�O���CED�F�al��G P�q�GIGID PXW�G�acN���a=PXHXKTPXG)K�D�F PXW�G�HcGzK�s PX[QfEG
hEHcCEN���a�C�u�PXW�G�CEHch`K�D�[\s�Y}CEO\GIsIN�O\G ' QE�*)�ynU)CEHcGIC fEGIHI�LPXW�G���HcGIacGID�sIG�C�u^K�F�acCEHc�"KTPXGIa�CED�PXW�G�acN�H=uxK�sIG
��GIH=PXN�Hc��a�O\CbszK�O\OQ_�PXW�G9GIO\GIs PXHcCED�[\s���HcCE��GIH=PX[\GIarC�u�PXW�G9[\D`PXGIH=uxK�sIG�y
o�[ �:GIHcGID`P���CEacac[\��O\G9CEHc[\GID`PtKTPX[\CED�a�w�F�GI��GID�F�[\D�hZCEDVac[\Y N�OQPtK�D�GICEN�arCbsIsIN�HcHcGID�sIG�C�u^F�[ �:GIHcGID`P�K�F5 

acCEHc�5PX[\CED�ac[QPXGIat{�K�D�F�PXW�G �"K�H=PX[kK�O^F�[\acacCbsI[kKTPX[\CED�C�unPXW�G K�F�acCEHc�"KTPXGIF Y}CEO\GIsIN�O\GIa�K�HcGZHcGI��CEH=PXGIF [\D
O\[QPXGIHXKTPXN�HcG�' QE��p $��*)LPXC ��G�PXW�G�szK�N�acG�u�CEH'PXW�G�CE��acGIH=fEGIF�F�[\acCEHcF�GIH K�D�F HXK�D�F�CEYACEHc[\GID`PtKTPX[\CED}C�u���[\h
��GIH=_bO\GID�G9F�GIHc[Qf�KTPX[QfEGIarCED E5HJILKMKMK!N y
~�a�K�DVG!"�K�Y}��O\G���D�GIN5PXHcCED ac��GIs PXHcCEacsICE�`_E����W�C�PXCbGIY}[\acac[\CEDVG!"5��GIHc[\Y}GID`PXa�K�D�F p�j ��~�J^g � ' Q C �

$��*)
K�D�F ' QE�5��K�D�F HcG u�y � �5� ��C PXW�GIHcGI[\D )^szK�HcHc[\GIF CEN5P9CED <4=?>�@ '7CED[E5HJILKMKMK!N�[\D�F�[\szKTPXG�Kda=PXHcCED�h
stW�GIY}[\szK�O"[\D`PXGIHXK�s PX[\CED�C�u:PXW�G�K�D�W`_bF�Hc[\F�G�hEHcCEN���qr[QPXWlPXW�GracN���a=PXHXKTPXG�K�a
F�GIHc[QfEGIF}u�HcCEY!ac[\hED�[ 3"szK�D`P
stW"K�D�hEGIa�[\D PXW�G}sICEHcHcGIac��CED�F�[\D�h�u�GzKTPXN�HcGIa9C�u szK�Hc��CED�K�D�F�CY"b_bhEGID���qrW�GIHcGzK�a9PXW�G}��GIH=_bO\GID�GlsICEHcG
w�[�y G�y�PXW�G�K�HcCEYZKTPX[\s�Hc[\D�h�{'a=_ba=PXGIY�HcGIYZK�[\D�GIFdGIacacGID`PX[kK�O\OQ_ N�D���GIH=PXN�Hc��GIF�y
2�DdPXW�G��"K�acG�C�u�PXW�GIacG�CE��acGIH=f�KTPX[\CED�arK�D�F�F�N�G�PXC�ac[\Y}[\OkK�Hc[QP�_l��G P�q�GIGIDt8;:!<4=?>�@BA�K�D�FdC�PXW�GIH

��GIH=_bO\GID�G9F�GIHc[Qf�KTPX[QfEGIarK�a <4=?>�@ ' w�Y}G PXW`_bO�[\D�a=PXGzK�F�C�u�K�D�W`_bF�Hc[\F�G�K�anHXK�F�[\szK�O:hEHcCEN��L{ ��[QPn[\anHcGzK� 
acCED"K���O\G
PXC�K�acacN�Y}G'PXW"KTP^K�F�acCEHc��GIFm8;:!<4=?>�@BArY}CEO\GIsIN�O\GIa�CED�HcGzK�s PX[QfEG�ac[\O\[\sICED9PXGID�F�PXC�YZK�[\D`PtK�[\D
PXW�G���GIH=_bO\GID�G�sICEHcG9a=PXHcN�s PXN�HcG�N�D"K5�:GIs PXGIF�y��nW�[\a�K�ac��GIs P�qr[\O\O:��G�G!"5��GIHc[\Y}GID`PtK�O\OQ_ sICED�ac[\F�GIHcGIFVCED
3��by � y � y
gb[\Y}[\OkK�HcOQ_ PXCdPXW�GlszK�acGlC�u�Y}G PtK�O\aI��KdhECbCbF Y}G PXW�CbF PXC���HcGI�"K�HcGlKdsICED`PtK�Y}[\D"K�D`P  �u�HcGIG�ac[\O\[\sICED

acN�H=uxK�sIG�wxK�D�F/HcGIhEGID�GIHXKTPXGdPXW�GdacN���a=PXHXKTPXG)KTuvPXGIHlK1Y}GzK�acN�HcGIY}GID`P { �
q�CEN�O\F/��G�K 
 hEGID`PXO\G �^K�HchECED
[\CED5 �ac��N5PcPXGIHc[\D�hVwxj�� ���E��G B �5qr[QPXW)sIN�HcHcGID`P�F�GID�ac[QP�_dC�u^��������~ ����� F u�CEHr�E���o#`��Y}[\DL{'u�CEO\O\C q�GIF
�`_ K�a=PXHcCED�h�K�D�D�GzK�O\[\D�h�C�u�PXW�G�aXK�Y}��O\G'N���PXC � �E�E�� � ���E� � ��yT�nW�[\a���HcCbsIGIaca�GID�acN�HcGIa�PXW�G�HcGIY}C fb[\D�h
C�u�K�D`_ZCEHch`K�D�[\s�HcGIac[\F�N�N�Y)y�~�uvPXGIH�PXW�G�PXHcGzKTPXY}GID`P PXW�G�ac[\O\[\sICED}acN�H=uxK�sIG���HcGIacGID`PXarK HcGIsICED�a=PXHcN�s PXGIF
w $ 
�$E{ acN�H=uxK�sIG ' � #�� $ � ��$E�&)>5 HcGIsIN�Hcac[QfEG)ac��N5PcPXGIHc[\D�h  �K�D�D�GzK�O\[\D�h s _bsIO\GIa}sIHcGzKTPXG�W�C q�G fEGIH K OkK�HchEG
K�Y}CEN�D`P�C�u , � � / ���0/����5� � :�1 : ����,�K�D�F [\D�F�N�sIG HcCEN�hEW�D�GIaca9C�u^PXW�G acN�H=uxK�sIG�y�o�N�G�PXC O\[\Y}[QPtKTPX[\CED�anC�u
PXW�G�N�acGIF�G!"5��GIHc[\Y}GID`PtK�O�acG PXN���w�W�[\hEW�GIa=P�K�D�D�GzK�O\[\D�hZPXGIY}��GIHXKTPXN�HcG��	��� 	� 7����E���t�n{ ��[QP�q K�a9D�C�P
��CEacac[\��O\G�PXClK�����OQ_ZPXW�[\anY}G PXW�CbFdPXC�PXHcGzKTPnPXW�G�ac[\O\[\sICEDdacN���a=PXHXKTPXGIa@5"u�CEH�PXW�[\anHcGzK�acCED)G fEGIH=_dPX[\Y}G�K
D�G q9�Eu�HcGIacW�OQ_���HcGI�"K�HcGIF)wvfb[kK�PXW�G'q�G P
stW�GIY}[\szK�ObY}G PXW�CbF F�GIacsIHc[\��GIF�[\D(3'�by �5y|�E{ E5HJILKMKMK!N^acN���a=PXHXKTPXG
q K�a�N�acGIF�y
�	�:RT?6;:I PQ=$R�
 � ; ?� � �*SLO$;��QH>B O$A� B A&R��@H>; �*CXH �&;>R



��Q � E 	4=B/�<

R � � � � ���]W�+�VX�M(.� ��V�#�(.���i���,��Z[��� (5�,(5�k�$#
J�[\D"K�O\OQ_E� PXW�GnK�HchECED ac�"K�sIGIH�szK�D���G�D�C�P^sICEY}��O\G PXGIOQ_	OLKTP�[\Y}Y}GIF�[kKTPXGIOQ_9KTuvPXGIH�PXW�G F�GI��CEac[QPX[\CED�y��nW�G
G!"5��GIHc[\Y}GID`PtK�O�G��:GIs PXa�HcGIOkKTPXGIF�PXClPXW�G9[\D�W�CEY}CEhEGID�GI[QP�_ C�u�PXW�G�K�HchECED)ac�"K�sIGIHrqr[\O\O���G9G!"bPXGID�ac[QfEGIOQ_
sICED�ac[\F�GIHcGIFVK�D�F)F�[\acsIN�acacGIFV[\D�3��by|�by

� .�� 1 �=6A@ "��5$�#����� � �=	���#����?�$^��$�	�� $�8�	��"�=	��	��8�$' "��5���	���@��������
�� "$'�5��$�� �

�nW�G O"N�CEHcGIacsIGID�sIG Y}GzK�acN�HcGIY}GID`PXaVW"KzfEG���GIGID szK�HcHc[\GIF CEN5P�qr[QPXW W�[\hEW F�G PXGIs PX[\CED acGID�ac[QPX[Qfb[QP�_
K�D�F�K)��a  �PX[\Y}G�HcGIacCEO\N5PX[\CED 5�PXW�G}acG PXN�� N�acGIF�u�CEH�PXW�GlPX[\Y}G�HcGIacCEOQfEGIF gb[\D�hEO\G}]^W�CED�CED ��CEN�D`PX[\D�h
O"N�CEHcGIacsIGID�sIG�ac��GIs PXHcCEacsICE�`_)[\anacM�G PXstW�GIF1[\Db3"h�y�$by

Nd:YaG

ML

Mode Locker Driver

Pulse Picker

Cavity Dumper Driver

Freq. doubler
PD PD

Stepping
motor

PMT

UHV - Cryostat

CFD

CFD

T
A

CMultichannel
analyzer

Computer Program
Control and Acquisition

A/D
conversion

I/O
board

Start Signal

Stop Signal

Intensity
correction

Double
mono-

chromator

Sample

Photo
diodes

� �
� � & � gbM�G PXstW�C�u�PXW�G�F�G fb[\sIG�u�CEH'PXW�G�O\C q;PXGIY}��GIHXKTPXN�HcG�PX[\Y}G! �HcGIacCEOQfEGIFdgb[\D�hEO\G�]^W�C�PXCED���CEN�D`P  
[\D�h O"N�CEHcGIacsIGID�sIG�ac��GIs PXHcCEacsICE�`_Ey

7 �,( 	�VXWY�i�r+�� �i���*��+���(
��D1��a  �PX[\Y}G9HcGIacCEOQfEGIF�gb[\D�hEO\G�]^W�C�PXCED ��CEN�D`PX[\D�h wvPXHtg5]'�n{nPXW�G�PX[\Y}G9F�[ �:GIHcGID�sIG ��G P�q�GIGID KZOkK�acGIH
��N�O\acG
PXW"KTP�G!"5sI[QPXGIa�PXW�G�aXK�Y}��O\G'K�D�F�PXW�G'GIY}[QPcPXGIF���W�C�PXCED�[\a�Y}GzK�acN�HcGIF�u�CEH�GzK�stW�GIY}[QPcPXGIF���W�C�PXCED�y
�nW�G�PX[\Y}GrF�[ �:GIHcGID�sIG�f�K�O\N�GIa K�HcG�K�sIsIN�Y N�OkKTPXGIF}u�CEH K�a=PtKTPX[\a=PX[\szK�O\OQ_ OkK�HchEG w!' � �5<	� � � � {
D�N�Y ��GIH
C�uLGIY}[QPcPXGIF���W�C�PXCED�a^K�D�F���O\C�PcPXGIF�K�a�D�N�Y ��GIH�C�uL��W�C�PXCED�a�fbaIy�F�GIOkKz_�PX[\Y}G 5�acN�stW}K�sIN�H=fEGn[\a�szK�O\O\GIF
O"N�CEHcGIacsIGID�sIG�F�GIszKz_ sIN�H=fEG�wkO"N�CEHcGIacsIGID�sIGdPXHXK�D�ac[\GID`P {�K�D�F [QPXa acW"K���GdHcG O"GIs PXa PXW�G�O"N�CEHcGIacsIGID�sIG
��HcCE��GIH=PX[\GIanC�u�PXW�G9aXK�Y}��O\G�y



� ��� =�H6�b:*�!:�,!D��$#�:.�gE5H6� )!��:o<9��D � D��[>lD / ���iH6� ) � /.D��!:�,$��:����:�, ��: ��� �!D�,$��D � � �M$

�nW�G1sICEO\O\GIs PXGIF ��W�C�PXCED�a K�HcGVF�G PXGIs PXGIF KTPdK�F�G 3"D�GIF;ac��GIs PXHXK�O���CEac[QPX[\CED�y;��u�PXW�GVF�G PXGIs PX[\CED
u�HcG�6�N�GID�s _d[\a�stW"K�D�hEGIF���[QP [\a���CEacac[\��O\G�PXC�Y}GzK�acN�HcG�K 
 PX[\Y}G�HcGIacCEOQfEGIF�O"N�CEHcGIacsIGID�sIG , ��: ��� � / � ���`_
Y}GzK�acN�Hc[\D�h}KTPrGzK�stW�u�HcG�6�N�GID�s _)KPO"N�CEHcGIacsIGID�sIG�F�GIszKz_�sIN�H=fEG�K�D�F�PXW"K�D�F�[Qfb[\F�[\D�h PXW�G�W�[\a=PXCEhEHXK�Y
[\DdK�D�N�Y ��GIH C�u9
 PX[\Y}Grqr[\D�F�C qra.��w�[�y G�y�PX[\Y}G�HXK�D�hEGIanKTuvPXGIH�PXW�G�G!"5sI[QPtKTPX[\CEDZ��N�O\acG { y �'_ZacN�Y}Y}[\D�h��
KTP GzK�stW u�HcG�6�N�GID�s _E�LK�O\O"PXW�G���W�C�PXCED�a [\D�ac[\F�GrPXW�G�f�K�Hc[\CEN�a
PX[\Y}G�[\D`PXGIH=f�K�O\a'[QP�[\a���CEacac[\��O\GrPXC CE�5PtK�[\D
O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXKZKTPrF�[ �:GIHcGID`P�F�GIOkKz_Ey
�nW�[\a�K�O\O\C qra PXCla=PXN�F5_���W�GID�CEY}GID"KlstW"K�HXK�s PXGIHc[ i GIFV�`_
ac��GIs PXHXK�O\OQ_ acN���GIHc[\Y}��CEacGIF)GIY}[\acac[\CED��5��N5P�F�[\a=PX[\D�s Pr[\D PX[\Y}G�y

�nW�G1gb[\D�hEO\Gd]^W�C�PXCED���CEN�D`PX[\D�h�w�g5]'�n{ PXGIstW�D�[76�N�G)[\a��"K�H=PX[\sIN�OkK�HcOQ_�[\D�F�[\szKTPXGIF u�CEH�a=PXN�F5_b[\D�h
q�GzK�M�OQ_�O"N�CEHcGIacsIGID`P�aXK�Y}��O\GIa�wvqr[QPXWdfEGIH=_�O\C q ��W�C�PXCED�sICEN�D`P�HXKTPXG { K�a PXW�CEacG9sICED�ac[\F�GIHcGIF)[\DdPXW�[\a
q�CEHcMLy

7 �,(t(��,�*�k��V ������� W����,� �M(
gbW�CEH=P G!"5sI[QPtKTPX[\CED ��N�O\acGIadK�HcG)G��:GIs PX[QfEGIOQ_ ��HcCbF�N�sIGIF;�`_ W�[\hEW HcGI��G PX[QPX[\CED K�s PX[QfEGVY}CbF�G! �O\CbstM�GIF
p�F�� ��K`��� 4�K�acGIHnw ��N"K�D`PXHcCED�[ " # � Q`{�q�CEHcM�[\D�h�KTP�K�HcGI��G PX[QPX[\CED�HXKTPXG'C�u�$�Q
UV� i qr[QPXW K���N�O\acG qr[\F5PXW
C�u ' � �E����aIy��nW�G�s q? �CEN5PX��N5P���C q�GIH�K�Y}CEN�D`PXanPXC �M� m+KTP � 7 � �MQ�#^D�Y)y
�nW�G�OkK�acGIHrGIY}[\acac[\CED
O\[\D�Gdu�HcG�6�N�GID�s _ [\a}F�CEN���O\GIF PXW�HcCEN�hEW�K ���r]��  �sIH=_ba=PtK�Orqr[QPXW �
_b��G! ��c����W"K�acGVYZKTPXstW�[\D�h�y;�nW�G
s q? ���C q�GIH�KTuvPXGIH u�HcG�6�N�GID�s _)F�CEN���O\[\D�h)w�� 7 ���`��D�Y)���	 7 � �*$ C Q�sIY�8 � {nK�Y}CEN�D`PXa PXC ' � y|��m y

�nW�G9F�CEN���O\GIF�OkK�acGIHnO\[\D�G�[\an�"K�acacGIF�PXW�HcCEN�hEW)Kl]^N�O\acG9]^[\stM�GIH�w���CEW�GIHcGID`PB$E�E���`{ �bPXW"KTPrGID"K���O\GIa
PXC�HcGIF�N�sIGlPXW�GlHcGI��G PX[QPX[\CED1HXKTPXGlF�C qrD PXC)�5y �
UV� i y��nW�G}Y}[\D�[\Y N�Y PX[\Y}G acGI�"K�HXKTPX[\CED ��G P�q�GIGID
P�q�C acN�sIsIGIacac[QfEG)��N�O\acGIa�K�Y}CEN�D`PXa�PXC���QE��D�aIy ��D CE��GIHXKTPX[QfEG sICED 3"hEN�HXKTPX[\CED�PXW�G�KzfEGIHXK�hEGd��C q�GIH
KTuvPXGIH�HXKTPXG HcGIF�N�s PX[\CED K�Y}CEN�D`PXa�PXCd�� � ��Ylm �LsICEHcHcGIac��CED�F�[\D�h PXCdK�D KzfEGIHXK�hEG�GID�GIHch�_1��GIH���N�O\acG
C�u^�by Q�D�
5y"�nW�G�O\[\Y}[QP J�m ��U%C�u�PXW�G9��N�O\acG�[\a '[Q`�� $�����aIy

7 �,(;�,(*��(5��������� W #,W ��(5Z
�nW�G ac��GIs PXHXK�OlacGIO\GIs PX[\CED!C�uZPXW�G O"N�CEHcGIacsIGID�sIG�[\a���GIH=u�CEHcY}GIF��`_!K F�CEN���O\G Y}CED�CbstW�HcCEYZKTPXCEH
w� 7 � �|��Y {rqr[QPXW acN��5PXHXK�s PX[QfEG�F�[\ac��GIHcac[\CED wxo�[\O\CEHt{ y��nW�GlsIC fEGIHcGIF�ac��GIs PXHXK�O�HXK�D�hEG�ac�"K�D�a�u�HcCEY
�M� �E�`��sIY 8 � PXCm# � ���E��sIY 8 � y

�nW�Glac��GIs PXHXK�O^HcGIacCEO\N5PX[\CED���N�ac[\D�hdP�_b��[\szK�O�acO\[QP�qr[\F5PXW wiQE�E����Y { ��CED PXW�G��"K�acGlC�u K PXC�PtK�O�F�[\a  
��GIHcac[\CED�C�u��5y C D�Y �TY}Y)��K�Y}CEN�D`PXa PXC % � ��sIY�8 � CEDdPXW�G�qrW�CEO\G9ac��GIs PXHXK�O�HXK�D�hEG�y

~�uvPXGIHrPXW�G9ac��GIs PXHXK�O�acGIO\GIs PX[\CED���PXW�G�ac[\hED"K�O�[\a?3"D"K�O\OQ_ F�G PXGIs PXGIF1�`_)K�uxK�a=P�Y}[\sIHcCbstW"K�D�D�GIO���OkKTPXG
��W�C�PXCEY N�OQPX[\��O\[\GIHrwx��K�YZK�YZKTPXacNZ�? ��E�E� C e  �� � qr[QPXWZY N�OQPX[�K�O\MTK�O\[�szKTPXW�CbFL{ y��nW�G���W�C�PXCEY N�OQPX[\��O\[\GIH
[\a sICbCEO\GIF PXC[ ��E���t��PXC Y}[\D�[\Y}[ i GdPXW�G F"K�HcM sICEN�D`PXa�w"% � ��W�C�PXCED �TacGIs { y �nW�G ]'U)� wx]^W�C�PXC
U)N�OQPX[\��O\[\GIH^��N���G {'��HcC fb[\F�GIa K�sIN�HcHcGID`Pn��N�O\acG�qr[QPXWdKzfEGIHXK�hEG�Hc[\acG! �PX[\Y}GrC�u ' � $�����a K�D�F ��HXK�D�ac[QP  
�n[\Y}G! =gb��HcGzK�F}w��n��g�{�C�u�% �E����aIy��nW�G'K���acCEO\N5PXG�6�N"K�D`PXN�Y3G$#}sI[\GID�s _�C�ubPXW�G^F�G PXGIs PXCEH�[\a���G P�q�GIGID
� ��K�D�F � ���7CEDdPXW�G�qrW�CEO\G9ac��GIs PXHXK�O�HXK�D�hEG�y

� �:R0OQP  J"B �&J � �<HLH>;>B �&J � � � �&J"B A �&J ���F; ?6A*? H
� # O6H ?$S>SLB �&J ��� B H ?6A� � � #KG&O@S��&G*? H>R



��� � E 	4=B/�<

7 �,(;�,( � �i����( � ��V ��(5�]W #,W ��(5Z �L� ����� ��`bc
o�N�Hc[\D�h�PXW�G���HcGIacGID`P�G!"5��GIHc[\Y}GID`PtK�O�q�CEHcML�5PXW�G���HcGIG!"5[\a=PXGID`P�K�s�6�N�[\ac[QPX[\CEDZF�G fb[\sIG��"K�acGIF�CED�K ��]  
� � �E�)sICEY}��N5PXGIH�W"K�a���GIGID HcGI��OkK�sIGIF �`_�K�D N���F"KTPXGIF a=_ba=PXGIY@�"K�acGIF CED K�D�[\D`PXGIhEHXKTPXGIF/gb[\D�hEO\G
]^W�C�PXCEDZ��CEN�D`PX[\D�h9��C`K�HcFVw ��GIstM�GIH�����[\stM�Ov{^K�D�FlP�q�C9C�PXW�GIH
K�sIsIGIacacCEHc[\GIa'Y}CbF�N�O\GIarw�~ ��o;sICED`fEGIH  
ac[\CED K�D�F�� �M2 sICED`PXHcCEO\O\GIHt{ y��nW�G�acC�uvP�q K�HcG'u�CEH�PXW�G�szK�O\[\��HXKTPX[\CED�� a=_ba=PXGIY!sICED`PXHcCEO��TF"KTPtK�K�s�6�N�[\ac[QPX[\CED
K�D�FVK�D"K�OQ_bac[\a W"K�ar��GIGIDVD�G qrOQ_d��HcCEhEHXK�Y}Y}GIF�K�D�F�PXGIa=PXGIF�y
�nW�G
O\CEhE[\szK�OT��N�[\O\F�[\D�h ��O\CbstM�a�C�ubPXW�G
K�s�6�N�[\ac[QPX[\CED�a=_ba=PXGIY K�HcG�����CED�a=PtK�D`P�J"HXK�s PX[\CED�o�[\acsIHc[\Y}[\D"K� 

PX[\CED�w�� J�o9{ �5�n[\Y}G�PXCl~�Y}��O\[QPXN�F�G���CED`fEGIHcac[\CED w���~��n{nK�D�FVU)N�OQPX[���W"K�D�D�GIO�~�D"K�OQ_bac[\a9w�U1��~�{ y
�nW�G)� J�o ��HcG fEGID`PXalPX[\Y}GZacW�[QuvP C�urPXW�G a=PtK�H=P��Ta=PXCE� ��N�O\acG F�N�G PXC K�Y}��O\[QPXN�F�G�%c[QPcPXGIHc[\D�hVC�u�ac[\h  
D"K�O���PXW�G ��~�� sICED`fEGIH=PXa�O\[\D�GzK�HcOQ_ PXW�G}PX[\Y}G}F�GIOkKz_�C�unPXW�G GIY}[QPcPXGIF���W�C�PXCED�a�qr[QPXW HcGIac��GIs P�PXW�G
G!"5sI[QPtKTPX[\CEDl��N�O\acGr[\D}K�fECEOQPtK�hEG��EqrW�[\stWZ[\a^acN�sIsIGIacac[QfEGIOQ_ZsICED`fEGIH=PXGIF [\DlF�[\hE[QPtK�Obu�CEHcY)�EPXW�G�U1��~ K�s! 
sIN�Y N�OkKTPXGIanG fEGID`PXa�K�D�F�hEGID�GIHXKTPXGIa 3"D"K�O\OQ_lPXW�G9W�[\a=PXCEhEHXK�Y7C�u�PXW�G�D�N�Y ��GIHnC�u���W�C�PXCED�a fbaIy
F�GIOkKz_
wvqr[QPXW)K�F�[\acsIHcG PX[ i KTPX[\CEDdCEDg#`� C Q�stW"K�D�D�GIO\at{ y

SUV �,�iZ[V!�l���iZ[(g��(5W���i���������
�nW�G YZK�"5[\YZK�O:PX[\Y}G9HcGIacCEO\N5PX[\CEDVC�u�PXW�G�a=_ba=PXGIY [\a�F�G PXGIHcY}[\D�GIF1CEDVCED�G�W"K�D�F1�`_)PXW�G�GIO\GIs PXHcCED�[\s
sICEY}��CED�GID`PXa�C�u�PXW�G�F�G PXGIs PX[\CED a=_ba=PXGIY)�ECED�PXW�G�C�PXW�GIH�W"K�D�F �`_9PXW�G'qr[\F5PXW�C�u�PXW�G�G!"5sI[QPtKTPX[\CED�OkK�acGIH
��N�O\acG�y}�nW�[\a�f�K�O\N�GlszK�D���GlGIa=PX[\YZKTPXGIF u�HcCEY>PXW�GZJ�m ��U C�u�PXW�GZg�_ba=PXGIY �rGIac��CED�acGZJ"N�D�s PX[\CED
w�g5��J^{�CE�5PtK�[\D�GIF��`_dY}GzK�acN�Hc[\D�h�PXW�G	O"N�CEHcGIacsIGID�sIG�F�GIszKz_�C�u�acszKTPcPXGIHcGIFVG!"5sI[QPtKTPX[\CED�O\[\hEW`Pzy
�nW�GrCE��acGIH=fEGIF�O"N�CEHcGIacsIGID�sIGrPXHXK�D�ac[\GID`P
[\a^F�GIacsIHc[\��GIFl�`_ PXW�G ��D���#�D��$/ �iH�D���C�uLPXW�Gr[\D�a=PXHcN�Y}GID`PtK�O

u�N�D�s PX[\CEDVK�D�F�PXW�G�HcGzK�O�F�GIszKz_)��GIW"Kzfb[\CEN�H ' $��*)�y �'_�M�D�C qr[\D�hlPXW�G�HcGIac��CED�acG�C�u�PXW�G�a=_ba=PXGIY)��[QPr[\a
W�C q�G fEGIH���CEacac[\��O\G�PXClF�GIsICED`fECEO\N5PXG�D�N�Y}GIHc[\szK�O\OQ_lPXW�G	O"N�CEHcGIacsIGID�sIG�F�GIszKz_dPX[\Y}G�u�HcCEY7PXW�G9G!"5��GIH  
[\Y}GID`PtK�O�PXHXK�D�ac[\GID`PzydgbO\C q O"N�CEHcGIacsIGID�sIGZF�GIszKz_ba K�HcG}D�GIhEO\[\hE[\��OQ_VK5�:GIs PXGIF��`_ acN�stW sICED`fECEO\N5PX[\CED��
qrW�GIHcGzK�alPXW�G uxK�a=P�PXHXK�D�ac[\GID`PXalG!"5W�[\��[QPla=PXHcCED�h Y}CbF�N�OkKTPX[\CED�[\D�F�N�sIGIF �`_ PXW�Gdu�CEO\F�[\D�hVqr[QPXW PXW�G
[\D�a=PXHcN�Y}GID`PtK�O^G��:GIs PXadw�,!:�: ��u�CEH�G!"�K�Y}��O\G���PXW�GPO"N�CEHcGIacsIGID�sIG F�GIszKz_�CED 8;D�EGF�[\Dh3"h�y ��C { y}��P�[\a
��CEacac[\��O\G�PXC}F�GIsICED`fECEO\N5PXG�F�GIszKz_dPX[\Y}GIa�K�anuxK�a=P�K�aracCEY}G�u�HXK�s PX[\CED�w�F�C qrD)PXC �����l{ C�u�PXW�G9qr[\F5PXW
C�u�PXW�G�g5��J�' $ # )�y
�nW�G9YZK�"5[\YZK�O�PX[\Y}G�HcGIacCEO\N5PX[\CEDdC�u�PXW�G�qrW�CEO\G�a=_ba=PXGIY�K�Y}CEN�D`PXanPXC ' �E����aIy�gb[\D�sIG�PXW�G�g5��J

F�GI��GID�F�GID`PXa�CEDVYZK�D`_dG!"5��GIHc[\Y}GID`PtK�O��"K�HXK�Y}G PXGIHcaI��u�CEHnPXW�G�W�[\hEW�GIa=P�HcGIO\[kK���[\O\[QP�_lC�u�PXW�G�HcGIacN�OQPXar[QP
[\an[\Y}��CEH=PtK�D`P PXClY}GzK�acN�HcG�u�HcG�6�N�GID`PXOQ_ PXW�G�g5��J/F�N�Hc[\D�h PXW�G9Y}GIacN�HcGIY}GID`P�acGIacac[\CED�y



��� �[����	�� �	�������,���	
���� ��
�� � ����� ��	�� � ��	���� �� ���t� � ����� �����l


��D�PXW�G�u�CEO\O\C qr[\D�h�PXW�HcGIG9stW"K��5PXGIHcaI�"PXW�G9HcGIacN�OQPXarsICED�sIGIHcD�[\D�h�PXW�G9HcGIacGzK�HcstW1K���CEN5PnPXW�G9[\D`PXGIHXK�s PX[\CED
��G P�q�GIGIDVPXW�G 8;:!<4=?>�@BA�Y}CEO\GIsIN�O\G�K�D�FVacGIY}[\sICED�F�N�s PXCEHracN���a=PXHXKTPXGIa�qr[\O\O:��G�sICED�ac[\F�GIHcGIFVN�D�F�GIH
F�[ �:GIHcGID`P���CE[\D`PXanC�u�fb[\G q9y

� ��D � �,V +,��(.� R  *�!:�1 :��!:����:7�b: �5, /��!:��b:�����,I��W�GIHcGZK�HcGl��HcGIacGID`PXGIF K�D�F���Hc[\G O�_ F�[\acsIN�acacGIF
PXW�GZHcGIacN�OQPXa�sICED�sIGIHcD�[\D�hh8;:!<4=?>�@BAdY}CEO\GIsIN�O\GIa9[\D�F�[\O\N5PXGlacCEO\N5PX[\CED���[\D�sIH=_ba=PtK�O\O\[\D�GP3"O\Y}a
K�D�F)[\D�K�Y}CEHc��W�CEN�a 3"O\Y}aIy

����D�3 �5y � �1PXW�G�PX[\Y}G HcGIacCEOQfEGIF O"N�CEHcGIacsIGID�sIG Y}GzK�acN�HcGIY}GID`PXa;szK�HcHc[\GIF CEN5P;CED�K
F�[\O\N5PXG�acCEO\N5PX[\CED C�u�8;:!<4=?>�@BA Y}CEO\GIsIN�O\G�hE[QfEG�PXW�G���CEacac[\��[\O\[QP�_lPXClF�GIHc[QfEG�PXW�G�[\D`PXHc[\D5 
ac[\s���HcCE��GIH=PX[\GIa�C�u^PXW�G H6,!D�� �"� :.� 8;:!<4=?>�@BA}Y}CEO\GIsIN�O\G w�ac��GIs PXHcN�Y4K�D�FtO"N�CEHcGIacsIGID�sIG
F�GIszKz_�{ y�~;D�N�Y}GIHc[\szK�Obf�K�O\N�G C�u�PXW�GnY}CEO\GIsIN�OkK�H,O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G'szK�Dl��GrK�sIsICEHcF5 
[\D�hEOQ_ZF�HXKzqrD)CEN5Pru�HcCEY7PXW�G	O"N�CEHcGIacsIGID�sIG�F�GIszKz_�sIN�H=fEGIaIy

��gbGIs PX[\CED 39�5y|��[\a�F�GIF�[\szKTPXGIF)PXC}PXW�G9PXGIY}��GIHXKTPXN�HcG�F�GI��GID�F�GID`P�Y}GzK�acN�HcGIY}GID`PXa�C�u^K��5 
acCEHc�5PX[\CED K�D�F O"N�CEHcGIacsIGID�sIGrac��GIs PXHXK�C�uG8;:!<4=?>�@BA�[\D�sIH=_ba=PtK�O\O\[\D�G u�CEHcY)y��nW�G CE�5PX[\szK�O
��HcCE��GIH=PX[\GIa�HcGIOkKTPXGIF�PXC�PXW�GrG!"5[\a=PXGID�sIGrC�u�K�D�CEHch`K�D�[ i GIFla=PXHcN�s PXN�HcGrC�u�Y}CEO\GIsIN�O\GIa�[\D PXW�G
ac�"K�sIG�K�HcG9��N5P�[\D�G fb[\F�GID�sIG�K�D�F)��Hc[\G O�_dF�[\acsIN�acacGIF�y

����D 39�5y �5�:K�Y}CEHc��W�CEN�a 8;:!<4=?>�@BAm3"O\Y}a�K�HcG�sICED�ac[\F�GIHcGIF��nPXW�G�PXGIY}��GIHXKTPXN�HcG�F�GI��GID5 
F�GID`P4O"N�CEHcGIacsIGID�sIG ac��GIs PXHXK K�D�FgO"N�CEHcGIacsIGID�sIG�F�GIszKz_ba�K�HcG�F�GIacsIHc[\��GIF K�D�FVF�[\acsIN�acacGIF
K�D�F�PXW�G'CE��acGIH=fEGIF O"N�CEHcGIacsIGID�sIG ��HcCE��GIH=PX[\GIa�K�HcG
��N5P�[\D9HcGIOkKTPX[\CED�PXCnPXW�G
OkK�stM�C�u5ac�"KTPX[kK�O
CEHcF�GIHn[\D�ac[\F�G�PXW�G9Y}CEO\GIsIN�OkK�H 3"O\Y)y

��J�[\D"K�O\OQ_E� [\D 3V�5y #���N���CED ��HcCEhEHcGIacac[QfEG Y}CEO\GIsIN�OkK�H�3"O\Y PXW�[\stM�D�GIaca)HcGIF�N�s PX[\CED���[QPd[\a
acW�C qrD�W�C q [\a�G!"5��GIHc[\Y}GID`PtK�O\OQ_���CEacac[\��O\G�PXC�a=PXCE��PXW�G
[\D`PXGIHcY}CEO\GIsIN�OkK�H�[\D`PXGIHXK�s PX[\CED�K�D�F
sICED�acG�6�N�GID`PXOQ_ PXW�G�G!"5sI[QPtKTPX[\CED PXHXK�D�a=u�GIHn[\D�ac[\F�G�PXW�GB3"O\Y)�5sICEY}[\D�h�PXClK HcGzK�O�
 [\acCEOkKTPXGIF�
Y}CEO\GIsIN�O\G�sICED�F�[QPX[\CEDd[\D�acCEO\[\Fda=PtKTPXG�y

� � �,V +,��(.�(�  	  ��:��JH6�b:���� �5� �!:�, / �$��,4A�[\a�F�GIF�[\szKTPXGIFVPXCZN�OQPXHXKTPXW�[\DdY}CEO\GIsIN�OkK�H 3"O\Y}a w�[\acC  
OkKTPXGIF9Y}CEO\GIsIN�O\G�O\[\Y}[QP { �L[\D�PXW�[\a�stW"K��5PXGIHI��CED�OQ_�N�OQPXHXKTPXW�[\Dlwx�5y � � U�4�{,8;:!<4=?>�@BA 3"O\Y GI[QPXW�GIH
�.H �!: ������� F�GI��CEac[QPXGIF1CEDVacGIY}[\sICED�F�N�s PXCEH�acN�H=uxK�sIGIa�CEH�F�GI��CEac[QPXGIF1CED K , ������:��l��HcGIsIGIF�GID`PXOQ_
sICED�F�GID�acGIF1CEDdPXW�G9acN���a=PXHXKTPXG�K�HcG�G!"5��O\[\sI[QPXOQ_ZsICED�ac[\F�GIHcGIF�y

����D 3�#�y � �zPXW�G�PX[\Y}G�HcGIacCEOQfEGIF	O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXKrK�D�F9F�GIszKz_ba�C�u 8;:!<4=?>�@BA3�.H �!: �������
F�GI��CEac[QPXGIF�CED 6�N"K�H=P i �*8;D�EGF
K�D�FPE5HJILKMKMK!N�� 0 K�HcG�acW�C qrD�K�D�F�PXW�G�G!"5sI[QPtKTPX[\CED9PXHXK�D�a=u�GIH
HXKTPXG�u�HcCEY>PXW�G�G!"5sI[QPXGIF[8;:!<4=?>�@BAZY}CEO\GIsIN�O\G�PXCdPXW�G�acN���a=PXHXKTPXG}K�HcG szK�O\sIN�OkKTPXGIF1u�CEH
PXW�GIacG�PXW�HcGIG�szK�acGIaIy

����D 3 #�y|�b� PXW�G �.H6, � �5���:2� : ��:���� :����:�w�ac�"K�sIGIH�Y}GzK�acN�HcGIY}GID`PXat{�C�u5O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK
K�D�F O"N�CEHcGIacsIGID�sIG�PXHXK�D�ac[\GID`PXa�u�CEH 8;:!<4=?>�@BA�F�GI��CEac[QPXGIF CEDr8;D�EGF �5K�anK9u�N�D�s PX[\CED C�u
PXW�G9ac�"K�sIGIHnPXW�[\stM�D�GIaca�[\anHcGI��CEH=PXGIF�y

����D 3�#�y �5�^PXW�G�F�[\a=PtK�D�sIGdF�GI��GID�F�GID�sIGVC�urPXW�GbO"N�CEHcGIacsIGID�sIG)ac��GIs PXHXK�K�D�F PXHXK�D�ac[\GID`PXa
u�CEHo8;:!<4=?>�@BA F�GI��CEac[QPXGIF�CEDtE5HJILKMKMK!N�� 0���K�a�K u�N�D�s PX[\CED�C�u�PXW�G9ac�"K�sIGIHrPXW�[\stM�D�GIaca�[\a
HcGI��CEH=PXGIF�y



� ��D � �,V +,��(.� �  	  ��:��JH6�b:���� �5� �!:�, / �$��, AJAt� PXW�G G��:GIs PXa C�u �"K�H=PX[\sIN�OkK�H
PXHcGzKTPXY}GID`PXa�K�����O\[\GIF PXC�PXW�G9aXK�Y}��O\G K�HcG9F�GIacsIHc[\��GIFVK�D�F)F�[\acsIN�acacGIF�y

�r��D 3��by � �:KZac[\O\[\sICED�acN�H=uxK�sIG stW"K�HXK�s PXGIHc[ i GIF �`_ �5� :�� ���5���:.� �4��:���H � �5���!: �����iH$#�H$� � [\a
N�acGIF1K�anacN���a=PXHXKTPXG�K�D�F)[QPXa G��:GIs PXa�CEDdPXW�G�F�[\a=PtK�D�sIG9F�GI��GID�F�GID`PoO"N�CEHcGIacsIGID�sIG�C�u�PXW�G
8;:!<4=?>�@BA�Y}CEO\GIsIN�O\GIanK�HcG9F�GIacsIHc[\��GIFVK�D�F)F�[\acsIN�acacGIF�y

�r��D�3��by|� K�D / ����/ � �"� :1ac�"K�sIGIHZOkKz_EGIHl[\alG!"5��O\[\sI[QPXOQ_ sICED�ac[\F�GIHcGIF 5rPXW�G)G��:GIs PXaZC�u�PXW�G
N�D�F�N�OkKTPX[\CED9CED9PXW�G�O"N�CEHcGIacsIGID�sIG ��HcCE��GIH=PX[\GIa�C�ubPXW�G?8;:!<4=?>�@BA Y}CEO\GIsIN�O\GIa�F�GI��CEac[QPXGIF
CED [QP K�D�F�PXW�GZY}CbF�[ 3"szKTPX[\CED�a9[\D�F�N�sIGIF �`_ KVsICED`PXHcCEO\O\GIF�K�D�D�GzK�O\[\D�hVC�u PXW�GZaXK�Y}��O\G
K�HcG9[\D`fEGIa=PX[\h`KTPXGIF�y

� � ��� 
������ � �	����
 ����� �����
	��� 	Y� ��	�� �����	��� �	��� 	 �������
� �	����


8;:!<4=?>�@BA szK�D)��G9a=PXN�F�[\GIF w � {nK�a3��D�����H6��� :��������iH6� ) Y}CEO\GIsIN�O\GIa [\D�F�[\O\N5PXG�acCEO\N5PX[\CED�w�,!:�:/3��5y � { �
w��E{:K�a������ , � �5�6�7H6��:�3"O\Y}a�F�GI��CEac[QPXGIF�KTP�HcCbCEY PXGIY}��GIHXKTPXN�HcG^[\D9��[\hEW5 �B'K�sIN�N�Y wi0�1���' � �=8 � Y �"K�Ht{
w�,!:�:/3��5y|�E{ ��wx�`{ K�a�K�Y}CEHc��W�CEN�a?3"O\Y}arF�GI��CEac[QPXGIFVKTP�W�GIO\[\N�Y7PXGIY}��GIHXKTPXN�HcGZw�� 7 � � ��{ [\D)e�OQPXHXK� 
��[\hEW5 �B'K�sIN�N�Y%w�/�0�1�� ' �� � �=8 ��� Y �"K�Ht{�w�,!:�:�3��5y �`{ y
~ OkK�HchEGrD�N�Y ��GIH'C�u�HcG u�GIHcGID�sIG�Y}GzK�acN�HcGIY}GID`PXa'W"KzfEG���GIGID szK�HcHc[\GIFZCEN5P
f�K�H=_b[\D�h9PXW�G�PXW�[\stM�D�GIaca

C�u�PXW�G�F�GI��CEac[QPXGIF Y}CEO\GIsIN�OkK�H�3"O\Y}aI�`PXW�G�aXK�Y}��O\GnPXGIY}��GIHXKTPXN�HcG�K�D�F}PXW�G���HcGI�"K�HXKTPX[\CED}sICED�F�[QPX[\CED�a@5
�`_�stW"K�D�hE[\D�h�PXW�G G!"5��GIHc[\Y}GID`PtK�ObsICED�F�[QPX[\CED�aI��[QP�[\a�K�s PXN"K�O\OQ_���CEacac[\��O\G'PXC�Y}CbF�[Quv_�PXW�G GID`fb[\HcCED�Y}GID`P
C�u�PXW�G98;:!<4=?>�@BA Y}CEO\GIsIN�O\GIarK�D�F�sICED�acG�6�N�GID`PXOQ_�PXW�GI[\H?O"N�CEHcGIacsIGID�sIG���HcCE��GIH=PX[\GIaIy
��GI[\D�h�PXW�G�hEC`K�O�C�u�PXW�[\a
HcGIacGzK�HcstW}PXW�G�a=PXN�F5_lC�u�PXW�G�[\D`PXGIHXK�s PX[\CED���G P�q�GIGID�H6,!D�� �"� :.��8;:!<4=?>�@BA

Y}CEO\GIsIN�O\GIa}K�D�F acGIY}[\sICED�F�N�s PXCEH}acN���a=PXHXKTPXGIaI�nPXW�G)HcGIacN�OQPXaZsICED�sIGIHcD�[\D�h 
 PXW�[\stM �
Y}CEO\GIsIN�OkK�H 3"O\Y}a
wvqrW�CEacG�PXW�[\stM�D�GIaca [\a
hEHcGzKTPXGIH
PXW"K�DZCED�G�Y}CED�CEOkKz_EGIHt{ �bK�OQPXW�CEN�hEWlHcGI��HcGIacGID`PX[\D�h�K�OkK�HchEG�K�Y}CEN�D`P'C�u
G!"5��GIHc[\Y}GID`PtK�O:q�CEHcML��K�HcG9CED�OQ_ ��Hc[\G O�_ HcGI��CEH=PXGIFVK�D�F)G!"5sIO\N�ac[QfEGIOQ_ qr[QPXW�[\DdPXW�[\anstW"K��5PXGIHIy

�N.0- 1 ?���=	��� L�=	������ �� "$���� 5�"�����$'& �"?��6A$�#����8�#���
(+*�,�-/.1032 �=	4�5$�#=8��"��$�	

�nW�GeH6��� �JH6� ,JH ��CE�5PX[\szK�O:��HcCE��GIH=PX[\GIarC�u�PXW�G98;:!<4=?>�@BA Y}CEO\GIsIN�O\GIanszK�D)��G�K�s PXN"K�O\OQ_Za=PXN�F�[\GIF)CED�OQ_
qrW�GID PXW�G _	� D&��D ��H6��� :���������GzK�stW�C�PXW�GIHIy��nW�[\a�sICED�F�[QPX[\CED��TG!"bPXHcGIY}GIOQ_�F�[ #}sIN�OQP�PXC�CE�5PtK�[\D�[\D acCEO\[\F
a=PtKTPXG��L[\ao6�N�[QPXG9GzK�a=_�PXCZHcGzK�stWV[\D)F�[\O\N5PXG9acCEO\N5PX[\CED�y'~�F�[\O\N5PXG9acCEO\N5PX[\CED�C�ul8;:!<4=?>�@BA�Y}CEO\GIsIN�O\GIa
C �:GIHca�PXW�GIHcG u�CEHcG�K�HcGIO\[kK���O\G�q Kz_9PXC�Y}GzK�acN�HcG
PXW�G'��N�HcG �bD���: ��/ � �,�
��HcCE��GIH=PX[\GIaIy���D�PXW�[\a�acGIs PX[\CED�PXW�G



� � K =*��:BH6��� �JH6� ,JH ��� �!D ��:�� �iH�:�,BD�1 ����: �bD���: ��/ ��:���8;:!<4=?>�@BA?H6� ,!D��$/ �iH�D�� � �

K���acCEHc�5PX[\CEDVK�D�FrO"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK}C�ul8;:!<4=?>�@BA F�[\acacCEOQfEGIFV[\D�stW�O\CEHcC�u�CEHcY K�HcG9sICED�ac[\F�GIHcGIF
K�D�F�PXW�GI[\HnstW"K�HXK�s PXGIHc[\a=PX[\sIarF�[\acsIN�acacGIF�y
J�[\h�yL�lacW�C qralw�acGIG �rG u�yF' #`�*)�u�CEH�sICEY}��O\G PXG9F�G PtK�[\O\at{�PXW�G 6�N"K�D`PX[QPtKTPX[QfEG�K���acCEHc�5PX[\CED)ac��GIs PXHcN�Y

K�D�F PXW�G�a=PXGzK�F5_* �a=PtKTPXG?O"N�CEHcGIacsIGID�sIGnC�u"P�q�C�p�PX[\Y}GIa�hEHXK�F�[\GID`P pb��N�Hc[ 3"GIFm8;:!<4=?>�@BA�[\D�F�[\O\N5PXG�acCEO\N5 
PX[\CED}C�u�stW�O\CEHcC�u�CEHcY�w�������� ) { y���C�szK�O\sIN�OkKTPXG�K 6�N"K�D`PX[QPtKTPX[QfEGnf�K�O\N�GrC�u�PXW�G�G!"bPX[\D�s PX[\CED}sICbG$#}sI[\GID`P
� ��K�D�N�Y ��GIH
C�u�K���acCEHc�5PX[\CED�Y}GzK�acN�HcGIY}GID`PXa'W"KzfEGr��GIGID}szK�HcHc[\GIFlCEN5P^qr[QPXWl[\D�sIHcGzK�ac[\D�h9sICED�sIGID`PXHXK� 
PX[\CED�w���G P�q�GIGID � � � �=8 � Y}CEO �TO:K�D�F4� � � �=8��"Y}CEO �TOv{ y��nW�G�HcGIacN�OQPX[\D�h�D�N�Y}GIHc[\szK�O�f�K�O\N�G�[\a acW�C qrD
CED�PXW�G9Hc[\hEW`P fEGIH=PX[\szK�O�K�"5[\aI��PXW�G9GIHcHcCEHn[\a � � � y

14000 16000 18000 20000 22000 24000

0

20

40

60

80

100
Fluo Abs

ε  /10
+3     [l/(m

ol ⋅ cm
)]

ν [cm−1]

In
te

ns
ity

 [
a.

u.
]

� �
� � % � �rCbCEY%PXGIY}��GIHXKTPXN�HcGdK���acCEHc�5PX[\CED/K�D�F O"N�CEHcGIacsIGID�sIG)ac��GIs PXHXK C�u48;:!<4=?>�@BAV[\D F�[\O\N5PXG
acCEO\N5PX[\CED)C�u�stW�O\CEHcC�u�CEHcY w�������� ) { �:KTuvPXGIH���CEY}G i ' $E�&)�yn�nW�GIacG ac��GIs PXHXK}qr[\O\O���G�sICED�ac[\F5 
GIHcGIF/[\D PXW�G u�CEO\O\C qr[\D�h)PXW�Gd��HcC�PXC�P�_b��GIalC�u�K���acCEHc�5PX[\CED/K�D�F/GIY}[\acac[\CED ac��GIs PXHXK C�urPXW�G
[\acCEOkKTPXGIFg8;:!<4=?>�@BA Y}CEO\GIsIN�O\GIaIy

8;:!<4=?>�@BAlW"K�a�K}stW�GIY}[\szK�O�a=PXHcN�s PXN�HcG F�GIHc[QfEGIF)u�HcCEY PXW�G���GIH=_bO\GID�G K�D�F1K�a�[\DVK�O\O�PXW�G�C�PXW�GIH
��GIH=_bO\GID�G�F�GIHc[Qf�KTPX[QfEGIa�[QPXa�O\C q�GIa=PlGIO\GIs PXHcCED�[\szK�O\OQ_�G!"5sI[QPXGIF a=PtKTPXGIa}K�HcGdYZK�[\D�OQ_�hEC fEGIHcD�GIF �`_ PXW�G
G!"bPXGID�ac[\CED C�u � ��GIO\GIs PXHcCED sICED&%cN�h`KTPX[\CED/K�D�F �`_ [QPXa fb[\��HcCED�[\sdsICEN���O\[\D�h1PXC szK�Hc��CED/�"K�stM���CED�G��
qrW�GIHcGzK�a�PXW�G acYZK�O\O�CEN5PXGIHdacN���a=PX[QPXN�GID`PXa�W"K�HcF�OQ_;K5�:GIs PdPXW�G O\C q�GIa=P�a=PtKTPXG�y ~�a)K HcGIacN�OQPz�rPXW�G
acCEO\N5PX[\CED�K���acCEHc�5PX[\CED�ac��GIs PXHXKlC�u�K�O\O:PXW�G9��GIH=_bO\GID�G9F�GIHc[Qf�KTPX[QfEGIa�K�HcG	6�N�[QPXG9ac[\Y}[\OkK�H�' $�Q*)�y
�nW�GVu�CEN�H  ��"K�D�F�aZK���acCEHc�5PX[\CED ac��GIs PXHcN�Y acW�C qrD�[\D 3"h�y���ac�"K�D�a}PXW�GVGID�GIHch�_ HXK�D�hEG)C�u�PXW�G

O\C q�GIa=P�Y}CEO\GIsIN�OkK�H �G �	� GIO\GIs PXHcCED�[\s�PXHXK�D�ac[QPX[\CED�w�g
�

 g

�
{ y
�nW�[\anPXHXK�D�ac[QPX[\CEDd[\an��CEOkK�Hc[ i GIF�K�O\CED�h



�`� �T8 	 '	E�/*� 	 8 	2�P=�E ��� 8 	l<4=?>�@BA A��U@BA�����	2� 	2�P= 	2��1 A������B8 	2�P=�E

0 2 4 6 8 10 12 14 16 18 20
100

101

102

103

104

105

ττo = 3.95 ns

In
te

ns
ity

 [
a.

u.
]

t [ns]

� �
� � 0 � J�O\N�CEHcGIacsIGID�sIGrPXHXK�D�ac[\GID`P�C�u,8;:!<4=?>�@BA�[\D ������� ) acCEO\N5PX[\CEDZK9HcCbCEY!PXGIY}��GIHXKTPXN�HcG�y^j ". 
sI[QPtKTPX[\CED KTP �	 7 � �*$ C Q�sIY�8 � �rF�G PXGIs PX[\CED;KTP �	 7 � $��E�E��sIY�8 � ' $E�&)�y��nW�G sICED`PX[\D�N�CEN�a
O\[\D�G1HcGI��HcGIacGID`PXa1K Y}CED�CbG!"5��CED�GID`PX[kK�O43�P)sIN�H=fEG�K�acacN�Y}[\D�h K F�GIszKz_;PX[\Y}G1GIa=PX[\YZKTPXGIF
[\D��

�
7��5y C ��D�a@5�PXW�[\aZf�K�O\N�G1[\a}PXW�G [\D`PXHc[\D�ac[\srO"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G�C�u�PXW�G [\acCEOkKTPXGIF

8;:!<4=?>�@BA Y}CEO\GIsIN�O\G�y

PXW�G�O\CED�h Y}CEO\GIsIN�OkK�H�K�"5[\a�' #`�5� $M$&)�K�D�F1u�HcCEY�PXW�GlK���acCEO\N5PXG�K���acCEHc�5PX[\CED1sIHcCEaca  �acGIs PX[\CED PXW�G PXC�PtK�O
GIO\GIs PXHcCED�[\s�PXHXK�D�ac[QPX[\CEDVF�[\��CEO\G�[\a�GIa=PX[\YZKTPXGIF1PXC�K�Y}CEN�D`P�PXC C y �`��o�GI�`_EG ' #`�*)�y��nW�G�D�G!"bP9F�[\��CEO\G! 
K�O\O\C q�GIF ac[\D�hEO\G P a=PtKTPXG �GF�W"K�alKVY N�stW/acYZK�O\O\GIH9PXHXK�D�ac[QPX[\CED�F�[\��CEO\G1w�F�[\HcGIs PXGIF/K�O\CED�hVPXW�G acW�CEH=P
K�"5[\an[\DdPXW�G9Y}CEO\GIsIN�OkK�H���OkK�D�G {nK�D�F)K u�HcG�6�N�GID�s _)C�u��	 7��M$ #`�E� sIY�8 � y
�nW�G������ZPXHXK�D�ac[QPX[\CED w �	 � � � ��C �`����sIY�8 � {rsICEN���O\GIa�YZK�[\D�OQ_ PXC�� ��� K�D�F � �B2 fb[\��HXKTPX[\CED"K�O

Y}CbF�GIa�C�u"PXW�Gn��GIH=_bO\GID�G szK�Hc��CED��"K�stM���CED�GnO\GzK�F�[\D�h�PXC�PXW�G q�GIO\O  �F�G fEGIO\CE��GIF�fb[\��HcCED�[\s���HcCEhEHcGIacac[\CED
fb[\ac[\��O\G�[\D PXW�GP3"hEN�HcG�yZJ"CEO\O\C qr[\D�hdKdPXW�GICEHcG PX[\szK�O
K�D"K�OQ_bac[\a ' $��*)
CED�OQ_1acG fEGID w�CED�KdPXC�PtK�O�C�un� �b 
Q ! {'fb[\��HXKTPX[\CED"K�O:Y}CbF�GIarW"KzfEG�K�ac[\hED�[ 3"szK�D`Pr[\D`PXGID�ac[QP�_d[\D)K���acCEHc�5PX[\CED�ac��GIs PXHcN�Y C�ul8;:!<4=?>�@BA 5
PXW�G _ K�HcG�W�C q�G fEGIHrD�C�P HcGIacCEOQfEGIFd[\D}PXW�G�ac��GIs PXHcN�Y�[\DZacCEO\N5PX[\CED K�D�FZPXW�G _ZszK�Dd��G�PXHcGzKTPXGIF�K�a�CED�G
G��:GIs PX[QfEG�Y}CbF�Glw�� �	 � � #`�E��sIY 8 � {�qr[QPXW)K�D�G��:GIs PX[QfEG�sICEN���O\[\D�h�sICED�a=PtK�D`P ' $ C )�y
~ P�_b��[\szK�O�GIY}[\acac[\CED}ac��GIs PXHcN�Y7C�u�8;:!<4=?>�@BA9[\D ������� ) KTP�HcCbCEY!PXGIY}��GIHXKTPXN�HcG�[\a'acW�C qrD CED

PXW�GrO\G uvP
ac[\F�GrC�u�3"h�y��5y��nW�G�GIY}[\acac[\CED�[\a'K�Y}[\HcHcCEH�[\YZK�hEG C�u�PXW�G�K���acCEHc�5PX[\CEDlqr[QPXW}K�g�PXCEM�GIa pbacW�[QuvP

8	��BDS H>G&R�A �&J � R0;:O�� ? H>O$J S B A H>G&R�J"O � RTC�� � R



� � � =*� H6� ��H ���!D"����� , � �5�6�7H6��: � �6� , �E�

C�u � �	 '�� � ��sIY 8 � y
�nW�G9G!"5sI[QPtKTPX[\CED�GID�GIHch�_d[\a �	 7����E�E�E��sIY 8 � y
J�[\h�y C acW�C qra�w�[\DdW"K�OQu  �O\CEh`K�Hc[QPXW�Y}[\snacszK�O\G {'PXW�GBO"N�CEHcGIacsIGID�sIG�F�GIszKz_dC�u�8;:!<4=?>�@BA�[\D ������� )

acCEO\N5PX[\CED!wvqr[QPXW sICED�sIGID`PXHXKTPX[\C � ' � �=8��"Y}CEO �TOv{}KTP�HcCbCEY PXGIY}��GIHXKTPXN�HcG [\D K '=� ������D�a )9PX[\Y}G
HXK�D�hEG ' #`�*)�y �nW�G G!"5sI[QPtKTPX[\CED�GID�GIHch�_�[\a �	 7 � �*$ C Q�sIY�8 � �rqrW�GIHcGzK�a PXW�G F�G PXGIs PX[\CED;GID�GIHch�_�[\a
�	 7 � $��E�E��sIY�8 � y3�nW�GtO"N�CEHcGIacsIGID�sIG PXHXK�D�ac[\GID`PXadK�HcG1[\D�F�GI��GID�F�GID`P�CED�PXW�G1ac��GIs PXHXK�O���CEac[QPX[\CED
K�D�F;acW�C q4K �bD���D5:� ��D���:����iH �5�9F�GIszKz_�qr[QPXW PX[\Y}G � � 7 R � 0��4��W y 7 ���iW n V!�i�,( � � � � 	�(U�i�
���,( �L�� ��� � �i� � �M����WY�i�,(.��(5� VXWr���,( �i����� �i��WY�i�����,� ��(5WY�M(5���M( �i� �L(*���iZ[(h��� ���,( ��� ���	� � ^�

� ���L^�����L^ y
U)CEHcGIC fEGIHI�)[\D CEHcF�GIH PXC3GIa=PX[\YZKTPXG�PXW�G � -5,!D��$/ � : � /.D��!:�,$��:����:�� /��5���0/ � � H�:������ �	� C�u

8;:!<4=?>�@BA)[\D ������� ) ��PXW�G Y}G PXW�CbF C�u�]�K�HcM�GIH�K�D�F/�rGIGIa�' �E�*)'q K�a�K�����O\[\GIF 5
K�a HcG u�GIHcGID�sIG��'K
F�GIh`K�acacGIF�acCEO\N5PX[\CEDZC�u�K�D`PXW�HXK�sIGID�G�[\D D5 �W�G!"�K�D�G�q K�a N�acGIF�y
~�D�KzfEGIHXK�hEGlw�CED � ��Y}GzK�acN�HcGIY}GID`PXat{
f�K�O\N�G�C�u������*7 - � 0 R qr[QPXW)K�D)GIHcHcCEHnC�u ��� �Aq K�aru�CEN�D�F ' #`�*)�y

�N.�� 1 ?��=	%67���� "$r�� �������
#=#=�=	����#=6A�

��DVPXW�[\a�acGIs PX[\CED K�HcG�HcGI��CEH=PXGIF K�D�F1��Hc[\G O�_)F�[\acsIN�acacGIF PXW�G�PXGIY}��GIHXKTPXN�HcG�F�GI��GID�F�GID`P�K���acCEHc�5PX[\CED
K�D�F PX[\Y}G)HcGIacCEOQfEGIF]O"N�CEHcGIacsIGID�sIG Y}GzK�acN�HcGIY}GID`PXa szK�HcHc[\GIF�CEN5PZCED;K���HcC�PXC�P�_b��[\szK�O ����� , � �5�6�7H6��:
���E� 9~ w!' � ���
U�4�{�PXW�[\stM 8;:!<4=?>�@BA	3"O\Y)y��nW�G43"O\Y W"K�a���GIGIDdF�GI��CEac[QPXGIF CED�6�N"K�H=P i ��KTP�HcCbCEY
PXGIY}��GIHXKTPXN�HcG���N�D�F�GIH^��[\hEW9B'K�sIN�N�Y�wx�rB9{�sICED�F�[QPX[\CED�a�qr[QPXW K��"K�acG���HcGIacacN�HcGnC�u ' � � � ��8 � Y �"K�H
K�D�FVK�F�GI��CEac[QPX[\CEDdHXKTPXG9C�u��5y $E�^U�4 �TY}[\D�y
�nW�G9sIH=_ba=PtK�O\O\[\D�Ge8;:!<4=?>�@BA 3"O\Y}anK�HcG�stW"K�HXK�s PXGIHc[ i GIF��`_�K�sICEY}��O\G!" GID�GIHch�_dO\G fEGIO�a=PXHcN�s PXN�HcG

HcGIOkKTPXGIF�PXC}PXW�G9u�CEHcYZKTPX[\CEDdC�u � :���D"� �5�7H���:.�(����� , � �5�*, � �"� :�,�CEHnPXClPXW�G���HcGIacGID�sIG C�u �.H���:��!:����8����� ,��
� �5�6�7H6��: �����5,!:�,Iy��nW"KTP�GIY}GIHchEGIa�[\D D�CED5 �Y}CED�CEY}GIHc[\s K���acCEHc�5PX[\CED�K�D�F;O"N�CEHcGIacsIGID�sIG}ac��GIs PXHXK5��K�a
acW�C qrDV[\DdPXW�G9D�G!"bP��"K�HXK�hEHXK���W�y

R �7% �i� 7 (5Z[+�(.��V ���,��( ���,(.+�(5���,(5��� V 	 W�� ��+,������� VX���]���iZ[(r��(5W���kn�(5�!���,� ��(5WY�M(5���M(

J�[\h�y � ��w�Hc[\hEW`P {�acW�C qra�PXW�G K���acCEHc�5PX[\CED�ac��GIs PXHcN�Y C�unK � ���
U�4 PXW�[\stM sIH=_ba=PtK�O\O\[\D�GP3"O\Y)��qrW�GID
PXW�G�PXGIY}��GIHXKTPXN�HcG�ac�"K�D�a�PXW�G HXK�D�hEG ' � � ��� C � ��)xy�J�[\h�y � � w�O\G uvP {nacW�C qra�PXW�G HcGIOkKTPX[QfEG 6�N"K�ac[  /� �
w�6�N"K�ac[�a=PXGzK�F5_* �a=PtKTPXG { O"N�CEHcGIacsIGID�sIG ac��GIs PXHcN�Y>C�u�PXW�G�aXK�Y}Ge3"O\Y)y��nW�G�ac��GIs PXHXK K�HcG�D�CEHcYZK�O\[ i GIF
PXC�PXW�GI[\HnYZK�"5[\YZK 55[\DbO"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK�PXW�G9G!"5sI[QPtKTPX[\CED PtK�M�GIa���OkK�sIG9KTP �	 7 � �*$ C Q�sIY�8 � y
�nW�G V 	 W�� ��+,������� W�+�(5����� ��Z PXN�HcD�anCEN5P PXC ��G � ���5, �iH � �5�6��� �.H���:��!:����^u�HcCEYAPXW"KTPn[\D acCEO\N5PX[\CED

w�[\HcHcGIac��GIs PX[QfEGIOQ_;C�u�PXW�G1PXGIY}��GIHXKTPXN�HcG�KTPdqrW�[\stW [QPd[\adY}GzK�acN�HcGIFL{ yA��P)G!"5W�[\��[QPXa�K 3"Hca=P)acGIHc[\GIa
wvPXW�G�CED�OQ_;fb[\ac[\��O\G [\D 3"h�y � � K�D�F [\D PXW�G u�CEO\O\C qr[\D�h sICED�ac[\F�GIHcGIFL{�C�u�u�CEN�H�u�GzKTPXN�HcGIaV��G P�q�GIGID
�	 7 � QE�E�E��sIY�8 � K�D�F �	 7��E���E�E��sIY�8 � w�[�y G�y'��G P�q�GIGID ' �by ��G B K�D�F '��5y ��G B9{ y"~ ��HcCEhEHcGIacac[QfEG
��HcC`K�F�GID�[\D�hZC�u�PXW�G9u�GzKTPXN�HcGIa�N���CED1[\D�sIHcGzK�ac[\D�h}C�u�PXW�G�PXGIY}��GIHXKTPXN�HcG�[\arCE��acGIH=fEGIF���K�sIsICEY}�"K�D�[\GIF
�`_�K�D K����"K�HcGID`P�acW�[QuvP�C�u5PXW�Gl3"Hca=P���GzK�M�u�HcCEY �	 7 � $ � $���sIY�8 � wxKTP � 7 � � ��{:PXC �	 7 � $ #�����sIY�8 �

wxKTP�HcCbCEY�PXGIY}��GIHXKTPXN�HcG { y9�nW�GlK���acCEHc�5PX[\CED ac��GIs PXHcN�Y>PXN�HcD�a�CEN5P�PXCd��G�W�C q�G fEGIH9CED�OQ_ ,0�7H )!�������
�"��: ��� :.�V�`_dPXW�G�PXGIY}��GIHXKTPXN�HcG�stW"K�D�hEG�y



��# �T8 	 '	E�/*� 	 8 	2�P=�E ��� 8 	l<4=?>�@BA A��U@BA�����	2� 	2�P= 	2��1 A������B8 	2�P=�E

10000 12000 14000 16000
ν [cm-1]

295 K

200 K

150 K

100 K

90 K

80 K

70 K

60 K

50 K

40 K

30 K

20 K

10 K

In
te

ns
ity

 [
a.

u]

16000 18000 20000 22000

A
bsorption [a.u.]

� �
� �?�.- � � H )!���X����GIY}��GIHXKTPXN�HcG F�GI��GID�F�GID`P�N�D���CEOkK�Hc[ i GIF�K���acCEHc�5PX[\CEDAac��GIs PXHXK!C�u K!���E� 9~
w!' � ���
U�4�{�PXW�[\stM sIH=_ba=PtK�O\O\[\D�G;8;:!<4=?>�@BA 3"O\Y F�GI��CEac[QPXGIF KTPdHcCbCEY PXGIY}��GIHXKTPXN�HcG
CED 6�N"K�H=P i y � :�1��X�dPXGIY}��GIHXKTPXN�HcGdF�GI��GID�F�GID`P�6�N"K�ac[  /� � O"N�CEHcGIacsIGID�sIGVac��GIs PXHXK5y/�nW�G
ac��GIs PXHXK K�HcGdD�CEHcYZK�O\[ i GIF�PXC1PXW�GI[\H YZK�"5[\YZK5��G!"5sI[QPtKTPX[\CED/KTP �	 7 � �*$ C Q�sIY�8 � y��n[\Y}G
[\D`PXGIH=f�K�O�'=� ������D�a )�y EX:�:�PXG!"bPru�CEHnF�G PtK�[\O\aIy



� � � =*� H6� ��H ���!D"����� , � �5�6�7H6��: � �6� , �`�

�nW�G ���,� ��(5WY�M(5���M(tW�+�(5����� ��Z [\anK�O\acC F�[\acac[\Y}[\OkK�H^u�HcCEYAqrW"KTPrCE��acGIH=fEGIF)[\DdacCEO\N5PX[\CED��bY}CEHcG! 
C fEGIH F�HXK�a=PX[\sZac��GIs PXHXK�O
f�K�Hc[kKTPX[\CED�a�K�HcGZG fb[\F�GID�sIGIF N���CED HXK�[\ac[\D�h�PXW�G}PXGIY}��GIHXKTPXN�HcG�� PXW�G}PXW�HcGIG! 
u�GzKTPXN�HcGIa�a=PXHcN�s PXN�HcG fb[\ac[\��O\G KTP � 7 � � ��� ��HcCEhEHcGIacac[QfEGIOQ_;stW"K�D�hEGIa)[\D K O\GIaca�a=PXHcN�s PXN�HcGIF u�CEHcY
sIGID`PXGIHcGIF KTP�O\C q�GIH9GID�GIHchE[\GIaIyZ�nW�G}F�CEY}[\D"K�D`P�u�GzKTPXN�HcG}KTP ' � #`�E�E��sIY�8 � K����"K�HcGID`PXOQ_ acW�[QuvPXa�PXC
HcGIFZK�D�FlPXW�GID}�"K�stM�PXC9��O\N�G qr[QPXW�PXW�GnPXGIY}��GIHXKTPXN�HcG�y^e�D�F�GIH
sICED�a=PtK�D`P�G!"5sI[QPtKTPX[\CEDlK�D�FlF�G PXGIs PX[\CED
hEGICEY}G PXH=_ PXW�G}Y}GzK�acN�HcGIF[O"N�CEHcGIacsIGID�sIG [\D`PXGID�ac[QP�_ F�HXK�a=PX[\szK�O\OQ_ F�GIsIHcGzK�acGIa �"K�acac[\D�h)u�HcCEY4W�GIO\[\N�Y
PXClHcCbCEY7PXGIY}��GIHXKTPXN�HcG�y
UVK�M�[\D�h N�acG C�u�PX[\Y}G)HcGIacCEOQfEGIF;PXGIstW�D�[76�N�GIaI��[QP [\a ��CEacac[\��O\G)PXC G fb[\F�GID�sIG1PXW�G1PXGIY}��GIHXKTPXN�HcG

F�GI��GID�F�GID�sIG C�u�F�[ �:GIHcGID`P O"N�CEHcGIacsIGID�sIG sICEY}��CED�GID`PXar[\D�PXW�G�ac��GIs PXHcN�Y �`�^PXW�GeO"N�CEHcGIacsIGID�sIG sICEO  
O\GIs PXGIFlqr[QPXW�[\D PXW�G 3"Hca=P ���E����a
KTuvPXGIH�PXW�GrG!"5sI[QPtKTPX[\CED���N�O\acGrF�CbGIa
D�C�P
stW"K�D�hEG�K�����HcGIsI[kK���OQ_�wxK��"K�H=P
PXW�GnPXGIY}��GIHXKTPXN�HcGr��HcC`K�F�GID�[\D�h�C�u�PXW�G���GzK�M�at{^K�D�FZ[QP^HcGIY}[\D�F�a^PXW�Gnu�CEHcY C�u)6�N"K�ac[  /� � O"N�CEHcGIacsIGID5 
sIG9acW�C qrD)[\Db3"h�y � �5y^~3F�HXK�a=PX[\s�f�K�Hc[kKTPX[\CED [\an[\D�a=PXGzK�F�CE��acGIH=fEGIFV[\D PXW�G9F�GIOkKz_EGIFrO"N�CEHcGIacsIGID�sIG�K�a
K)sICED�acG�6�N�GID�sIGdC�u�PXW�GIHcYZK�O\OQ_ K�s PX[Qf�KTPXGIF�G!"5sI[QPtKTPX[\CED PXHXK�D�a=u�GIH���W�GID�CEY}GID"KVK�Y}CED�h�PXW�Glf�K�Hc[\CEN�a
sIH=_ba=PtK�O\O\[\D�G�a=PtKTPXGIaIy
gbN�stW K�PXGIY}��GIHXKTPXN�HcGrF�GI��GID�F�GID�sIG��5PXCEhEG PXW�GIH^qr[QPXWlPXW�GrO\C q PXGIY}��GIHXKTPXN�HcGnPXW�HcGIG! ��"K�D�F�a'a=PXHcN�s! 

PXN�HcG;K�HcG sICEY}Y}CED�OQ_ CE��acGIH=fEGIFA[\D O"N�CEHcGIacsIGID�sIG ac��GIs PXHXK�C�u��	����GIH=_bO\GID�G;sIH=_ba=PtK�O\a ' � � p5�`�&)��
�	����GIH=_bO\GID�GVsIH=_ba=PtK�O\O\[\D�Gb3"O\Y}a ' �MQ*)�K�D�F <4=?>�@ ' 3"O\Y}a ' $E�&)�y �nW�[\a}M�[\D�F C�u�GIY}[\acac[\CED [\a}[\D5 
F�[\szKTPXGIF�[\D O\[QPXGIHXKTPXN�HcG)K�a 
 �7�  LO"N�CEHcGIacsIGID�sIG�y3��PXaZCEHc[\hE[\D���D�C q K�F"Kz_ba D�C�P sICEY}��O\G PXGIOQ_/sIO\GzK�HI� [\a
K�acacCbsI[kKTPXGIF�PXC}K�a=PtK���O\G�O\C q? �PXGIY}��GIHXKTPXN�HcG9K�HcHXK�D�hEGIY}GID`PrC�u�PXW�G9Y}CEO\GIsIN�O\GIan[\DdPXW�G9sIH=_ba=PtK�O�y

SU���(5�*����V ��W ��VX�����i� �[VX���!���,� ��(5WY�M(5���M(t+���� +�(.������(5W
o�N�Hc[\D�h PXW�Gl�"K�a=P9_EGzK�Hca�Kd��[\h�G!"5��GIHc[\Y}GID`PtK�O�G��:CEH=P9q K�a9F�G fEC�PXGIF�PXC�a=PXN�F5_ PXW�GlD"KTPXN�HcGlC�u'PXW�G
��D ��:�, �	:���:�� )5� , � �"� :�[\D�sIH=_ba=PtK�O\a�C�uo8;:!<4=?>�@BAVK�D�F <4=?>�@ '�y�j "5��GIHc[\Y}GID`PtK�O
[\D`fEGIa=PX[\h`KTPX[\CED�a
q�GIHcGlszK�HcHc[\GIF CEN5P�qr[QPXW KdD�N�Y ��GIH�C�u'F�[ �:GIHcGID`P�PXGIstW�D�[76�N�GIa ��K�D�F PXW�G PXW�GICEHcG PX[\szK�O^K�s PX[Qfb[QP�_VCED
PXW�G9acN��2%cGIs P�W"K�ar��GIGID)fEGIH=_�[\D`PXGID�acGZwN' $M$&)�K�D�F)HcG u�y�PXW�GIHcGI[\DL{ y
��D PXW�GnsIH=_ba=PtK�O\O\[\D�G'��W"K�acG PXW�G G!"5sI[QPXGIFla=PtKTPXGIa�C�uLPXW�G Y}CED�CEY}GIH�K�HcG [\D O"N�GID�sIGIFl�`_�[\D`PXGIHcY}CEO\GIs! 

N�OkK�Hr[\D`PXGIHXK�s PX[\CED�aI��qrW�[\stWVO\GzK�F�PXC}a=PXHcCED�h}stW"K�D�hEGIa�[\D�PXW�G�K���acCEHc�5PX[\CED)ac��GIs PXHXKlqr[QPXW)HcGIac��GIs P�PXC
PXW"KTP C�u�PXW�GVY}CEO\GIsIN�O\GIa}[\D�F�[\O\N5PXG)acCEO\N5PX[\CED�y ~�adK�D�G��:GIs P PXW�G1acCEO\N5PX[\CED K���acCEHc�5PX[\CED�ac��GIs PXHXK
C�u�PXW�Glf�K�Hc[\CEN�a9��GIH=_bO\GID�G}F�GIHc[Qf�KTPX[QfEGIa�K�HcGlN�acN"K�O\OQ_1fEGIH=_�ac[\Y}[\OkK�HI�:qrW�GIHcGzK�a�PXW�GlsIH=_ba=PtK�O'ac��GIs PXHXK
F�[ �:GIH9GzK�stW C�PXW�GIH�sICED�ac[\F�GIHXK���OQ_ w�
 sIH=_ba=PtK�O\O\CbstW�HcCEY�_�� ' #*Q5�J#`�*)v{ ��F�GI��GID�F�[\D�hVCED PXW�G}HcGIOkKTPX[QfEG}K�H  
HXK�D�hEGIY}GID`PXa}K�Y}CED�h PXW�G�Y}CEO\GIsIN�O\GIa [\D PXW�G�sIH=_ba=PtK�O�y/��D/PXW�G���GIH=_bO\GID�G�F�GIHc[Qf�KTPX[QfEGIa PXW�G�a=PXGIHc[\s
G��:GIs PlC�urPXW�G HXK�F�[\szK�O'acN���a=PX[QPXN�GID`P}hEHcCEN���a [\a YZK�[\D�OQ_ HcGIac��CED�ac[\��O\GZC�urPXW�G F�[ �:GIHcGID`PlY}CEO\GIsIN�OkK�H
�"K�stM�[\D�h}hEGICEY}G PXH=_dK�D�F�PXW�GIHcG u�CEHcG9C�u�PXW�G9F�[ �:GIHcGID`P�sIH=_ba=PtK�O\O\[\D�G�a=PtKTPXGIaIy
�nW�G)sIH=_ba=PtK�Ona=PXHcN�s PXN�HcG)C�uB8;:!<4=?>�@BA [\a stW"K�HXK�s PXGIHc[\a=PX[\s��'[\D PXW�G�acGID�acG�PXW"KTPl[QP���HcGIacGID`PXa K

OkK�HchEGdK�D�[\acC�PXHcCE�`_/K�O\CED�h �"K�H=PX[\sIN�OkK�H�ac�"KTPX[kK�O F�[\HcGIs PX[\CED�aI� PXW�G�Y}CEO\GIsIN�OkK�H���OkK�D�GIalK�HcG)K�HcHXK�D�hEGIF
� � G&R S H �*P �O�� H>B J"R/R � O � �QH>B O$A�O�� H>G&R � ?6;>B O �*S � �&O$;>RTS>C R0A*C R/C O$J � O$A&R0A@H S:B A�H>G&R S�� RTCXH>; �&J O����*=(% V�� � B RTS<O �QH
O�� H>G&R�S>C O � R�O�� H>G&BDS ;>RTSLRT?6; C G ?6A*P B H:BDS H>G&R0;>R � O$;>RFG&R0;>R�A&O6H H>;>RT? H>RTP %

����� ���
	 � ? �*SLO$;��QH>B O$A�U Y���
���TZ�
��&G&O6H>O ��� �&J"B A&RTS>C R0A*C R U � W���� Z�
�	 � ?6A*P �:?6J ?6A S�� RTCXH>;>O@S>C O ���U � ��
��6Y6Z�
 R � RTCXH>;>O �
? �*SLO$;��QH>B O$A U ��� Z�
 �&G&O6H>O � C O$A*P �*CXH>B � B H  U ��� Z ?6A*P �&G&O6H>O � R0J"BDS>SLB O$A U ���TZ %



�MQ �T8 	 '	E�/*� 	 8 	2�P=�E ��� 8 	l<4=?>�@BA A��U@BA�����	2� 	2�P= 	2��1 A������B8 	2�P=�E

wk3"h�y #�{n[\D)a=PtK�stM�a�qrW�GIHcG�PXW�G�Y}CEO\GIsIN�O\GIarO\[\G9[\DVKluxK�sIG! �PXC  �uxK�sIG9sICED 3"hEN�HXKTPX[\CED)[\DVsIO\CEacGIOQ_d�"K�stM�GIF
CED�G! �F�[\Y}GID�ac[\CED"K�O�a=PXHcN�s PXN�HcGIa@5rPXW�G�F�[\a=PtK�D�sIG���G P�q�GIGID ��OkK�D�GIalC�u�D�GzK�H  �D�GI[\hEW���CEN�Hcal[\D/a=PtK�stM [\a
�5y #`��9~ ' #*Q*)��'[\D/sICEY}�"K�Hc[\acCED PXW�G�O\GID�h�PXW/C�u�K Y}CEO\GIsIN�O\GdK�Y}CEN�D`PXa�PXC ' �M� 9~�y^�nW�[\a�szK�N�acGIa K
a=PXHcCED�h�[\D`PXGIHXK�s PX[\CED1��G P�q�GIGID�PXW�G	� ��GIO\GIs PXHcCED�a9K�O\CED�h PXW�G�a=PtK�stM K�D�F q�GzK�M1[\D`PXGIHXK�s PX[\CED [\D1PXW�G
C�PXW�GIHrF�[\HcGIs PX[\CED�aIy

~�sIsICEHcF�[\D�h�PXC9K�HcGIsIGID`PXOQ_�F�G fEGIO\CE��GIF}Y}CbF�GIO ' C �*)�PXW"KTP�PtK�M�GIa'[\D`PXC9K�sIsICEN�D`P
PXW�GnG��:GIs P'[\D�F�N�sIGIF
�`_lPXW�G�[\D`PXGIHXK�s PX[\CEDZK�Y}CED�h�PXW�G�Y}CEO\GIsIN�O\GIa'K�O\CED�h�K�Y}CEO\GIsIN�OkK�H�a=PtK�stML�bPXW�G�K���acCEHc�5PX[\CED}ac��GIs PXHcN�Y
a=PXHcN�s PXN�HcGIa
K�D�F�PXW�GI[\H���CEOkK�Hc[ i KTPX[\CED9��GIW"Kzfb[\CEN�H�K�HcG�[\D`PXGIHc��HcG PXGIFlK�a�PXW�G�HcGIacN�OQP�C�u�K�a=PXHcCED�h ��H  H6� )
��G P�q�GIGIDVO\C q�GIa=PrsIH=_ba=PtK�O�a=PtKTPXGIa�wxJ"HcGID�M�GIO�G!"5sI[QPXCED�aI�"acN���GIHc��CEac[QPX[\CED C�u�D�GIN5PXHXK�O�G!"5sI[QPXGIF�a=PtKTPXGIarC�u
Y}CEO\GIsIN�O\GIaI��sICED�ac[\F�GIHcGIF [\acCEOkKTPXGIF���PXW"KTP���N�[\O\F�N���PXW�GZsIH=_ba=PtK�Ov{�K�D�F�PXW�GZstW"K�HchEG! �PXHXK�D�a=u�GIH�w�����{
G!"5sI[QPXCED�a w�[\CED�[ i GIF�a=PtKTPXGIadC�u9PXW�G1D�GzK�HcGIa=P  �D�GI[\hEW���CEN�H Y}CEO\GIsIN�O\GIat{ y J"CEHZOkK�HchEGV[\D`PXGIHcY}CEO\GIsIN�OkK�H
F�[\a=PtK�D�sIGIa CEH D�GIhEO\[\hE[\��O\G �G �CEHc��[QPtK�O\alC fEGIHcOkK���wxK�aI�rG�y h�yQ��[\D;K�D`PXW�HXK�sIGID�G1qrW�GIHcG1P�q�C Y}CEO\GIsIN�O\GIa
K�HcG�OkKTPXGIHXK�O\OQ_�acW�[QuvPXGIF �`_��by # 9~AK�D�F PXW�G _ F�C�D�C�P9O\[\G KTP�K�O\O�K���C fEGlGzK�stW�C�PXW�GIHt{�PXW�G}���!O\G fEGIO\a
O\[\G�GID�GIHchEG PX[\szK�O\OQ_Vq�GIO\O'K���C fEG}PXW�G}O\C q�GIa=P J"HcGID�M�GIO'G!"5sI[QPXCED�K�D�F�PXW�G}G��:GIs PXa�C�u [\D`PXGIHXK�s PX[\CED���G! 
P�q�GIGID�PXW�G�P�q�C1K�HcGlD�C�P�[\Y}��CEH=PtK�D`PZwvu�CEH�PXW�[\a9HcGzK�acCED�PXW�GlO\C q�GIa=P�sIH=_ba=PtK�O
a=PtKTPXG}[\D�K�D`PXW�HXK�sIGID�G
[\a�K�F�G�6�N"KTPXGIOQ_VF�GIacsIHc[\��GIF �`_1J"HcGID�M�GIO�G!"5sI[QPXCED�at{65�CEDVPXW�G�sICED`PXHXK�H=_E��u�CEH�acYZK�O\O\GIHr[\D`PXGIHcY}CEO\GIsIN�OkK�H
F�[\a=PtK�D�sIGIa'CEH^OkK�HchEGIH �G �CEHc��[QPtK�O\a�C fEGIHcOkK��1wxK�a
[\D�PXW�G�szK�acG�C�u�8;:!<4=?>�@BAT{^PXW�G�����G!"5sI[QPXCED}GID�GIHch�_
F�GIsIHcGzK�acGIa�PXC q K�HcF�a�PXW�G�O\C q�GIa=P�J"HcGID�M�GIO�G!"5sI[QPXCED O\G fEGIO\a�K�D�F PXW�G [\D`PXGIHXK�s PX[\CED [\D`PXGIhEHXK�O���G P�q�GIGID
PXW�GnP�q�CdwxK�D�F�PXW�GIHcG u�CEHcGrPXW�GI[\H^Y}[ "5[\D�h�{�[\D�sIHcGzK�acGIaIy^~�a'K�sICED�acG�6�N�GID�sIG��5PXW�G�O\C q�GIa=P'G!"5sI[QPXCED}a=PtKTPXG
��GIsICEY}GIara=PXHcCED�hEOQ_ Y}[ "5GIF)J"HcGID�M�GIO  �stW"K�HchEG! �PXHXK�D�a=u�GIHrG!"5sI[QPXCED)[\DdstW"K�HXK�s PXGIHIy

2�D PXW�G�sICED`PXHXK�H=_E�dK�sIsICEHcF�[\D�h PXC K acGIsICED�FA[\D`PXGIHc��HcG PtKTPX[\CED ' CMC )��ZYZK�M�[\D�h N�acG;C�udPX[\Y}G! 
F�GI��GID�F�GID`P F�GID�ac[QP�_ u�N�D�s PX[\CED"K�O�PXGIstW�D�[76�N�GIa�PXW�GZ��� GID�GIHchE[\GIa�q�GIHcG}u�CEN�D�F - :���D � PXW�GZJ"HcGID�M�GIO
G!"5sI[QPXCED�y�J"CEH�PXW�[\a�HcGzK�acCEDVPXW�G Y}[ "5[\D�h}C�u
��C�PXWVP�_b��G C�u
G!"5sI[QPXCED�a��`_1GIO\GIs PXHcCED K�D�F1W�CEO\G�PXHXK�D�a  
u�GIH�[\a�D�C�P�G!"5��GIs PXGIF PXC [\D O"N�GID�sIG a=PXHcCED�hEOQ_�PXW�G�K���acCEHc�5PX[\CEDVO\[\D�GIacW"K���G 5�K�a�KZsICED�acG�6�N�GID�sIG���PXW�G
K���acCEHc�5PX[\CED1K�D�F ��W�C�PXCEO\N�Y}[\D�GIacsIGID�sIG�F"KTPtK K�HcG�[\D`PXGIHc��HcG PXGIF N�D�[76�N�GIOQ_)[\DVPXGIHcY}a�C�u'J"HcGID�M�GIO�G!". 
sI[QPXCED ' � �E�5� � � � )�y
�nW�G�O\C q�GID�GIHch�_��"K�D�F)[\Db3"h�y � �lszK�D)��G�K�sIsICEHcF�[\D�hEOQ_ [\D`PXGIHc��HcG PXGIFVK�a�W"Kzfb[\D�h
CED�OQ_dJ"HcGID�M�GIO�G!"5sI[QPXCED�stW"K�HXK�s PXGIHIy

�nW�G}hEC`K�O�C�u�PXW�[\a�HcGIacGzK�HcstW [\a�PXW�G}a=PXN�F5_ C�u�PXW�Gl��HcCE��GIH=PX[\GIa9C�u ��D�� �iH6��� :��������iH6� ) Y}CEO\GIsIN�O\GIaI�
PXW�GIHcG u�CEHcG�aXK�Y}��O\GIal[\D/sIH=_ba=PtK�O\O\[\D�GZu�CEHcY K�HcG�D�C�PlacN�[QPXGIF/u�CEH�PXW�G�acsICE��G�y �nW�GI[\Hlac��GIs PXHXK W"KzfEG
��GIGID acW�C qrD W�GIHcGlK�a�K HcG u�GIHcGID�sIG�PXC G!"5GIY}��O\[Quv_)PXW�G CE�5PX[\szK�O���HcCE��GIH=PX[\GIa�C�u D�� � :��!:.��Y}CEO\GIsIN�OkK�H
a=PXHcN�s PXN�HcGIaI�L��N5PrPXW�G _)K�HcG�D�C�Pru�N�H=PXW�GIHrsICED�ac[\F�GIHcGIF�y

�N.�� 1 ?��=	 �
6A$' L��?�$�8�� ��#=6A�

��D PXW�[\a acGIs PX[\CED��
PXW�GdCE�5PX[\szK�O���HcCE��GIH=PX[\GIa C�u�K ��HcC�PXC�P�_b��[\szK�O K�Y}CEHc��W�CEN�a�8;:!<4=?>�@BAg3"O\Y@K�HcG
G!"5��GIHc[\Y}GID`PtK�O\OQ_Za=PXN�F�[\GIF���PXCEhEG PXW�GIHnqr[QPXWdPXW�GI[\H f�K�Hc[kKTPX[\CEDZqr[QPXW�PXW�G�PXGIY}��GIHXKTPXN�HcG�y

�nW�GZhEHcC qnPXW C�unCEHch`K�D�[\sP3"O\Y}a�N�D�F�GIH��"K�H=PX[\sIN�OkK�H9G!"5��GIHc[\Y}GID`PtK�O
sICED�F�[QPX[\CED�aZw��"K�acGZ��HcGIacacN�HcG



� ��� =*� H6� �5�bD�� ����D / ,�� �6� , �*$

' � � � � 8 ��� Y �"K�HI� � 7 ���87 � � � � {�CbsIsIN�Hca��5�bD�� ����D / , �E[\D�F�GI��GID�F�GID`PXOQ_�u�HcCEY PXW�G'acN���a=PXHXKTPXG�' ��#��
#`�*)>5E[\D�a=PXGzK�F C�uLK�HcGIhEN�OkK�H�sIH=_ba=PtK�O\O\[\D�G
Y}CEO\GIsIN�OkK�H�GID`fb[\HcCED�Y}GID`P^K�D�CED5 �CEHcF�GIHcGIF a=PXHcN�s PXN�HcG HcGIacN�OQPXaI�
[�y G�y�qr[QPXW�CEN5Prac�"KTPX[kK�O���GIHc[\CbF�[\sI[QP�_ K�D�F�qr[QPXWdfEGIH=_du�G q�acYZK�O\O:sIH=_ba=PtK�O\O\[ i KTPX[\CED D�N�sIO\GzKlGID�sIO\CEacGIF�y
�nW�Glu�CEHcYZKTPX[\CED1C�u�OkK�HchEG�sIH=_ba=PtK�O\O\[\D�G ��W"K�acGIa�[\D�ac[\F�G�acN�stW�Y}CEO\GIsIN�OkK�Ho3"O\Y}a�[\a���HcG fEGID`PXGIF �`_

GID�GIHchEG PX[\s�HcGzK�acCED�aI�rKTP ��� 7 � � �!PXW�GP8;:!<4=?>�@BAlY}CEO\GIsIN�O\GIarW"KzfEG D�C�P�GID�CEN�hEWVOkKTPXGIHXK�O�Y}CE��[\O  
[QP�_(' #`�5� � �`�&)�PXC�HcGzK�stW��`KTuvPXGIH�PXW�G�F�GI��CEac[QPX[\CED��T��CEac[QPX[\CED�a�K�D�F Y N5PXN"K�O�CEHc[\GID`PtKTPX[\CED�a�PXW"KTP�Y}[\D�[\Y}[ i G
PXW�GrsICED 3"hEN�HXKTPX[\CED"K�O5GID�GIHch�_lK�D�F�PXC�u�CEHcY!sIH=_ba=PtK�O\O\[\D�G�a=PXHcN�s PXN�HcGIaIy�gbN�stW}O\C q OkKTPXGIHXK�O5Y}CE��[\O\[QP�_9[\aI�
W�C q�G fEGIHI�5K�stW"K�HXK�s PXGIHc[\a=PX[\s HXK�HcGnK�Y}CED�h�PXW�G CEHch`K�D�[\sIaI�`ac[\D�sIGnCED�OQ_���[\hEhEGIH�K�D�FlW�GzKzfb[\GIH^Y}CEO\GIsIN�O\GIa
K�HcG9CE��acGIH=fEGIF)PXC}HcGIa=P 3 "�CEDdPXW�G9acN���a=PXHXKTPXG�KTuvPXGIHnPXW�G9F�GI��CEac[QPX[\CED � y

R �7R �i� 7 (5Z[+�(.��V ���,��(t�,(.+�(5���,(5�������iZ[(g��(5W���kn�(5� ���,� ��(5WY�M(5���M(

��D/CEHcF�GIH�PXC a=PXN�F5_�PXW�G�O"N�CEHcGIacsIGID�sIG)��HcCE��GIH=PX[\GIa C�u�K�Y}CEHc��W�CEN�a aXK�Y}��O\GIa K�D�F PXC ��HcCbC�unPXW�GI[\H
F�GIhEHcGIG�C�u�a=PXHcN�s PXN�HXK�O�a=PtK���[\O\[QP�_ qr[QPXW}PXW�G�PXGIY}��GIHXKTPXN�HcG���� :�� ��:����"�0/��!:&� : ��:���� :����^PX[\Y}GrHcGIacCEOQfEGIF
O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXKlK�D�F�PXHXK�D�ac[\GID`PXanC�u�K 3"O\Y7F�GI��CEac[QPXGIF)CEDr6�N"K�H=P i W"KzfEG���GIGID)Y}GzK�acN�HcGIFdu�CEH
PXGIY}��GIHXKTPXN�HcG'u�HcCEY � 7 � � ��PXC��*$�� ��yS�nW�G HcGIacN�OQPXa�W"KzfEG�PXC���G�sICEY}�"K�HcGIF�qr[QPXW�PXW�CEacG�CE�5PtK�[\D�GIF
u�CEHrK ����� , � �5�6�7H6��:e3"O\Y�[\DdPXW�G9aXK�Y}G�PXGIY}��GIHXKTPXN�HcG9HXK�D�hEG}wk3"h�y � �`{ y

�3�i�,� ��(5WY�M(5���M(;W�+�(5������VhVX���]����VX��WY��(5����W
J�[\h�y �M� acW�C qraZPXW�G 6�N"K�ac[  /� � w�6�N"K�ac[�a=PXGzK�F5_* �a=PtKTPXG {mO"N�CEHcGIacsIGID�sIG ac��GIs PXHXK�C�u9K $��
U�4 PXW�[\stM
8;:!<4=?>�@BA�3"O\Y G f�K���CEHXKTPXGIF K�D�F Y}GzK�acN�HcGIF [\D.pbac[QPXN [\D /�0�1 KTP ���87 � � �ACEDh6�N"K�H=P i w��"K�acG
��HcGIacacN�HcG ' # � � �=8 ��� Y �"K�H �nF�GI��CEac[QPX[\CED HXKTPXG '��5y|�^U�4 �TY}[\D"{ y �nW�GVPXGIY}��GIHXKTPXN�HcGVW"K�aZ��GIGID
acN�sIsIGIacac[QfEGIOQ_)HXK�[\acGIFdPXC}�*$�� ��y"J�[\h�y � ��acW�C qrarPXW�G�PXGIY}��GIHXKTPXN�HcG�F�GI��GID�F�GID`PoO"N�CEHcGIacsIGID�sIG�PXHXK�D5 
ac[\GID`PXa9C�u
PXW�G�sICED�ac[\F�GIHcGIFh3"O\Y)��K�a�F�G PXGIs PXGIF�KTP � �E���E��sIY�8 � y���D ��C�PXW szK�acGIa�PXW�G�G!"5sI[QPtKTPX[\CED [\a
KTP �	 7 � �*$ C Q�sIY 8 � y ~�uvPXGIH�HcGzK�stW�[\D�h}PXW�G9PtK�HchEG PrPXGIY}��GIHXKTPXN�HcG��"PXW�G�sICEY}��O\G PXG�PXW�GIHcYZK�O\[ i KTPX[\CED
C�u�PXW�G a=_ba=PXGIY sICEO\F 3"D�hEGIH � aXK�Y}��O\G W�CEO\F�GIH � aXK�Y}��O\G1q K�a)q K�[QPXGIF wxKTP�O\GzK�a=PV�E�/Y}[\D�N5PXGIa
�"K�N�acG���G u�CEHcG�KZD�G q!Y}GzK�acN�HcGIY}GID`P { y9��D1PXW�G sICEN�HcacG�C�u^PXW�G�Y}GzK�acN�HcGIY}GID`PXa�PXW�G�G!"5��GIHc[\Y}GID`PtK�O
hEGICEY}G PXH=_ q K�a�D�C�P�stW"K�D�hEGIF�y��nW�G�K�s�6�N�[\ac[QPX[\CEDdPX[\Y}G�W"K�a���GIGIDVM�GI�5P�sICED�a=PtK�D`P�u�CEHrK�O\O:PXW�GeO"N�C  
HcGIacsIGID�sIG PXHXK�D�ac[\GID`PXa�N���PXC �E��� ����PXW�GID [QP�W"K�a���GIGID ��HcCEO\CED�hEGIF u�CEN�H9PX[\Y}GIa9u�CEH�PXW�GZOkK�a=P�P�q�C
Y}GzK�acN�HcGIY}GID`PXaIy
�nW�G�PXGIY}��GIHXKTPXN�HcG�W"K�ar��GIGID)acG P��`_�K�PXGIY}��GIHXKTPXN�HcG�sICED`PXHcCEO\O\GIHnK�D�F��`_ PX[\Y}GIOQ_
�"K�OkK�D�sI[\D�hnPXW�G O"N5"�C�u"O\[76�N�[\F9W�GIO\[\N�Y)y J�[\h�y �M� K�D�F 3"h�y � �nG fb[\F�GID�sIG�PXW"KTP�PXW�GIHcG�[\a ��D�,JH )!� H6�� �5���
�4���5� ) :�[\D;��C�PXW 6�N"K�ac[  /� � O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK/K�D�F O"N�CEHcGIacsIGID�sIG PXHXK�D�ac[\GID`PXadC fEGIH�K OkK�HchEG
PXGIY}��GIHXKTPXN�HcG�HXK�D�hEG�y���D1�"K�H=PX[\sIN�OkK�HI����G P�q�GIGID � 7���� � K�D�F � 7 � ��� ���"PXW�G 6�N"K�ac[  /� � O"N�CEHcG! 
acsIGID�sIGnac��GIs PXHXK�HcGIYZK�[\D���HXK�s PX[\szK�O\OQ_�N�D"K5�:GIs PXGIF���qrW�GIHcGzK�a^K�sICEHcHcGIac��CED�F�[\D�h
����� , � �5�6�7H6��:'PXW�[\D 3"O\Y
G!"5W�[\��[QPXa�HXK�F�[\szK�ObstW"K�D�hEGIa�wk3"h�y � �`{ y��nW�G N�D�a=PXHcN�s PXN�HcGIFmO"N�CEHcGIacsIGID�sIG�K�D�F�PXW�G D�GIhEO\[\hE[\��O\G
stW"K�D�hEG
��� � B H>G&O �QH�S����*S>C ;>B �QH�B A*PQBDC0? H>RTS<H>G&R H>R0J � R0; ? H �&;>R ? H � G&BDC G�H>G&R"J"RT?$S��&;>R0J"R0A@H�BDS�C0?6;>;>B RTP�O �QH�
 ��� B A*PQBDC0? H>RTS
H>G&R�H>R0J � R0; ? H �&;>R�? H � G&BDC G � ?$S G&O �DP H>G&R�S����*S H>; ? H>R�P �&;>B A&="H>G&R�PQR � O@SLB H>B O$A O�� H>G&R�J"O � RTC�� �D?6; � � J %

� � A@H>G&; ?$C R0A&R 
 � O$;:R �&?6J � � R 
 P �&R�H>O B H S<SLJ ? � � PQB J"R0A*SLB O$A*S<?6A*P � R0B =$G@H�
*G*?$S � R0R0A�PQR0J"O$A*S H>; ? H>RTP U �6Y6Z H>ONG*? � R
?�J ?6;��$RTP H>R0A*PQR0A*C �H>O J"O � R ?6A*P�H>O�� O$;>J ?6=$=$;>R0=@? H>RTS�? �DSLO ? H � R0;� � O�� H>R0J � R0; ? H �&;>R ?6A*P�H>O C ;�QS H ? � � B �0R
B ;>;>R � R0; SLB � �  � O$; H>R0J � R0; ? H �&;>R�? � O � R � � ��� ��� %



�E� �T8 	 '	E�/*� 	 8 	2�P=�E ��� 8 	l<4=?>�@BA A��U@BA�����	2� 	2�P= 	2��1 A������B8 	2�P=�E

12000 14000 16000 18000 20000

In
te

ns
ity

 [
a.

u.
]

ν [cm−1]

T=370K

T=300K

T=200K

T=110K

T=50K

T=10K

� �
� �?� ��� ��GIY}��GIHXKTPXN�HcG F�GI��GID�F�GID`P 6�N"K�ac[  /� � O"N�CEHcGIacsIGID�sIG%ac��GIs PXHXK C�u K $��
U�4 PXW�[\stM
8;:!<4=?>�@BA 3"O\Y F�GI��CEac[QPXGIF+KTP � 7 ��� 7 � � � CED 6�N"K�H=P i y j "5sI[QPtKTPX[\CED KTP
�	 7 � �*$ C Q�sIY�8 � y��nW�G�N�D�a=PXHcN�s PXN�HcGIF�O"N�CEHcGIacsIGID�sIG�K�D�F}PXW�G�D�GIhEO\[\hE[\��O\G�stW"K�D�hEG�[\DlPXW�G
ac��GIs PXHXKVN���CED�PXGIY}��GIHXKTPXN�HcGlf�K�Hc[kKTPX[\CED�K�HcG}PXW�GZYZK�[\D�G fb[\F�GID�sIGIa�C�u PXW�G K�Y}CEHc��W�CEN�a
D"KTPXN�HcG�C�u�PXW�G	3"O\Y)y

[\Dlac��GIs PXHXK�N���CED}PXGIY}��GIHXKTPXN�HcGnf�K�Hc[kKTPX[\CEDlK�HcGnPXW�GrYZK�[\DlG fb[\F�GID�sIGIa�C�u:PXW�G�K�Y}CEHc��W�CEN�a
D"KTPXN�HcG�C�u
PXW�G93"O\Y)y�~�O\acC}PXW�G9O"N�CEHcGIacsIGID�sIGlF�GIszKz_)PX[\Y}G�Y}GzK�acN�HcGIF KTP �	 7 � �E���E��sIY�8 � F�CbGIa�D�C�P�stW"K�D�hEG
K�����HcGIsI[kK���OQ_�C fEGIH'PXW�G�sICED�ac[\F�GIHcGIF HXK�D�hEG�C�u�PXGIY}��GIHXKTPXN�HcGIaIy�~ P�HcCbCEY PXGIY}��GIHXKTPXN�HcGr[\D.pbac[QPXN��`PXW�G
Y}CEO\GIsIN�OkK�H 3"O\Y PXN�HcD�a�CEN5P�PXC}��G�a=PX[\O\O�D�CED5 �CEHcF�GIHcGIF1G fEGID1[Qu�sIH=_ba=PtK�O\O\[\D�G�D�N�sIO\GzKTPX[\CED)ac[QPXGIa�[\D�ac[\F�G
PXW�G�3"O\Y K�HcG
G fb[\F�GID`PXOQ_9K�O\HcGzK�F5_���HcGIacGID`P � y�p�C�K�����HcGIsI[kK���O\G�f�K�Hc[kKTPX[\CED�N���CED�PXGIY}��GIHXKTPXN�HcG^stW"K�D�hEG
[\a�fb[\ac[\��O\G�K�O\acClKTPnF�[ �:GIHcGID`PrF�G PXGIs PX[\CEDdu�HcG�6�N�GID�sI[\GIa�w �	 7 � QE�E�E��sIY�8 � K�D�F �	 7 � �E�*$���sIY�8 � ��D�C�P
acW�C qrDL{ y3��D K�Y}CEHc��W�CEN�ab8;:!<4=?>�@BAh3"O\Y}aI�nsICED`PXHXK�H=_ PXC sIH=_ba=PtK�O\O\[\D�G)CED�GIaI�nPXW�G1��HcGIacGID�sIG C�u
PXW�GIHcYZK�O"K�s PX[Qf�KTPXGIF}��HcCbsIGIacacGIa�szK�D}��GnPXW�GIHcG u�CEHcG�G!"5sIO\N�F�GIFZCEDZK�DlG!"bPXGID�F�GIFZPXGIY}��GIHXKTPXN�HcGrHXK�D�hEG�y

� � CXH �*? � � �B H�G*?$S � R0R0A�R � � R0;>B J"R0A@H ? � � �O �*SLR0; � RTP H>G*? H � Y G&O �&; S<?6A&A&RT? � B A&= ? H V � ��� ! ?6;>R S����NC B R0A@H<H>O C O$J"R
H>O ? C O$J � � R H>R�C ;�QS H ? � � B �T? H>B O$A O�� H>G&R � � J



� ��� =*� H6� �5�bD�� ����D / ,�� �6� , � C

0 5 10 15 20 25

In
te

ns
ity

 [
a.

u]

 t [ns]

T=370K

T=300K

T=200K

T=110K

T=50K

T=10K

� �
� �?�5% � ��GIY}��GIHXKTPXN�HcG�F�GI��GID�F�GID`P?O"N�CEHcGIacsIGID�sIG�PXHXK�D�ac[\GID`PXa'C�u�PXW�G�K�Y}CEHc��W�CEN�al3"O\Y C�u)3"h�y �M� y
j "5sI[QPtKTPX[\CED�KTP �	 7 � �*$ C Q�sIY 8 � y'o�G PXGIs PX[\CED)KTP � �E���E��sIY 8 � y

R �7R �7% � Z[� ��+��,����W . �iZ W VX��� (��,�*�iZ[(.� W

��CED�sIGIHcD�[\D�hlPXW�G9CE�5PX[\szK�O���HcCE��GIH=PX[\GIaI�5P�q�C K�HcG�PXW�G9YZK�[\DdstW"K�HXK�s PXGIHc[\a=PX[\sIarC�u�K�Y}CEHc��W�CEN�a?3"O\Y}aI�
K`{n�nW�G _VG!"5W�[\��[QP�K Z[���,��Z[(.� �i�gV 	 W�� ��+,������� ac��GIs PXHcN�Y)��qr[QPXW1K}hEGID�GIHXK�O�acW"K���G9H6��� : ��:�� �

� :���� D�1 � �6� ��� H ���=��:�,0, ' � C � � �`�&)�y��nW�[\arK�ac��GIs PrHcG O"GIs PXanPXW�G�F�[\acCEHcF�GIHcGIF�[\D`PXGIHcD"K�O�3"O\Y7a=PXHcN�s PXN�HcG
stW"K�HXK�s PXGIHc[ i GIF �`_ H6,!D`PXHcCE��[\sZ[\D`PXGIHXK�s PX[\CED/K�Y}CED�h1PXW�GdY}CEO\GIsIN�O\GIa�w�N�D�O\[\M�GZPXW�G��5� �iH6,!D`PXHcCE��[\sZ[\D5 
PXGIHXK�s PX[\CED�P�_b��[\szK�O'C�urK)sIH=_ba=PtK�O\O\[\D�GlGID`fb[\HcCED�Y}GID`P { � PXW�GZG!"5sI[QPXGIF a=PtKTPXGZC�u PXW�G�3"O\Y%[\a�K�s PXN"K�O\OQ_
K)F�[\a=PXHc[\��N5PX[\CED C�u G!"5sI[QPXGIF a=PtKTPXGIa�C�u �bD���D��b:�� K�D�F�u�CEH9PXW�[\a9HcGzK�acCED�PXW�GZK���acCEHc�5PX[\CED�HcGIYZK�[\D�a
Y}CED�CEY}GIHc[\s�y

�L{��nW�G1K�Y}CEHc��W�CEN�am3"O\Y}alG!"5W�[\��[QP}D�GzK�HcOQ_ W ��� �������,��("��(5WYW ���,� ��(5WY�M(5���M( ac��GIs PXHcN�Y [\D K
OkK�HchEG�PXGIY}��GIHXKTPXN�HcG HXK�D�hEG)wk3"h�y �M� { y��nW�[\a�[\aB6�N�[QPXG�F�[ �:GIHcGID`P�u�HcCEY�PXW�G�sICEY}��O\G!"1PXGIY}��GIHXKTPXN�HcG
F�GI��GID�F�GID`P}GIY}[\acac[\CED C�ursIH=_ba=PtK�O\O\[\D�G�3"O\Y}a wk3"h�y � �`{�K�D�F u�HcCEY%PXW�GdY}CED�CEY}GIHeO"N�CEHcGIacsIGID�sIG�[\D
acCEO\N5PX[\CED wk3"h�y:�`{ y�J"N�H=PXW�GIHcY}CEHcG��:K�Y}CEHc��W�CEN�ao3"O\Y}a�N�acN"K�O\OQ_�G!"5W�[\��[QP�K}��[\h�g�PXCEM�GIa  �acW�[QuvPlwvPXW�CEN5 



#`� �T8 	 '	E�/*� 	 8 	2�P=�E ��� 8 	l<4=?>�@BA A��U@BA�����	2� 	2�P= 	2��1 A������B8 	2�P=�E

aXK�D�F�a�C�uZsIY 8 � �:PXW"KTP�[\D�sIHcGzK�acGIa�qr[QPXW1PXW�G93"O\Y�PXW�[\stM�D�GIacat{�K�D�F D�CED5 �G!"5��CED�GID`PX[kK�O�O"N�CEHcGIacsIGID�sIG
F�GIszKz_baIy
�nW�GrOkK�stM�C�u�u�GzKTPXN�HcGIa
[\DP6�N"K�ac[  /� � O\C q PXGIY}��GIHXKTPXN�HcG?O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK9C�u�3"h�y �M� K�D�F�PXW�G

a=PXHcCED�h g�PXCEM�GIa pbacW�[QuvP�w�GIa=PX[\YZKTPXGIF ��PXC ' # � �E��sIY�8 � { szK�D)��G9[\D`PXGIHc��HcG PXGIF1K�anPXW�G9G!"5��GIHc[\Y}GID`PtK�O
G fb[\F�GID�sIG C�urK�D (��,�*�iZ[(.�t�$#�+�( ���,� ��(5WY�M(5���M( y)�nW�G D"KTPXN�HcG}C�unG!"5sI[\Y}GIHca K�D�F�PXW�GI[\H	O"N�CEHcG! 
acsIGID�sIG���HcCE��GIH=PX[\GIarK�HcG9F�GIacsIHc[\��GIF)[\DdPXW�G�u�CEO\O\C qr[\D�h�y

���,�*�iZ[(.� W9VX��� (��,�*�iZ[(.� ���,� ��(5WY�M(5���M(
� q�C�[\F�GID`PX[\szK�OEY}CEO\GIsIN�O\GIaI� PXW�G'Y N5PXN"K�O`[\D`PXGIHXK�s PX[\CED�C�u5qrW�[\stW�szK�N�acGIa�[\D9PXW�G )��!D / ����a=PtKTPXG�Kn��CED�F
PXC9��Gn��N�[\OQP�N����`u�CEHcY K�F�[\Y}GIH ' � �E�5� � ��# )�y���DlsICED`PXHXK�a=Pz��[Qu:K���CED�Fl��G P�q�GIGID}P�q�C�G�6�N"K�O�Y}CEO\GIsIN�O\GIa
szK�DV��G���N�[\OQPrN��VCED�OQ_ qrW�GID1CED�G�C�u�P�q�CZ[\ar[\D)[QPXa	:���qH$� :.�1a=PtKTPXG��LPXW�G�a=PtKTPXG�K�acacCbsI[kKTPXGIF�PXCZacN�stW
K��"K�[\H [\anszK�O\O\GIF (��,�*�iZ[(.� wL:���qH� �PXGIF)F�[  ��b:��T{ y�e���CED�F�GzK�s PX[Qf�KTPX[\CED��bPXW�G9sICEN���O\[\D�h���G P�q�GIGID)PXW�G
P�q�C�Y}CEO\GIsIN�O\GIa�[\a�O\CEa=P9K�D�F PXW�GlG!"5sI[\Y}GIH�F�[\acacCbsI[kKTPXGIaI��[QPXa�hEHcCEN�D�F a=PtKTPXG�[\a�K�s PXN"K�O\OQ_VHcGI��N�O\ac[QfEG�y
�nW�G�G!"5sI[\Y}GIHru�CEHcYZKTPX[\CEDd[\a�K}F5_bD"K�Y}[\s9��HcCbsIGIaca�PXW"KTP�PtK�M�GIa���OkK�sIG���G P�q�GIGID1P�q�CdK�����HcCE��Hc[kKTPXGIOQ_
CEHc[\GID`PXGIF�Y}CEO\GIsIN�O\GIa@5�PXW�G a=PtKTPXGnK�acacCbsI[kKTPXGIF PXC�PXW�[\a��"K�[\H�[\a�GID�GIHchEG PX[\szK�O\OQ_9uxKzfECEN�HcGIF}K�D�F O\[\GIa�O\C q�GIH
qr[QPXW HcGIac��GIs P�PXCdPXW�G}GID�GIHch�_ O\G fEGIO
C�u'PXW�GlG!"5sI[QPXGIF�Y}CEO\GIsIN�O\G�y �nW�G}G!"5sI[\Y}GIH�u�CEHcYZKTPX[\CED1szK�N�acGIa
F�GIO\CbszK�O\[ i KTPX[\CED C�u�G!"5sI[QPtKTPX[\CED�CED ��C�PXW;Y}CEO\GIsIN�O\GIaIy!gb[\D�sIG1PXW�G [\D`PXGIHXK�s PX[\CED���G P�q�GIGID G!"5sI[QPXGIF
K�HcCEYZKTPX[\s�Y}CEO\GIsIN�O\GIa�[\a�hEGID�GIHXK�O\OQ_1KTPcPXHXK�s PX[QfEG���PXW�G�G!"5sI[\Y}GIH�u�CEHcYZKTPX[\CEDV[\a9K�O\HcGzK�F5_VCE��acGIH=fEGIF�[\D
sICED�sIGID`PXHXKTPXG�acCEO\N5PX[\CEDdC�u�K�D�N�Y ��GIHrC�u�CEHch`K�D�[\s�sICEY}��CEN�D�F�a ' � ��#�� � �`�&)�y
2�D)PXW�G��"K�acG�C�u^[QPXarstW"K�HXK�s PXGIHc[\a=PX[\sIa�K�D)G!"5sI[\Y}GIH�G!"5W�[\��[QPXanPXW�G9u�CEO\O\C qr[\D�h�CE�5PX[\szK�O���HcCE��GIH=PX[\GIaI�

� y|{ �nW�G�G!"5sI[\Y}GIHna=PtKTPXG�[\a ��N�[\OQP a=PtK�H=PX[\D�h u�HcCEY7G!"5sI[QPXGIF�a=PtKTPXGIarC�u�Y}CEO\GIsIN�OkK�H'Y}CED�CEY}GIHcaI�bPXW�GIHcG! 
u�CEHcGrH$��,�D � �iH � �5� � -5,!D�� � �iH�D�� H6,mH�� :����iH � �5� � D � -5,!D�� � �iH�D��]D�1 �bD���: ��/ � �,� �bD���D��b:��0,Iy �by|{A�nW�G
G!"5sI[\Y}GIH9GID�GIHch�_ O\G fEGIO^[\a9O\C q�GIH�PXW"K�D�Y}CED�CEY}GIH�CED�G���sICED�acG�6�N�GID`PXOQ_ PXW�GlG!"5sI[\Y}GIH	O"N�CEHcGIacsIGID�sIG
ac��GIs PXHcN�Y [\a �!:.� ,0� H61�� :.�/qr[QPXW/HcGIac��GIs PlPXC PXW"KTPlC�u�Y}CED�CEY}GIHIy �`{ gb[\D�sIGdPXW�GdG!"5sI[\Y}GIH�[\a�D�C�P
��CEN�D�F [\D [QPXa}hEHcCEN�D�F a=PtKTPXG��n[QPXamO"N�CEHcGIacsIGID�sIG [\a}GIacacGID`PX[kK�O\OQ_;/ � , � � / ���0/��!:.�Ly #�{��nW�GVCE�5PX[\szK�O
PXHXK�D�ac[QPX[\CED)u�HcCEY>G!"5sI[QPXGIF PXC hEHcCEN�D�F a=PtKTPXG�[\a�D�C�P9K�O\O\C q�GIF1u�CEH��"K�Hc[QP�_V[\D1G!"5sI[\Y}GIH�a=PtKTPXGIa ' � ��# )��
PXW�GIHcG u�CEHcG�PXW�G	O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G�C�u�G!"5sI[\Y}GIHcar[\anhEGID�GIHXK�O\OQ_+��D�� ) :��9PXW"K�D)Y}CED�CEY}GIH CED�G�y
�nW�GVG!"5sI[\Y}GIHlu�CEHcYZKTPX[\CED [\a}G!"bPXHcGIY}GIOQ_/acGID�ac[QPX[QfEGVCED PXW�G)HcGIOkKTPX[QfEG�CEHc[\GID`PtKTPX[\CED C�u�PXW�G)P�q�C

Y}CEO\GIsIN�O\GIanC�u�PXW�G9�"K�[\HIy
��D)PXW�G9szK�acG�C�u�CEHch`K�D�[\s�Y}CEO\GIsIN�O\GIa qr[QPXW�G!"bPXGID�F�GIF �G �GIO\GIs PXHcCED)a=_ba=PXGIY}a
PXW�GI[\HnC fEGIHcOkK��)[\arK���HcGIHcG�6�N�[\ac[QPXG�u�CEHrK�a=PXHcCED�h}[\D`PXGIHXK�s PX[\CED ' � ��#�� � �MQ*)�y
��u
PXW�G Y}CEO\GIsIN�OkK�H�GID`fb[\HcCED�Y}GID`P�[\a�W�[\hEW�OQ_)CEHcF�GIHcGIF wxK�a�[\D1Y}CEO\GIsIN�OkK�H�sIH=_ba=PtK�O\at{rPXW�G�G!"5sI[\Y}GIH

u�CEHcYZKTPX[\CEDd[\a���CEacac[\��O\G9CED�OQ_�[Qu�PXW�G�Y}CEO\GIsIN�OkK�HrK�HcHXK�D�hEGIY}GID`P���GIHcY}[QPXaracN�stW C fEGIHcOkK�� 5LPXW�[\ar[\arPXW�G
szK�acGVC�u�sICEHcCED�GID�G ' �MQ*)�� �� ���GIH=_bO\GID�G ' �`�&)rCEH}�`_bHcGID�G ' � ��# )rsIH=_ba=PtK�O\aI� qrW�GIHcG1K �"K�[\H=qr[\acG)�"K�stMM 
[\D�h a=PXHcN�s PXN�HcG)F�CbGIalG!"5[\a=P 5r��N5P}[QPl[\a7��D �9PXW�G�szK�acG)C�u�K�D`PXW�HXK�sIGID�G ' � �*$&)��'D"K���W`PXW"K�O\GID�G ' � �E�*)��
PXG PXHXK�sIGID�G+' � � C )�CEH32) ���GIH=_bO\GID�G ' �`�&)���qrW�GIHcG9D�C}G!"5sI[\Y}GIH?O"N�CEHcGIacsIGID�sIG�[\a fb[\ac[\��O\G�y
� � G&R �@H>O �$RTS WQSLG&B � H BDS RTS H>B J ? H>RTP"?$S PQB � R0;>R0A*C R � R H � R0R0A H>G&R � O@SLB H>B O$A"O�� H>G&R � �&O$;>RTS>C R0A*C R J ? �QB J	�&J B A S�� RTCXH>; ?
O����*=(%*V$V<?6A*P H>G&R<J ? �QB J	�&J B A�� �&O$;>RTS>C R0A*C R R �&C B H ? H>B O$ANS�� RTCXH>; ? U Y � Z J"RT?$S��&;>RTP �&A*PQR0; SLB J"B �D?6; R � � R0;>B J"R0A@H ? �
C O$A*PQB H>B O$A*S %



� ��� =*� H6� �5�bD�� ����D / ,�� �6� , # �

��u
PXW�G�Y}CEO\GIsIN�OkK�HrGID`fb[\HcCED�Y}GID`P�[\a ��D �nCEHcF�GIHcGIF wxK�a�[\D K�Y}CEHc��W�CEN�a�Y}CEO\GIsIN�OkK�H 3"O\Y}at{ �LPXW�GIHcG
[\a K)a=PtKTPX[\a=PX[\sZF�[\a=PXHc[\��N5PX[\CED�C�unHcGIOkKTPX[QfEGZCEHc[\GID`PtKTPX[\CED�a9C�unPXW�GZY}CEO\GIsIN�O\GIaIy)�nW�GIHcGd[\a9PXW�GIHcG u�CEHcGdK
F�[\a=PXHc[\��N5PX[\CED�C�ubY}CEO\GIsIN�OkK�H:�"K�[\Hca:PXW"KTPz�S[\D�PXW�G^G!"5sI[QPXGIF�a=PtKTPXG��SszK�D9hE[QfEG^Hc[\acG�PXCnG!"5sI[\Y}GIH�u�CEHcYZKTPX[\CED 5
u�CEH�PXW�[\a�HcGzK�acCEDlK�P�_b��[\szK�ObG!"5sI[\Y}GIH�GIY}[\acac[\CED�szK�D���G�CE��acGIH=fEGIFZK�O\acC�[\D�K�Y}CEHc��W�CEN�a�3"O\Y}a�C�u"PXW�CEacG
Y}CEO\GIsIN�O\GIa PXW"KTPrF�ClD�C�P�G!"5W�[\��[QPrG!"5sI[\Y}GIH?O"N�CEHcGIacsIGID�sIG�[\D�ac[\D�hEO\G�sIH=_ba=PtK�O\aIy
o�[ �:GIHcGID`PXOQ_ u�HcCEY@PXW�G)szK�acGVC�u�G!"5sI[\Y}GIHcal[\D Y}CEO\GIsIN�OkK�H�sIH=_ba=PtK�O\aI��[\D K�Y}CEHc��W�CEN�aP3"O\Y}alD�C�P

CED�G�����N5P9K �.H6, � �JH�-"/ �iH�D��1C�u'F�[ �:GIHcGID`P�G!"5sI[\Y}GIH�sICED 3"hEN�HXKTPX[\CED�a�G!"5[\a=PXaIy���CED�acG�6�N�GID`PXOQ_E��PXW�GIHcG�[\a
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N�D"K5�:GIs PXGIF N���CED PXGIY}��GIHXKTPXN�HcG stW"K�D�hEG�wxK�a q�GIO\OnK�a PXW�GdCE��acGIH=fEGIF ac��GIs PXHXK�On[\D�W�CEY}CEhEGID�GI[QP�_�{ �
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m W�GID�PXW�G CEHch`K�D�[\s 3"O\Y�[\a�F�GI��CEac[QPXGIF�CEDlK ��D�� �iH6��� :��������iH6� )ZacN���a=PXHXKTPXG��EPXW�GnCE��acGIH=fEGIF}stW"K�D�hEG
[\D O"N�CEHcGIacsIGID�sIG F5_bD"K�Y}[\sIalN���CED 3"O\Y@PXW�[\stM�D�GIacaZf�K�Hc[kKTPX[\CED/[\alF�CEY}[\D"KTPXGIF �`_ PXW�GVG!"5sI[QPtKTPX[\CED
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O"N�CEHcGIacsIGID�sIG9PXHXK�D�ac[\GID`Pr[\arK , /-��:�� ��D�,JH$�iH�D��dC�u�sICED`PXHc[\��N5PX[\CED�a stW"K�HXK�s PXGIHc[ i GIF)�`_dF�[ �:GIHcGID`PrF�GIszKz_
PX[\Y}GIa�K�D�F [QP�K�����GzK�Hca�D�CED5 �Y}CED�CbG!"5��CED�GID`PX[kK�O�ye2�D PXW�G�sICED`PXHXK�H=_E�:PXW�G O"N�CEHcGIacsIGID�sIG}ac��GIs PXHcN�Y
F�CbGIarD�C�PrstW"K�D�hEG�K�����HcGIsI[kK���OQ_E��ac[\D�sIG�PXW�G9GIY}[QPcPX[\D�h a=PtKTPXGIar��GIO\CED�h�PXCl[\acCEOkKTPXGIFdY}CEO\GIsIN�O\GIaIy
J"N�H=PXW�GIHcY}CEHcG��TPXW�G ��HcGIacGID�sIGnC�uLK�acN���a=PXHXKTPXG! �[\D�F�GI��GID�F�GID`P&#�H�-,�!D�� H � , / -5, � � / ���0/��!:�qr[QPXW���GzK�M�a

KTP �	 7 � $E� � ��sIY�8 � K�D�F �	 7 � $ #M#`��sIY�8 � w�F�C�PcPXGIF O\[\D�GIad[\D]3"h�yL�E�5y ~ ���r{ZGID�acN�HcGIa�PXW"KTPdPXW�G
Y}CEO\GIsIN�O\GIa �.H��(��D � ,JH6� � [\D`PXC PXW�G K�HchECED�OkKz_EGIHIy ��u9PXW�[\aZq�CEN�O\F;��GVPXW�G szK�acG���K O\CEacaZC�u9PXW�G
acN���a=PXHcN�s PXN�HcG1[\D/PXW�GrO"N�CEHcGIacsIGID�sIG1ac��GIs PXHcN�Y acW�CEN�O\F ��G)CE��acGIH=fEGIF�y �nW�[\aZK�ac��GIs PZ[\a}��CE[\D`PXGIF
CEN5P�[\D�F�G PtK�[\O
[\D�PXW�G D�G!"bP acN���acGIs PX[\CED qrW�GIHcG��
K�a K�u�N�H=PXW�GIH�a=PXGI����PXW�G G��:GIs PXa CED�PXW�GZa=_ba=PXGIY
w 8;:!<4=?>�@BA ��K�HchECED)ac�"K�sIGIH �EgbN���a=PXHXKTPXG {9[\D�F�N�sIGIF��`_�K�acO\[\hEW`P�K�D�D�GzK�O\[\D�h)K�HcG}a=PXN�F�[\GIF PXW�HcCEN�hEW
PXW�G9K�D"K�OQ_bac[\a C�u�PXW�G�f�K�Hc[kKTPX[\CED C�u,O"N�CEHcGIacsIGID�sIG���HcCE��GIH=PX[\GIa C�u�PXW�G�Y}CEO\GIsIN�OkK�H 3"O\Y7F�GI��CEac[QPXGIF�CED
PXCE��C�u�PXW�G9ac�"K�sIGIHIy

�e% � � �4jl(5���e���l���,( VX���,(.V!�i�i� � ��� �J\_^.`baPcedgf � V � � ���]W�+�VX�M(.� � &�� 	 W ����V ��( �	W #,W ��(5Z
�n[\Y}G9HcGIacCEOQfEGIF O"N�CEHcGIacsIGID�sIG ac��GIs PXHcCEacsICE�`_VszK�DV��G�N�acGIFVPXCZa=PXN�F5_�PXW�G�acG PcPXO\[\D�h}��HcCbsIGIaca�C�u�PXW�G
ac�"K�sIGIH�N���CED�acO\[\hEW`PrK�D�D�GzK�O\[\D�h�C�u�PXW�G�qrW�CEO\G�aXK�Y}��O\G�y
g�PtK�H=PX[\D�h�u�HcCEY7K F�[\a=PXHc[\��N5PX[\CED}C�u 8;:!<4=?>�@BA�Y}CEO\GIsIN�O\GIa'F�GI��CEac[QPXGIF�KTP � 7 ��� 7 � � ��K���C fEG

K ac�"K�sIGIH}sICED�F�GID�acGIF�CED K hEGID�GIHc[\s�[\D`PXGIHXK�s PX[\D�h acN���a=PXHXKTPXGVK�D�F [\D�sIHcGzK�ac[\D�h ��HcCEhEHcGIacac[QfEGIOQ_ PXW�G
PXGIY}��GIHXKTPXN�HcGVC�u�PXW�G1aXK�Y}��O\G�u�HcCEY � 7 � � �4PXC � 7;#`� ���'HXK�F�[\szK�OrstW"K�D�hEGIad[\D O"N�CEHcGIacsIGID�sIG
ac��GIs PXHXK}K�D�F)F�GIszKz_ba�szK�D)��G9CE��acGIH=fEGIF�y
~�s PXN"K�O\OQ_E�nK�OQPXW�CEN�hEW PXW�G K�HchECED OkKz_EGIHZ[\aZHc[\hE[\F K�D�F�a=PtK���O\G1KTP � 7 � � ����K�HXK�[\ac[\D�h�C�u�PXW�G

PXGIY}��GIHXKTPXN�HcGrqr[\O\O�[\D�F�N�sIG�YZK�[\D�OQ_ 
 acC�uvPXGID�[\D�h �bK�D�FZacG PcPXO\[\D�h�C�u:PXW�G�OkKz_EGIHIy�~�sIsICEHcF�[\D�h�PXC9PXW�G�F�[Qu  
u�GIHcGID`PoH6� H$�iH �5��sICED 3"hEN�HXKTPX[\CED�anC�u�PXW�GZw 8;:!<4=?>�@BA ��K�HchECED)ac�"K�sIGIH �EgbN���a=PXHXKTPXG {na=_ba=PXGIY)�"F�[ �:GIHcGID`P
HcGIac��CED�acGIa�W"KzfEG���GIGID)u�CEN�D�F�y

V ��� � ���,(.V!�i�i� �[���oW #,W ��(5Z W � �k������� �9W�+�VX�M(.�
~�a
��HcGIsIGIF�GID`PXOQ_}G!"5��GIHc[\Y}GID`PXGIF}[\DlCEN�H
hEHcCEN�����[Qu�PXW�G�K�HchECEDlOkKz_EGIH
[\a^[\D�[QPX[kK�O\OQ_ ��D��bD ) :���:�D / ,rK�D�F
���"�=�`N���CED q K�HcY}[\D�h�N��lC�uLPXW�GnaXK�Y}��O\G�PXW�Gnac�"K�sIGIH
��GIsICEY}GIa^acC�uvP
K�D�F�PXW�GnY}CEO\GIsIN�O\GIa�CED�PXW�G PXCE�
C�u�PXW�G K�HchECED OkKz_EGIH�PXGID�F�PXC�ac[\D�M9[\D�ac[\F�G
PXW�G�sICED�F�GID�acGIFlac�"K�sIGIHN' #`�*)�y��nW�GI[\H�[\D�[QPX[kK�O\OQ_�q�GIO\ObF�G 3"D�GIF
F�[\a=PtK�D�sIG^u�HcCEY PXW�G'acN���a=PXHXKTPXG'��GIsICEY}GIaI�TF�N�G
PXC�KrF�[ �:N�ac[\CED9��HcCbsIGIacaI�EKrF�[\a=PXHc[\��N5PX[\CED�C�u5F�[\a=PtK�D�sIGIaIy
~�a9K sICED�acG�6�N�GID�sIG���PXW�G CE��acGIH=fEGIF O"N�CEHcGIacsIGID�sIG}F5_bD"K�Y}[\sIa�stW"K�D�hEGIa�u�HcCEY K Y}CED�CbG!"5��CED�GID`PX[kK�O
F�GIszKz_ PXC}K�D�C fEGIHcOkK��)C�u�G!"5��CED�GID`PX[kK�O�F�GIszKz_barqr[QPXW�acO\[\hEW`PXOQ_ZF�[ �:GIHcGID`PnPX[\Y}GIaI�5F�GI��GID�F�[\D�h}CEDdPXW�G
HcGIOkKTPX[QfEG F�[\a=PtK�D�sIG u�HcCEY�PXW�G�acN���a=PXHXKTPXGlC�u'GzK�stW Y}CEO\GIsIN�O\G���PXW�N�a�PXC�K Y N�OQPX[  �G!"5��CED�GID`PX[kK�O�sIN�H=fEG
wk3"h�y"��#}K�D�Fr3"h�yX#*Q�[\D ' #`�*)v{ y

	���� � ���,(.V!�i�i� � ���4W #,W ��(5Z W � �k�����  
 ���	� � ^�
]W�+�VX�M(.�
��unPXW�GdK�HchECED OkKz_EGIH�[\a ��D ��[\D�[QPX[kK�O\OQ_gOLKTPz�^[QP�[\a�D�C�P a=PXHXK�[\hEW`Pcu�CEH=q K�HcF�PXC1��HcGIF�[\s P�qrW"KTP�M�[\D�F C�u
stW"K�D�hEG1szK�D�CbsIsIN�H w�N���CED q K�HcY}[\D�h�C�u�PXW�GVaXK�Y}��O\G { PXC�PXW�GgO"N�CEHcGIacsIGID�sIG ��HcCE��GIH=PX[\GIa}C�u�PXW�G
CEHch`K�D�[\s�Y}CEO\GIsIN�O\GIanF�GI��CEac[QPXGIF)CED�[QPzy
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Annealed above 40 KAs deposited
� �
� ��R1�
� j �:GIs P C�u K acO\[\hEW`P K�D�D�GzK�O\[\D�h K�����O\[\GIF PXC K a=_ba=PXGIY

w 8;:!<4=?>�@BA ��K�HchECED)ac�"K�sIGIH �EgbN���a=PXHXKTPXG { [\D�[QPX[kK�O\OQ_ ��D��bD ) :���:�D / ,;K�D�F ���"�=y e���CED
Hc[\ac[\D�h}N��1C�u^PXW�G�PXGIY}��GIHXKTPXN�HcG K���C fEG�PXW�G9#`� ���LPXW�G K�HchECEDVOkKz_EGIH���GIsICEY}GIa�acC�uvP�K�D�F
PXW�G�Y}CEO\GIsIN�O\GIarac[\D�M�[\D�ac[\F�G 5"PXW�GI[\H�F�[\a=PtK�D�sIG�u�HcCEY PXW�G�acN���a=PXHXKTPXG�[\a�D�C�P�q�GIO\O�F�G 3"D�GIF�y
j
K�stW Y}CEO\GIsIN�O\G�G!"5��GIHc[\GID�sIGIanK�F�[ �:GIHcGID`P acN���a=PXHXKTPXG! �[\D�F�N�sIGIFdO\[Qu�G PX[\Y}GnacW�CEH=PXGID�[\D�h K�D�F
PXW�G	O"N�CEHcGIacsIGID�sIG�PXHXK�D�ac[\GID`P���GIsICEY}GIa�K�Y N�OQPX[  �G!"5��CED�GID`PX[kK�O�sIN�H=fEG�y

��CVa=PXN�F5_ PXW�G}G��:GIs P C�unK�D�D�GzK�O\[\D�h�[\D PXW�[\a9�"K�H=PX[\sIN�OkK�H�szK�acG���KV�`�59~ PXW�[\stM K�HchECED�OkKz_EGIH�W"K�a
��GIGID�G f�K���CEHXKTPXGIF�KTP � 7 � � ��CED�K u�HcGIacW�OQ_ ��HcGI�"K�HcGIF E5HJILKMKMK!N�� 0 acN���a=PXHXKTPXG K�D�F ��D � 1�/�� ����:��
�5� ��: �5��:.� 5"acN�sIsIGIacac[QfEGIOQ_E�:Kl�5y � � U�4 8;:!<4=?>�@BA 3"O\Y�W"K�ar��GIGID)F�GI��CEac[QPXGIF)CED�[QPzy
�nW�GnaXK�Y}��O\G W"K�a���GIGIDlacN�sIsIGIacac[QfEGIOQ_ q K�HcY}GIFlN��lK�D�F�YZK�[\D`PtK�[\D�GIF�u�CEH�P�_b��[\szK�O\OQ_ ��Y}[\D�N5PXGIa^KTP

K�PtK�HchEG P PXGIY}��GIHXKTPXN�HcG�y�~�uvPXGIH=q K�HcF�ar[QP�q K�ansICbCEO\GIFdK�h`K�[\DZF�C qrDdPXC � 7 � � � [\D CEHcF�GIH�PXClKzfECE[\F
u�N�H=PXW�GIH�N�D�sICED`PXHcCEO\O\GIF)OkKz_EGIH�Y}CbF�[ 3"szKTPX[\CED�aIy��nW�G9O"N�CEHcGIacsIGID�sIG F�GIszKz_ba�K�D�F1ac��GIs PXHXK}W"KzfEG ��GIGID
PXW�GID�Y}GzK�acN�HcGIF�y U)GzK�acN�HcGIY}GID`PXa}q�GIHcG1szK�HcHc[\GIF CEN5PZ[\Y}Y}GIF�[kKTPXGIOQ_ KTuvPXGIH�PXW�Gr3"O\Y F�GI��CEac[QPX[\CED
wvqr[QPXW�CEN5PnPXHcGzKTPXY}GID`P {nK�D�F)KTuvPXGIH�K�D)K�D�D�GzK�O\[\D�hlKTP��E� ���X#`� �!K�D�F $�� ��y
J�[\h�y��`��acW�C qrarPXW�G	O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXKlC�u�PXW�G�a=_ba=PXGIY wx�5y � � U�4 ���`� 9~1~�H ��E5HJILKMKMK!N�� 0 {�K�a

Y}GzK�acN�HcGIFl[\D PXW�Gn[\D`PXGIH=f�K�O '=� ��� #`����a )"[\Y}Y}GIF�[kKTPXGIOQ_9KTuvPXGIH�PXW�GnF�GI��CEac[QPX[\CED�K�D�FlN���CEDlK�D�D�GzK�O\[\D�h
PXC�PXW�G�[\D�F�[\szKTPXGIF9PtK�HchEG P�PXGIY}��GIHXKTPXN�HcGIaIy�J�[\h�yS�MQracW�C qra�PXW�G O"N�CEHcGIacsIGID�sIG PXHXK�D�ac[\GID`PXa�C�u�PXW�G�aXK�Y}G
aXK�Y}��O\G��"K�arY}GzK�acN�HcGIFVKTP �	 7 � �`���E��sIY�8 � y
��P�szK�D)��G�CE��acGIH=fEGIFVPXW"KTPz�
� ~�D1K�D�D�GzK�O\[\D�hlC�u�PXW�G9aXK�Y}��O\G9N��)PXC �E� � ���E� �!F�CbGIa�D�C�P�HcGIacN�OQP�[\DVK�D`_df�K�Hc[kKTPX[\CEDd��C�PXW
[\D O"N�CEHcGIacsIGID�sIGVac��GIs PXHXK�K�D�F PXHXK�D�ac[\GID`PXaI�dN�� PXC PXW�[\a PXGIY}��GIHXKTPXN�HcG PXW�G�K�HchECED/OkKz_EGIH�[\a
PXW�N�a�acN�����CEacGIF)PXCl��G9a=PtK���O\G�y

� e���CED�� Y}[\D�N5PXGIa�K�D�D�GzK�O\[\D�hdKTP�W�[\hEW�GIH�PXGIY}��GIHXKTPXN�HcGVw�#`� ��{�KdD�N�Y ��GIH9C�u�stW"K�D�hEGIa9szK�D
��G9CE��acGIH=fEGIF��
[\DbO"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK wk3"h�yL�`�E{ �
�V��D�sIHcGzK�acG w�N���PXCZ��PX[\Y}GIat{�C�u�O"N�CEHcGIacsIGID�sIG�[\D`PXGID�ac[QP�_Ey
�1J�O\N�CEHcGIacsIGID�sIG'[\D`PXGID�ac[QP�_�HcGIF�[\a=PXHc[\��N5PX[\CED9CED�F�[ �:GIHcGID`P�fb[\��HXKTPX[\CED"K�OEsICEY}��CED�GID`PXanw�sICEYP 
�"K�HcG�qrW�[QPXG�K�D�F)hEHcG _dsIN�H=fEGIa���G P�q�GIGID � Q`���E� sIY�8 � K�D�F � $E���E��sIY�8 � {
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� �
� ��R�� � wx�5y � � U�4 ���`� 9~1~�H ��E5HJILKMKMK!N�� 0 {t�mO"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK K�a Y}GzK�acN�HcGIF/[\D�PXW�G HXK�D�hEG
'=� ��� #`����a )lF�[\HcGIs PXOQ_ KTuvPXGIH�F�GI��CEac[QPX[\CED�K�D�F KTuvPXGIH�K�D�D�GzK�O\[\D�h KTP�F�[ �:GIHcGID`P�PtK�HchEG P
PXGIY}��GIHXKTPXN�HcGIaIy j "5sI[QPtKTPX[\CED KTP �	 7 � �*$ C Q�sIY�8 � y+�nW�G�ac��GIs PXHXK K�HcG D�CEHcYZK�O\[ i GIF
PXC�PXW�G�YZK�"5[\Y N�Y C�u)ac[\O\[\sICED ��K�YZK�D O\[\D�G;
|� ��KTP �	 7 � �`�M$E��sIY�8 � w�Y}CbF�G��o2 �
� �	 7��E� � sIY 8 � �!,!:�:�PtK���y.$E{�PXC�G fb[\F�GID�sIGnPXW�Gn��HcCEhEHcGIacac[QfEGr[\D�sIHcGzK�ac[\D�h�C�u O"N�CEHcGIacsIGID�sIG
[\D`PXGID�ac[QP�_�N���CEDVK�D�D�GzK�O\[\D�h��"N�D�F�GIH�sICED�a=PtK�D`P�[\O\O\N�Y}[\D"KTPX[\CED}hEGICEY}G PXH=_)K�D�F)G!"5sI[QPtKTPX[\CED
sICED�F�[QPX[\CED�aIy��nW�G�YZK�[\D)fb[\��HcCED�[\s�Y}CbF�GIa�K�HcG [\D�F�[\szKTPXGIFV�`_1O\G PcPXGIHca�K�D�F K�HcHcC qraIy9EX:�:
PXG!"bPru�CEHnF�G PtK�[\O\aIy

[\DbO"N�CEHcGIacsIGID�sIG�PXHXK�D�ac[\GID`PXa wk3"h�y"�MQ`{ �
�)~ acGID�ac[\��O\G 
 a=PXHXK�[\hEW`PXGID�[\D�h ��[\DdF�GIszKz_du�CEHcY%w�[�y G�y�PXW�G9F�GIszKz_dsIN�H=fEGIa�PXGID�FdPXCl��GIsICEY}G
Y}CEHcG9K�D�F)Y}CEHcG�Y}CED�CbG!"5��CED�GID`PX[kK�Ov{

�)~�DVK�����HcGIsI[kK���O\G�uxK�a=PXGID�[\D�hlC�u�O"N�CEHcGIacsIGID�sIG�F�GIszKz_
� e���CEDdu�N�H=PXW�GIH�� Y}[\D�N5PXGIarK�D�D�GzK�O\[\D�hlKTPrW�[\hEW�GIH PXGIY}��GIHXKTPXN�HcGZw $�� ��{ �"K�a=PX[\O\O:W�[\hEW�GIH?O"N�C  
HcGIacsIGID�sIG�[\D`PXGID�ac[QP�_ [\a^CE��acGIH=fEGIF w�N���PXC	#�PX[\Y}GIat{ ��qrW�GIHcGzK�a'CED�OQ_�u�N�H=PXW�GIH^Y}[\D�[\YZK�O�stW"K�D�hEGIa
K�HcG�Y}GzK�acN�HcGIF1��C�PXW1[\DgO"N�CEHcGIacsIGID�sIGlac��GIs PXHcN�Y wk3"h�y:�`�b����OkK�stM�sIN�H=fEG {�K�D�F O"N�CEHcGIacsIGID�sIG
F�GIszKz_ba@5L[\D��"K�H=PX[\sIN�OkK�HI�5D�C}F�HXK�a=PX[\s�u�N�H=PXW�GIHrO\[Qu�G PX[\Y}G�acW�CEH=PXGID�[\D�h}[\anCE��acGIH=fEGIF�y

� e���CED�a=PX[\O\O^O\CED�hEGIH�K�D�D�GzK�O\[\D�h)KTP�W�[\hEW�GIH9PXGIY}��GIHXKTPXN�HcG}[\D�F�N�sIGIa�D�GIhEO\[\hE[\��O\G�f�K�Hc[kKTPX[\CED�a�[\D
O"N�CEHcGIacsIGID�sIGdac��GIs PXHXK5�^��N5P�K 
 ��GID�F�[\D�h ��[\D O"N�CEHcGIacsIGID�sIG PXHXK�D�ac[\GID`PXa [\a�CE��acGIH=fEGIF�y �nW�G _
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sI[kK�O\OQ_)� ���r{ ' � ���*)�y�~ hEGID�GIHXK�O�O\CEaca�C�u�O"N�CEHcGIacsIGID�sIGlacN���a=PXHcN�s PXN�HcG�W"K�a�PXC ��G�PXW�N�a�sICED�ac[\F�GIHcGIF
K�a�K�D�[\D�F�[\HcGIs PrG fb[\F�GID�sIG�C�u�Y}CEO\GIsIN�OkK�H�ac[\D�M�[\D�hl��W�GID�CEY}GID"K5y
J�[\D"K�O\OQ_E�EPXW�GoO"N�CEHcGIacsIGID�sIG�[\D`PXGID�ac[QP�_}[\D�sIHcGzK�acG�D�CEHcYZK�O\OQ_ CE��acGIH=fEGIF)K�a K�HcGIacN�OQP C�u�PXW�G�K�D�D�GzK�O  

[\D�h C�u
PXW�G�aXK�Y}��O\G W"K�a�PXCd��G�HcGIOkKTPXGIF1PXC PXW�G�Y}CEO\GIsIN�OkK�H�HcGICEHch`K�D�[ i KTPX[\CEDVCED PXCE� C�u
PXW�GlK�HchECED
OkKz_EGIHI�^a=PtK�H=PX[\D�h�u�HcCEY K�HXK�D�F�CEY �Eo K�D�hEN�OkK�H F�[\a=PXHc[\��N5PX[\CED��bPXW�G 8;:!<4=?>�@BA Y}CEO\GIsIN�O\GIa PXGID�F�PXC
K�s�6�N�[\HcGlK OLKTP9OQ_b[\D�hd��CEac[QPX[\CED1CED1PXW�Glac�"K�sIGIHIy �nW�[\a�uxKzfECEN�Hca9CED CED�G�ac[\F�GlK ��G PcPXGIH�G!"5sI[QPtKTPX[\CED
sICED�F�[QPX[\CED wvPXW�GZK���acCEHc�5PX[\CED PXHXK�D�ac[QPX[\CED Y}CEY}GID`P9O\[\GIa9K�O\CED�h PXW�G}O\CED�hdY}CEO\GIsIN�OkK�H�K�"5[\a(' #`�5� C �*)v{
K�D�FdCEDZPXW�G�C�PXW�GIH ac[\F�G�PXW�G4O"N�CEHcGIacsIGID�sIG9[\D`PXGID�ac[QP�_Z[\D�sIHcGzK�acGIanac[\D�sIG���K�a [QP'qr[\O\O���G�acGIGID�[\D stW"K��5 
PXGIHBQ5�LPXW�G�D�CED5 �HXK�F�[kKTPX[QfEG9[\D`PXGIHXK�s PX[\CED)qr[QPXW)PXW�G acN���a=PXHXKTPXG [\a�O\GIaca�G��:GIs PX[QfEG�u�CEH�Y}CEO\GIsIN�O\GIarPXW"KTP
OQ_EG9�"K�HXK�O\O\GIOLPXClPXW�G9acN���a=PXHXKTPXG�y
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 de�D�F�GIH�a=PtK�D�F"K�HcF1G!"5��GIHc[\Y}GID`PtK�O�sICED�F�[QPX[\CED�aI��PXW�G�K�HchECEDVOkKz_EGIHrPXN�HcD�a�CEN5P�PXCZ��G�acCEO\[\F)K�D�F
D�Clac[\D�M�[\D�hlC�u�Y}CEO\GIsIN�O\GIanszK�D)��G�D�C�PX[\sIGIF�y

 ��Y}Y}GIF�[kKTPXGIOQ_ZKTuvPXGIH PXW�G9F�GI��CEac[QPX[\CED��bqr[QPXW�CEN5PrC�PXW�GIHnu�N�H=PXW�GIHnPXHcGzKTPXY}GID`PXanPXW�G9K�HchECED�OkKz_EGIH
K�����GzK�Hca�[\D�W�CEY}CEhEGID�GICEN�anw�GIac��GIsI[kK�O\OQ_�u�CEH�PXW�[\D OkKz_EGIHt{ y��nW�G W�CEY}CEhEGID�GI[QP�_9szK�D���G�W�C q�G fEGIH
G��:GIs PX[QfEGIOQ_�[\D�sIHcGzK�acGIF [\D K sICED`PXHcCEO\O\GIF q Kz_;�`_ K�D�D�GzK�O\[\D�h�PXW�G OkKz_EGIH wxKTPV�E� � ���E� ��{ �
- :�1 D��!:�PXW�G9F�GI��CEac[QPX[\CEDdC�u�PXW�G9CEHch`K�D�[\sB3"O\Y)y

 de���CEDlaXK�Y}��O\G�w�Y}CEO\GIsIN�O\G ��ac�"K�sIGIH ��acN���a=PXHXKTPXG {^K�D�D�GzK�O\[\D�h�K�D�N�Y ��GIH
C�u:G��:GIs PXa'W"KzfEG���GIGID
CE��acGIH=fEGIF�N�ac[\D�h PXW�G�PX[\Y}G HcGIacCEOQfEGIF;O"N�CEHcGIacsIGID�sIGZC�u
PXW�GlF�GI��CEac[QPXGIF Y}CEO\GIsIN�OkK�Ho3"O\Y K�a�K
acGID�ac[\D�hlPXCbCEO��

K`{d[QuLPXW�Gnac�"K�sIGIH
[\a^CEHc[\hE[\D"K�O\OQ_���D��bD ) :���:�D / ,��5��� ���"�=�EPXW�G�K�D�D�GzK�O\[\D�h�[\D�F�N�sIGIa
ac[\D�M�[\D�h�C�u�PXW�G
Y}CEO\GIsIN�O\GIaI�S��HcC`K�F�GID�[\D�hrC�u O"N�CEHcGIacsIGID�sIG�ac��GIs PXHXK�K�D�F�D�CED5 �Y}CED�CbG!"5��CED�GID`PX[kK�O�O"N�CEHcGIacsIGID�sIG
F�GIszKz_baIy

�L{d[Qu�PXW�G�ac�"K�sIGIH H6,0� 	 � D��JH )*H6���5�6��� ���"�=�`PXW�G�K�D�D�GzK�O\[\D�h9HcGIacN�OQPXa'[\D}K9acG PcPXO\[\D�h9C�u:PXW�G�ac�"K�sIGIH�K�D�F
[QP�[\a�CE��acGIH=fEGIF�� � y|{9a=PXHXK�[\hEW`PXGID�[\D�hrC�u5O"N�CEHcGIacsIGID�sIG�F�GIszKz_�sIN�H=fEGIanw�HcGIOkKTPXGIF�PXCrPXW�G
F�GIsIHcGzK�acGIa
C�u�K�HchECED�N�D�F�N�OkKTPX[\CED�K�Y}��O\[QPXN�F�G { ���by|{9O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G�acW�CEH=PXGID�[\D�hVw�HcGIOkKTPXGIF PXC�PXW�G
K�����HcC`K�stW�[\D�hlC�u�Y}CEO\GIsIN�O\GIa�PXClPXW�G9acN���a=PXHXKTPXG { ���5y|{9O"N�CEHcGIacsIGID�sIG�[\D`PXGID�ac[QP�_d[\D�sIHcGzK�ac[\D�h�y
e���CED�a=PXHcCED�hEGIH�K�D�D�GzK�O\[\D�h PXW�G9Y}CEO\GIsIN�O\GIanac[\D�M}u�N�H=PXW�GIHr[\D`PXC�PXW�G�K�HchECED�OkKz_EGIHIy
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��D PXW�[\a9K�D�F [\D1PXW�G�D�G!"bP�stW"K��5PXGIHI��PXW�G PXW�GICEHcG PX[\szK�O��"K�stM�hEHcCEN�D�F D�GIsIGIacaXK�H=_ PXCdPXW�GlK�D"K�OQ_bac[\a�C�u
PXW�G�G!"5��GIHc[\Y}GID`PtK�O�HcGIacN�OQPXa�[\a�GIOkK���CEHXKTPXGIFZa=PtK�H=PX[\D�h�u�HcCEY PXW�G�CEHc[\hE[\D"K�O"YZK�sIHcCEacsICE��[\s�K�����HcC`K�stW PXC
F�GIacsIHc[\��G�PXW�G Y}CEO\GIsIN�O\G! �acN���a=PXHXKTPXG�[\D`PXGIHXK�s PX[\CED)q�CEHcM�GIF CEN5Pz�:[\D)PXW�G�u�HXK�Y}G�C�u
sIOkK�acac[\szK�O�GIO\GIs PXHcC  
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 � ]'gdY}CbF�GIO �|{ y
��D+3lQ5y � PXW�Gn� ]'g�Y}CbF�GIOb[\a���Hc[\G O�_�[\D`PXHcCbF�N�sIGIF�K�D�F�PXW�G hEGID�GIHXK�O5G!"5��HcGIacac[\CED u�CEH�PXW�G�F"K�Y}��[\D�h

sICED�a=PtK�D`P��� �bPXW�G�HXKTPXG�C�u�PXW�G�G!"5sI[QPtKTPX[\CED}PXHXK�D�a=u�GIH'u�HcCEY7K�D GIO\GIs PXHcCED�[\szK�O\OQ_ G!"5sI[QPXGIFdY}CEO\GIsIN�O\GnPXC�K
acN���a=PXHXKTPXG�KTP�K�F�[\a=PtK�D�sIG
6"�"[\anCE�5PtK�[\D�GIF)a=PtK�H=PX[\D�h�u�HcCEY�YZK�sIHcCEacsICE��[\s	6�N"K�D`PX[QPX[\GIarC�u�PXW�G�a=_ba=PXGIY
wvPXW�G9F�[\GIO\GIs PXHc[\s�u�N�D�s PX[\CED � w�� {�C�u�PXW�G9YZKTPXGIHc[kK�O\at{ y
��D�34Q5y|�b�5CEDdPXW�G��"K�ac[\a C�u�PXW�[\a�u�CEHcY N�OkKTPX[\CED��`PXW�G���HcGIF�[\s PXGIF�Y}CEO\GIsIN�OkK�H O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G

acW�CEH=PXGID�[\D�h;w � 7 �
�
���� {�[\alD�N�Y}GIHc[\szK�O\OQ_ szK�O\sIN�OkKTPXGIF [\D [QPXalF�[\a=PtK�D�sIG)F�GI��GID�F�GID�sIGVu�CEH�f�K�Hc[\CEN�a

CEHc[\GID`PtKTPX[\CED�a�C�u^PXW�G Y}CEO\GIsIN�O\G9qr[QPXW1HcGIac��GIs P�PXCZPXW�G acN���a=PXHXKTPXG���stW�CbCEac[\D�hdKZY}G PtK�O\O\[\s�acN���a=PXHXKTPXG
'*)�K�D�FVK�D)K�HchECED�ac�"K�sIGIH�K�arHcG u�GIHcGID�sIG�szK�acG�y
�nW�G)� ]'g Y}CbF�GIO'C �:GIHca�W�C q�G fEGIHlCED�OQ_�K1YZK�sIHcCEacsICE��[\s}PXHcGzKTPXY}GID`P�C�urPXW�G ��HcCE��O\GIY)�l[Qunu�CEH

OkK�HchEG�Y}CEO\GIsIN�O\G! �acN���a=PXHXKTPXG�acGI�"K�HXKTPX[\CED�a PXW�G9CE��acGIH=fEGIF O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G�Y}CbF�N�OkKTPX[\CEDZ[\arK�F5 
G�6�N"KTPXGIOQ_ G!"5��OkK�[\D�GIF [\D/PXGIHcY}a}C�u�[\D`PXGIH=u�GIHcGID�sIGV��W�GID�CEY}GID"K�wk3"h�y'� C { � [\D/PXW�GVacW�CEH=PZF�[\a=PtK�D�sIG
F�CEYZK�[\DVPXW�GlY}CbF�GIO�C �:GIHca�D�C�Y}[\sIHcCEacsICE��[\szK�O�G!"5��OkK�D"KTPX[\CED K���CEN5P�PXW�GPH6��� :��������iH�D�� �b: �4���5� H6,0�
PXW"KTP'hE[QfEGIa
CEHc[\hE[\D�PXC9PXW�Gra=PXHcCED�h�G!"5sI[QPtKTPX[\CED PXHXK�D�a=u�GIH
��G P�q�GIGID Y}CEO\GIsIN�O\GnK�D�F}acN���a=PXHXKTPXG wk3"h�y�� C �
[\D�acG P { y
��DVPXW�G�D�G!"bP�stW"K��5PXGIHlwX3 $E{ PXW�G�[\D`PXGIHXK�s PX[\CED)Y}GIstW"K�D�[\acY�F�CEY}[\D"K�D`P�[\D)PXW�G ��: �,������:����1HXK�D�hEG

[\a�K�D"K�OQ_ i GIF�����C�PXWZY}G PtK�O\O\[\srK�D�FZacGIY}[\sICED�F�N�s PXCEH�acN���a=PXHXKTPXGIanK�HcG�G!"5��O\[\sI[QPXOQ_ PtK�M�GID [\D`PXC K�sIsICEN�D`P
K�D�F�PXW�G9F�[ �:GIHcGID�sIGIa�K�F�F�HcGIacacGIF)PXC�PXW�G9F�[ �:GIHcGID`P�D"KTPXN�HcG9C�u�PXW�G9acCEO\[\F�aIy
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�nW�G�O\[Qu�G PX[\Y}G �VC�u^K�D)GIO\GIs PXHcCED�[\szK�O\OQ_ZG!"5sI[QPXGIFVY}CEO\GIsIN�O\G9KTP�KlF�[\a=PtK�D�sIG 6}u�HcCEY KmOLKTP�acN�H=uxK�sIG�C�u
K�acCEO\[\F�[\anF�HXK�a=PX[\szK�O\OQ_ZK5�:GIs PXGIFV�`_ PXW�G9��HcGIacGID�sIG�C�u�PXW�G9acN���a=PXHXKTPXG�y
�nW�G)� ]'g Y}CbF�GIO�w�G!"bPXGID�ac[QfEGIOQ_ HcG fb[\G q�GIF/[\D�' �M� )v{9F�GIacsIHc[\��GIa�PXW�G a=_ba=PXGIY K�a u�CEO\O\C qraIy �nW�G

Y}CEO\GIsIN�O\G wk3"h�y��E�`{�[\a�PXHcGzKTPXGIF/K�alK1W"K�HcY}CED�[\sZ��CE[\D`P  �F�[\��CEO\G�qr[QPXW F�[\��CEO\G}Y}CEY}GID`P �;GIY ��GIF5 
F�GIF [\D1KZD�CEDrK���acCEHc��[\D�hZY}GIF�[\N�Y � KTP�KZF�[\a=PtK�D�sIG	�1u�HcCEY>K}acN���a=PXHXKTPXG)w�Y}GIF�[\N�Y;�E{ �LN�D�[76�N�GIOQ_
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GIO\GIs PXHcCED�[\szK�O\OQ_�G!"5sI[QPXGIF�Y}CEO\GIsIN�O\G�PXW"KTP�HXK�F�[kKTPXGIa�[\D�KrO\CEacacO\GIaca�Y}GIF�[\N�Y �
w � � {'KTPnK�F�[\a=PtK�D�sIG �du�HcCEY7K�[\D 3"D�[QPXG�W"K�OQu  �ac�"K�sIG�wvPXW�G�acN���a=PXHXKTPXG���Y}GIF�[\N�Y;�E{�stW"K�HXK�s! 
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HcG u�GIHcGID�sIG9PXW�GIHcGI[\D )v{ y
2�D Y}[\sIHcCEacsICE��[\s�acszK�O\G��9����: ��:���� �,�!D / ��� �5�[:���qH$� :.� �bD���: ��/ ��:	H6, ��:�#�:�� ����:���:�,0,P:�# �5��:�,$��:����
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�rG O"GIs PX[\CEDL{ ��[\D�K�acGIHc[\GIa
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] sICEN���O\[\D�hdK�D�FVfb[kKZO\CEaca=_)Y}CbF�GIa�w 4�U1{�HcGIac��GIs PX[QfEGIOQ_E��K�a
K u�N�D�s PX[\CED�C�u�PXW�G9F�[\a=PtK�D�sIG�u�HcCEY�PXW�G9acN���a=PXHXKTPXG�y

�nW�GdF�GIszKz_ ��HcCE�"K���[\O\[QPX[\GIa9W"KzfEG���GIGID/szK�O\sIN�OkKTPXGIF�u�CEHP8;:!<4=?>�@BAVCED '*)��`_ acszK�O\[\D�h���qr[QPXW
HcGIac��GIs P�PXC PXW�G PXC�PtK�O�F�GIszKz_ HXKTPXG�w�G�6Ly � �E{ �:PXW�G F�[\acac[\�"KTPXGIF ��C q�GIH}wk3"h�yG#��E{�[\D`PXGIhEHXKTPXGIF CED1PXW�G
HXK�D�hEG � � � � � wvu�CEH��r~�o9{ ��CEDVPXW�G HXK�D�hEG � % � � w�� ��� � � � � {�wvu�CEH�g5]
]���qr[QPXW 4�CEHcGID`P i [kK�D
K�����HcCY"5[\YZKTPX[\CED C�u�PXW�G9��GzK�M5{nK�D�F)CEDdPXW�G9HXK�D�hEGZw�� ��� � � � � {�%�� % � wvu�CEH 4�U1{ y
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� ��� � � � K�O\sIN�OkKTPXGIFlHcGIOkKTPX[QfEG�w�acN�Y 7 � {�F�GIszKz_l��HcCE�"K���[\O\[QP�_dwvu�HXK�s PX[\CED�C�u���C q�GIH
F�[\acac[\�"KTPXGIFL{�u�CEH
[\acC�PXHcCE��[\szK�O\OQ_ CEHc[\GID`PXGIF 8;:!<4=?>�@BAVY}CEO\GIsIN�O\GIa acGI�"K�HXKTPXGIF u�HcCEY@K1Y}G PtK�O�w '*)�ILKMKMK!NI{
�`_ K�D�K�HchECED ac�"K�sIGIHI��K�a9KZu�N�D�s PX[\CED C�u
PXW�GlF�[\a=PtK�D�sIG 6du�HcCEY>PXW�G�acN���a=PXHXKTPXG�y��nW�HcGIG
YZK�[\DdY}GIstW"K�D�[\acY}arsICED`PXHc[\��N5PXG9PXClPXW�G�F�GIszKz_���fb[kK�GIY}[\acac[\CED�C�u���W�C�PXCED�a wx�r~�o9{ ��fb[kK
HcGIacCED"K�D`P�G!"5sI[QPtKTPX[\CED1C�u�g5]
] CEH�fb[kKZ[\D`PXGIHc�"K�D�F1PXHXK�D�ac[QPX[\CED�a w 4�U1{�[\DVPXW�G acN���a=PXHXKTPXG�y
� q�C}F�[ �:GIHcGID`P ". �acszK�O\G�HXK�D�hEGIarC�u�PXW�G9aXK�Y}G���O\C�PrK�HcG9acW�C qrD�y?EX:�:�PXG!"bPru�CEHnF�G PtK�[\O\aIy
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J�[\h�y #*Q1acW�C qra1w�[\D P�q�C�F�[ �:GIHcGID`PlF�[\a=PtK�D�sIGdHXK�D�hEGIat{�PXW�G PXW�HcGIG�HcGIOkKTPX[QfEG sICED`PXHc[\��N5PXGIaIy �nW�G
stW"K�D�hEG�[\D1[\Y}��CEH=PtK�D�sIG�C�u
GzK�stW C�u
PXW�GIacG�F�GIszKz_ HcCEN5PXG [\a���O\C�PcPXGIF K�a�KZu�N�D�s PX[\CED1C�u'F�[\a=PtK�D�sIG 6
C�u�PXW�G9GIY}[QPcPXGIH u�HcCEY7PXW�G9acN�H=uxK�sIG�y
�nW�G���O\C�PnszK�D)��G�K�D"K�OQ_bacGIFVK�anu�CEO\O\C qraIy
~ PrF�[\a=PtK�D�sIGIa 6lsICEY}�"K�HXK���O\Grqr[QPXW PXW�G�GIY}[\acac[\CEDZq KzfEGIO\GID�h�PXW�w 6�� � ���E��9~�{ �bPXW�G�GIY}[\acac[\CED [\a

��Hc[\YZK�Hc[\OQ_�[\D`PXC���W�C�PXCED�a^K�D�F PXW�GnF�GIszKz_���HcCE�"K���[\O\[QP�_�fb[kK�HXK�F�[kKTPX[QfEG�GIY}[\acac[\CED�wx�r~�o ��sICED`PX[\D�N�CEN�a
O\[\D�G {'[\a u�CEN�D�F�PXClF�CEY}[\D"KTPXG�CED�PXW�G9C�PXW�GIHr��HcCbsIGIacacGIaIy
~ P�F�[\a=PtK�D�sIGIa�C�u'PXW�GlCEHcF�GIH
687 � ���������E�5��[�y G�yQ��Y N�stW�OkK�HchEGIH�PXW"K�D�KTPXCEY}[\s�F�[\Y}GID�ac[\CED�a���N5P

O\GIaca9PXW"K�D�PXW�GZGIY}[\acac[\CED q KzfEGIO\GID�h�PXW���GID�GIHch�_ PXHXK�D�a=u�GIH�fb[kK�acN�H=uxK�sIGZ��OkK�acY}CED ��CEOkK�Hc[QPXCED w�g5]
]��
F"K�acW�GIFVO\[\D�G {'��GIsICEY}GIanPXW�G9��HcGIF�CEY}[\D"K�D`PrF�GIszKz_�HcCEN5PXG�y
~ P acYZK�O\O\GIH�f�K�O\N�GIa�C�u 6/w 6&% � �E��9~�{ ��PXW�G}F�[\acac[\�"KTPX[\CED�K�Hc[\acGIa9u�HcCEY%D�CED5 �HcGIacCED"K�D`P sICEN���O\[\D�h

��G P�q�GIGID�PXW�G�G f�K�D�GIacsIGID`P 3"GIO\F K�acacCbsI[kKTPXGIF qr[QPXW1PXW�G�D�GzK�HB3"GIO\F C�u�F�[\��CEO\G K�D�F1PXW�G�acCEO\[\F�y��nW�G
sICEN���O\[\D�h9��G P�q�GIGIDdGIY}[QPcPXGIH'K�D�FZO\CEaca=_lY}CbF�GIa�w 4�U���F�C�PcPXGIF O\[\D�G {�HcGI��HcGIacGID`PXa�PXW�G�Y}CEa=P�G��:GIs PX[QfEG
[\D`PXHc[\D�ac[\s O\CEaca^Y}GIstW"K�D�[\acY [\D�PXW�GrY}G PtK�O"K�D�Fl[QP
[\a�u�CEN�D�FlF�G 3"D�[QPXGIOQ_ PXC9F�CEY}[\D"KTPXG�PXW�GrF�GIszKz_lHXKTPXG
KTPracW�CEH=P�F�[\a=PtK�D�sIGIaIy
��acC�PXHcCE��[\szK�O\OQ_lCEHc[\GID`PXGIF�F�[\��CEO\GIa�G!"5W�[\��[QPnK ��HcCE�"K���[\O\[QP�_�PXC�F�GIszKz_ [\D)g5]
] G�6�N"K�O:PXC:' �E� �AKTP

6 ' �E��� 9~ 55D�G fEGIH=PXW�GIO\GIacanPXW�G�g5]
] sICEN���O\[\D�h ��HcCE�"K���[\O\[QP�_}szK�D���G�fEGIH=_dW�[\hEW�GIH [\D acCEY}G�sICED 3"hEN5 
HXKTPX[\CED w�
 C ���Au�CEH�K}��GIHc��GID�F�[\sIN�OkK�HrF�[\��CEO\G { y ��P�[\aracCEY}G qrW"KTP�acN�Hc��Hc[\ac[\D�hlPXW"KTP�g5]
];sICEN���O\[\D�h
[\a�YZK�"5[\YZK�O � � � � u�HcCEY PXW�G�Y}G PtK�O�acN�H=uxK�sIG�� PXW�G�g5]
] sICEN���O\[\D�h}HXKTPXG�F�GIsIHcGzK�acGIa�G!"5��CED�GID`PX[kK�O\OQ_
qr[QPXW [\D�sIHcGzK�ac[\D�h561K�D�F [QP9acW�CEN�O\F�K�s PXN"K�O\OQ_V��GlYZK�"5[\Y N�Y KTP i GIHcC)F�[\a=PtK�D�sIG�y�m W"KTP�CE��acGIH=fEGIF
[\a�K sICED�acG�6�N�GID�sIG}C�u^PXW�G sICEY}��G PX[QPX[\CEDV��G P�q�GIGID PXW�Glg5]
] F�GIszKz_ stW"K�D�D�GIO^K�D�F1PXW�G [\D`PXGIHc�"K�D�F5 
PXHXK�D�ac[QPX[\CEDZ[\D}PXW�G�acCEO\[\F w 4�U1{ yb~�a�PXW�G�acGI�"K�HXKTPX[\CEDZ[\a�HcGIF�N�sIGIF��5PXW�[\a�OkKTPcPXGIH�F�GIszKz_ZHcCEN5PXG���HcCE��CEH  
PX[\CED"K�O\OQ_l[\D�sIHcGzK�acGIarY}CEHcG�HXK���[\F�OQ_ZK�D�Fd[QPn��GIsICEY}GIa PXW�G�F�CEY}[\D"K�D`P�u�HXK�s PX[\CEDdC�u�PXW�G�qrW�CEO\G�F�GIszKz_Ey
�nW�G F�[\a=PtK�D�sIG�F�GI��GID�F�GID�sIG�C�u
sICEN���O\[\D�h}��G P�q�GIGID GIY}[QPcPXGIH�K�D�FVPXW�G�g5]
]^a�q K�a�G!"5��GIHc[\Y}GID`PtK�O\OQ_
sICED 3"HcY}GIF ' � #��&)�K�D�FVK�YZK�"5[\Y N�Y7sICEN���O\[\D�h�F�[\a=PtK�D�sIG9C�u�K�����HcCY"5[\YZKTPXGIOQ_����E� 9~�q K�anu�CEN�D�F�y

& �7% � � � (5Z[�5n,�i� �h���,(t���kn�(.� � (5���M( ���o+�� � (.�����iWYWY��+�V ��(5� V � 687 - ��

�nW�G�sIOkK�acac[\szK�O�Y}CbF�GIO�[\a K�s PXN"K�O\OQ_l�"K�acGIF�CEDdK�acacN�Y}�5PX[\CED�a'qrW�[\stW�O\GzK�FZPXC�/ ����W`_bac[\szK�O���GIW"Kzfb[\CEN�H
KTPrfEGIH=_)acYZK�O\O�Y}CEO\GIsIN�O\G! �acN�H=uxK�sIG�acGI�"K�HXKTPX[\CED�aIy�p�K�Y}GIOQ_E�"K�a�acW�C qrDV[\Dr3"h�yX#��b�"��C�PXW�PXW�G�GID�GIHch�_
PXHXK�D�a=u�GIH�HXKTPXG K�D�FVPXW�G�F�[\acac[\�"KTPXGIFV��C q�GIH�F�[QfEGIHchEG�u�CEH�OkK�HchEG�1f�K�O\N�GIa�w�OkK�HchEG �* �fEGIs PXCEHcat{�K�a�PXW�G
F�[\a=PtK�D�sIG
6ZK�����HcC`K�stW�GIa i GIHcC�y
��C9F�GIacsIHc[\��GnPXW�GrsICEN���O\[\D�h���G P�q�GIGIDZGIY}[QPcPXGIH�PXC9��W�C�PXCED�aI�`qrW�[\stW}F�CEY}[\D"KTPXG KTP
OkK�HchEG F�[\a=PtK�D�sIG

u�HcCEY�PXW�G�acN�H=uxK�sIG���PXW�G u�N�O\O�HcG PtK�HcF�GIF acCEO\N5PX[\CED1C�u UVK�"bq�GIO\O � a�G�6�N"KTPX[\CED�a�W"KzfEG PXCd��G�N�acGIF�����N5P
PXW�GlacN���a=PXHXKTPXG}szK�D���G�PXHcGzKTPXGIF�[\D�Kdac[\Y}��O\G ��D"� �5� K�����HcCY"5[\YZKTPX[\CED/w � w�� {�F�CbGIa9D�C�P�F�GI��GID�F�GID`P
CED �* �fEGIs PXCEHt{�qr[QPXW)K�acN #}sI[\GID`P�K�sIsIN�HXK�s _Ey
2�D PXW�G�sICED`PXHXK�H=_E�5PXC F�GIacsIHc[\��G�PXW�G�F�GIszKz_ ��HcCbsIGIacacGIarCbsIsIN�HcHc[\D�h�KTP acYZK�O\OLF�[\a=PtK�D�sIGIa u�HcCEY PXW�G

acCEO\[\F���K ac[\Y}��O\[ 3"GIF 6�N"K�ac[  �a=PtKTPX[\s K�����HcCY"5[\YZKTPX[\CED)u�CEH�PXW�G�GIO\GIs PXHcCEYZK�hED�G PX[\se3"GIO\F�a�szK�D ��G N�acGIF��
��N5P�K7��D�� ����D"� �5��acCEO\[\FdHcGIac��CED�acG�[\anHcG�6�N�[\HcGIF�y
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�'_1[\D�sIO\N�F�[\D�h wxK�OQPXW�CEN�hEW � ��D�, � :��JH�D��JH���PtK�M�[\D�h PXW�G�GIO\GIs PXHcCED5 �GIO\GIs PXHcCED [\D`PXGIHXK�s PX[\CED �"K�H=PX[kK�O\OQ_
[\D`PXC9K�sIsICEN�D`P {�K �* �fEGIs PXCEH^F�GI��GID�F�GID�sIG�[\D�F�[\GIO\GIs PXHc[\s sICED�a=PtK�D`P � w�� { ��PXW�[\a�N�D���W`_bac[\szK�O"��GIW"Kzfb[\CEN�H
szK�D [\D K�D`_1szK�acG���G�sICEHcHcGIs PXGIF,' � #��b�:[\D1�"K�H=PX[\sIN�OkK�H 3��5y|�}PXW�GIHcGI[\D )�y���D PXW�G+
 sICEHcHcGIs PXGIF��Y}CbF�GIO��
PXW�GrY}G PtK�O�[\a^PXW�CEN�hEW`P
PXC�K���acCEHc�}GID�GIHch�_�u�HcCEY�PXW�G�GIY}[QPcPX[\D�h�F�[\��CEO\G CED�OQ_�qrW�GIDZGIO\GIs PXHcCED�a'��GIO\C q
J"GIHcY}[�O\G fEGIO^K�HcG G!"5sI[QPXGIF PXCda=PtKTPXGIa9K���C fEG�[QPzy��nW�G�G!"5sI[QPtKTPX[\CED1C�u�K�D GIO\GIs PXHcCED [\a���CEacac[\��O\G CED�OQ_
qrW�GIDdPXW�G�Y}CEY}GID`PXN�YAsICED�acGIH=f�KTPX[\CED sICED�F�[QPX[\CEDZ[\a�aXKTPX[\a 3"GIF 5�CED�sIG43 "5GIFdPXW�G�G!"5sI[QPtKTPX[\CEDZGID�GIHch�_E�
PXW�G 
 G!"5sI[QPtK���O\G ��GIO\GIs PXHcCED�a�K�HcGZ[\D�ac[\F�GZK)PXW�[\D�acW�GIO\O'[\D �* �ac�"K�sIG���F�GI��GID�F�[\D�h CED ��� wvPXW�G J"GIHcY}[
q KzfEG9fEGIs PXCEH�C�u�PXW�G9acCEO\[\FL{�K�D�F)CEDdPXW�G�u�HcG�6�N�GID�s _)C�u�PXW�G9GIY}[QPcPXGIH?3"GIO\F�y
��u�PXW�G1GIY}[QPcPXGIH��* �fEGIs PXCEH O\[\GIa}CEN5PXac[\F�G)PXW�[\aZHXK�D�hEGV[\D �* �ac�"K�sIG��nPXW�G1GIY}[QPcPXGIH}[\D�sI[\F�GID`P 3"GIO\F

szK�D�D�C�P9CE��G _1PXW�G�Y}CEY}GID`PXN�Y sICED�acGIH=f�KTPX[\CED sICED�F�[QPX[\CEDVu�CEH�PXW�G�GIO\GIs PXHcCED5 �W�CEO\G �"K�[\H�G!"5sI[QPtKTPX[\CED
[\D PXW�G�acCEO\[\F�K�D�F�W�GID�sIG ��Dm:���:�� )5�/[\a�PXHXK�D�a=u�GIHcHcGIF�PXC�PXW�G�acN���a=PXHXKTPXG�y
��K�M�[\D�hl[\D`PXClK�sIsICEN�D`PrPXW�G
�* �fEGIs PXCEH'F�GI��GID�F�GID�sIG�[QP
[\a^u�CEN�D�FlPXW"KTP
PXW�G�F�[\acac[\�"KTPXGIF}��C q�GIH'F�CbGIa'D�C�P'F�[QfEGIHchEG�K�D`_bY}CEHcG�wxK�a
[QP
W"K�����GID�a
[\D93"h�yM#��E{ �E��N5P
[QP^G!"5W�[\��[QPXa^K�YZK�"5[\Y N�Y�KTP^OkK�HchEG��ZK�D�F�PXW�GIDl[QP^hECbGIa�PXC i GIHcC��`��GIszK�N�acG
qr[QPXW�a=PX[\O\O:W�[\hEW�GIH �* �fEGIs PXCEHca�F�C}D�C�Pnu�N�O 3"O�K�D`_bY}CEHcG�PXW�G9Y}CEY}GID`PXN�Y�YZKTPXstW�[\D�h�sICED�F�[QPX[\CED�y

�'_ [\D�sIO\N�F�[\D�h PXW�G)q KzfEGVfEGIs PXCEHZF�GI��GID�F�GID�sIG C�u�F�[\GIO\GIs PXHc[\s�sICED�a=PtK�D`Pz� PXW�GVN�D���W`_bac[\szK�O���G! 
W"Kzfb[\CEN�HnC�u�sIOkK�acac[\szK�O:PXW�GICEH=_dszK�D)��G�PXW�GIHcG u�CEHcG9sICEHcHcGIs PXGIF�y
��D}PXW�G�u�CEO\O\C qr[\D�h�acGIs PX[\CED���PXW�G���CEacac[\��[\O\[QP�_�PXC�G!"bPXGID�F PXW�G�K�����O\[\szKTPX[\CEDlC�u:PXW�G�sIOkK�acac[\szK�O"Y}CbF�GIO

PXC�acGIY}[\sICED�F�N�s PXCEH�acCEO\[\F�a�qr[\O\O���G'F�[\acsIN�acacGIF}K�D�F�[\D 3
�5y ��K�D�F(3
�5y #�PXW�G'PXW�GICEH=_9qr[\O\O`��G 6�N"K�D`PX[QPtK� 
PX[QfEGIOQ_�K�����O\[\GIF�PXC�K�D"K�OQ_bacG�PXW�G
CE��acGIH=fEGIF�F�[\a=PtK�D�sIG
F�GI��GID�F�GID`P�O\[Qu�G PX[\Y}G! �acW�CEH=PXGID�[\D�h�C�uX8;:!<4=?>�@BA
Y}CEO\GIsIN�O\GIa F�GI��CEac[QPXGIF)CEDt8;D�EGF�K�D�FtE5HJILKMKMK!N�� 0�y
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�nW�G1PXW�GICEHcG PX[\szK�O�K�����HcC`K�stW�u�CEO\O\C q�GIF;N��;PXC W�GIHcG W"K�ad��GIGID F�G fEGIO\CE��GIF K�D�F;G!"5GIY}��O\[ 3"GIF;�`_
sICED�ac[\F�GIHc[\D�hdG!"5sIO\N�ac[QfEGIOQ_ �b:�� �5�6�7H ��acN���a=PXHXKTPXGIaIy}J"HcCEY>G�6Ly,Q PXC�G�6Ly � �b�:PXW�GlG��:GIs P�C�u
PXW�Gl��HcGIa  
GID�sIG}C�u'PXW�GlacN���a=PXHXKTPXG}CED PXW�GlGIY}[\acac[\CED ��HcCE��GIH=PX[\GIa9C�u K�D�GIO\GIs PXHcCED�[\szK�O\OQ_)G!"5sI[QPXGIF�Y}CEO\GIsIN�O\G [\a
acstW�GIYZKTPX[\szK�O\OQ_ K�sIsICEN�D`PXGIF)u�CEHrK�anu�CEO\O\C qraI�

�V�nW�GlY}CEO\GIsIN�OkK�H�GIY}[QPcPX[\D�h F�[\��CEO\G93"GIO\F [\D�sI[\F�GID`P9CED PXW�GlacCEO\[\F [\a��"K�H=PX[kK�O\OQ_)HcG O"GIs PXGIF K�D�F
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PXW�[\anO\[\Y}[QP'PXW�G9O\[Qu�G PX[\Y}G�F�GIsIHcGzK�acGIa�Y}CEHcG�acO\C qrOQ_dK�D�F�[QPrF�G fb[kKTPXGIanu�HcCEY�PXW�G9��HcGIF�[\s PXGIF)sIN�H=fEG�y
�nW�GZY}CbF�GIO�q�CEN�O\F�D�C�P�acGIGIY%PXC)F�GIacsIHc[\��G K�����HcCE��Hc[kKTPXGIOQ_VPXW�GZCE��acGIH=fEGIF G!"5��GIHc[\Y}GID`PtK�O^F�[\a  

PtK�D�sIG�F�GI��GID�F�GID�sIG�ylp�G fEGIH=PXW�GIO\GIacaI��[\D�ac[\F�G�PXW�[\a�F�[\a=PtK�D�sIG�F�CEYZK�[\DVPXW�G�acW�CEH=PXGID�[\D�hdG��:GIs P9PXN�HcD�a
CEN5P9PXC���GlacC)a=PXHcCED�h�PXW"KTP9PXW�GlY}GzK�acN�HcGIF�Y}CEO\GIsIN�OkK�H�O\[Qu�G PX[\Y}G9uxK�O\O\a�N�D�F�GIH9PXW�G�PX[\Y}G! �F�G PXGIs PX[\CED
O\[\Y}[QPlC�u�CEN�HZa=_ba=PXGIY w � ' �E����aI�rPXW�[\D�W�CEHc[ i CED`PtK�O�O\[\D�GV[\D 3"h�y # C { y�~�D`_�O\[Qu�G PX[\Y}G�Y}GzK�acN�HcG! 
Y}GID`PlszK�HcHc[\GIF CEN5P�CED fEGIH=_ acYZK�O\O�� ��� q�CEN�O\F HcGIacN�OQPl[\D/KVf�K�O\N�GdK�HcCEN�D�F PXW�Gda=_ba=PXGIYP �O\[\Y}[QPXGIF
Y}[\D�[\Y N�Y%f�K�O\N�G�y ~�a}K�D G!"�K�Y}��O\G��
PXW�G�Y}CEO\GIsIN�O\GIa �.H �!: �������3F�GI��CEac[QPXGIF/CED/PXW�G�acGIY}[\sICED�F�N�s! 
PXCEH�K�HcG���HcGIF�[\s PXGIFVPXC G!"5��GIHc[\GID�sIG�K}O\[Qu�G PX[\Y}G�acW�CEH=PXGID�[\D�hZC�u ' #`�E�E�E�lPX[\Y}GIa w �87��by|��� � � �=8 � KTP
� ��� 7��5y|� 9~�{ y�~7O\[Qu�G PX[\Y}G C�u � '��5y � ��a�[\a�G!"5��GIs PXGIF �`_�G!"bPXHXK���CEOkKTPX[\CED���K�f�K�O\N�GlC�u ' �E����a�[\a
[\D�a=PXGzK�F)Y}GzK�acN�HcGIF�y
�nW�G�O\[\Y}[QPXGIF}PX[\Y}G�HcGIacCEO\N5PX[\CED C�u�PXW�G�a=_ba=PXGIY F�CbGIanD�C�Pn��GIHcY}[QP'PXC�sICED�ac[\F�GIH PXW�G�f�K�O\N�GIa Y}GzK� 

acN�HcGIF1KTPracW�CEH=P�� ��� K�arF�G fb[kKTPX[\D�h�u�HcCEY � ]'g�G!"5��GIs PtKTPX[\CED�aIy
~�a�F�[\acsIN�acacGIF1[\D 3	Q5y � �"qr[QPXW�[\D�PXW�G�D�GzK�H  L3"GIO\F)F�CEYZK�[\DdPXW�G�Y}CEO\GIsIN�OkK�HnO\[Qu�G PX[\Y}G�[\ar��HcGIF�[\s PXGIF

PXC G!"5W�[\��[QP}K 6 ) F�[\a=PtK�D�sIG�F�GI��GID�F�GID�sIG w�[�y G�y K a=PXHXK�[\h�PXW/O\[\D�GZqr[QPXW/acO\CE��G�� [\D O\CEh  �O\CEh1��O\C�P { y
�nW�G ��/ �b:��JH � �5�3# �5�$/.:}C�u�PXW�G}O\[Qu�G PX[\Y}G�acW�CEH=PXGID�[\D�h�[\ae6�N"K�D`PX[ 3"GIF��`_ PXW�GlGID�GIHch�_ PXHXK�D�a=u�GIH�HXKTPXG
�"K�HXK�Y}G PXGIH 2�w�� { w�G�6Ly � Q`{ ��qrW�[\stW F�G 3"D�GIa9PXW�G #�:�� �iH � �5� D ��,!:���C�u'PXW�G 6 ) sIN�H=fEG}CED PXW�GlhEHXK���W�y
��D 3r�5y �5y � �`PXW�Grf�K�O\N�G�C�u 2�w�� {�[\a'szK�O\sIN�OkKTPXGIF}[\DZK�OkK�HchEGnu�HcG�6�N�GID�s _ZHXK�D�hEG�K�D�F}PXW�G�ac��GIsI[ 3"s�f�K�O\N�G
u�CEHo8;:!<4=?>�@BA CEDt8;D�EGF�[\anhE[QfEGID�y

7 �,(t(*jl(5�����kn�(t���iW ��VX���M(��L����Z ���,(tWY� 	 W ����V ��(
��GIszK�N�acGVC�u�PXW�G)��G PcPXGIHZK�hEHcGIGIY}GID`Plu�CEN�D�F ��G P�q�GIGID PXW�G)G!"5��GIHc[\Y}GID`PtK�OrF"KTPtK�K�D�F/PXW�G)Y}CbF�GIO
sIN�H=fEGlszK�O\sIN�OkKTPXGIFVu�CEH�K ���,���5�6��:��
F�[\��CEO\G9qr[QPXW HcGIac��GIs P9PXC�K ��GIHc��GID�F�[\sIN�OkK�H�CED�G���[QP�[\a�K�acacN�Y}GIF
PXW"KTP PXW�G PXHXK�D�ac[QPX[\CED F�[\��CEO\GZC�urPXW�GdY}CEO\GIsIN�O\GIa�[\a ��HcGIF�CEY}[\D"K�D`PXOQ_�CEHc[\GID`PXGIF K�O\CED�h K1F�[\HcGIs PX[\CED
�"K�HXK�O\O\GIO�PXC�PXW�G9acCEO\[\F�y
gb[\D�sIG�PXW�G�PXHXK�D�ac[QPX[\CED F�[\��CEO\G�[\a�F�[\HcGIs PXGIF�wvqr[QPXW�[\DZPXW�G 8;:!<4=?>�@BA�Y}CEO\GIsIN�O\G {
K�O\CED�h�PXW�G���D�� )

Y}CEO\GIsIN�OkK�H�K�"5[\a�wX3��by|�E{ �5[QP [\Y}��O\[\GIa^PXW"KTPrK�O\acC�PXW�G �bD���: ��/ ��:�,�K�HcG���HcG u�GIHcGID`PX[kK�O\OQ_}OQ_b[\D�h�qr[QPXWZPXW�[\a
K�"5[\an�"K�HXK�O\O\GIO�PXClPXW�G9acN���a=PXHXKTPXG�y
��D�CEHcF�GIH�PXCrszK�O\sIN�OkKTPXG�PXW�G
K�s PXN"K�OEF�[\a=PtK�D�sIG
��G P�q�GIGID�PXW�G^Y}CEO\GIsIN�OkK�H:F�[\��CEO\G^K�D�F�PXW�G^acN���a=PXHXKTPXG��

PXW�G	3"D�[QPXG�F�[\Y}GID�ac[\CED�anC�u�PXW�G9Y}CEO\GIsIN�O\G�W"KzfEG9PXCl��G�PtK�M�GIDV[\D`PXClK�sIsICEN�D`Pz�"PXCbC�y
~ Y}CEO\GIsIN�O\GnszK�D}O\[\Gn�"K�HXK�O\O\GIO5PXC9PXW�G�acN���a=PXHXKTPXG�GI[QPXW�GIH�
 OLKTP �`CEH�
 CEDZGIF�hEG �:wk3"h�yb���`{ ��K�sIsICEHcF�[\D�h

PXCVPXW�GZOkKTPXGIHXK�O
F�[\Y}GID�ac[\CED�C�unPXW�GZY}CEO\GIsIN�O\G}K�D�F�PXCVPXW�G}B'K�D F�GIH�m KEK�O\a�HXK�F�[\[
C�ursICEY}��CED�GID`P
KTPXCEY}aI��[\D PXW�GB3"Hca=P�szK�acG�PXW�G�PXHXK�D�ac[QPX[\CED F�[\��CEO\G�HcGIacN�OQPXa PXClO\[\G�KTP��by � 9~���[\D PXW�G9acGIsICED�FVKTP #�y $ 9~
Kzq Kz_�u�HcCEY�PXW�GracN���a=PXHXKTPXG�y'��CED�ac[\F�GIHc[\D�h�K�D}N�D�[Qu�CEHcY�F�[\a=PXHc[\��N5PX[\CED�C�u:Y}CEO\GIsIN�O\GIa���OLKTP ��K�D�F �ECED
GIF�hEG ���TPXW�G KzfEGIHXK�hEG�C �:acG P�f�K�O\N�G
C�uL�5y|� 9~ W"K�a�PXC���G K�F�F�GIF�PXC�hEG P�PXW�G'G��:GIs PX[QfEG�F�[\��CEO\G! �acN���a=PXHXKTPXG
F�[\a=PtK�D�sIG � ��� y
��ulK�D�K�HchECED ac�"K�sIGIHVC�u�PXW�[\stM�D�GIaca � � � [\a���OkK�sIGIF ��G P�q�GIGID3Y}CEO\GIsIN�O\G K�D�F acN���a=PXHXKTPXG���PXW�G

G��:GIs PX[QfEGrF�[\��CEO\G! �acN���a=PXHXKTPXG�F�[\a=PtK�D�sIG � ��� K�Y}CEN�D`PXa�PXC � ��� 7 � � � ���5y|� 9~�yEJ"CEH�Y}CEO\GIsIN�O\GIa�F�[\HcGIs PXOQ_
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Parallel dipole
[ minimum deff ~ 3.5Å ]

Perpendicular 
dipole

2.3Å4.7Å

� �
� � �X- � gbM�G PXstW C�urPXW�G PXW�HcGIG���CEacac[\��O\G G!"bPXHcGIY}G�CEHc[\GID`PtKTPX[\CED�a�C�u�PXW�Gg8;:!<4=?>�@BA1Y}CEO\GIsIN�O\G�y
�nW�G�PXHXK�D�ac[QPX[\CEDZF�[\��CEO\G�Y}CEY}GID`P�w�[\D�F�[\szKTPXGIF �`_dK�F�CEN���O\G�K�HcHcC q�{'O\[\GIa K�O\CED�h�PXW�G�O\CED�h
K�"5[\a C�u�PXW�GdY}CEO\GIsIN�O\G ' #`�5� C �*)�y���u�PXW�G�Y}CEO\GIsIN�O\GZ[\a��"K�HXK�O\O\GIO
PXC PXW�GdacN���a=PXHXKTPXG��'PXW�G
F�[\a=PtK�D�sIGrC�u�[QPXa^F�[\��CEO\G u�HcCEY!PXW�G�acN�H=uxK�sIG�W"K�a^PXC���GrszK�O\sIN�OkKTPXGIFZK�a^PXW�G�KzfEGIHXK�hEG�C�u�W"K�OQu
OkKTPXGIHXK�O^F�[\Y}GID�ac[\CED�a9u�CEH	
 OLKTP ��OQ_b[\D�hVK�D�F:
 CED�GIF�hEG ��Y}CEO\GIsIN�O\G�y�J"CEH 8;:!<4=?>�@BAt��PXW�G
KzfEGIHXK�hEG9Y}[\D�[\YZK�OLF�[\a=PtK�D�sIG�K�Y}CEN�D`PXanPXW�N�anPXCZ�5y|� 9~�y

F�GI��CEac[QPXGIFVCED�PXW�G 8;D�EGF�w�D�CZK�HchECED)ac�"K�sIGIHI�� � � 7��`{�PXW�G ��H6� H6��/ �7F�[\��CEO\G! �acN���a=PXHXKTPXG9KzfEGIHXK�hEG
F�[\a=PtK�D�sIG K�Y}CEN�D`PXa�PXC � ��� 7��5y|�59~�y��nW�G sICEHcHcGIs PX[\CEDV��GIsICEY}GIa�K�����HcGIsI[kK���O\G�CED�OQ_VKTP�fEGIH=_1acYZK�O\O
K�HchECEDdPXW�[\stM�D�GIacacGIa�w 6 � � %1�E���o#`� 9~�{ y

% �7R �i� �9V!�i�*����V ������� ��� ���,( (5�,(.� �!# ����VX��W �L(.����V ��( +�V ��VXZ[(*��(.� 2�w�� { �L� ��\���� F
~�sIsICEHcF�[\D�h/PXC/PXW�G PXW�GICEHcG PX[\szK�O9K�����HcC`K�stW F�G fEGIO\CE��GIF [\D 3;$by � u�CEH�Y}G PtK�O\O\[\sVacN���a=PXHXKTPXGIa1K�D�F
YZK�M�[\D�h�N�acG C�u�PXW�GnK�acacN�Y}�5PX[\CED�a�CED�PXW�G K�����O\[\szK���[\O\[QP�_�C�u�PXW�G Y}CbF�GIO`PXC�acGIY}[\sICED�F�N�s PXCEHcarwX3 $by �`{ �
[QPn[\an��CEacac[\��O\G�PXClGIa=PX[\YZKTPXG��`_dG�6Ly � Q PXW�G�HXKTPXG�C�u�GID�GIHch�_ PXHXK�D�a=u�GIH ������Vu�HcCEY K�D�G!"5sI[QPXGIF)F�[\��CEO\G
PXClKm8;D�EGFracN���a=PXHXKTPXG �5,*� 1�/ ����iH�D�� D�1 ����:&1 �!: � /.:���4�hD�1 ����:	:���H$�0� :��I��qrW�GID�PXW�G�F�[\a=PtK�D�sIG 6l[\a
acYZK�O\O�� ������57 2�w�� { 6"8 ) y
2�w�� {�F�CbGIa'G!"5��HcGIacaI�"[\D}[QPXa
u�N�D�s PX[\CED"K�O"F�GI��GID�F�GID�sIG�CED}PXW�Gru�HcG�6�N�GID�s _E�5PXW�G���HcGIF�[\s PXGIFZstW"K�D�hEG

C�u:PXW�G�GID�GIHch�_�PXHXK�D�a=u�GIH'HXKTPXGnqrW�GIDZPXW�G�GIY}[QPcPX[\D�h�Y}CEO\GIsIN�O\Gn[\a
acN�����CEacGIFZPXC���GracN���a=PX[QPXN5PXGIFZqr[QPXW
K�D�C�PXW�GIHrM�[\D�F)C�u�Y}CEO\GIsIN�O\G��5qr[QPXW)F�[ �:GIHcGID`P�GIY}[\acac[\CEDdu�HcG�6�N�GID�s _Eyn�nW�G�D�N�Y}GIHc[\szK�O�f�K�O\N�G�u�CEHnPXW�G
ac��GIsI[ 3"s9szK�acG�C�u�PXW�G98;:!<4=?>�@BA Y}CEO\GIsIN�O\G�CED 8;D�EGF�[\anszK�O\sIN�OkKTPXGIFd[\DdPXW�G�u�CEO\O\C qr[\D�h�y
�nW�G GIY}[QPcPXGIH�[\a�sICED�ac[\F�GIHcGIF/KTP�K)F�[\a=PtK�D�sIG � ��� % � �E� 9~Au�HcCEY K;8;D�EGF acN�H=uxK�sIG��^acGI�"K�HXKTPXGIF

u�HcCEY [QPr�`_dPXW�G�K�HchECED)ac�"K�sIGIHIy'm [QPXW�[\DdPXW�[\arF�[\a=PtK�D�sIG�HXK�D�hEG�PXW�G�K�����HcCY"5[\YZKTPX[\CED PXW"KTP�O\GzK�F�anPXC
PXW�G9D�GzK�H  L3"GIO\F�G!"5��HcGIacac[\CED w�G�6Ly � �E{�C�u�GID�GIHch�_dPXHXK�D�a=u�GIHrHXKTPXG9K�s PXN"K�O\OQ_ W�CEO\F�aIy
��D�a=PXGzK�F�C�u�K�D`_1Y}CbF�GIO�u�N�D�s PX[\CED CED�OQ_)PXW�G :� ��:��JH6�b:���� �5��F�[\GIO\GIs PXHc[\s�u�N�D�s PX[\CED C�u?8;D�EGF+' � � )

K�D�F)C�u�K�HchECED�W"K�ar��GIGID)N�acGIFV[\D PXW�G9szK�O\sIN�OkKTPX[\CED�aIy
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� � ����� 8;D�EGF�F�[\GIO\GIs PXHc[\s�u�N�D�s PX[\CED� a HcGzK�O�K�D�F [\YZK�hE[\D"K�H=_1�"K�H=P�' � � ) K�D�F szK�O\sIN�OkKTPXGIF GID�GIHch�_
PXHXK�D�a=u�GIH�HXKTPXG��"K�HXK�Y}G PXGIH�2�K�a�K�u�N�D�s PX[\CED�C�u"GIY}[QPcPXGIH�GID�GIHch�_ � ���Su�CEH�K��"K�HXK�O\O\GIO`F�[\��CEO\G
KTP�KrF�[\a=PtK�D�sIG3� ��� % � �E��9~ u�HcCEY 8;D�EGF�acN���a=PXHXKTPXG�y��nW�G�ac�"K�sIGIH�[\a�K�HchECED�y��nW�G K���HcN��5P
[\D�sIHcGzK�acGl[\D PXHXK�D�a=u�GIH9HXKTPXG}KTP � y �E��G B7[\a�HcGIOkKTPXGIF PXCdPXW�GlCED�acG P�C�u F�[\HcGIs P�K���acCEHc�5PX[\CED
K�sIHcCEaca'PXW�G��"K�D�F h`K���y��nW�G�K�HcHcC q [\D�F�[\szKTPXGIa
PXW�G�GIY}[\acac[\CED}GID�GIHch�_ZC�u�PXW�G	8;:!<4=?>�@BA
Y}CEO\GIsIN�O\G 5nK D�N�Y ��GIH}C�u�GIY}[QPcPXGIHcaI�'qr[QPXW GIY}[\acac[\CED/GID�GIHch�_ HXK�D�hE[\D�h W`_b��C�PXW�G PX[\szK�O\OQ_
u�HcCEY � � 7���G B PXCl�by|��G B3K�HcG���HcGIF�[\s PXGIF PXC G!"5��GIHc[\GID�sIG�K�O\[Qu�G PX[\Y}GnacW�CEH=PXGID�[\D�h G��:GIs P
qrW�CEacG�f�K�O\N�G�stW"K�D�hEGIarK�O\Y}CEa=P'u�CEN�H�PX[\Y}GIaIy�~�acCla=PXHcCED�h�Y}CbF�N�OkKTPX[\CED}[\a'PXClK�acsIHc[\��G�PXC
PXW�G9�"K�D�F)a=PXHcN�s PXN�HcG�C�u�PXW�G9acGIY}[\sICED�F�N�s PXCEHIy

J�[\h�y�� � acW�C qraI��PXCEhEG PXW�GIH�qr[QPXW PXW�GlHcGzK�O�w�F"K�acW�GIFL{�K�D�F�[\YZK�hE[\D"K�H=_ w�F�C�PcPXGIFL{��"K�H=P�C�u 8;D�EGF
G!"5��GIHc[\Y}GID`PtK�O�F�[\GIO\GIs PXHc[\s1u�N�D�s PX[\CED���PXW�G�GID�GIHch�_;PXHXK�D�a=u�GIH�HXKTPXG �"K�HXK�Y}G PXGIH(2�w�� { wvPXW�[\stM�O\[\D�G {
D�N�Y}GIHc[\szK�O\OQ_/F�GIHc[QfEGIF K�a�K�u�N�D�s PX[\CED�C�u�GIY}[QPcPXGIH}u�HcG�6�N�GID�s _Ey 2�w�� {lW"K�ad��GIGID szK�O\sIN�OkKTPXGIF u�CEH
K5���,���5�6��:���GIY}[QPcPX[\D�h F�[\��CEO\G wvqr[QPXW O"N�CEHcGIacsIGID�sIG 6�N"K�D`PXN�Y _b[\GIO\F G�6�N"K�O PXC 8;:!<4=?>�@BA!� aZCED�G��
6 7��5y C �`{ y^�nW�G�acYZK�O\O:K�HcHcC q [\D�F�[\szKTPXGIa'PXW�G�K�s PXN"K�O:GID�GIHch�_ C�u�g � 
 g

�
GIO\GIs PXHcCED�[\s�PXHXK�D�ac[QPX[\CEDZ[\D

PXW�G98;:!<4=?>�@BA Y}CEO\GIsIN�O\G�y

�nW�G�a=PXHcCED�h�[\D�sIHcGzK�acG���HcGIF�[\s PXGIF [\D 2�w�� {�u�CEH
GID�GIHchE[\GIa K���C fEG � y �E��G B [\a'HcGIOkKTPXGIF}PXC9PXW�G�CED�acG P
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Parallel dipole
[ min. deff ~ 2.2Å + 3.5Å = 5.7Å ]
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PXHXK�D�a=u�GIHrHXKTPXG9[\anCE�5PtK�[\D�GIF��

�������� 7 � � � 
 � � �
�
F � ) 	

F
� � 	 F � 6 ) ���dw 6 � ��{ 
 � � �

F � F
��w � � � � �z{ � � � 	 F wx� � {

�nW�G'PXHXK�D�a=u�GIH�HXKTPXG'[\a�PXW�GIHcG u�CEHcG�Knu�N�D�s PX[\CED�C�u5PXW�G'[\D`PXGIhEHXK�O`C�u5PXW�G'��HcCbF�N�s P�C�u5P�q�C�PXGIHcY}aI���dw 6 � ��{PXW"KTP�PtK�M�GIa9[\D`PXCdK�sIsICEN�D`P9PXW�G hEGICEY}G PXH=_1C�u
PXW�G a=_ba=PXGIY K�D�F1PXW�G PXGIHcY [\D�ac[\F�G�PXW�G �"K�HcGID`PXW�GIac[\a
PXW"KTPr[\Y}��CEacGIa PXW�G9GID�GIHch�_�sICED�acGIH=f�KTPX[\CED�y
�nW�GlG!"5��HcGIacac[\CED�[\D G�6Ly�� � [\a�f�K�O\[\F1��C�PXW1u�CEH9K�D G!"5sI[QPtKTPX[\CED GID�GIHch�_ OkK�HchEGIH�PXW"K�D1PXW�G �.H �!: ���

�"K�D�F�h`K���K�D�F OkK�HchEGIH�PXW"K�D PXW�GmH6���.H �!: ���n�"K�D�F�h`K�����stW"K�D�hE[\D�h�[\D PXW�G P�q�C)szK�acGIa9PXW�G�u�CEHcY C�u
u�N�D�s PX[\CED��dw 6 � ��{ y
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 � �*^� � 	�VX��� � V +
�'_}K�D"K�OQ_bac[\D�h9PXW�Gru�N�D�s PX[\CED"K�O"F�GI��GID�F�GID�sIG�C�u ��������VCED 6"��[QP'[\a
��CEacac[\��O\GnPXC�G fb[\F�GID�sIG�PXW"KTP
qrW�GID
61[\a�OkK�HchEG���PXW�G}u�N�D�s PX[\CED �dw 6 � ��{�[\a�D�CED5 �D�GIhEO\[\hE[\��O\G CED�OQ_ u�CEH ,0� �5�6��f�K�O\N�GIa�C�u ����KTP�F�[\a=PtK�D�sIGOkK�HchEGIH}PXW"K�D K�u�G q w�� � � �`{}OkKTPcPX[\sIGVsICED�a=PtK�D`PXaI��CED�OQ_ �dw 6 � � 7 �`{}[\a [\D���HXK�s PX[\sIG D�CED i GIHcC�y
�nW�[\a�CE��acGIH=f�KTPX[\CED ��GIHcY}[QPXa�PXCdCE�5PtK�[\D K OkK�HchEG! �F�[\a=PtK�D�sIG�K�����HcCY"5[\YZKTPXGIF acCEO\N5PX[\CED1[\D1qrW�[\stW PXW�G
�* �fEGIs PXCEH�F�GI��GID�F�GID�sIGl[\a�HcGIF�N�sIGIF PXC N�D�[76�N�GIOQ_ � 7�� w�
 CE�5PX[\szK�O  �O\[\Y}[QP acCEO\N5PX[\CED�|{ � PXW�[\a�acCEO\N5PX[\CED
��D�H6��qH�� :�,�qr[QPXW�PXW�G
698 ) u�N�D�s PX[\CED"K�O�F�GI��GID�F�GID�sIG���HcGIF�[\s PXGIFV[\D PXW�G�� ]'g�Y}CbF�GIO�y
��C q�G fEGIHI�'qrW�GID/PXW�G F�[\a=PtK�D�sIG(6 F�GIsIHcGzK�acGIa1w 6&% ��� 9~�{ ��Y}CEHcG K�D�F/Y}CEHcGZPXHXK�D�ac[QPX[\CED�a�qr[QPXW

�* �fEGIs PXCEH)K�HcCEN�D�F � 7��/K�HcG K�F�Y}[QPcPXGIF;PXC/sICED`PXHc[\��N5PXG PXC PXW�G PXHXK�D�a=u�GIH)HXKTPXG �`_;PXW�G �dw 6 � ��{u�N�D�s PX[\CED�y
��N5P'D�C q�PXW�G w�Y N�OQPX[\��O\[\szKTPX[QfEG {�GID�GIHch�_lsICED�acGIH=f�KTPX[\CED}sICED�F�[QPX[\CEDVw�HcGI��HcGIacGID`PXGIFd�`_�PXW�G ��u�N�D�s! 

PX[\CEDL{�PXGID�F�a�PXC�HcGIa=PXHc[\s P�CED�sIGnY}CEHcG'PXW�G [\D`PXGIhEHXKTPX[\CED�PXC�PXW�GnsIGID`PXGIH^C�u"PXW�G i CED�G���PXW�G HcG�6�N�[\HcGIY}GID`P
PXW"KTP GID�GIHch�_}PXHXK�D�a=u�GIH HXKTPXG�w�G�6Ly�� � {
��G�HcGzK�O��b[\Y}��O\[\GIa^PXW"KTP�PXW�G�OkK�a=P �"K�H=P C�u�PXW�G�[\D`PXGIhEHXK�OL[\a�HcGzK�O�y
�nW�N�aI��K�sICED�F�[QPX[\CED�CED �d[\anCE�5PtK�[\D�GIF��

� F � ��w � � � � � { �
�
F wx�`�E{

�nW�G GID�GIHch�_�sICED�acGIH=f�KTPX[\CED sICED�F�[QPX[\CED �!:.��/ ��:�, PXW�GIHcG u�CEHcG}PXW�G F�GID�ac[QP�_�C�unPXW�GdK�O\O\C q�GIF 3"D"K�O
a=PtKTPXGIa u�CEH'PXW�G�PXHXK�D�ac[QPX[\CED��5K�anK�u�N�D�s PX[\CED C�u�PXW�G�G!"5sIGIaca�GID�GIHch�_ �7K�D�FdC�u�PXW�G��"K�D�F�YZK�acacGIaI�
K�a
�7��GIsICEY}GIanacYZK�O\O\GIH�CEH PXW�G��"K�D�F)sIN�H=f�KTPXN�HcG�OkK�HchEGIH�PXW�G�sICED�F�[QPX[\CEDd[\a Y}CEHcG�HcGIa=PXHc[\s PX[QfEG�y
��P�K�s PXa
PXClPXHcN�D�szKTPXG9PXW�G�[\D`PXGIhEHXKTPX[\CED�CED �d[\D)G�6Ly:� � K�D�F)PXW�GIHcGI�`_�PXC �!:.��/ ��: PXW�G9PXHXK�D�a=u�GIH���HcCE�"K���[\O\[QP�_
qr[QPXW HcGIac��GIs P�PXC1PXW�G CE�5PX[\szK�O  �O\[\Y}[QPlw�� ]'g�{�f�K�O\N�GIaI�}D�C�PlK�O\O^PXW�G �* �fEGIs PXCEH sICEY}��CED�GID`PXa�C�unPXW�G
Y}CEO\GIsIN�OkK�H�D�GzK�H 3"GIO\F/szK�D ��HcCbF�N�sIG)K�D GIO\GIs PXHcCED5 �W�CEO\G �"K�[\HI�^��N5PlCED�OQ_�PXW�CEacG PXW"KTP�aXKTPX[\a=uv_�PXW�G
sICED�F�[QPX[\CEDZC�u�G�6Ly��`� 5�u�CEH'PXW�[\a�HcGzK�acCED PXW�G�GID�GIHch�_ZPXHXK�D�a=u�GIH�HXKTPXG � : ���!: �5,!:�,�K�D�F PXW�[\a'HcGIacN�OQPXa [\DdK
F�G fb[kKTPX[\CED�w�O\GIaca 6�N"K�D�stW�[\D�h�{�u�HcCEY�PXW�G9F�GI��GID�F�GID�sIG9f�K�O\[\F�KTPrOkK�HchEG! �F�[\a=PtK�D�sIG�y
J�[\h�y��M$racW�C qra�PXW�G GID�GIHch�_�PXHXK�D�a=u�GIH�HXKTPXG���HcGIF�[\s PXGIF��`_�PXW�Gng5o��;Y}CbF�GIO�w ���������{�K�a�K�u�N�D�s PX[\CED

C�u�PXW�G�Y}CEO\GIsIN�O\G! �acGIY}[\sICED�F�N�s PXCEH acGI�"K�HXKTPX[\CED�6"�"u�CEH�KlF�[\HcGIs P�h`K��)YZKTPXGIHc[kK�O��"��D��0� �5�7H���:.��PXClPXW�G
OkK�HchEG! �F�[\a=PtK�D�sIG�w�� ]'g�{^f�K�O\N�G�y �������� ����

���
�r[\a'��O\C�PcPXGIF}u�CEH'K�D�N�Y ��GIH�C�u�G!"5sIGIacanGID�GIHch�_ �!f�K�O\N�GIaI�

qrW�GIHcGzK�a�PXW�G �"K�D�F YZK�acacGIa�f�K�O\N�GIa�K�HcG M�GI�5PB3 ":y��nW�G}g5o�� Y}CbF�GIO���HcGIF�[\s PXalwxKTP�[\D`PXGIHcY}GIF�[kKTPXG
F�[\a=PtK�D�sIGIaI� 687������4QE��9~�{�K�OkK�HchEG)F�G fb[kKTPX[\CED/u�HcCEY PXW�G � ]'g G!"5��GIs PtKTPX[\CED CED�OQ_ u�CEH ,0� �5�6� �
f�K�O\N�GIa�w��;%1�5y|��G B9{ y
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~�O\acC)[\D PXW�[\a�szK�acGlPXW�G}f�K�O\GID�sIGZK�D�F�sICED�F�N�s PX[\CED��"K�D�F�a K�HcGZK�acacN�Y}GIF��"K�HXK���CEO\[\s qr[QPXW�YZK�acacGIa
� �9K�D�F �

�
�"��N5PrqrW�[\O\G�PXW�G�f�K�O\GID�sIG9�"K�D�F)G!"bPXHcGIY N�Y [\arKTP i CED�G9sIGID`PXGIHrPXW�G9sICED�F�N�s PX[\CED��"K�D�F

G!"bPXHcGIY N�Y>[\a�K�acacN�Y}GIF1PXC ��G F�[\ac��OkK�sIGIFVu�HcCEY PXW�G i CED�G sIGID`PXGIH��`_1KZacCEY}G�q KzfEG fEGIs PXCEH � ��K�a
acM�G PXstW�GIF1[\Db3"h�y����5y
��<9��D���D�� � �5,0,JH6, � :.� � ���5� ,JH$�iH�D�� , �
~�a�F�[\acsIN�acacGIF u�CEH�PXHXK�D�ac[QPX[\CED�a�K���C fEGZPXW�G F�[\HcGIs P��"K�D�F h`K���C�uracGIY}[\sICED�F�N�s PXCEHI��PXW�GZsICED`PXHc[\��N5 
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� � �& � g5o�� Y}CbF�GIO ��HcGIF�[\s PX[\CED�a1u�CEH1PXW�G/GID�GIHch�_3PXHXK�D�a=u�GIH u�HcCEY K�D GIO\GIs PXHcCED�[\szK�O\OQ_ G!"5sI[  

PXGIF Y}CEO\GIsIN�O\GlPXC KVacGIY}[\sICED�F�N�s PXCEH�wvfb[kKVGIO\GIs PXHcCED5 �W�CEO\G}�"K�[\H�hEGID�GIHXKTPX[\CEDL{�qrW�GID PXW�G
Y}CEO\GIsIN�OkK�H GID�GIHch�_/[\a7� �,� ) :���PXW"K�D/PXW�G�F�[\HcGIs P}h`K�� C�u�PXW�G�YZKTPXGIHc[kK�O��
K�a}K u�N�D�s PX[\CED
C�ulPXW�G Y}CEO\GIsIN�O\G! �acN���a=PXHXKTPXG acGI�"K�HXKTPX[\CED 6"y@�nW�G/sIN�H=fEGIaI�lD�CEHcYZK�O\[ i GIF PXC;PXW�G G!". 
��GIs PXGIF�� ]'g1f�K�O\N�G�w�OkK�HchEG! �F�[\a=PtK�D�sIG��*
 CE�5PX[\szK�O ��O\[\Y}[QPrf�K�O\N�G { ��K�HcG�szK�O\sIN�OkKTPXGIFVu�CEH�f�K�H  
[\CEN�a}GIY}[QPcPXGIHlG!"5sIGIacadGID�GIHch�_ � K�D�F sICED�a=PtK�D`Pd�"K�D�F YZK�acacGIaZf�K�O\N�GIa � � 7@� � � � �
K�D�F � � 7 � �|��� � ' � �*)�y�j^D�GIHch�_ sICED�acGIH=f�KTPX[\CED sICED�F�[QPX[\CED [\a���HcGIF�[\s PXGIF PXC�O\[\Y}[QPrPXW�G
F�GID�ac[QP�_dC�u�3"D"K�O�a=PtKTPXGIa�K�O\O\C q�GIF u�CEH PXW�G�PXHXK�D�ac[QPX[\CED�K�sIsICEHcF�[\D�h�PXClG�6LyL�`�b�^D�C�P�K�O\O�PXW�G
�* �fEGIs PXCEH
sICEY}��CED�GID`PXa
C�uLPXW�GrY}CEO\GIsIN�OkK�H�D�GzK�H�3"GIO\FlszK�Dl[\D�F�GIGIF}��HcCbF�N�sIG�K�DlGIO\GIs PXHcCED5 
W�CEO\G}�"K�[\H�[\D�PXW�GZacGIY}[\sICED�F�N�s PXCEH@5
[\D�PXW�[\a9q Kz_�PXW�GZGID�GIHch�_�PXHXK�D�a=u�GIH�F�G fb[kKTPXGIa�u�HcCEY
� ]'gdG!"5��GIs PtKTPX[\CED w���CE[\D`PXGIF�O\[\D�G { y

PX[\CED�a�PXC�PXW�GrGID�GIHch�_ PXHXK�D�a=u�GIH^HXKTPXGn[\D`PXGIhEHXK�O�w�G�6Ly��E�`{�K�HcGnD�CED i GIHcC�CED�OQ_�u�CEH�PXHXK�D�ac[QPX[\CED�a���G P�q�GIGID
HcGIhE[\CED�arD�GzK�HnPXW�G��"K�D�FVG!"bPXHcGIYZK5y'��D)PXW�G9uxK�H  L3"GIO\F�F�[\a=PtK�D�sIG�K�D�F)u�CEH PXHXK�D�a=u�GIHcHcGIFVGID�GIHchE[\GIa�%cN�a=P
K���C fEG PXW�Gd�"K�D�F/h`K�� w�� fEGIH=_ acYZK�O\Ov{ ��K�a PXW�G q KzfEGdfEGIs PXCEHlC�u�Y}CEO\GIsIN�OkK�He3"GIO\F/[\a D�GIhEO\[\hE[\��O\G
w � � '��`{ � ����D���D��h:���H6,0,JH�D��tD���� -5,!D�� � �iH�D���wvqr[QPXW ��� � ' � { [\arHcG�6�N�[\HcGIF)PXC}sICED�acGIH=fEG�Y}CEY}GID5 
PXN�Y [\D�[\D�F�[\HcGIs PnPXHXK�D�ac[QPX[\CED�anK�sIHcCEacanPXW�G9h`K��)[\D PXW�G9acGIY}[\sICED�F�N�s PXCEH�wk3"h�yL���rwxK`{c{ y

m W�GID PXW�G ��W�CED�CED5 �K�acac[\a=PXGIF �"K�D�F PXHXK�D�ac[QPX[\CED [\a PXW�G F�CEY}[\D"K�D`PdY}GIstW"K�D�[\acY PXC/��HcCbF�N�sIG
GIO\GIs PXHcCED5 �W�CEO\G��"K�[\Hca [\DZPXW�G�acCEO\[\F���PXW�G�GID�GIHch�_ZPXHXK�D�a=u�GIHnHXKTPXG �� � � � ������ [\a ��HcGIF�[\s PXGIF PXC�G!"5W�[\��[QPnCED�sIG
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� � ��% � gbM�G PXstW C�u�Y}CEO\GIsIN�O\G! �acGIY}[\sICED�F�N�s PXCEH�GID�GIHch�_ PXHXK�D�a=u�GIH�fb[kK1GIO\GIs PXHcCED5 �W�CEO\Gd�"K�[\Hca�hEGID5 
GIHXKTPX[\CED���u�CEH�Y}CEO\GIsIN�OkK�H�GID�GIHch�_ � � %cN�a=P�K���C fEG PXW�G�CED�acG P���
 C�u K�D [\D�F�[\HcGIs P��"K�D�F
PXHXK�D�ac[QPX[\CED�y �nW�G)sICED�F�N�s PX[\CED �"K�D�F Y}[\D�[\Y N�Y [\alF�[\ac��OkK�sIGIF/�`_ � [\D �* �ac�"K�sIG�y ~ P
OkK�HchEG1GIY}[QPcPXGIH  �acN���a=PXHXKTPXG acGI�"K�HXKTPX[\CED���PXC sICED�acGIH=fEG�PXW�G Y}CEY}GID`PXN�Y [\D;PXHXK�D�ac[QPX[\CED��
��W�CED�CED5 �K�acac[\a=PtK�D�sIG9w �b{�[\a�HcG�6�N�[\HcGIF�w � � � � � ��7 � �Tqr[QPXW � � '��`{ y�~ P�acW�CEH=P^GIY}[QPcPXGIH  
acN���a=PXHXKTPXG�acGI�"K�HXKTPX[\CED��:PXW�G�D�GzK�H  L3"GIO\F G��:GIs PXa9��GIsICEY}G F�CEY}[\D"K�D`Pz��g5o��AY}CbF�GIO���HcG! 
F�[\s PXa�PXW"KTPnPXW�G�W�[\hEW5 �q KzfEG! �fEGIs PXCEHnsICEY}��CED�GID`PXanC�u�Y}CEO\GIsIN�OkK�H'D�GzK�H?3"GIO\FdszK�D�F�[\HcGIs PXOQ_
��HcCEY}C�PXG�D�CED5 �fEGIH=PX[\szK�O�PXHXK�D�ac[QPX[\CED�a w � {rqr[QPXW�CEN5P���W�CED�CED5 �K�acac[\a=PtK�D�sIG�y9o�GI��GID�F�[\D�h CED
��� arf�K�O\N�G��LGID�GIHch�_)sICED�acGIH=f�KTPX[\CED w�G�6Ly��`�E{nHcGIF�N�sIGIa�PXW�G���CEacac[\��O\G9PXHXK�D�ac[QPX[\CED�anCED�OQ_dPXC
3"D"K�O�a=PtKTPXGIa�K�HcCEN�D�F � � ' � y
�nW�G9��W�CED�CED)GID�GIHch�_�[\anD�GIhEO\GIs PXGIF)[\Db3"hEN�HcG�y

Y}CEHcGdK 6 8 )�F�GI��GID�F�GID�sIG)CED PXW�GdF�[\a=PtK�D�sIG�y���PXalK���acCEO\N5PXGZf�K�O\N�G [\a W�C q�G fEGIH}G!"5��GIs PXGIF/PXC ��G
acYZK�O\O\GIH}PXW"K�D PXW"KTP�[\D�PXW�G F�[\HcGIs PdPXHXK�D�ac[QPX[\CED�aI� [\D;��C�PXW szK�acGIadPXW�G HXKTPXG [\ad��HcCE��CEH=PX[\CED"K�O�PXC
PXW�G)K���acCEHc�5PX[\CED sICbG$#}sI[\GID`P ��C�u�PXW�GdacCEO\[\F�y���D szK�acG�C�u�[\D�F�[\HcGIs P PXHXK�D�ac[QPX[\CED W�C q�G fEGIH � � � � [\a
��HcCE��CEH=PX[\CED"K�O�PXC � F ��HXKTPXW�GIH�PXW"K�D � � 	 F K�a�[\D PXW�GZF�[\HcGIs P�szK�acG w��

� � �

{65^K�a K)sICED�acG�6�N�GID�sIG��^u�CEH
G!"5sIGIaca�GID�GIHch�_VC�u '��5y � ���5y ��G B ��PXW�G�[\D�F�[\HcGIs P�K���acCEHc�5PX[\CED1[\a�N��VPXCZP�q�CdCEHcF�GIHca�C�u
YZK�hED�[QPXN�F�G
q�GzK�M�GIHrPXW"K�D�PXW�G9F�[\HcGIs PrCED�G�y
�nW�G CE��acGIH=fEGIF�GID�GIHch�_)PXHXK�D�a=u�GIH�HXKTPXG �� � � � ������ fb[kK}��W�CED�CED5 �K�acac[\a=PXGIF1PXHXK�D�ac[QPX[\CEDVY}GIstW"K�D�[\acY�CED

[\D�F�[\HcGIs P��"K�D�F h`K�� YZKTPXGIHc[kK�O\a9[\a�ac[\Y}[\OkK�HcOQ_VG!"5��GIs PXGIF PXC1��G K�����HcGIsI[kK���OQ_ acYZK�O\O\GIH9[\D K���acCEO\N5PXG
f�K�O\N�G�PXW"K�D�PXW�G9HXKTPXG�fb[kK fEGIH=PX[\szK�O�PXHXK�D�ac[QPX[\CED�a CED)F�[\HcGIs Prh`K���acCEO\[\F�aIy
�9�	D�� ����D���D�� � �5,0,JH6, � :.� � ���5� ,JH$�iH�D�� , �
��D PXW�G�D�GzK�H  L3"GIO\F F�CEYZK�[\D}PXW�G�Y}CEO\GIsIN�O\GIa
PXHXK�D�a=u�GIH ��D�� � ���!�.H �"�iH$#�:���� PXW�G�G!"5sI[QPtKTPX[\CEDZPXC�PXW�G�acN��5 
a=PXHXKTPXG�y��nW�G G!"5sI[QPtKTPX[\CED�PXHXK�D�a=u�GIH�[\a�D�C�P�Y}GIF�[kKTPXGIF��`_ K���W�C�PXCED�K�D�F�PXW�G sICED�F�[QPX[\CED � � '���[\a�D�C
Y}CEHcG�f�K�O\[\F�y��nW�G�Y}CEO\GIsIN�OkK�H'D�GzK�H 3"GIO\FdG!"5W�[\��[QPXa [\D�F�GIGIF)K OkK�HchEG�F�[\a=PXHc[\��N5PX[\CEDZC�u �* �fEGIs PXCEHcaIy
~�a
K sICED�acG�6�N�GID�sIG��"PXW�G�g5o�� Y}CbF�GIO���HcGIF�[\s PXa PXW"KTPn[QP [\a ��CEacac[\��O\G�PXW"KTP PXW�G�G!"5sI[QPXGIF�Y}CEO\GIsIN�O\G�F�CbGIa
PXHXK�D�a=u�GIH9GID�GIHch�_1PXCdPXW�GlacGIY}[\sICED�F�N�s PXCEH9�`_ �.H �!: �������;��HcCbF�N�sI[\D�h�GIO\GIs PXHcCED5 �W�CEO\G �"K�[\Hca�fb[kKdD�CED5 
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fEGIH=PX[\szK�ObPXHXK�D�ac[QPX[\CED�aI� ��H$����D / �1����D���D�� �5,0,JH6, � �5���: �`CED�OQ_��`_ Y}GzK�D�a�C�u"PXW�G �* �fEGIs PXCEH^F�[\a=PXHc[\��N5PX[\CED
K�HcCEN�D�F � 7 � y

�nW�G���HcCbF�N�s PX[\CED C�u�GIO\GIs PXHcCED5 �W�CEO\G �"K�[\Hca �`_ D�CED5 �fEGIH=PX[\szK�O�PXHXK�D�ac[QPX[\CED�a�wk3"h�y^���"w��L{ �
acOkK�D`PXGIF
K�HcHcC qrat{�K�O\O\C qra�PXW�GZGID�GIHch�_�PXHXK�D�a=u�GIH9PXC)PtK�M�G ��OkK�sIGZK�O\acC�qrW�GID PXW�GZGID�GIHch�_�C�u PXW�GZGIY}[QPcPXGIH9[\a
acYZK�O\O\GIH�PXW"K�D�PXW�G}F�[\HcGIs P��"K�D�F�h`K���C�u�PXW�GZacGIY}[\sICED�F�N�s PXCEHIyZm W�GID szK�N�acGIF �`_�K�Y}GIstW"K�D�[\acY
[\D`fECEOQfb[\D�h�D�CED5 �fEGIH=PX[\szK�OLPXHXK�D�ac[QPX[\CED�aI�`PXW�G�Y}CbF�GIOL��HcGIF�[\s PXa'PXW"KTP'PXW�G�GID�GIHch�_}PXHXK�D�a=u�GIH'HXKTPXG �� u�HcCEY
PXW�G9Y}CEO\GIsIN�O\G�PXC�PXW�G9acGIY}[\sICED�F�N�s PXCEHracW�C qra�K 6"8=< � : ��:���� :����:�CED�PXW�G9F�[\a=PtK�D�sIG�y

��C q�G fEGIHI�rKTPlacW�CEH=PXGIHlF�[\a=PtK�D�sIGIaI� Y N�stW K�al[\D PXW�G�F�[\HcGIs Plh`K�� szK�acG�� K�O\acC CED/[\D�F�[\HcGIs Plh`K��
acGIY}[\sICED�F�N�s PXCEHca�PXW�G}GID�GIHch�_ sICED�acGIH=f�KTPX[\CED�sICED�F�[QPX[\CED w �Zu�N�D�s PX[\CED�[\D G�6Ly��E�`{�PXHcN�D�szKTPXGIaI��K�a�K
u�N�D�s PX[\CEDZC�u �AK�D�F C�u�PXW�G��"K�D�F YZK�acacGIaI�bPXW�G�[\D`PXGIhEHXKTPX[\CED}[\D��* �ac�"K�sIG�PXC�f�K�O\N�GIa�K�HcCEN�D�F � � ' � y
�nW�[\a
HcGIF�N�sIGIa'PXW�GrGID�GIHch�_�PXHXK�D�a=u�GIH'HXKTPXG�K�D�F}szK�N�acGIa
q�GzK�M�GIH�F�GI��GID�F�GID�sIG�K�D�FZK � :�#�H �"�iH�D��	1 �!D��
����: 6"8=< ��/�� #�: y

&���Z Z[V � # ��� ���,(h& ��� Z[���,("� +���(5���i����������W
�nW�G���HcGIF�[\s PX[\CED�anC�u�PXW�G�g5o���Y}CbF�GIO�szK�D)��G�acN�Y}YZK�Hc[ i GIF)K�anu�CEO\O\C qraI�
��j^Y}[QPcPXGIHnGID�GIHch�_�OkK�HchEGIH�PXW"K�D�PXW�G �.H �!: ���
�"K�D�F)h`K����
� y|{�J"CEHnF�[\a=PtK�D�sIGIa�[\DdPXW�G9HXK�D�hEG9C�u 6 ' ����� � �E� 9~��5PXW�G�g5o���Y}CbF�GIO�K�hEHcGIGIanqr[QPXWdPXW�G�G!"5��GIs! 

PtKTPX[\CED�a�C�u�PXW�G�� ]'g Y}CbF�GIO:K�D�F PXW�G�GID�GIHch�_ZPXHXK�D�a=u�GIHnHXKTPXG�[\a���HcGIF�[\s PXGIF PXC�G!"5W�[\��[QPnK 698 )
F�GI��GID�F�GID�sIG�y

�by|{d~ P�acW�CEH=PXGIH�F�[\a=PtK�D�sIG w 6 � ����9~�{�PXW�G g5o��!Y}CbF�GIO���HcGIF�[\s PXaI�LCED)PXW�G��"K�acG�C�u�GID�GIHch�_)sICED5 
acGIH=f�KTPX[\CED HcGzK�acCED�aI�2��:�,0,ZGID�GIHch�_�PXHXK�D�a=u�GIH PXW"K�D PXW"KTP�G!"5��GIs PXGIF �`_�PXW�G�� ]'g Y}CbF�GIO�y ~
� :�#�H �"�iH�D��du�HcCEY PXW�G�sIOkK�acac[\szK�O 698 ) sIN�H=fEG��:F�GI��GID�F�[\D�hZCED�PXW�G9f�K�O\N�G9C�u^G!"5sIGIaca�GID�GIHch�_ �d�
[\a PXW�GIHcG u�CEHcG9G!"5��GIs PXGIF�y

��j^Y}[QPcPXGIHnGID�GIHch�_�OkK�HchEGIH�PXW"K�D�PXW�GeH6���.H �!: ���
�"K�D�F�h`K����
�5y|{d�nW�G�g5o�� Y}CbF�GIO ��HcGIF�[\s PXa/P�q�C!��CEacac[\��O\G GID�GIHch�_ PXHXK�D�a=u�GIH/Y}GIstW"K�D�[\acY}aI��u�CEH/OkK�HchEG

Y}CEO\GIsIN�O\G! �acN���a=PXHXKTPXG�F�[\a=PtK�D�sIGIaI��fb[kKd��W�CED�CED5 �K�acac[\a=PXGIF��"K�D�F PXHXK�D�ac[QPX[\CED�a�qr[QPXW�K5698 ) F�G! 
��GID�F�GID�sIG�y
��D PXW�G�HXK�D�hEG 6 ' ����������9~ fb[kK�D�CED ��W�CED�CED5 �K�acac[\a=PXGIFZPXHXK�D�ac[QPX[\CED�a
qr[QPXWdK 6"8=<
F�GI��GID�F�GID�sIG�y

#�y|{g2�qr[\D�h�PXC GID�GIHch�_ZsICED�acGIH=f�KTPX[\CED sICED�F�[QPX[\CED K	� :�#�H �"�iH�D��lu�HcCEY PXW�G 6"8=<nsIN�H=fEG�[\a���HcGIF�[\s PXGIF
u�CEH�F�[\a=PtK�D�sIGIa 6&% ��� 9~�yT�nW�GnG!"bPXGID`P'C�u"PXW�GnF�G fb[kKTPX[\CED�a�F�GI��GID�F�a
CED PXW�GnK�Y}CEN�D`P^C�uLG!"5sIGIaca
GID�GIHch�_ ��K�D�F)CED�PXW�G9�"K�D�F�a=PXHcN�s PXN�HcG�C�u�PXW�G9acGIY}[\sICED�F�N�s PXCEHIy

�nW�GIacG K�ac��GIs PXa�K�HcG9G fb[\F�GID�sIGIF1[\Dr3"h�y�� C 5"PXW�GIHcG��"PXW�G�D�CEHcYZK�O\[ i GIF�O"N�CEHcGIacsIGID�sIG O\[Qu�G PX[\Y}G � 7
�� 8 ������ wxK�sIsICEHcF�[\D�h�PXC�G�6Ly �M� {�[\a���O\C�PcPXGIF fEGIHcacN�a 69[\D szK�acGnC�u�GIY}[QPcPXGIH�GID�GIHchE[\GIa�HcGIac��GIs PX[QfEGIOQ_lK���C fEG
PXW�G�F�[\HcGIs P�CEH K���C fEG�PXW�G�[\D�F�[\HcGIs P��"K�D�Fdh`K��Z[\DdK�acGIY}[\sICED�F�N�s PXCEHI��[\DZPXW�G�acW�CEH=P F�[\a=PtK�D�sIG�HXK�D�hEG
PXW�G�g5o���Y}CbF�GIO���HcGIF�[\s PXarF�G fb[kKTPX[\CED�a u�HcCEY�HcGIac��GIs PX[QfEGIOQ_dPXW�G
6 ) K�D�F�6 <�F�GI��GID�F�GID�sIG�y
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���E�E�E��sIY�8 � K�D�F � � � � 7����E��sIY�8 � ��HcGIac��GIs PX[QfEGIOQ_�{ y�o�[\a=PtK�D�sIG! �F�GI��GID�F�GID`P�D�CEHcYZK�O\[ i GIF
O"N�CEHcGIacsIGID�sIG�GIY}[QPcPXGIH�O\[Qu�G PX[\Y}G�w � 7 �� 8 ������ {�D�N�Y}GIHc[\szK�O\OQ_�szK�O\sIN�OkKTPXGIF�w�sICED`PX[\D�N�CEN�a
O\[\D�G {
u�HcCEY%G�6Ly�� � ' � �*) K�D�F K�D"K�OQ_�PX[\szK�O\OQ_ K�����HcCY"5[\YZKTPXGIF [\D�PXW�GZO\[\Y}[QP9C�urOkK�HchEG}F�[\a=PtK�D�sIGIa
w�F"K�acW�GIFVK�D�F)F�C�PcPXGIF)O\[\D�GIat{ y
o�[\HcGIs P PXHXK�D�ac[QPX[\CED�aI� ��D�PXW�GrO\[\Y}[QP�C�u:OkK�HchEG F�[\a=PtK�D�sIGIaI�`PXW�GrY}CbF�GIO���HcGIF�[\s PX[\CED�a^sICE[\D�sI[\F�G
qr[QPXW)PXW�Gl� ]'gVY}CbF�GIO�G!"5��GIs PtKTPX[\CED�alw�[�y G�y 6 ) F�GI��GID�F�GID�sIG u�CEH �b{ ��qrW�GIHcGzK�a�KZF�G fb[kK� 
PX[\CEDd[\anG!"5��GIs PXGIFVu�CEHnacYZK�O\O\GIH86"y
��D�F�[\HcGIs PnPXHXK�D�ac[QPX[\CED�aI� ��GIac[\F�G'��W�CED�CED5 �K�acac[\a=PXGIF�PXHXK�D�ac[QPX[\CED�a�w�F"K�acW�GIF�O\[\D�G��Sqr[QPXW�KrsIOkK�a  
ac[\szK�O�6*)�F�GI��GID�F�GID�sIG { ��D�CED5 �fEGIH=PX[\szK�O�PXHXK�D�ac[QPX[\CED�anu�HcCEY f�K�O\GID�sIG9PXCZsICED�F�N�s PX[\CEDV�"K�D�F
K�HcG ��CEacac[\��O\G�����GIszK�N�acG�C�u�Y}CEY}GID`PXN�Y F�[\a=PXHc[\��N5PX[\CED�[\D;PXW�G Y}CEO\GIsIN�OkK�HZD�GzK�H�3"GIO\F��
qr[QPXW�CEN5P���W�CED�CED5 �K�acac[\a=PtK�D�sIG)w�
 D�GzK�H  L3"GIO\F G��:GIs P �|{ ��[\D1PXW�[\a�szK�acGlK(6 < F�GI��GID�F�GID�sIG}[\a
��HcGIF�[\s PXGIF}KTP^OkK�HchEG�F�[\a=PtK�D�sIGIa�w�F�C�PcPXGIFlO\[\D�G { �TqrW�GIHcGzK�a^u�CEH�acYZK�O\O 6�K�F�G fb[kKTPX[\CED�[\a�CED�sIG
Y}CEHcG�G!"5��GIs PXGIF�y9�nW�G G!"bPXGID`P9C�u�PXW�G F�G fb[kKTPX[\CED�a�F�GI��GID�F�a�CEDVPXW�G K�Y}CEN�D`P�C�u
G!"5sIGIaca
GID�GIHch�_ � K�D�F)CEDdPXW�G9�"K�D�F)a=PXHcN�s PXN�HcG�C�u�PXW�G9acGIY}[\sICED�F�N�s PXCEHIy
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��D PXW�[\a'acGIs PX[\CED��bPXW�G�F�[\a=PtK�D�sIG�F�GI��GID�F�GID`P O"N�CEHcGIacsIGID�sIG�Y}GzK�acN�HcGIY}GID`PXa szK�HcHc[\GIF CEN5P CEDZPXW�G�P�q�C
acGIY}[\sICED�F�N�s PXCEHca�K�HcG�F�[\acsIN�acacGIFl�`_ %cCE[\D�[\D�hrPXW�G K�HchEN�Y}GID`PXa�C�u 3
�5y ��wvu�CEH�8;D�EGF {�K�D�F C�u 3'�5y #�wvu�CEH
E5HJILKMKMK!NI{��"K�acGIF CED�PXW�G 6�N"K�D`PX[QPtKTPX[QfEGZszK�O\sIN�OkKTPX[\CED�a9�`_�PXW�Gd� ]'g�Y}CbF�GIO���qr[QPXW�sICED�ac[\F�GIHXKTPX[\CED�a
K���CEN5P�PXW�G^ac��GIsI[ 3"s
�"K�D�F�a=PXHcN�s PXN�HcG
C�ubPXW�G�P�q�C�acGIY}[\sICED�F�N�s PXCEHca�K�D�F�PXW�G�6�N"K�O\[QPtKTPX[QfEG���HcGIF�[\s PX[\CED�a
C�u�PXW�G�g5o���Y}CbF�GIO��5F�GIacsIHc[\��GIFV[\D PXW�G9OkK�a=Pr�"K�HXK�hEHXK���W�y
�nW�GmO"N�CEHcGIacsIGID�sIGZO\[Qu�G PX[\Y}G�acW�CEH=PXGID�[\D�h)[\a�sICED�D�GIs PXGIF�PXC�PXW�GlacGIY}[\sICED�F�N�s PXCEH�D"KTPXN�HcGlC�u'PXW�G

sICED�ac[\F�GIHcGIFdacCEO\[\F�aIy��nW�G�F�[\a=PtK�D�sIG�F�GI��GID�F�GID�sIG�CE��acGIH=fEGIF�CEDgE5HJILKMKMK!N�� 0>wk3"h�y"���`{^[\a�[\D`PXGIHc��HcG PXGIF
�`_ PXW�G�O\[\hEW`P C�u�PXW�G��"K�H=PX[\sIN�OkK�H�GID�GIHch�_ZPXHXK�D�a=u�GIHnY}GIstW"K�D�[\acY���HcGIF�[\s PXGIF��`_ PXW�G�g5o�� Y}CbF�GIO:CED
[\D�F�[\HcGIs PracGIY}[\sICED�F�N�s PXCEHcaIy

% � & �i� \_^.`baPcedgft��� \���� F � �,(5WY�M� ��+,������� 	 # ���,(h& ��� Z[���,("�

��D�PXW�Ge6�N"K�D`PX[QPtKTPX[QfEG�F�GIacsIHc[\�5PX[\CED�C�u�8;:!<4=?>�@BA F�GI��CEac[QPXGIF�CED 8;D�EGF ��PXW�G�[\D`PXHcCbF�N�s PX[\CEDdC�u�PXW�G
g5o���Y}CbF�GIO�acGIGIY}a�D�C�PrD�GIsIGIacaXK�H=_)ac[\D�sIG�PXW�G�� ]'g�Y}CbF�GIO�W"K�ar��HcCbC�u�GIFdPXC}��G�K���O\G�PXClF�GIacsIHc[\��G
sICEHcHcGIs PXOQ_E�5CEDdK�OkK�HchEG�F�[\a=PtK�D�sIG�HXK�D�hEG��bPXW�G�CE��acGIH=fEGIF�F�[\a=PtK�D�sIG�F�GI��GID�F�GID�sIG9C�u�PXW�G4O"N�CEHcGIacsIGID�sIG
O\[Qu�G PX[\Y}G�wk3"h�y # C { y
p�G fEGIH=PXW�GIO\GIacaI��PXW�G w�6�N"K�D`PX[QPtKTPX[QfEGIOQ_lsICEHcHcGIs P {
��HcGIF�[\s PX[\CED�a
C�u�PXW�G�� ]'g}Y}CbF�GIO�K�HcG�G!"5sIO\N�ac[QfEGIOQ_

u�CEN�D�F�GIF CED�PXW�G N�acG C�u�K)u�HcG�6�N�GID�s _ F�GI��GID�F�GID`PlF�[\GIO\GIs PXHc[\slu�N�D�s PX[\CED � w�� {}w�YZK�sIHcCEacsICE��[\s}�"K� 
HXK�Y}G PXGIHt{�C�u�PXW�G9YZKTPXGIHc[kK�O���qrW�GIHcGzK�a�D�C}[\D�F�[\szKTPX[\CED [\anhE[QfEGID)CEDdPXW�GeH6��� :��������iH�D�� �b: �4���5� H6,0�)y
~�a�acW�C qrDV[\Db3"h�y�� � �"[\D�szK�acG�C�u�8;D�EGF �"��C�PXW�PXW�G9F�[\GIO\GIs PXHc[\s�u�N�D�s PX[\CED � w�� { K�D�F�PXW�G�GID�GIHch�_
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� 	 ��qH$� �"�iH�D�� D�1 ����: ,!D��7H�� - � ����: ��D�� � ���!�.H �"�iH$#�:3��:����gD�1 ����:e:���H$�0� :��Iy
m W�GID�PXW�GlG!"5sI[QPtKTPX[\CED C�u'PXW�GlacCEO\[\F PtK�M�GIa���OkK�sIGlD�C�Y}CEHcG�fb[kK PXW�GlHXK�F�[kKTPX[QfEG 3"GIO\F C�unKdacCEN�HcsIG
��OkK�sIGIF1uxK�H�u�HcCEY PXW�G�acN���a=PXHXKTPXG�����N5P9�`_VPXW�G D�CED5 �HXK�F�[kKTPX[QfEG 3"GIO\F C�u�K�D GIO\GIs PXHcCED�[\szK�O\OQ_�G!"5sI[QPXGIF
8;:!<4=?>�@BA Y}CEO\GIsIN�O\G�F�GI��CEac[QPXGIF #�:���� ��: �,��PXClac[\O\[\sICED acN�H=uxK�sIG���PXW�G�g5o�� Y}CbF�GIO���HcGIF�[\s PXanPXW"KTP
PXW�G W�[\hEW5 �q KzfEG�fEGIs PXCEH^sICEY}��CED�GID`PXa�C�u"PXW�G Y}CEO\GIsIN�OkK�H�D�GzK�H�3"GIO\F�szK�D���HcCEY}C�PXG K�D GIO\GIs PXHcCED u�HcCEY
f�K�O\GID�sIG}PXCVsICED�F�N�s PX[\CED��"K�D�F C�unac[\O\[\sICED fb[kKVK)D�CED5 �fEGIH=PX[\szK�O'GIO\GIs PXHcCED�[\slPXHXK�D�ac[QPX[\CED�K�sIHcCEaca�PXW�G
h`K����5qr[QPXW�CEN5Pr��W�CED�CEDVK�acac[\a=PtK�D�sIG wk3"h�yXQ � ��acOkK�D`PXGIFVK�HcHcC q�{ y

'E(k=0) = 3.4eV
'Emol = 2.3eV

Egap = 1.16eV
knearfield

e-

h

kphoton

corresponding
kphonon

k  �� k  ��S�a (100)k  ��S�a (½ ½ ½)
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Y}G PXH=_V[\DVPXW�G ��Hc[\O\O\CEN�[\D i CED�G ' � ��Q*)�y��nW�G 8;:!<4=?>�@BA}Y}CEO\GIsIN�O\G! �acGIY}[\sICED�F�N�s PXCEH�GID5 
GIHch�_�PXHXK�D�a=u�GIH�Y}GIstW"K�D�[\acY�[\a�[\O\O\N�a=PXHXKTPXGIF�� ��GIO\C q3PXW�G CED�acG P�C�u�PXW�G F�[\HcGIs P�GIO\GIs PXHcCED�[\s
PXHXK�D�ac[QPX[\CED�KTP �5y #^G B ��PXW�GZK���acCEHc�5PX[\CED�C�urK)��W�C�PXCED�N�acN"K�O\OQ_ HcG�6�N�[\HcGIa�ac[\Y N�OQPtK�D�GICEN�a
acszKTPcPXGIHc[\D�h}C�u^K}��W�CED�CED)PXC}sICED�acGIH=fEG�PXW�G�Y}CEY}GID`PXN�Y)y p�G fEGIH=PXW�GIO\GIacaI��KTP�fEGIH=_)acW�CEH=P
acGI�"K�HXKTPX[\CED�aI��PXW�G�g5o�� Y}CbF�GIO'��HcGIF�[\s PXa�PXW"KTP�PXW�G+��: �,� ��:���� C�unPXW�GZF�[\��CEO\GlszK�D:�.H �
�!: ��������G!"5sI[QPXG	��D�� �0#�:�� �iH � �5��GIO\GIs PXHcCED�[\s�PXHXK�D�ac[QPX[\CED�a�K�sIHcCEaca�PXW�G�h`K���K�D�F [\D1PXW�[\a�q Kz_
G$#}sI[\GID`PXOQ_ PXHXK�D�a=u�GIH PXW�G9G!"5sI[QPtKTPX[\CEDdPXC�PXW�G9acN���a=PXHXKTPXG�y

gb[\D�sIGlacN�stW Kd��HcCbsIGIaca�[\a9��CEacac[\��O\G�CED�OQ_VqrW�GID�PXW�GlY}CEO\GIsIN�O\G [\a ��� � ,JH � �5�6������� ����:.� H6�5� �!D  �
H6��H$� � C�u
PXW�GlacCEO\[\F���[QP�F�CbGIa9D�C�P9sICED`PXHc[\��N5PXG PXCdPXW�G f�K�O\N�G�C�u'PXW�G�CE�5PX[\szK�O\OQ_)Y}GzK�acN�HcGIF � w�� {�C�u
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# �����E� 9~�{ y��nW�G}� ]'g1sIN�H=fEGlszK�O\sIN�OkKTPXGIF N�ac[\D�h PXW�G��"K�HXK�Y}G PXGIHca�u�CEH�ac[\O\[\sICED/w�sICEHcHcGIs PXGIF u�CEH�O\C q
PXGIY}��GIHXKTPXN�HcG {�K�D�F�PXW�G}sIN�H=fEGIa���HcGIF�[\s PXGIF �`_ PXW�G g5o���Y}CbF�GIO�u�CEH�PXW�Gl��HcGIacGID`P�szK�acGZK�HcGZK�O\acC
HcGI��CEH=PXGIF�y
�nW�G�sICEY}��O\G PXG acG P9C�ulO"N�CEHcGIacsIGID�sIG}O\[Qu�G PX[\Y}G9F"KTPtK szK�D ��G PXW�GID [\D`PXGIHc��HcG PXGIF�K�a�u�CEO\O\C qraIy�~ P

acN #}sI[\GID`PXOQ_ZOkK�HchEG�F�[\a=PtK�D�sIGIa9w 6�
 � �E� 9~�{ �`PXW�G�CE��acGIH=fEGIF�Y}CbF�N�OkKTPX[\CEDlC�u�PXW�G�Y}CEO\GIsIN�OkK�H
O\[Qu�G PX[\Y}G
��W"K�a�PXC���G�K�acsIHc[\��GIF K�O\Y}CEa=P�GID`PX[\HcGIOQ_�PXCrPXW�G�[\D`PXGIH=u�GIHcGID�sIG'G��:GIs Prw�Y N�stW K�a�CED�ac[\OQfEGIHI� 3"h�yS� C { y���D
PXW�[\a�F�[\a=PtK�D�sIG
F�CEYZK�[\D��zPXW�G�� ]'g�Y}CbF�GIOLwvPXW�[\D9sICED`PX[\D�N�CEN�a�O\[\D�G {�[\a�u�CEN�D�F9PXCrF�GIacsIHc[\��G'K�F�G�6�N"KTPXGIOQ_
PXW�G9G!"5��GIHc[\Y}GID`PtK�O�F"KTPtK5y
~ P
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C�u�YZK�hED�[QPXN�F�G KTP � � 9~�{���G P�q�GIGID/PXW�GdF"KTPtK K�D�F PXW�G)� ]'g Y}CbF�GIO�G!"5��GIs PtKTPX[\CED�a�[\a�CE��acGIH=fEGIF��
[\D�ac[\F�G�PXW�[\anHXK�D�hEG�C�u�F�[\a=PtK�D�sIGIa PXW�G���W�GID�CEY}GID�CEO\CEhE[\s�F�GIacsIHc[\�5PX[\CED�C�u�PXW�G�� ]'gdY}CbF�GIO:a=PtK�H=PXa PXC
uxK�[\O�y
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[\a �"K�acGIF)CED PXW�G�Y}CEO\GIsIN�OkK�H�D�GzK�H 3"GIO\F�[\D�F�N�sIGIF�D�CED5 �fEGIH=PX[\szK�O:GIO\GIs PXHcCED�[\s�PXHXK�D�ac[QPX[\CED�anK�sIHcCEaca PXW�G
h`K���yr�nW�G�PXW�[\stMdsICED`PX[\D�N�CEN�a�O\[\D�G9acW�C qra�PXW�G 6 <�F�GI��GID�F�GID`P9sIN�H=fEG�u�CEH � 5:D�C�PtK���OQ_dPXW�G9fEGIH=PX[\szK�O
C �:acG PcPX[\D�hZC�u�PXW�G�sIN�H=fEG [\a�Klu�N�D�s PX[\CEDVC�u�PXW�G��"K�D�FVYZK�acacGIa�K�D�F1C�u�PXW�G��"K�D�F1a=PXHcN�s PXN�HcG�C�u�PXW�G
acCEO\[\F�K�D�F�[QPXa���CEac[QPX[\CED [\a�sIHc[QPX[\szK�O\OQ_VK5�:GIs PXGIF��`_ PXW�GZK�acacN�Y}�5PX[\CED�a�C�u�PXW�GlY}CbF�GIO�yl~ P�acW�CEH=PXGIH
F�[\a=PtK�D�sIGIa9w 6&% � �59~�{^K9q�GzK�M�GIHnF�GI��GID�F�GID�sIG�[\a'G!"5��GIs PXGIF��"[�y G�y^K�F�G fb[kKTPX[\CED w�N��ZPXC�CED�G�CEHcF�GIH�C�u
YZK�hED�[QPXN�F�G {^u�HcCEY PXW�G 6 < sIN�H=fEG��"F�GI��GID�F�[\D�h�CED PXW�G��"K�HXK�Y}G PXGIHca C�u�PXW�G�a=_ba=PXGIY w�F"K�acW�GIF�O\[\D�G { y
��D�PXW�G}acYZK�O\O�F�[\a=PtK�D�sIG}HXK�D�hEG�� - D ����Y}CbF�GIO\a9D #�:��!:�, �iH6� �"� :ZPXW�G}O\[Qu�G PX[\Y}G�acW�CEH=PXGID�[\D�hVG��:GIs Pzy

~ P�Y}[\D�[\Y N�Y�F�[\a=PtK�D�sIG�w 687��by $59~��`[\D�F�[\szKTPXGIFl�`_�
 Y}[\D�ECED}PXW�G?". �acszK�O\G {
K	O"N�CEHcGIacsIGID�sIG�O\[Qu�G PX[\Y}G
f�K�O\N�G
C�u �87 � #�����a�[\a�CE��acGIH=fEGIF���qrW�GIHcGzK�a^Knf�K�O\N�G
C�u � ' $���a�[\a�G!"5��GIs PXGIF�wxKTP�O\C q PXGIY}��GIHXKTPXN�HcG {
K�sIsICEHcF�[\D�h�PXCZ� ]'g56 ) sIN�H=fEG�K�D�FVK f�K�O\N�G�C�u � ' � � ������a�K�sIsICEHcF�[\D�h�PXC�PXW�G�g5o���Y}CbF�GIO�y
m W�GIHcGzK�a^PXW�Gr��W�GID�CEY}GID�CEO\CEhE[\szK�O�� ]'g�Y}CbF�GIObuxK�[\O\a�[\D PXW�GrF�GIacsIHc[\�5PX[\CED�C�u�PXW�GnO\[Qu�G PX[\Y}G'acW�CEH=P  

GID�[\D�h1G��:GIs Pz��PXW�G�g5o�� Y}CbF�GIO'��HcC fb[\F�GIa KVY}GIstW"K�D�[\acY%PXC�%cN�a=PX[Quv_ PXW�GZCE��acGIH=fEGIF/F�GI��GID�F�GID�sIG
K�D�F ��GIHcY}[QPXa9PXC hE[QfEG K1sIHcN�F�G�6�N"K�O\[QPtKTPX[QfEG}F�GIacsIHc[\�5PX[\CED C�urPXW�G G!"5��GIHc[\Y}GID`PtK�O'F"KTPtK5�
K�OQPXW�CEN�hEW
a=PX[\O\O�qr[QPXWVK�OkK�HchEG�F�[\acsIHcGI�"K�D�s _�[\D)K���acCEO\N5PXG�f�K�O\N�G�y
��C q�G fEGIHI�bPXW�GrhEHXK�F�GnC�u:acN�sIsIGIaca�C�u�PXW�GIacGrPXW�GICEHcG PX[\szK�O�Y}CbF�GIO\a^[\a�a=PXHc[\s PXOQ_N%cCE[\D`P^PXC�PXW�Gnf�K�O\[\F�[QP�_

C�u
PXW�GlK�����HcCY"5[\YZKTPX[\CED�aI�:CED1qrW�[\stW PXW�G�Y}CbF�GIO\a�K�HcG �"K�acGIF�y ��D �"K�H=PX[\sIN�OkK�HI�:��GIO\C q�u�G q�PXGID�a�C�u
K�D�hEa=PXHcCEY}a�PXW�Gr��CE[\D`P  �F�[\��CEO\G'K�����HcCY"5[\YZKTPX[\CED [\a�D�C9Y}CEHcG sICEHcHcGIs P'K�D�Fl[QP�q�CEN�O\Fl��GnD�GIsIGIacaXK�H=_�PXC
K�sIsICEN�D`P�u�CEH�PXW�G 3"D�[QPXG�F�[\Y}GID�ac[\CED�a�C�u�PXW�G GIY}[QPcPXGIHIy�J"N�H=PXW�GIHcY}CEHcG��TPXW�G�acN�H=uxK�sIG C�u"PXW�G�acN���a=PXHXKTPXG��
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