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I will review and discuss some of our recent work exploring multipolar order in quantum materials, 

including applications. 
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In quantum materials, colossal responses can emerge near phase boundaries. Molybdate pyrochlores, 
R2Mo2O7, exhibit a transition from a ferromagnetic metal to a spin glass insulator as a function of the 
R3+ radius [1,2], where a spin chirality-driven anomalous Hall effect emerges due to the R Mo coupling. 

-entrant spin glass 
disorder at low temperature due to the emergence of Gd Mo interactions. We synthesized the first thin 

molecular beam epitaxy and identified a 20K magnetic transition linked to Gd-
induced Mo spin reorientation. Transport measurements of angle-dependent magnetoresistance reveal 
intriguing behaviour above 10T, suggesting manipulation of high-field interactions. This study will offer 
crucial insights into correlating evolution of spin orientation to transport anomalies and potential 
topological effects in molybdate pyrochlores. 
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drives spin-orbital order in a vanadate 
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The flexible perovskite structure of many transition metal oxides allows different compounds to be 

combined in atomically sharp epitaxial heterostructures. Targeted manipulation of the different quantum 

phases by electronic and magnetic reconstruction at the interfaces between two compounds can lead to 

the realisation of new functionalities. Due to the strong coupling of the electronic degrees of freedom to 

the lattice, structural changes are equally influential. Small shifts in the oxygen positions can 

significantly alter the macroscopic properties. An example of this is our study of YVO3 epitaxial films 

on different substrate facets [1]. The difference in the direction of the displacements induced in YVO3 

films grown on orthorhombic (110) and (001) facets of YAlO3 substrates alone leads to the stabilisation 

of different spin-orbitally ordered phases. 
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in technological applications. In this regard, rare earth orthoferrites (e.g., DyFeO3, DFO) have shown a 
very rich phase diagram. Besides the antiferromagnetic transition associated with Fe3+ and Dy3+ orders 
(TN,Fe   645K, TN,Dy    4K), DFO shows a spin-reorientation (of Fe lattice) phase transition defined by 
the strong exchange interaction between Fe3+ and Dy3+(TSR  50K) [1]. In addition, a magnetic field 
induces a ferroelectric (FE) state below TN,Dy, making DFO a multiferroic, where the weak 
ferromagnetic and polar orders are aligned parallel to each other. A recent theoretical calculation 
predicts the strain-induced FE state in DFO thin films even well above the room temperature and thus 
realizing a strong multiferroic material above room temperature [2]. In this work, we report on the 
growth of DFO thin films on different substrates with various orientations. A detailed structural 
investigation allowed us to resolve the epitaxial relation between the film and substrates and highlights 
the strong influence of the strain on the structural properties, e.g., the c-axis of the DFO films is found 
to switch from out-of-plane to in-plane direction as a function of thickness.  Finally, we report on the 
magnetic properties of DFO thin films.  
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-to-ferroelectric phase transition at 

a critical temperature (Tc) of 765 K, with a polarization that develops along the c-axis primarily driven 

by ionic displacements. Theoretical studies reveal complex 

phase diagrams, with distinct domain configurations as a function of different parameters such as 

epitaxial strain, film thickness, electrostatic boundary conditions, and deposition temperature [1]. 

 

-

from 

flux-closure configurations to an a/c-phase as the film 

thickness, these domains were observed to organize into larger-scale superdomain structures [2,3]. 

 

18 to 720 unit cells, with a 22 nm-

force microscopy, vertical and lateral piezoresponse force microscopy, scanning transmission electron 

microscopy, and x-ray diffraction, we reconstruct the three-dimensional domain configurations and 

identify distinct superdomain types. Our analysis reveals that the superdomain periodicity scales with 

film thickness, and we observe the formation of superdomain walls. These walls exhibit potentially 

unique switching characteristics compared to conventional domain walls, suggesting a route toward 

enhanced functional properties in ferroelectric heterostructures. 
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Nanostructured ferroelectrics display exotic multidomain configurations resulting from the reduced 
dimensionality. In fact, the past decade has witnessed dramatic progress related to various aspects of emergent 
topological polar textures in oxide nanostructures which can display vortices, skyrmions, merons, hopfions, among 
others under suitable mechanical or electric boundary conditions [1]. These particle-like objects lead to interesting 
functional properties such as negative capacitance [2], chirality [3] or stochastic ultrafast dynamics [4]. 
Understanding and controlling such particle-like dynamics is crucial for their usage in nanoelectronic devices, akin 
to the meticulous control achieved with their magnetic counterparts [5]. Although many advances have been 
reported recently, the practical generation and manipulation of such polar textures remains nowadays very limited. 
In this talk, we shall explore different approaches based on temperature, mechanical stimuli and electric fields [6-
8] to achieve domain dynamics of such complex polar textures. Moreover, the atomistic resolution of our second-
principles molecular dynamics simulations will provide unique insights of these transformations. Finally, we will 
also discuss recent theoretical findings revealing unconventional responses of topological textures under the effect 
of electric fields, offering promising avenues for tunable dielectric functionalities in nanoscale devices. 
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The mechanical assembly of freestanding oxide membranes in twisted bilayers has led to the 

recent discovery of polar topologies in twisted BaTiO3 homojunctions [1]. A ferroelectric vortex array 
is generated by the pattern of non-homogeneous shear-strains via flexoelectric coupling of polarization 
to strain gradients. Since flexoelectricity has been demonstrated to induce polar features in a wide set of 
materials, an important question is whether polar topologies can be induced in twisted bilayers of non-
ferroelectric materials. In this communication we explore the effect of non-homogeneous moiré strains 
in twisted bilayers made of SrTiO3. SrTiO3 is a quantum paraelectric developing polar response at very 
low temperatures. Yet, it has been reported that in thin films ferroelectricity is induced by epitaxial 
strain. We have found that twisted SrTiO3 bilayers display an array of polarization vortices. 
Inhomogeneous strain patterns with the periodicity of the moiré lattice measured from high resolution 
electron microscopy images have been used to set initial conditions for first principles simulations. Full 
structural relaxation shows polar vortex arrays in close agreement with experimental results. The results 
of DFT simulations, apart from confirming the stability of the polar vortex state, indicate that the origin 
of the polar topology is a flexoelectrically induced polar state. 
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Transition metal oxides exhibit a variety of functionalities and epitaxial growth enables the synthesis 

of high-quality films. However, it confines the choice of substrates to those meeting symmetry and 

lattice parameter constraints. A way to overcome these constraints is releasing epitaxial oxides from 

their growth substrate, by means of sacrificial layers [1], thus obtaining oxide membranes. 

Here, we report on the controlled formation of interfacial ionic bonds between a 30 nm-thick  

membrane and a niobium-doped (001) carrier substrate. Scanning transmission electron 

microscopy in electron energy-loss spectroscopy mode (STEM-EELS) was used to investigate 

electronic/bonding state of  and  going across the interface from the substrate to the membrane as a 

function of annealing temperature. For a certain annealing temperature, and for a certain flux of STEM 

electron-beam, rastering it across the interface between the membrane and the substrate induces a 

perfect interface reconstruction with formation of ionic bonds between the membrane and the substrate. 

STEM-EELS analysis confirmed a change of  valence from  to  , and restoration of oxygen 

octahedral coordination in the interface region [2].  

This study presents a method for selectively creating ionic bonds between perovskite oxides using 

electron beams. This approach opens new pathways for synthesizing artificial heterostructures beyond 

epitaxial constraints and for locally manipulating physical properties at their interfaces. 
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We explore the synthesis and emergent electronic behavior of infinite-layer nickelate thin 

2  Eu

These compounds are derived from perovskite nickelates via topotactic reduction, first 

demonstrated by D. Li [1] 

-state route proposed by W. 

Wei [2,3]

phase. All thin films were synthesized via RF off-axis magnetron sputtering, with the 

aluminum layer deposited in situ on-axis.  

This method leverages our established expertise in growing high-quality 113 nickelate films 

and heterostructures [4,5,6], enabling successful reduction and stabilization of the 112 phase 

  

We investigate the interplay between magnetism and superconductivity in these infinite-layer 

systems under out-of-plane magnetic fields. While the higher-Tc SNENO exhibits a 

monotonic suppression of superconductivity with field, the lower-Tc samples displays a 

striking re-entrant superconducting behavior. In such samples, distinct superconducting 

domes in the magnetic phase diagram are observed, consistent with the Jaccarino Peter effect 

[7] arising from compensation between the applied field and an internal exchange field 

and Nd3+ moments. Hall effect data can be modeled by including an 

anomalous Hall term proportional to the spin paramagnetic response of the two 

aforementioned magnetic ions, further supporting our hypothesis. 
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Surface effects in infinite-layer nickelate films 

Leonard M. Verhoff1, Liang Si1,2, Karsten Held1 
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Nickelates show intriguing similarities to cuprates, and have emerged as a compelling platform for 
studying high temperature superconductivity [1]. Infinite-layer rare-earth (R) nickelates, RNiO2, 
consist of an alternating stacking of NiO2 layers and rare-earth spacing layers along the 
crystallographic z-axis. While their bulk structure has been extensively studied computationally, the 
samples that exhibit superconductivity in experiments are thin nickelate films synthesized through a 
chemical reduction process. The topotactic reduction removes apical oxygen from perovskite RNiO3, 
grown on substrates such as SrTiO3 (001) [2]. 
Here, we explore emerging surface effects in RNiO2 films by studying the formation and electronic 
structure of various surfaces within the framework of density functional theory (DFT) and dynamical 
mean-field theory (DMFT).  
While perfect stoichiometry favors a NiO2-terminated surface, the presence of excess apical oxygen  
in the surface region – possibly a remnant of the chemical reduction process – might stabilize an RO-
terminated surface. Furthermore, the atomic structure at the surface is found to strongly influence the 
local electronic structure. These surface effects indicate the absence of an electron pocket around the 
Γ point – even for NdNiO2 surfaces, in contrast to DFT and DMFT bulk calculations for NdNiO2 [1]. 

We acknowledge support through a joint German and Austrian Science Funds (DFG and FWF) 
project; FWF Grant-DOI:10.55776/I5398. 
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Exploring the Quantum–Classical Interface  
for Revolutionary Quantum Materials and Technologies 

Jochen Mannhart


Max Planck Institute for Solid State Research
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Does nature fundamentally prohibit valves from operating without an external driving force

—i.e., functioning in the linear response regime? We have developed quantum devices  

and metamaterials that achieve precisely this, leveraging breakthroughs at the intersection 

of quantum and classical physics. These advances challenge conventional physical princi-

ples and open the door to transformative innovations. By defying established concepts 

such as the Landauer erasure principle, these novel approaches pave the way for revolu-

tionary quantum materials and technologies (see, e.g., [1,2]).

[1]  P. Bredol et al., Phys. Rev. B 104, 115413 (2021)  

[2]  J. Mannhart et al., Nano Express 2, 014998 (2021)
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SrTiO3 (STO) holds significant potential for application in the field of oxide electronics as a wide band 

gap semiconductor, displaying a plethora of effects that include metallic-like conductivity by n-type 

doping, high electron mobility exceeding 104 cm2V-1s-1, superconductivity at 0.28K, large Seebeck 

coefficient, quantum paraelectric state under 37K, and room temperature ferroelectricity under 

compressive strain. The STO-based heterostructures, the most relevant being the epitaxial LaAlO3 

grown on STO (100), are showing even more interesting properties spanning from 2D electron gas to 

ferromagnetism and superconductivity. Notably, STO and its heterostructures in the low-temperature 

regime, overlapping with the quantum paraelectric state, display remarkable photoelectric activity 

featuring anomalous photoconductivity and photoluminescence or coherent photo-electron emission.  

 

Here we show that when photo-excited with band gap energy photons, SrTiO3 exhibits non-linear 

transport of photocarriers and voltage-controlled negative resistance, resulting from an intervalley 

transfer of photo-induced electrons. As a consequence of the negative resistance, the photocurrent 

becomes unstable and spontaneously gives rise to low-frequency Gunn-like oscillations.[1,2] These 

effects are coupled with the field quenching of the main photoluminescence, revealing a complex band 

structure. 
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Since ferroelectricity was first predicted in strained SrTiO3 in 2000 [1], numerous experimental studies 

have reported ferroelectric switching in tensile strained SrTiO3 films [2]. For compressively strained 

SrTiO3, however, reports of ferroelectric switching are rare [3] and experimental consensus on the nature 

and stability of the strain-induced ferroelectric phase is lacking. We here present a detailed study of the 

electrical properties of a series of epitaxial metal-SrTiO3-metal heterostructures with SrTiO3 coherently 

strained up to -3% compressive strain. We find that although our samples show no evidence of 

ferroelectricity down to 10 K, they exhibit a rich electrical activity with a strong temperature and time 

dependence. To explore the temporal aspect of the underlying processes we perform transient 

capacitance measurements and find a thermal crossover between different regimes with distinct 

mechanisms. Finally, we discuss the possible origins of the observed non-equilibrium behavior within 

the framework of defect-mediated internal fields in capacitors.  
 

 

References:  
 
[1] Pertsev et al., Phys. Rev. B, 61, 2 (2000) 
[2] Haeni et al., Nature, 430, 7001 (2004) 

[3] Jang et al., Phys. Rev. Lett., 104, 19 (2010) 

 

 



!"#$%&'(")*+$,-(*.($,/"'&,0(1$"*'&)(#02#3)04($,(#)$-*,&'(

*2$10(50#0)*$,#0).&%04(

!

!"#$%&'#(&)*"!+&,-#.*/*&0#1#!+&2#3-#&4(3(5#&2(3.#16*"#$+&07(8#$*&,#3-%1-*!+&!#3/-$(&937-:"#$+&#$6&

;$63(#&<=&!#>-%1-#!#%&

&

!!"#$%&'(#)'!*+!,-%)'-(!.%''#&!/0123425!6)37#&23'1!*+!8#)#7%5!8#)#7%5!9:3';#&<%)=!
"!"3$%&'3(#)'*!=3!>3234%!?@A!BA!C%3%)3#<<*D5!6)37#&23'%!=3!9%<#&)*5!>3243%)*5!E'%<1!

#!CFBG9/EF!4H*!6)37#&23'%!=3!9%<#&)*5!>3243%)*5!E'%<1&

!

"#$! %&'()*++,-$! ('..$)&'! /0! 12*-)2.! .*)$&,*+(! 3+*'(! *! %&,),%*+! &/+$! ,-! 4/5$&-,-4! )#$,&!

3#'(,%*+!3&/3$&),$(6,-%+27,-4!$+$%)&/-,%!()&2%)2&$!*-7!.*4-$),(.6*%%/&7,-4!)/!8$2.*--9(!

3&,-%,3+$:!;-!/<,7$!#$)$&/()&2%)2&$(=!$3,)*<,*+!4&/>)#!)$%#-,12$(!#*5$!$-*?+$7!3&$%,($!%/-)&/+!

/0!%&'()*+!('..$)&'!0/&!.*)$&,*+!7$(,4-:!@$%$-)+'=!ABBBCD/&,$-)$7!/<,7$!#$)$&/()&2%)2&$(!#*5$!

7&*>-!(,4-,0,%*-)!*))$-),/-!72$!)/!)#$,&!2-,12$!('..$)&'=!$+$%)&/-,%!?$#*5,/&=!*-7!,-)$&0*%,*+!

%#*&*%)$&,(),%(:!8/)*?+'=!)#$!)&,4/-*+!('..$)&'!*+/-4!)#$!ABBBC!7,&$%),/-!$<#,?,)(!?&/E$-!.,&&/&!

('..$)&'!,-!?/)#!/2)D/0D3+*-$!*-7!,-D3+*-$!7,&$%),/-(=!4,5,-4!&,($!)/!$</),%!3#$-/.$-*!(2%#!

*(! 3/+*&! .$)*++,%,)'FBG=! H$&&'! %2&5*)2&$FI=JG=! *-7! 12*-)2.! .$)&,%! $00$%)(FKG! *)! )#$! /<,7$!

#$)$&/,-)$&0*%$(:!

;-!)#,(!>/&E=!>$!,-5$(),4*)$!)#$!$.$&4$-%$!/0!)>/D7,.$-(,/-*+!7,3/+*&!)$<)2&$(!*)!)#$!ABBBCD

/&,$-)$7!L*M+NOPQ&",NO!ALMNPQ"NC#$)$&/,-)$&0*%$!)#&/24#!-/-+,-$*&!/3),%(:!H'!3&/?,-4!*-7!

*-*+'R,-4! )#$! ('..$)&'! $5/+2),/-! 2-7$&! 5*&',-4! $<)$&-*+! %/-7,),/-(=! (2%#! *(! )$.3$&*)2&$=!

3/(,),/-=!*-7!4*)$!5/+)*4$=!>$!%#*&*%)$&,R$! )#$!$+$%)&,%!3/+*&,R*),/-!()*)$(!*)! )#$!%/-72%),-4!

,-)$&0*%$(:!S*&),%2+*&+'=!/2&!$<3$&,.$-)*+!0,-7,-4(!#,4#+,4#)!)#$!&/+$!/0!()&2%)2&*+!('..$)&'!,-!

4/5$&-,-4!,-)$&0*%,*+!$+$%)&/-,%!3&/3$&),$(=!(2%#!*(!)#$!/&?,)*+!@*(#?*!$00$%)(:!

!

@$0$&$-%$(!

FBG!T/-)$,&/!!"#$%&=!S#'(:!@$5:!H!!!=!IUBBUIA@C!AIUBVC:!
FBG!T$&%*++7/!!"#$%:=!-3W!X2*-)2.!T*)$&:!"=!BI!AIUIJC:!
FIG!L$(-$!!"#$%:=!8*):!T*)$&:!##=!YZ[DY\I!AIUIJC:!
FJG!Q*+*!$)!*+:=!Q%,$-%$!$%&=!BBV[DBBVV!AIUIYC:!
!



!"#$%$&'%$()$*+*$,&)$&%-).*&/*,*0%1,023,20*1&
!"#!$%&'(#

!)*&#+,)-&.')/01#234'/3,1#56#77889#

:#;&<#0&$.'#$=31#$,#),/.)=4),=#,&<#'>),#?$'&@#A3=)*B),B%&%3.0#$.*()/&*/4.&1#CDEF1#<$'#

@&'*.)?&@#<()*(# 4'&@#%$=,&/3&A&*/.)*#%4A/);&..3)*'# GCDH# $,@# '>),B3.?)/# GEFH#%&/$AA)*#

3I)@&'#$'#J&0#?4)A@),=#?A3*J'"#F-&.#/(&#>$'/#0&$.1#/(&.&#($-&#?&&,#'3%&#,&<#@&-&A3>%&,/'#

),#EF5#?$'&@#%$,)>4A$/)3,#3;#%$=,&/'"#K$./)*4A$.A01# /(&# .3A&#3;#&>)/$I0#$,@#$/3%)*$AA0#

>&.;&*/# ),/&.;$*&'# <)/(# '>),# $,@L3.# 3.?)/$A# *4..&,/# &,($,*&@# 3I)@&'# ($'# ?&&,# '(3<,# /3#

')=,);)*$,/A0#)%>$*/#/(&#'>),B/3B*($.=&#*3,-&.')3,#G3.#-)*&#-&.'$H"#M&#$.&#'/4@0),=#'>),#

/.$,'>3./# ),#N$BOPF#4'),=#$#*3%?),$/)3,#3;#QR# )%$=),=#$,@# '>),#2$AA#%&$'4.&%&,/'"###

F-&.# /(&#>$'/#0&$.1#<&#($-&#@)'*3-&.&@# /(&#>3<&.;4A# .3A&#3;#%$=,3,#*3,;),&%&,/#$'#$#

>$/(<$0#/3#&,($,*&#'>),#/.$,'>3./#G$,@#/(4'#/(&#'>),B/3B*($.=&#*3,-&.')3,#&;;)*)&,*0H#?0#

S886"##5()'#/$AJ#<)AA#=)-&#034#$#'4%%$.0#3;#34.#>.3=.&''#'3#;$."#

#

#

#



!
!

!

!

"#$%#&&'%#$!()&!*+$#&(%,!-)+.&!/%+$'+0!+#1!2#&34+5!6#(%785+'!

/%.75+,&0&#(!%#!/8495&:-&'8;.<%(&!=>%1&!?&(&'8.('4,(4'&.!

!
*@!A%9&'(B"!#$!%&'()*+"!,$!-.!/0123"!4$!5.67'7829"!:$!;$!,.7'*.<10="!:$!>7*.?@"!%$!#AB'+"!C$!

D(2E7)F.G.H"!#$!!I.''.'7JK2'FL)!"!M$!%FN?(2)(6(<""!D$!O0PQ7""!K$!-$!R7<<.??@"!#$!ST(*0.G#!

!"#$%&%'%()*+),*-&.),%/%()012$&3$4)56)7&(#4)!898):&(##/4);'$%<&/)
=012$&>?"#$%&%'%4)6#&@(<$&%2)*+)A'<&314)A'<&314),B&%C(<-/#.)

D"#$%&%'%).()E& #3&/).()F/%(<&/-$).()G/<3(-*#/4)G(--/%(<</4),H/&#)
9F/%(<&/-$)I($(/<31)/#.)5(31#*-*J2)K(H/<%L(#%4)M",54)N$31O;-C(%%(4)M'P(LQ*'<J)
RK(H/<%L(#%)*+)E1(L&$%<24)"#.&/#/)6#&@(<$&%24)G-**L&#J%*#4)"#.&/#/4)6#&%(.),%/%($)

SN-(3%<*#)F&3<*$3*H2)E(#%(<4)NLH/4)KTQ(#.*<+4),B&%C(<-/#.)
U,B&$$)M&J1%),*'<3(4)0/'-),31(<<(<)"#$%&%'%4):&--&J(#4),B&%C(<-/#.)
V;MG;),2#31<*%<*#)M&J1%),*'<3(4)E(<./#2*-/).(-):/--W$4),H/&#)

S)M*#.*#)E(#%<()+*<)X/#*%(31#*-*J24)6#&@(<$&%2)E*--(J()M*#.*#4)M*#.*#4)6Y)

!
!
UB.! 670P?.J&.'78<Q(F.! IN+4(K)V@! WINX! '2'.! .2'FBY! Z2E(?N! (<! 1B2'21F.'(G.6! 2<! P.()*! ()<0?2F()*!
Z.''7E2*).F<"!2)!0)0<02?!17EP()2F(7)!7Z!&'7&.'F(.<$!UB.!C0'(.!U.E&.'2F0'.!7Z!/2+4(K)V@!(<!53X+[\]"!
2)6!Z7'!FB.!7FB.'!E.EP.'<!7Z!FB.!Z2E(?N"!53!6.1'.2<.<!?().2'?N!^(FB!FB.!<(G.!7Z!FB.!IN!(7)(1!'26(0<$!!

_B.)!*'7^)!2<!FB()!Z(?E<!`ab"!FB.!Z.''7E2*).F(1!P.B28(7'!7110'<!67^)!F7!0?F'2J?7^!FB(1Q).<<.<!7Z!W2F!
?.2<FY! 3!0)(F! 1.??<! `+"3b$!I7^.8.'"!P.?7^!a\!0)(F! 1.??<"! FB.!E2*).F(1!&'7&.'F(.<!6.F.'(7'2F.!60.! F7! 2)!
()F.'Z21(2?!1B2'*.!F'2)<Z.'!120<.6!PN!FB.!&7?2'!6(<17)F()0(FN!2F!FB.!Z(?Ec<0P<F'2F.!()F.'Z21.$!!
!
UB.!*'7^FB!7Z!F2(?7'JE26.!<0&.'?2FF(1.<!.E&?7N()*!+!6(<F()1F!670P?.!&.'78<Q(F.<!IN+4(K)V@!W/2!2)6!
IN!X!46!7'!%EY!Z.2F0'()*!6(<F()1F!C0'(.!F.E&.'2F0'.<!2??7^<!0<!F7!.)*()..'!FB.!E2*).F(1!&B2<.!6(2*'2E!
2)6!()8.<F(*2F.!FB.!170&?()*<!2F!FB.!E2*).F(1!()F.'Z21.<!`9b$!/2'*.!&.'(76(1(FN!<0&.'?2FF(1.<!17)<.'8.!FB.!
()6(8(602?!&2'2J!F7!Z.''7E2*).F(1!F'2)<(F(7)<!7Z!FB.!&2'.)F!17E&70)6<$!I7^.8.'"!FB.!C0'(.!F.E&.'2F0'.<!
7Z!FB.!<0&.'?2FF(1.!17)<F(F0.)F<!17??2&<.!()F7!2!<()*?.!F'2)<(F(7)!Z7'!FB.!?7^.<F!&.'(76!<2E&?.<"!(??0<F'2F()*!
FB2F!?7^J&.'(76(1(FN!<2E&?.<!P.B28.!2<!2!0)(d0.!E2F.'(2?$!UB(<!(<!2!17)<.d0.)1.!7Z!FB.!E2*).F(1!7'6.'!
&2'2E.F.'! &'7&2*2F()*! 21'7<<! FB.! <0&.'?2FF(1.! ()F.'Z21.<"! 2<! <0&&7'F.6! PN! 2!E()(E2?! /2)620! FB.7'N!
E76.?$!_.!2?<7!<B7^!FB2F!FB.!<0&.'?2FF(1.!()F.'Z21.<!.)B2)1.!FB.!46 4( K)!.e1B2)*.!()F.'21F(7)$!
!
50'FB.'"! <12))()*! F'2)<E(<<(7)! .?.1F'7)! E(1'7<17&N! 17EP().6! ^(FB! Z('<FJ&'()1(&?.<! 12?10?2F(7)<!
17)Z('E<! FB.! &'.6(1F.6! 0).d02?! 2)F(&7?2'! 6(<&?21.E.)F! ()! 70'! <0&.'?2FF(1.<"! <F'7)*?N! <0**.<F()*! FB.!
&'.<.)1.! 7Z! .?.1F'(1! &7?2'(G2F(7)$! UB(<! (<! 2)! (E&7'F2)F! <F.&! F7^2'6<! .<F2P?(<B()*! BNP'(6! (E&'7&.'!
Z.''7.?.1F'(1(FN!()!2'F(Z(1(2??N!?2N.'.6!B.F.'7<F'01F0'.<$!f)!17EP()2F(7)!^(FB!70'!6.E7)<F'2F(7)!7Z!'7P0<F!
Z.''7E2*).F(<E"!FB.!670P?.!&.'78<Q(F.!<0&.'?2FF(1.<!P.2'!?2'*.!&7F.)F(2?!Z7'!Z0F0'.!E0?F(Z.''7(1!<N<F.E<$!
!
!
!
C&D&'&#,&.E!!
!
`ab!,$!-.!/012!.F!2?$"!;0M)F/%(<&/-$"!\[aaaa!W+\+aY)
`+b!,$!-.!/012!.F!2?$"!;.@/#3(.)F/%(<&/-$)D9"!++\3\Ha!W+\++Y!
`3b!#$!%&'()*!.F!2?$"!012$&3/-)I(@&(B)F/%(<&/-$!H"!a\99\H!W+\+3Y!
`9b!#$!%&'()*!(%)/-Z4);E,)X/#*)ag"!a9@=+!W+\+9Y!!



!"#$%&'(#)%*)+(,*-(#).,-/0',1&)!"*-2/&'&3)4%0-%3)56-%7/0)88)9)8:3)8;8<!
)

)

)

!%=-)62/#'6,1)>'#/*&'%*,1'-")/?%1(-'%*&)'*)6%#$1/@)%@'>/&)

)
!"##$%"&'()*+$"!""

!"#$%&"'()*+&$,+$)",-).,/&,$$%&,/)0$1"%#2$,#3)45%#67$(#$%,)8,&9$%(&#:3).9",(#5,3);<=>?@?A3)
8,&#$-)*#"#$()5B)C2$%&+")

)
!
"#$%&'()(! *+! ,*-./'0! *0)1'(! )(! ,&2//'$3)$34! 5**61)$2%)*$7! ,*$$',%)8)%#7! ,2%)*$! 62%)*! 2$1! *0#3'$!
(%*),&)*-'%6#!-9(%!2//!:'!,*66',%!:9%!,*$8'$%)*$2/!(#$%&'()(!6'/#)$3!*$!%&'6-*1#$2-),(!*+%'$!2116'(('(!
2!(9:('%!*+! %&'('!+'2%96'(!2%! %&'!'0.'$('!*+!%&'!*%&'6(;!<&'6-*1#$2-),2//#!(%2:/'!.&2('(!26'!9(92//#!
(%62)3&%+*6=261!%*!6'2/)>'7!=&)/'!2!&*(%!*+!21?2,'$%!*6!()-)/26!.&2('(!6'-2)$!*9%!*+!6'2,&;!5&)-)'!1*9,'7!
*6!(*+%!,&'-)(%6#7!)(!2!('%!*+!%**/(!+*6!/*=!%'-.'62%96'7!@)$'%),(A:2('1!.*(%A.6*,'(()$3!%*!2,&)'8'!.&2('(!
*9%()1'!*+!%&'6-*1#$2-),!(%2:)/)%#!(%26%)$3!+6*-!2!(%2:/'!.6',96(*6!BC7!DE;!
F'1*0A2,%)8'! (*+%! ,&'-)(%6#! *$! ,*-./'0! *0)1'(! &2(! -*(%/#! +*,9(('1! *$! %*.*%2,%),! *0)12%)*$! 2$1!
6'19,%)*$!G!=&'6'!*0#3'$!(%*),&)*-'%6#!2$1!,**61)$2%)*$!,2$!:'!-*1)+)'17!:9%!,*$$',%)8)%#!2$1!,2%)*$!
62%)*!-9(%!:'!.6'('68'1!BHE;!!
I'6'! J! =)//! .6'('$%! 2$! 211)%)*$2/! %**/! +*6! %&'! (*+%! ,&'-)(%6#! %**/:*04! F'1*0A2,%)8'! 1)-'$()*$2/)%#!
'8*/9%)*$(7! =&'6'! K92()ADL! /2#'6'1! ,*-.*9$1(! ,2$! :'! 2,&)'8'1! :#! .*(%A.6*,'(()$3! %&')6! HL!
,*9$%'6.26%(7! 2$1! 8),'! 8'6(2;! M*6! '02-./'7! '8*/9%)*$(! :'%=''$! 1)++'6'$%! -'-:'6(! *+! %&'! (2-'!
F911/'(1'$AN*..'6!('6)'(7!O!"#P!Q$!"#7!2$1!%&'!.'6*8(@)%'!'$1!,*-.*9$17!OPQ$;!
<&'!R25*Q$!!"R2%5*Q&!'8*/9%)*$! )(! %2@'$!2(!2! %'(%!,2(';!HL!R25*Q$! )(! %&'6-*1#$2-),2//#!(%2:/'7!
=&)/'!K92()ADL!R2%5*Q&7!2$!)$%'6'(%)$3!(%6*$3/#!,*66'/2%'1!-23$'%7! )(!$*%;!S'!36*=!'.)%20)2/!()$3/'!
,6#(%2/! %&)$!+)/-(!*+!R25*Q$!:#!.9/('1!/2('6!1'.*()%)*$7! %&'$!.*(%A.6*,'((! %*!6'2/)>'! %&'!()$3/'A/2#'6!
F911/'(1'$AN*..'6!R2%5*Q&;! J!=)//!.6'('$%!*96!.6'/)-)$26#!=*6@!*$!9$1'6(%2$1)$3!%&'!+9$12-'$%2/!
-2%'6)2/(!,&'-)(%6#!*+!%&)(!'8*/9%)*$!:#!)$A()%9!.6*:'(!2$1!2182$,'1!-),6*(,*.#7!2(!='//!2(!.6*-)()$3!
(*/)1A32(!6'2,%)*$!,*$%6*/!@$*:(!2$1!.*%'$%)2/!+*6!3'$'62/)>2%)*$;!
!
!"#"$"%&"'(!!
!
BCE!",&22@!F;!T;!2$1!U2//*9@!<;!T;7!VN'6*8(@)%'(!:#!1'()3$4!O!%**/:*0!*+!(*/)1A(%2%'!6'2,%)*$(W7!5&'-;!
U2%'6;!)*!CXYYAZC![D\\D]!
BDE! ^')/(*$! _;! F;7! U,L'6-*%%! U;! _;7! 2$1! N'6((*$! `;! O;7! U*1'6$)(%! -2%'6)2/(! (#$%&'()(4! M)$1)$3!
%&'6-*1#$2-),!(&*6%,9%(!=)%&!&#.'61)-'$()*$2/!,&'-)(%6#W7!_;!U2%'6;!F'(;!+,!DaaYAbH![D\DH]!
BHE! I2#=261! U;! O;! V<*.*,&'-),2/! 6'2,%)*$(! *+! /2#'6'1! %62$()%)*$A-'%2/! *0)1'(W7! "'-),*$1;! ",);!
<',&$*/;!-.![D\CX]!
"

/

!


