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Î̂ WHvHTAMvLEVKL?S?VVUBT?B I I I I I I I I I I I I I I I I I I I I I [
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Ĵ \r?ENEX?BVEHBMRc~?EC?[_
J̀ NA?ENEX?BVEHBMRc~?EC?`
qJ�qBMRHTuJETECMRu}MBNR?ActHBÝÞÝßàáâãàâäåáåãÝßæàÞçèéãèéc~?EC?`̂
��J KL?XEVKL?�MVvLMV?BM]VKL?ENUBTctHBæêèëåæÝßçÝìàéäèìàíåãåàÞc~?EuC?�̀
Jq� JETECMRuqBMRHTu}MBNR?ActHBäåáåãÝßâãàâÝÞÝßàáæàÞçèéãèéc~?EC?`̂
J~G NETECMR?A~ETBMRvAH\?VVHAc~?EC?`̂
@KK bU]EVKLzwKL?B\?BCAE?ACctHBîÝæèæèÞãèéèäæïðåæc~?EC?�̂
��W �HUAE?AuqBMR�V?ctHBîÝíãîàïéåèéãéÝÞíîàéëÝãåàÞc~?EC?�[
LKv L?�MTHBMRNEKLC?VC?GMKbUBTctHBêèñÝáàÞÝßæßàíèâìÝæòèäc~?EC?�̂
�W WE?@C?Xv?AMCUActHBßàóãèëìèéÝãïéèc~?EC?Z�
QSO�HATMBEVKL?SHR?bURMAVCAMLR?vECM�E?ctHBàéáÝÞåæëàßèæïßÝéðèÝëèìåãÝâñôc~?EC?��
vv ~vEC\?u~vEC\?u}?AC�?EB?A~vMBBUBT�ctHBìèÝòâãàâìèÝòc~?EC?Z�
GW�JqG?A�R?B?ù c�c�cZ_uW?CAMKMA]H��REKuJEMBL�NAENc~?EC?��
>S~ ��?bCEtr?AC�?EB?A~vMBBUBT�ctHBéààãâëèÝÞâíõïÝéèc~?EC?Z�
>W >MUXC?Xv?AMCUAc~?EC?Z̀
~�>~H]?AzwKL?Bt?AVCwAb?BN?>MXMBu~CA?UUBTctHBíïéîÝæèèÞêÝÞæèäöÝëÝÞíæÝããèéåÞá�c~?EC?[̀
~y> ~ETBMRu>MUVKLu�?ALwRCBEVctHB÷åáÞÝßâãàâøàåíèöÝãåàc~?EC? �̀
~G� Q]?AzwKL?BvLHCHVvMBBUBTctHBíïéîÝæèìêàãàçàßãÝáèc~?EC?��
~WS>MVC?ACUBB?RXEbAHVbHvctHB÷æÝÞÞåÞáùïÞÞèßåÞáúåæéàíæàìèc~?EC?`
WSJ�·]?ATMBTVX?CMRRNEKLMRbHT?BENc tHBãéÝÞíåãåàÞëèãÝß äåæêÝßæàáèÞåäèc~?EC?�Z
sÖ�sRCAMLHKLtMbUUXc~?EC?Z̀
}PO}?BC\?RuPAMX?AVuOAERRHUEBc~?EC?�
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Q]?AzwKL?B]?T?TB?BUBVCwTREKLUBNVvE?R?BEXaUVMXX?BLMBTXEC@?VC?BUBNzYVVET?BPxAv?AB?EB?rEKLCET?>HRR?I~HEVC?VBEKLCt?ArUBN?AREKLcNM{�ELB?BMUKLV?EC�?L?A?EBrEVV?BCVKLM@CREKL?VpBC?A?VV?T?rENX?CrEANIJE?@HACVKLA?EuC?BN?SEBEMCUAEVE?AUBTt?ARMBTCNMV�?AVCwBNBEVEXX?AbR?EB?A?A~CAUbCUA?BcUBNBE?NAETuNEX?BVEHBMR?~�VC?X?T?rEBB?B\UB?LX?BNMBO?N?UCUBTIQ]?AuzwKL?BvL�VEbEVCNML?AVHMbCU?RRrE?V?RC?B\UtHAIpBN?ASECC?N?V\rMB\ETVC?B�MLALUBN?ACVrUAN?NUAKLNE?�EB@YLAUBTUBN�BCrEKbRUBTN?AsRCAMLHKLtMbUUXC?KLBEb?EBrEKLCET?A�AUBNVC?EB\UA�A@HAu
VKLUBTtHBVMU]?A?BUBNA?vAHNU\E?A]MAvAwvMAE?AC?B�?VCbxAv?AuQ]?AzwKL?BT?R?TC�ZZ��ISECN?A�A�BNUBTN?V�?RNupHB?BuSEbAHVbHvVNUAKL�ArEB}ISYRR?AZ�[ZbHBBC?B?AVCXMRVqCHX?XEC?EB?XSEbAHVbHvM]T?]ERN?Cr?AuN?B���cZ_��IJE?GAH]?BXU{C?BLE?A�?NHKLBHKLV?LAVv?\E?RR?B�HAMUVV?Cu\UBT?BT?BYT?BISECN?A�A�BNUBTN?V>MVC?ACUBB?RXEbAHVbHvVZ��ZNUAKL�?ANOEBBETUBNÖ?EBAEKL>HLA?A���rUAN??EBQ]?AzwKL?Br?Ab\?UT?BCrEKb?RCcr?RKL?VBEKLCBUANA?ENEX?BVEHBMR?>?MRu>MUXuOERN?AXECMCHXMA?AqUzxVUBTRE?@?ABbHBBC?cVHBN?ABMUKLNE?SMBEvURMCEHB?EB?AQ]?AzwKL?EBNE?V?AbR?EBuVC?B�Ax{?BHANBUBT?ARMU]C?IJMV>MVC?ACUBB?RXEbAHVbHvT?LxACNML?AL?UC?\U?EB?XN?AXwKLCETVC?B}?Ab\?UT?\UA�A@HAVKLUBTRHbMR?AQ]?AzwKL?BvLwuBHX?B?IpBNE?V?AqA]?EC rUAN??EBsRCAMLHKLtMbUUXu>MUXC?Xv?AMCUAu>MVC?AuCUBB?RXEbAHVbHvXECGAH]?BuGAwvMAMCEHBVXxTREKLb?EC?B\UAsBC?AVUKLUBTtHBSHR?bYR?BMU@S?CMRRH]?AzwKL?BT?]MUCUBNEBO?CAE?]T?BHXX?BIPMvEC?R^@YLAC\UBwKLVCEBNE?�AUBNRMT?BN?A>MVC?ACUBB?RXEbAHVbHvE??EBIPMvEC?R`?ARwUC?AC?EBET?N?Ar?V?BCREKL?BJ?VETBbAEC?AE?BUBNVC?RRCNMBBNE?EBNE?V?AqA]?ECT?]MUC?qBRMT?tHAIJE?pB]?CAE?]BMLX?N?VSEbAHVbHvVUBN?AVC?S?VuVUBT?Br?AN?BEBPMvEC?R�tHAT?VC?RRCIPMvEC?R[]?VKLw@CETCVEKLXEC?AVC?BS?VVUBT?BMBSHR?bYR?BIsXNE?GAwvMAMCEHB\UC?VC?BcrUAN?B\UBwKLVC]?ubMBBC?�AT?]BEVV?tHBGW�JquSHR?bYR?BMU@PUv@?AA?vAHNU\E?ACIqU{?AN?Xr?AN?BB?U?�AT?]BEVV?tHBG�AENEBuSHR?bYR?BMU@S?CMRRH]?AzwKL?BtHAT?u
VC?RRCIJUAKLN?BO?ECAECCEBNE?J���HAVKL?ATAUvv?��Q>̀[̀F�LMRbHT?BEN~KLEKLCVCAUbCUA?B�crUAN?B~KLEKLCbAEVCMRR?MRV�EB\?RV�VC?XUBNMRV~U]VCAMC\U?EB?Xr?EC?A?B~KLr?AvUBbCUBV?A?AqA]?ECIPMvEC?RÉ]?VKLA?E]CNE??AVC?BqAu]?EC?BMB?EB?XVHRKL?B~KLEKLCV�VC?XIPMvEC?R�@M{CVKLRE?{REKLNE?�AT?]BEVV?NE?V?AqA]?EC\UVMXX?BI
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JMV>MVC?ACUBB?RXEbAHVbHv�~WSctHB÷æÝÞÞåÞáùïÞÞèßåÞáúåæéàíæàìè�LMCV?ECV?EB?A�A�BNUBTNUAKL�?ANOEBBETUBNÖ?EBAEKL>HLA?AEX�MLAZ��Z
?EB?BAMVMBC?B�EB\UTEBtE?R?ar?ET?N?A}EVV?BVKLM@CT?LMRC?B���IJE?SxTuREKLb?ECcQ]?AzwKL?BMRVNA?ENEX?BVEHBMR?�̀J�>?MRu>MUXuOERN?AXECMCHXMA?AqUzxVUBTNMA\UVC?RR?BcT?vMMACXEC?EB?Xt?ATR?EKLVr?EV??EB@MKL?B�UBbCEHBVuvAEB\EvcCAMT?BVEKL?A\UAGHvURMAECwCN?V~WSV]?EIJE?~WSuOERN?A]MVE?A?BMU@?EB?AbHBCMbCRHV?Bq]CMVCUBTN?AGAH]?XEC?EB?AXxTREKLVCVKLMA@?B~vEC\?IJE?q]VCMBNVX?VVUBT?A@HRTCXECÖER@?N?V�UMBC?BX?KLMBEVKL?BWUBB?R?�?bCVI
y?]?BN?Aq]]ERNUBTtHBQ]?AzwKL?BbxBB?BXECN?X~WSMUKLtE?R?r?EC?uA?vL�VEbMREVKL?�ET?BVKLM@C?B?EB?AGAH]?XECLHL?AQACVMUzxVUBTT?X?VV?Br?AN?BcUBNBEKLC\UR?C\CbMBBNE?~vEC\?MUKL\UASMBEvURMCEHBtHB?EB\?RuB?BqCHX?B]?BUC\Cr?AN?BIJMV~WSEVCVHXEC?EBsBEt?AVMRr?Ab\?UTcUX�HATwBT?MU@MCHXMA?A~bMRM\U?A@HAVKL?BI
$%& '()*+),-./01/2.(23**.45)6(7/67,/
J?A�UBbCEHB?EB?V~WSVRE?TCNMVWUBB?RBtHB�R?bCAHB?B\UTAUBN?c?EB�UMBuC?BX?KLMBEVKL?VGLwBHX?Bcr?RKL?VEBN?AbRMVVEVKL?BS?KLMBEbt?A]HC?BEVCIsX?EB?GHC?BCEMR]MAAE?A?\UY]?ArEBN?BcXU{?EB�R?bCAHBbRMVVEVKL?EB?�B?AuTE?]?VEC\?BcNE?TAx{?AMRVNE?OMAAE?A?BLxL?EVC�VE?L?q]]ERNUBT̂ IZ�M�MU@N?ABwKLVC?B~?EC?�I>?EKLCNE?�B?ATE?BEKLCMUVcrEANNMV�R?bCAHBA?z?bCE?ACIJMVL?E{CcNMV�R?bCAHBNMA@8ðèéNE?OMAAE?A?cM]?ABEKLCLEBNUAKLIJE?9UMBC?BX?KLMBEb?ARMU]CN?X�R?bCAHB�?NHKLXEC?EB?A?BNREKL?B}MLAVKL?EBREKLb?ECNUAKLNE?OMAAE?A?LEBNUAKL\UCUBB?RBIO?TEBBCNE?OMAuAE?A?]?E z = 0cVHLMCNE?�xVUBTN?A~KLAxNEBT?ATR?EKLUBTEBN?AOMAAE?A?�
z > 0
�NE?�HAX

Ψ(z) = Ψ(0) e−κz �̂IZM�
XEC

κ =

√

2m(V − E)

~
I �̂IZ]�
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JM]?EEVCΨ
NE?}?RR?B@UBbCEHBN?V�R?bCAHBVcm NE?�R?bCAHB?BXMVV?cV NMVGHC?BCEMREX�?]E?CN?AOMAAE?A?cE NE?�B?ATE?N?V�R?bCAHBVUBN~

NMVGRMBKbu
VKL?}EAbUBTV�UMBCUXNEtENE?ACNUAKL2πIκ EVCNE?VHT?BMBBC?q]bREBTbHBVCMBuC?I�YALEBA?EKL?BNNYBB?OMAAE?A?B]?VC?LCVHXEC?EB??BNREKL?}MLAVKL?EBuREKLb?ECNMV�R?bCAHBMU@N?AMBN?A?B~?EC?N?AOMAAE?A?MB\UCA?�?B�q]]ERuNUBT ÎZ�]�MU@N?AtHAL?AET?B~?EC?�IJ?A~CAHXN?A�R?bCAHB?BNUAKLNE?OMAAE?A?EVCvAHvHACEHBMR\UA}MLAuVKL?EBREKLb?ECcNE?OMAAE?A?\UNUAKLCUBB?RBI

I ∝ |Ψ|2 ∝ e−2κz �̂ Î �
}E?XMBVE?LCcEVC?A?EB??Xv�BNREKL?�UBbCEHBN?Vq]VCMBN?VzI�EB?zu|BN?AUBTtHBBUA?EB?XQBTVCAxX�wBN?ACN?B~CAHX]?A?ECVUX?EB?�Axu{?BHANBUBTRIO?EX~WSbHX]EBE?ACXMBNE?V?BWUBB?R?�?bCXECN?AvAw\EV?BGHVECEHBE?Au]MAb?ECtHBGE?\H?R?X?BC?BI~vEC\?UBNGAH]?r?AN?BEB?EB?Bq]VCMBNz tHBBUAr?BET?BQBTVCAxX\U?EBMBN?AT?]AMKLCUBNBMKLqBR?T?B?EB?AwU{?A?B~vMBBUBTbMBB?EBWUBB?RVCAHXT?X?VV?Br?AN?BI}?T?BN?ALHL?Bq]VCMBNVu~?BVECEtECwCRw{CVEKLY]?AN?BWUBB?RVCAHXN?A~vEC\?uGAH]?uq]VCMBNXECLHL?A
t?ACEbMR?AqUzxVUBTbHBCAHRRE?A?BI>MVC?ACXMBNE?GAH]?\?ER?Br?EV?XECN?A~vEC\?M]cbMBBXMB?EBOERNELA?AQ]?AzwKL?T?rEBB?BI
$%$ S7,7T(1,U)/VU.W.//3*T.*
aUAS?VVUBTtHBWHvHTAMvLE?BXECN?X~WSTE]C?V\r?Et?AVKLE?N?B?O?uCAE?]VXHNEIpXVHT?BMBBC?B�PHBVCMBCu~CAHXuSHNUV��æàÞíãÝÞãæïééèÞãëàäè�rEANN?A~vEC\?uGAH]?uq]VCMBNY]?A?EB?>?T?R?R?bCAHBEbVHBMKLT?@YLACcNM{?EBtHAT?T?]?B?A~CAHXr?ACXxTREKLVCbHBVCMBC]R?E]CIJE?]?BxCETC?Bq]uVCMBNVbHAA?bCUA?BN?A>?T?RVKLR?E@?r?AN?BMRVOERNVETBMRMU@T?\?EKLB?CUBN
XMB?ALwRCNE?PHBCUA?EB?VbHBVCMBC?BWUBB?RVCAHXVIpXVHT?BMBBC?B�PHBVCMBC?uÖxL?uSHNUV��æàÞíãÝÞãêèåáêãëàäè�?A@HRTCb?Eu
B?q]VCMBNVbHAA?bCUAN?A~vEC\?IqRVOERNVETBMRrEAN�?C\CN?A~CAHXMU@uT?\?EKLB?CcN?AVEKL]?EX>MVC?ABY]?ANE?GAH]??BCVvA?KL?BNN?AGAH]?Bu�WHvHTAMvLE?�wBN?ACIJE?pBC?AvA?CMCEHBVHRKL?A~WSuOERN?AEVCb?EB?Vr?TVCAEtEMRI�?AMN?EBMCHuXMA?B�Ax{?BHANBUBT?B?BCVvAEKLCNE?MU@T?\?EKLB?C?~CAUbCUABEKLC\rEBT?BNN?AGHVECEHBN?AqCHX?I�EBT?BMU?A?V�?AVCwBNBEVN?VWUBB?RVCAHXVEVC\UApBC?AvA?CMCEHBtHB~WSuOERN?ABUBt?A\EKLC]MAIO?CAMKLC?BrEANML?ABHKL?EBXMRN?BWUBB?RvAH\?{]?EX~WSIq]]ERNUBT
Î̂ \?ETC?EB?t?A?EB@MKLC?JMAVC?RRUBTN?A�B?ATE?BEt?MUVtHB~vEC\?UBNGAHu]?XcNE?NUAKL?EB?�MbUUX]MAAE?A?N?AOA?EC?z tHB?EBMBN?AT?CA?BBCVEBNI

EF,T
UBNEF,S

VEBNNE?�?AXE?B?ATE?BtHB~vEC\?�pBN?�T tHBùåì�UBNGAH]?�pBN?�S tHB÷Ýëìßè�cΦT
UBNΦS

NE??BCVvA?KL?BN?BqUVCAECCVMA]?EC?BIpBNE?V?AqA]?ECrEANN?AyURRvUBbCN?A�B?ATE?VbMRMVC?CVMU@NMV�?AXEuBEt?MUN?AGAH]?EF,S = 0 eV
]?\HT?BIqRR?MBT?R?TC?B~vMBBUBT?Br?AN?BMU@NMVGHC?BCEMRN?AGAH]?]?\HT?BUBNT?]?BVHXECNE?~vMBBUBTN?A~vEC\?

rE?N?AI�
1Y
����ZK= 1Y= 0,1 nm = 10−10 m�[EP��\]����N�

����
��
�
���(V − E) ≈ 4 eV �
���K��κ ≈ 1Y−1�_̂�G�
M���������������
������ ]̀����������a���K����������
�
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Spitze Probe
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q]]ERNUBT Î̂ F�B?ATE?BEt?MUV]?EXWUBB?RBI
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�?AbR?EB?ACXMBN?Bq]VCMBNz \rEVKL?B~vEC\?UBNGAH]?MU@r?BET?QBTVCAxXcbxBB?B�R?bCAHB?BtHB]?V?C\C?BaUVCwBN?BN?A?EB?B~?EC?EBUB]?uV?C\C?aUVCwBN?N?AMBN?A?B~?EC?CUBB?RBIJE?�?AXE?B?ATE?BTR?EKL?BVEKLMBcM]?AN?Ay?CCHuWUBB?RVCAHXEVCyURRIJUAKLqBR?T?B?EB?AwU{?A?B~vMBBUBT
U t?AVKLE?]?BVEKLNE?�?AXEBEt?MUVUXN?BO?CAMTN?AMBT?R?TC?B~vMBBUBTUBN?EBy?CCHuWUBB?RVCAHXrEANX?{]MAIO?EB?TMCEt?B~vMBBUBT?BCUBB?RB�R?bCAHB?B?RMVCEVKLMUV]?V?C\C?BaUVCwBN?BN?A~vEC\?EBUB]?V?C\C?aUVCwBuN?N?AGAH]?IO?EvHVECEt?A~vMBBUBTt?ALwRC?VVEKLT?AMN?UXT?b?LACI�YAN?BWUBB?RVCAHXEVC?VVHXECrEKLCETcNM{VEKL]?V?C\C?UBNUB]?V?C\C?aUuVCwBN??B?AT?CEVKLT?T?BY]?AVC?L?BI�]?BVHrEANNE?qB\MLRN?A]?V?C\?BUBNUB]?V?C\C?BaUVCwBN?]?E?EB?A]?VCEXXC?B�B?ATE?NE?�Ax{?N?V~CAHXVXEC]?VCEXX?BIpBB?ALMR]N?ALMR]bRMVVEVKL?B}?BC\?RuPAMX?AVuOAERRHUEB�}PO�uywL?AUBTbMBBNE?WUBB?RVCAHXNEKLC?jrE?@HRTCMUVT?NAYKbCr?AN?B�̂ c̀ [cZ_[cZ_É�F

j(z, U) ∼= 2πe

~

(
~

2

2m

)2 ∫ ∞

−∞

T (z, U,E) [f(E + eU) − f(E)] ·

· ρT (E + eU)ρS(E)dEI �̂ Ì �
ÖE?A]?EEVCT (z, U,E)

NE?WAMBVXEVVEHBVrMLAVKL?EBREKLb?ECc@���NE?�?AXEuJEAMKu�UBbCEHBUBNρT (E)
]\rIρS(E) VEBNNE??R?bCAHBEVKL?BaUVCMBNVNEKLC?BtHB~vEC\?UBNGAH]?I�YANE?WAMBVXEVVEHBVrMLAVKL?EBREKLb?EC?EB?ACAMv?\@xAXET?BOMAAE?A?TERCEBB?ALMR]N?A}POuywL?AUBT�Ẑc̀ c̀ZZ[�F

T (z, U,E) ∼= exp

{

−2z

(
2m

~2

[

Φ − eU

2
− (E − E‖)

]) 1

2

} �̂I��

Φ = (ΦT + ΦS)/2
EVCN?ASECC?Rr?ACN?AqUVCAECCVMA]?EC?BΦT

UBNΦS
tHB~vEC\?UBNGAH]?cE‖ = ~

2k2
‖/2m

EVCN?A�B?ATE?MBC?ERMU@TAUBNN?V�R?bCAHB?BupXvURV?Vk‖ vMAMRR?R\UAGAH]?BH]?AzwKL?ISMBVE?LCEB�R?EKLUBT�̂Ì �cNM{NE?~CAHXNEKLC?BEKLCBUAtHBN?AaUuVCMBNVNEKLC?ρS(E)
N?AGAH]?cVHBN?ABMUKLtHB�ET?BVKLM@C?BN?A~vEC\?UBNN?AWUBB?R]MAAE?A?]??EBzU{CrEANI�?AB?AEVCN?A~CAHX?EB?EBC?TAMR?�Ax{?cEBNE?O?ECAwT?MUVtE?R?B�B?ATE?B?EBT?L?BIqUV�R?EKLUBT�̂I��@HRTCcNM{N?AWAMBVXEVVEHBVbH?g\E?BCVCMAbXECN?A�B?ATE?tMAEE?ACI�YA?EB?B?TMCEt?~vECu\?BVvMBBUBTCAMT?B�R?bCAHB?BEBaUVCwBN?BBML?N?X�?AXEBEt?MUN?A~vEC\?

X?LA\UXWUBB?RVCAHX]?EcMRV�R?bCAHB?BEBCE?@?AT?]UBN?B?BaUVCwBN?BIpB?AVC?AywL?AUBTbMBBXMBNML?A@YAbR?EB?~vMBBUBT?BMBB?LX?BcNM{�R?buCAHB?BY]?ArE?T?BNtHX�?AXEBEt?MUCUBB?RBhIO?E?EB@MKL?BS?CMRR?BtMAEE?ACNE?aUVCMBNVNEKLC?MX�?AXEBEt?MUBEKLCV?LAVCMAbIJE?VTERCMUKL@YA�N?RuX?CMRR?UBNqRbMREX?CMRR?cNMNE?duOwBN?ABEKLCVETBE�bMBC\UXWUBB?RVCAHX]?ECAMT?B�É��IJML?A\?ET?B~WSuOERN?AtHBA?EB?BS?CMRR?BMUKLMU@MCHXMA?A�]?B?X?EVC?EB?TUC?·]?A?EBVCEXXUBTXECN?A�?KLC?B�WHvHTAMvLE?IqBN?AVEVCNE?V]?EÖMR]R?EC?ABI~E?]?VEC\?BVCMAb?�MAEMCEHB?BN?A?R?bCAHBEuVKL?BaUVCMBNVNEKLC?BML?]?EX�?AXEBEt?MUcNE?EBq]LwBTETb?ECtHBN?AMBT?u
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R?TC?BWUBB?RVvMBBUBT\Ut?AVKLE?N?B?BWHvHTAMvLE?B@YLA?BI�?BMKLGHRMAEuCwCN?A~vMBBUBTCUBB?RB�R?bCAHB?BtHB]?V?C\C?B~vEC\?BuEBUB]?V?C\C?�?EuCUBTV]MBN\UVCwBN?N?VÖMR]R?EC?AVcHN?AM]?AtHB]?V?C\C?B�MR?B\]MBN\UVCwBuN?BEBUB]?V?C\C?~vEC\?B\UVCwBN?IJMNE?aUVCMBNVNEKLC?BtHB�?ECUBTVuUBN�MR?B\]MBNEXqRRT?X?EB?BBEKLCEN?BCEVKLVEBNctMAEE?A?BMUKLNE??BCVvA?KL?BuN?B~WSuWHvHTAMvLE?B�Z_É�I�YAÖMR]R?EC?AuÖ?C?AHVCAUbCUA?BrE?�MqV@YLACNE?V\U?EB?XVHT?BMBBC?BqCHXuV?BVECEt?BuWUBB?RBcNM]?E]?VCEXXC?B~vMBuBUBT?BBUANE?�MRREUXuqCHX?c]?EMBN?A?B~vMBBUBT?BBUANE?qAV?BuqCHX?M]T?]ERN?Cr?AN?B�̀��Iq]?AMUKL~CxAVC?RR?BHN?AJHCE?AMCHX?bxBB?BMU@uTAUBNELA?ARHbMREVE?AC?B�MNUBT\U|BN?AUBT?BEBN?A?R?bCAHBEVKL?BaUVCMBNVuNEKLC?N?AQ]?AzwKL?@YLA?BUBNr?AN?BNML?AMRV �vV?UNHuCHvHTAMvLEVKL?~CAUbCUA�M]T?]ERN?C�VE?L?MUKLPMvEC?RÉÎ Î�IqUVN?A�Ax{?UBN~�XX?uCAE?N?ArMLAT?BHXX?B?BÖxL?BwBN?AUBTEBN?AWHvHTAMvLE?bMBBNE??R?buCAHVCMCEVKL?q]VKLEAXRwBT?UBNNE?WE?@?N?ARHbMREVE?AC?B�MNUBT]?VCEXXC
r?AN?B�̂�c[�cẐ��I
$%n S3**.4/,.62(7/67,).
�R?EKLUBT�̂Ì�\?ETC?cNM{VEKLN?A~CAHXMRVpBC?TAMRY]?At?AVKLE?N?B?�B?AuTE?BVKLA?E]?BRw{CIsX?B?AT?CEVKLMU@T?RxVC?S?VVUBT?B\U?AXxTREKL?BcRE?TC?VNML?ABML?cNE?q]R?ECUBTN?V~CAHXVMRVS?{VETBMR\U]?BUC\?BI�YAN?B�MRRCE?@?AW?Xv?AMCUA?BUBNbR?EB?A~vMBBUBT?BRw{CVEKLNUAKLJE�?A?B\E?A?B
tHB�R?EKLUBT�̂Ì�BMKLN?A~vMBBUBTU

N?AtE?R@MKL]?BUC\C?qUVNAUKb@YANE?NE�?A?B\E?RR?�?EC@wLETb?ECT?rEBB?B�VE?L?\IOI�ẐcÉ̀cZZZcZZ[��F

dI

dU
∼=A

2πe

~

(
~

2

2m

)2 {

eρS(−eU)ρT (0)T (z,−eU, eU)

+

∫ −eU

0

dT (z, U,E)

dU
ρT (E + eU)ρS(E)dE

︸ ︷︷ ︸

(a)

+

∫ −eU

0

dT (z, U,E)
ρT (E + eU)

dU
ρS(E)dE

︸ ︷︷ ︸

(b)

}

�̂I[�

JE?B?U?�Ax{?A EVCNE??�?bCEt?�RwKL?N?VWUBB?RbHBCMbCVIJE?]?EN?BW?AX?�M�UBN�]�cNE?vAHvHACEHBMR\UdT/dU
]\rIdρT /dU VEBNcr?AN?BT?rxLBREKLUBC?AN?AqBBMLX??EB?VXECsBUAXHBHCHBtMAEE?A?BN?XWAMBVXEVVEHBVbH?@u�\E?BC?BT UBN?EB?AbHBVCMBC?BaUVCMBNVNEKLC?ρT

N?A~vEC\?t?ABMKLRwVVETCIJMXEC?ATE]CVEKL
dI

dV
∝ ρS(−eU)T (z,−eV, eV )I �̂IÉ�

JE?NE�?A?B\E?RR?�?EC@wLETb?ECEVCVHXECvAHvHACEHBMR\UAaUVCMBNVNEKLC?N?AGAH]?]?EN?A~vMBBUBT−U XURCEvRE\E?ACXECN?XWAMBVXEVVEHBVbH?g\E?BC?B
T I}E?EBPMvEC?R Î̂ ]?A?ECVT?\?ETCc]?TYBVCETCN?AWAMBVXEVVEHBVbH?g\E?BCNMVWUBB?RBtHB�R?bCAHB?BMX�?AXEBEt?MUN?AB?TMCEttHAT?VvMBBC?B�R?buCAHN?IWUBB?RB�R?bCAHB?BtHBN?A~vEC\?EBNE?GAH]?cVHr?AN?BNML?AY]?AurE?T?BNNE?UB]?V?C\C?BaUVCwBN?N?AGAH]?HLB?B?BB?BVr?AC?B�EBzU{N?A



<=o=ÀÙ¼¼Ã¿Á;Ã:ÀÄAÁ:A;»Ã �

]?V?C\?B~vEC\?B\UVCwBN?Vv?bCAHVbHvE?AC�ẐcÉ�cZZ[�IO?EUXT?b?LAC?AGHRMAEuCwCcr?BB�R?bCAHB?BtHBN?AGAH]?EBNE?~vEC\?CUBB?RBcNHXEBE?ACNE??R?bCAHuBEVKL?~CAUbCUAN?AUB]?V?C\C?B~vEC\?B\UVCwBN?N?B~CAHXUBNbMBB\Ur?ER?BNE?>?bHBVCAUbCEHBN?A]?V?C\C?BGAH]?B\UVCwBN?t?ALEBN?AB�VE?L?MUKLPMvEuC?R Î̀ Î�I
pqrqs tuvwxyzw{|w}}w~w�zw|���w
aUAS?VVUBTtHBVv?bCAHVbHvEVKL?BJMC?BrEANNE?>?T?RVKLR?E@?\UA~vECu
\?BBMKL@YLAUBTMUVT?VKLMRC?CUBNXMBBEXXC]?EbHBVCMBC?X~vEC\?uGAH]?uq]VCMBNN?B~CAHXI UBNNE?NE�?A?B\E?RR?�?EC@wLETb?ECdI/dU MRV�UBbCEHBN?A~vMBBUBTU MU@IJE?S?VVUBTN?VdI/dUu~ETBMRV?A@HRTCX?EVCXECÖER@??EB?V�HKbupBu�?AVCwAb?AVIÖE?A\UXHNURE?ACXMBNE?~vMBBUBTU XEC?EB?XbR?EB?B~EBUVVETBMRN?AqXvRECUN?Umod

UBN�A?�U?B\ωmod
UBNXE{CXECN?X�HKbupBu

�?AVCwAb?ANE?pBuGLMV?uPHXvHB?BC?N?V}?KLV?RVvMBBUBTVMBC?ERVN?V~CAHX?V
IIJE?V?EVC@YAbR?EB?SHNURMCEHBVMXvRECUN?BvAHvHACEHBMR\UA?AVC?Bq]R?ECUBTN?V~CAHXVBMKLN?A~vMBBUBT�[Éc�_�IsXN?BqU@]MU?EB@MKL\ULMRC?BcRE?TCNE?SHNURMCEHBVVvMBBUBTY]REKL?Ar?EV?MUKLrwLA?BNN?Aq]VCMBNV?EBVC?RRUBTNUAKLNE?>?T?RVKLR?E@?MBIJE?�A?�U?B\ωmod

XU{NML?AH]?ALMR]N?AOMBNu]A?EC?N?A>?T?RVKLR?E@?RE?T?BcUX?EB?B�EBzU{MU@NE?q]VCMBNV?EBVC?RRUBT\Ut?ALEBN?ABI�EB?�?ATAx{?AUBTNE?V?A�A?�U?B\@YLACM]?AMUKL\U?EB?XqBurMKLV?B?EB?VUX�_◦ vLMV?Bt?AVKLH]?B?B}?KLV?RVvMBBUBTVMBC?ERVMU@TAUBNN?A~vEC\?BuGAH]?BuPMvM\ECwC�Ẑ�IJE?V?AqBC?ERbMBBTAx{?AMRVNE?pBuGLMV?uPHXvHB?BC?r?AN?BUBNXU{NUAKL?EB?VHAT@wRCET?GLMV?BMBvMVVUBT?REXEBE?AC
r?AN?B�VE?L?NM\U�É̀cPMvI Ì̀��I
pqrqp ��|w{�{�}��w
~v?bCA?BcNE?]?Et?AVKLE?N?B?B~vMBBUBT?BHN?A~vEC\?uGAH]?uq]VCwBN?BMU@uT?BHXX?BrUAN?BcbxBB?BVCMAbtHB?EBMBN?AM]r?EKL?BIJ?A�AUBNLE?A@YAEVCNE??�vHB?BCE?RR?q]LwBTETb?ECN?VWAMBVXEVVEHBVbH?g\E?BC?BT tHBN?A~vMBuBUBTU UBNN?X~vEC\?uGAH]?uq]VCMBNz

�VE?L?�R?EKLUBT�̂I���I�EB?vAMbCEVKL?yHAXE?AUBTrUAN?tHB�??BVCAMUBNSECMA]?EC?ABtHAT?uVKLRMT?B�̀ c̀�̀�IqUVT?L?BNtHBN?B�R?EKLUBT?B�̂Ì�UBN�̂I[�]ERN?CXMBNMV�?ALwRCBEVMUVNE�?A?B\E?RR?AUBNCHCMR?A�?EC@wLETb?EC

dI/dU

I/U
=

d(log I)

d(log V )

�̂I��

UBN?ALwRC?EB?BqUVNAUKbN?A�HAXF
dI/dU

I/U
∝

eρS(−eU)ρT (0) + A(U)

B(U)

�̂I�M�

XEC

A(U) =

∫ −eU

0

1

T (z, U,−eU)

dT (z, U,E)

dU
ρT (E + eU)ρS(E)dE

+

∫ −eU

0

T (z, U,E)

T (z, U,−eU)

dρT (E + eU)

dU
ρS(E)dE

�̂I�]�
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UBN

B(U) =

∫ −eU

0

T (z, U,E)

T (z, U,−eU)
ρT (E + eU)ρS(E)dEI �̂I�K�

J?AW?AXA(U)
EVC?EBVHT?BMBBC?A�ÖEBC?ATAUBN�uW?AX�̀ �̀cN?AMU@TAUBNN?AW?AX?�M�UBN�]�EB�R?EKLUBT�̂Ì �?BCVC?LCUBNN?B�EBzU{N?V?R?bCAEVKL?B�?RN?VEBB?ALMR]N?AWUBB?RVCA?Kb?XECN?BM]bREBT?BN?B�BN?BN?A}?RR?Bu@UBbCEHB?B]?VKLA?E]CIJ?AW?AXB(V ) VHATC@YANE??ET?BCREKL?�yHAXE?AUBT�I�AUBNR?T?BN@YANE?�UBbCEHBNE?V?AyHAXE?AUBTEVCNE?qBBMLX?cNM{NMV�?AuLwRCBEVtHBW�\csc��\UW�\cscu?s�NE??�vHB?BCE?RR?Bq]LwBTETb?EC?BtHBzUBNU TAx{C?BC?ERVbHXv?BVE?ACI�YAU = 0V XU{(dI/dU)/(I/U) = 1 r?AuN?BIJE?~v?bCA?Br?AN?BMRVHMU@NE?RHbMR?aUVCMBNVNEKLC?MX�?AXEBEt?MUBHAXE?ACIJE?V?XU{@YAt?AVKLE?N?B?GHVECEHB?BMU@N?AGAH]?�?NHKLBEKLCTR?EKLV?EBcVHNM{VEKL~v?bCA?BcNE?MBt?AVKLE?N?B?BQAC?BMU@T?BHXX?BrUAuN?BcNUAKLMUVBHKLUBC?AVKL?EN?BbxBB?BIGAH]R?X?]?A?EC?BMUKL~v?bCA?BXECOMBNRYKb?BIqBN?BOMBNbMBC?BrEAN(I/U) V?LAbR?EBUBN@YLACB?]?B?EB?XqBVCE?TN?V>MUVKL?BV\UqAC?@MbC?BEBN?B~v?bCA?BI�??BVCAMVKLRUT@YANE?V?�wRR?t?AVKLE?N?B?SHNE�bMCEHB?BV?EB?AyHAXE?AUBTtHAcNE?tHB?EB?AbYBVCuREKL?B�?A]A?EC?AUBTN?V(I/U)u~ETBMRVXECC?RV?EB?V�HUAE?AuWE?@vM{u�ERC?AV]EVLEB\UAO?BUC\UBT?EB?AMBNMV(I/U)u~ETBMRMBT?vM{C?B��vHB?BCEMR@UBbCEHBA?EKL?B�̀ ĉ�̀�IJE?O?N?UCUBTN?AyHAXE?AUBTtHB(dI/dU)XECC?RV(I/U) VHRRC?NML?ABEKLCY]?A]?r?AC?Cr?AN?BIpLATAx{C?A�HAC?EREVCNE?TUC?PHXv?BVMCEHBN?Aq]uVCMBNVM]LwBTETb?EC@YA~v?bCA?B?EB?A@?VC?BGAH]?BvHVECEHBXECBEKLC\UTAH{?BOMBNRYKb?BISMBVHRRC?VEKLM]?AVC?CVtHAqUT?B@YLA?BcNM{(dI/dU)/(I/U)BEKLCN?ArMLA?BGAH]?BuaUVCMBNVNEKLC??BCVvAEKLCIJE?V?AR?C\C?GUBbCrUAN?MUKLtHBsbAMEBCV?tL?AMUVT?VCAEKL?BcN?AXECC?RVBUX?AEVKL?A~EXURMCEHB?BNE?q]r?EKLUBT?BNE?V?AyHAXE?AUBTVX?CLHN?tHBN?AGAH]?BuaUVCMBNVNEKLC?UBC?AVUKLC?�ZZZ�IsbAMEBCV?tVKLRwTC\UA>YKbA?KLuBUBTMU@NE?RHbMR?aUVCMBNVNEKLC??EB?yHAXE?AUBTXECC?RV?EB?VMBMR�CEVKL?BWAMBVXEVVEHBVbH?g\E?BC?B
F (z, U) = AT T ′(z, eU/2) + AST ′(z,−eU/2)

�̂I�M�

XEC

T ′(z, ξ) = exp

{

−2z

(
2m

~2

[
Φ − ξ

]
)1/2

} �̂I�]�

tHAIJE?V?�UBbCEHBT?rEBBCXMBNUAKLqBvMVV?BMBNE?dI/dU(U)uJMC?BIsbAMEBCV?t]?BUC\CEBV?EB?AÖ?AR?ECUBT?EB?]?\YTREKL~vEC\?UBNGAH]?
V�XX?CAEVKL?�HAXN?A�R?EKLUBT?B�̂Ì �c�̂I��UBN�̂I[�cNE?XMBVEKLNUAKLNE?~U]VCECUCEHBξ = (E + eU/2) ?A\?UT?BbMBBIpBNE?V?AJMAVC?RRUBT?ATE]CVEKLNE?MX�BN?tHBPMvEC?R Î̀ ?ArwLBC?vHRMAECwCVM]LwBTET?~?BVECEtECwCMU@UB]?V?C\C?aUVCwBN?N?A~vEC\?HN?AN?AGAH]?txRRET\rMBTRHVI�HAXMRRE?@?ACNE?yHAXE?AUBT

dI/dU

F (z, U)
∝ ρS(−eU)ρT (0) + ∆ρS(eV )ρT (0) − ρS(eV )∆ρT (0)

@YAU < 0

�̂IZ_M�
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UBN

dI/dU

F (z, U)
∝ ρS(0)ρT (eU) + ∆ρS(0)ρT (eU) − ρS(0)∆ρT (eU)

@YAU > 0I
�̂IZ_]�

J?A�?r?ERV\r?EC?UBNNAECC?W?AXA?VURCE?A?BMUV?EB?At?A?EB@MKLC?BSECBMLX?N?AW?AX?�M�UBN�]�EB�R?EKLUBT�̂Ì �IJE?NHACMU@CA?C?BN?Bq]R?ECUBT?BBMKLN?A~vMBBUBTrUAN?BNUAKL?�?bCEt?|BN?AUBT?BN?AGAH]?Bu]\rI~vECu\?B\UVCMBNVNEKLC?∆ρS
UBN∆ρT

T?BwL?AC�I}E?XMBVE?LCcEVCNE?NE�?A?BCE?RR?�?EC@wLETb?ECBUA@YAB?TMCEt?~vEC\?BVvMBBUBT?BvAHvHACEHBMR\UAGAH]?B\Uu
VCMBNVNEKLC?c]?EUXT?b?LAC?AGHRMAECwCr?AN?BLEBT?T?BNE?UB]?V?C\C?B~vECu\?B\UVCwBN?Vv?bCAHVbHvE?AC�tTRIPMvEC?R Î̀ �I�]?B@MRRV]R?E]C?EB�EBzU{N?A?AVC?Bq]R?ECUBTN?AaUVCMBNVNEKLC?B∆ρS

UBN∆ρT cVHNM{MUKL(dI/dU)/Fb?EBA?EB?VSM{@YANE?RHbMR?aUVCMBNVNEKLC?EVCIJMNE?yHAXE?AUBT(dI/dU)/F
]EV�?C\CBUABUX?AEVKLT?C?VC?CrUAN?cr?AuN?B]?EN?AqUVr?ACUBTtHB~v?bCA?BEBNE?V?AqA]?EC]?EN?S?CLHN?BB?]?Bu?EBMBN?A]?BUC\CUBNNE?�AT?]BEVV??EB?X�?ATR?EKLUBC?A\HT?BI
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qRVr?V?BCREKL?AO?VCMBNC?ERNE?V?AqA]?ECrUAN??EB?sRCAMLHKLtMbUUX�sÖ��uqvvMAMCUAXECGAH]?BuGAwvMAMCEHBVXxTREKLb?EC?BUBN?EB?X>MUXC?Xv?AMuCUA�>W�u~WSMU@T?]MUCIJE?V?VPMvEC?R]?VKLA?E]CNE??A@HAN?AREKL?BPHXvHuB?BC?BNE?V?AqvvMAMCUAVHrE?NE?|BN?AUBT?BUBNy?U?BCrEKbRUBT?BEX�?AuTR?EKL\U@AYL?A?BqBRMT?BI

n%& �./)T*6()2.().*
JMVaE?RNE?V?AqA]?ECrMANE?�BCrEKbRUBT?EB?V>MUXC?Xv?AMCUAu~WSVcr?RuKL?VNE?sBC?AVUKLUBTtHB?EB\?RB?BSHR?bYR?BMU@S?CMRRH]?AzwKL?BXECXxTuREKLVCMCHXMA?AqUzxVUBT?ARMU]CIpX�HRT?BN?BrEANMU@NA?ErEKLCET?qB@HAuN?AUBT?B\UA>?MREVE?AUBT?EBT?TMBT?BcBwXREKLNE?yHCr?BNETb?ECN?VsRCAMuLHKLtMbUUXVcNE?qB@HAN?AUBT?BMBNE?~CM]ERECwCN?AWUBB?RVCA?Kb?UBNNE?]?BxCETC?GAw\EVEHBN?A~C?U?AuUBNS?{?EBAEKLCUBT?BI

rqsqs �}|x����������z
sXGAH]?B?ET?BVKLM@C?BMU@MCHXMA?A�]?B?UBC?AVUKL?B\UbxBB?BcNMA@VEKLNE?aUVMXX?BV?C\UBTN?AQ]?AzwKL?\UXEBN?VC@YANE?a?ECNMU?AN?V��v?AEuX?BCVBEKLCwBN?ABIJE?V]?N?UC?CcNM{NE?>MC?tHBMUVN?A�MVvLMV?MU@uCA?�?BN?BW?ERKL?BbR?EBV?EBXU{ISECÖER@?N?AbEB?CEVKL?B�MVCL?HAE?Rw{CVEKL\?ET?B�\IOI�̀�cZZ���cNM{@YA~CEKbVCH�uSHR?bYR?N2

]?E>MUXC?Xv?AMCUA�
T = 293K

�UBNyHAXMRNAUKb�p = 1013mbar
�NE?}E?N?A]?N?KbUBTV\?EC?EB?A

Q]?AzwKL?UBT?@wLAt = 3 ·10−6 s
]?CAwTC�IsXNE?V?a?ECEBNE?�Ax{?BHANBUBTtHB��v?AEX?BCNMU?AB?EBET?A~CUBN?B\U]AEBT?BcVEBNJAYKb?EXO?A?EKLtHB

p = 10−10 mbarBxCETIJE?�HAN?AUBTc?EB?GAH]?@YA?EBET?~CUBN?BEB?EB?XVMU]?A?BUBNTUCKLMAMbC?AEVE?AC?BaUVCMBN\ULMRC?Bc]?NEBTCVHXECNE?yHCr?BNETb?ECcNMVT?uVMXC?��v?AEX?BC?EBVKLRE?{REKLN?AGAH]?BvAwvMAMCEHBEXsRCAMLHKLtMbUUX
MU@\U]MU?BIJM\UX�AA?EKL?BBE?NAET?AJAYKb?B?]?Bt?AVKLE?N?B?BGUXv?BuC�v?BMUKL?EBVHT?BMBBC?VqUVL?E\?BN?AqBRMT??VV?BCE?RREVCcXYVV?BMRR?
�G�����j�K̀�
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f_�������
�
q]]ERNUBT ÌZF~v?bCAUXN?A�?]wUN?VKLrEBTUBT?BEBUBV?A?X�M]HA�>MUX�VZ�[_�EX�?]wUN?�?E]BEC\VCAM{?Z��I

t?Ar?BN?C?BPHXvHB?BC?BB?]?BBE?NAET?BJMXv@NAYKb?BMUKL]EVKMI200◦
�

C?Xv?AMCUA@?VCV?EBIsX?EB?BVKLrEBTUBTV@A?E?BO?CAE?]N?V~WSV\U?AXxTREKL?B�VE?L?@HRT?BuN?VPMvEC?R�VHRRC?B@?AB?AqBA?TUBT?BNUAKLNE?X?KLMBEVKL?B�MbUUXvUXv?B
T?AEBTT?LMRC?Br?AN?BI

rqsqp �y�x�|y�{���zv��{�
sXMCHXMA?~CAUbCUA?BXECN?X~WSMUzxV?B\UbxBB?BrEAN?EB?qUzxu
VUBTV?BbA?KLC\UAGAH]?�zu>EKLCUBT�tHBXEBN?VC?BV0,1

QUBN?EB?RMC?AMR?qUzxVUBT�xyu>EKLCUBT�tHBXEBN?VC?BV1
Q]?BxCETCIJE?X?KLMBEVKL?~CMu]ERECwCN?A~vEC\?BuGAH]?BuGHVECEHBE?AUBTXU{N?XBMKLEBN?A�Ax{?BHANBUBT

∆z ≈ 0,01
Q

= 1pm
]\rI∆x = ∆y ≈ 0,1

Q
= 10pm

RE?T?BIJE?V?~CM]EREu
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q]]ERNUBT Ì̂ FSHN?RRu~WS\UAO?VKLA?E]UBTN?A�A?�U?B\�LMAMbC?AEVCEbI

CwCbMBBBUA?AA?EKLCr?AN?Bcr?BBqBA?TUBT?BNUAKL�?]wUN?VKLrEBTUBT?BcWAECCVKLMRRM]?AMUKLMbUVCEVKL?qBA?TUBTr?EC?VCT?L?BN?REXEBE?ACr?AN?BIW�vEVKL?�?]wUN?VKLrEBTUBT?BRE?T?BEX�A?�U?B\]?A?EKLtHB10
]EV100HzUBNbxBB?BqXvRECUN?B]EV\U1µm ?AA?EKL?BIq]]ERNUBT ÌZMU@N?AtHAL?AEuT?B~?EC?\?ETCNE?EBUBV?A?X�M]HAMU@T?BHXX?B?B�?]wUN?VKLrEBTUBT?BRIW?ERCXMBNE?MU@T?BHXX?B?BO?VKLR?UBETUBTVr?AC?NUAKLω2 = (2πf)2crH]?E

f
NE?~KLrEBTUBTV@A?�U?B\EVCcVH?ALwRCXMBNE??BCVvA?KL?BN?BqXvRECUN?BN?A�U{]HN?BMUVR?BbUBTI�EB?>?NU\E?AUBTNE?V?AqXvRECUN?BMU@NE?H]?BT?u@HAN?AC?�Ax{?BHANBUBTEVCEBV]?VHBN?A?EXBE?N?A@A?�U?BC?BO?A?EKL]EV?CrM

20Hz VKLrE?AETUBNRw{CVEKLBUANUAKL?EB?PHX]EBMCEHBtHBwU{?A?AJwXvu@UBTUBNVCAUbCUA?RR?A~C?E�Tb?ECN?V?ET?BCREKL?B~WSV?AA?EKL?BIJE?VbMBBMB?EB?X?EB@MKL?XSHN?RRt?AN?UCREKLCr?AN?B�VE?L?\IOI�Z�c�[��IJwXv@UBTUBN~WS]ERN?B?EB?B>?VHBMCHAN?ANUAKLV?EB?SMVV?mgesKLMAMbC?AEVE?ACrEAN�VE?L?q]]ERNUBT̀ Î�IJE?JwXv@UBTrEANNUAKLNE?@HAXMR?�?N?AbHBVCMBC?Cd
UBNN?B9UMRECwCV@MbCHAQd

]?VKLAE?]?BI�EBVHRKL?V~�VC?XLMCV?EB?>?VHBMB\@A?�U?B\]?E

fd =
1

2π

√

Cd

mges

I �̀IZ�

JE?WAMBVXEVVEHBT
N?AJwXv@UBTcN?�BE?ACMRVNMV�?ALwRCBEVMUV>?VHBMCHAuMXvRECUN?z1

\UAMBA?T?BN?BqXvRECUN?z0cRw{CVEKLMUVNAYKb?BMRV��[�

T (f) =

[
(
(f/fd)

2 − 1
)2

+
(f/fd)

2

Q2
d

]−1/2 �̀ Î �

UBNEVC@YAC�vEVKL?}?AC?tHBfd = 5Hz UBNQd = 3
EBq]]ERNUBT Ì̀ MU@N?ABwKLVC?B~?EC?T?\?ETCI�?BMKLVCAUbCUA?RR?XqU@]MUA?MTE?ACNMV~WSBUBX?LAHN?Ar?BET?AMU@NE?V?t?A]R?E]?BN?qBA?TUBTIsXN?BS?{vAH\?{BEKLC\U]??EBzUVV?BcXU{N?Aq]VCMBN\rEVKL?B~vEC\?UBNGAH]?bHBVCMBC]R?E]?BI
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 Transmission T der Dämpfung
 Steifigkeit S des STMs
 Gesamte System Antwort G

q]]ERNUBT̀ Ì F�A?�U?B\u�LMAMbC?AEVCEbtHBJwXv@UBTc~C?E�Tb?ECUBN�?VMXCuV�VC?XEB?EB?XC�vEVKL?BSHN?RRV�VC?XI
�EB?v?A@?bC?VC?E@?PHBVCAUbCEHBNMA@MRVHNUAKLMUV?EB?~KLrEBTUBTMUV@YLA?Bc?VNMA@BUAb?EB?A?RMCEt?~KLrEBTUBT\rEVKL?B~vEC\?UBNGAH]??BCVC?L?B¬sXNE?V?Br?EC?A?BqVv?bC?EB\U]?\E?L?BcrE?N?ALHR?BrEANE?SHN?RRE?AUBTIÖE?A\UbHvv?RBrEANE?GAH]?XECN?ASMVV?ms

Y]?A\r?EB?U?PHBVCMBC?B
Cs
UBNQs

\UAO?VKLA?E]UBTN?AB?U?BJwXv@UBTXECN?X>?VCN?V~WSVIJE?qBA?TUBTz2 = Tz0
?A@HRTCY]?AN?B~WS�AUBNbxAv?A�EBbRUVEt?~vEC\?�cUBNrEA?ALMRC?BNE?qBCrHACN?AGAH]?MRVz3IJMBUANE?A?RMCEt?~KLrEBTUBTMRV~CxAUBTrMLAB?LX]MAEVCcN?�BE?ACXMBNE?VHT?BMBBC?~C?E�Tb?EC~MRVJE�?A?B\∆z = z3 − z2
N?AqXvRECUN?BtHB~vEC\?UBNGAH]?BHAXE?ACMU@NE?qBA?TUBTVMXvRECUN?

S =
∆z

z2

I �̀ Ì�
pVCQs

vAHvHACEHBMR\Ud∆z/dtcVH?ATE]CVEKLNMVbHXvR?�?qXvRECUN?Bt?ALwRCuBEV��[�

z3/z2 =
1 + if/(fsQs)

1 − (f/fs)2 + if/(fsQs)

�̀I�M�

XEC

fs =
1

2π

√

Cs

ms

I �̀I�]�

q]]ERNUBT Ì̀ \?ETCNE?LE?AMUV]?A?KLB?C?~C?E�Tb?EC@YAC�vEVKL?}?AC?XtHB
fs = 5kHzUBNQs = 30IJUAKLSURCEvREbMCEHBN?AJwXv@UBTVCAMBVXEVVEHBXECN?A~C?E�Tb?EC?ALwRCXMBNE?T?VMXC?~�VC?XMBCrHACG = TSISMBVE?LCcNM{NUAKLNE?V?PHX]EBMCEHBMUKLEXBE?N?A@A?�U?BC?BO?A?EKL?EB?MUVA?EKL?BN?sBC?ANAYKbUBTN?A~KLrEBTUBTVMXvRECUN?B?AA?EKLCr?AN?BbMBBI�YA?EB?QvCEXE?AUBTEVC?VNML?AVEBBtHRRcNE?�A?B\@A?�U?B\N?AwU{?A?BJwXv@UBTXxTREKLVCCE?@UBNNE?BE?NAETVC?>?VHBMB\@A?�U?B\N?V~WSV�UBNNMXECNE?~C?E�Tb?EC�XxTREKLVCLHKL\UrwLR?BI
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O?EN?AsXV?C\UBTEBNE?V?AqA]?ECrUAN?NMV~WSuJ?VETBtHB>H]?AC�MEVKL��̂�XECSHNE�bMCEHB?BtHB�xATPRE?r?A�É̀�Y]?ABHXX?BIJE?V?AW�vtHB~WSrUAN?]?A?ECVX?LAXMRV]?\YTREKLV?EB?A>?VHBMB\?Bt?AX?VV?BUBN
\?ETCV?EB?bR?EBVC?�ET?B@A?�U?B\EXO?A?EKLtHB5 kHz

��̂c[ÉcÉ̀c���IJMNE?tHBXEAtHAT?BHXX?B?BSHNE�bMCEHB?BMX~WSBUAXEBEXMR?qUVrEAbUBT?B
MU@NE?�ET?B@A?�U?B\LM]?Bc]?VCMBNNE?ÖMUvCMU@TM]?]?EXOMUNE?V?V~WSVEBN?A}MLR?EB?AXxTREKLVCCE?@?B>?VHBMB\@A?�U?B\N?AJwXv@UBTI}E?�R?EuKLUBT�̀IZ�\?ETCcbMBBNE?>?VHBMB\@A?�U?B\NUAKL?EB?TAH{?SMVV?XEBEXE?ACr?AN?BI�V?Xv�?LRCVEKLNML?AcXxTREKLVCNE?T?VMXC?qBRMT?MRVSMVV?\Ut?Ar?BN?BUBNNUAKL?EB?BCE?@?B~KLr?AvUBbC?EB?VCM]ER?�R?EKLT?rEKLCVRMT?
VEKL?A\UVC?RR?BI
rqsqr ®y�{�}w�{�̄ �°±��{�w{
�EBr?EC?A?VPAEC?AEUX\UAqUzxVUBTMCHXMA?A~CAUbCUA?BXECN?X~WSEVCNE?GHVECEHBE?AT?BMUETb?ECN?A~vEC\?UBNNMXECNE?~CM]ERECwCUBNqUzxVUBTN?A?R?bCAEVKL?B~ETBMR?\UA~C?U?AUBTN?V>MVC?AuGE?\H?R?X?BCVIJE?V?VrEANEX�HRT?BN?BbUA\XEC~KMBB?AuGE?\HHN?AGE?\H]?\?EKLB?CIpB?AVC?AywL?AUBTEVCNE?qUVR?BbUBTN?VGE?\HVvAHvHACEHBMR\UAMBT?R?TC?B~vMBBUBT

∆x = cxUxc ∆y = cyUycUBN ∆z = czUzI �̀I[�
JE?GAHvHACEHBMRECwCVbHBVCMBC?Bcxccy

UBNcz
r?AN?BNUAKLNE?wU{?A?Bq]X?VVUBT?BUBNNE?SMC?AEMR?ET?BVKLM@C?BN?At?Ar?BN?C?BGE?\Hb?AMXEb]?u

VCEXXCI�?L?BrEAcrE?EXtHAL?AET?BPMvEC?RcrE?N?AtHBN?BqB@HAN?AUBT?B
∆x = ∆y ≤ 1
QUBN∆z ≤ 0,1
QMUVcVHXU{NMVGAHNUbCMUVbR?EBVCXxTREuKL?A~vMBBUBTVwBN?AUBTUBNGAHvHACEHBMRECwCVbHBVCMBC?UBC?ANE?V?B}?AC?B]R?E]?BI�]?BVHVHRRC?NE?GE?\HMUVR?BbUBTMU@TAUBNN?V?R?bCAEVKL?B>MUVKL?BVUBC?ALMR]NE?V?A}?AC?]R?E]?BI~?C\CXMBNE?GAHvHACEHBMRECwCVbHBVCMBC?BN?V]?VC?L?BN?Bc]MUTR?EKL?BWE?@C?Xv?AMCUA��WctHBßàóãèëìèéÝãïéè�u~WSV�cx = cy = 116

Q
/V
]\rI

cz = 30
Q

/V
�UBNNE?ÖHKLVvMBBUBTVMUzxVUBTN?AT?bMU@C?B~WSu�R?bCAHBEb�

∆U = 4,5mV
�?EBcVH?ALwRCXMBMRVXxTREKL?GE?\HMUzxVUBTh

∆x = ∆y ≈ 0,52
QcUBN ∆z ≈ 0,14

QI �̀IÉ�
}E?XMBVE?LCcEVCNE??A\E?RC?zuqUzxVUBTBEKLCMUVA?EKL?BNIsXNE?�Xv�BNuREKLb?EC\U?ALxL?BcrUAN?]?EXOMUN?V>MUXC?Xv?AMCUAu~WSVN?VLMR]?EBMBN?A?VGE?\HXMC?AEMRXECUX?CrM30%

bR?EB?A?BGE?\HbHBVCMBC?Bt?Ar?BN?CIÖE?AXECRw{CVEKLNE?zuqUzxVUBTHLB?]MUREKL?�?AwBN?AUBT?BMX~WSMU@
∆z ≈ 0,1
QA?NU\E?A?BIJE?V?BCVvAEKLC�?NHKLT?AMN?N?ASEBN?VCMB@HAN?AUBTUBNVHRRC?NUAKL?EB?@?EB?A?~vMBBUBTVMUzxVUBTr?EC?AHvCEXE?ACr?AN?BIO?TA?B\CrUAN?NE?qUzxVUBT\UNE?V?Xa?ECvUBbC�?NHKLMUKLNUAKLNMV

?R?bCAHBEVKL?>MUVKL?BN?AbHXX?A\E?RR?BÖHKLVvMBBUBTVMBVC?U?AUBTNMVEBN?A�Ax{?BHANBUBTtHBUnoise ≈ 5mVpp
RMT�I�EB?�?A]?VV?AUBTN?A~vMBu
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BUBTVMUzxVUBTEVCNML?ABUAEB�?A]EBNUBTXEC?EB?A>?NU\E?AUBTN?V?R?bCAHuBEVKL?B>MUVKL?BVVEBBtHRRUBN@YLAC?\UUX@MBTA?EKL?BSHNE�bMCEHB?BEBN?AS?{?R?bCAHBEbcNE?EBPMvEC?R Ì�Ì ]?VKLAE?]?Br?AN?BI�EB?>?NU\E?AUBTN?V>MUVKL?BV?AXxTREKLCMUKLNE?O?BUC\UBTtHBbR?EB?A?BWUBB?RVCAxX?BI�?uAMN?@YANE?q]]ERNUBTtHBSHR?bYR?BEVCNMV�AA?EKL?BbR?EB?AWUBB?RVCAxX?EBN?A�Ax{?BHANBUBTr?BET?AGEKHMXv?A?rEKLCETIO?ELxL?A?B~CAxX?BbMBB?VB?]?B?EB?AVvEC\?BEBNU\E?AC?BSEC]?r?TUBTMUKLH@C\UXq]CA?BB?BtHBqCHX?BUBNNMXEC\UAa?AVCxAUBTN?VSHR?bYRVbHXX?BI

n%$ �).»42(1U7VU¼16335½¾*41T.

rqpqs ¿�wx�y��|
q]]ERNUBT Ì�MU@N?ABwKLVC?B~?EC?\?ETC?EB?�?VMXCMBVEKLCN?AEBNE?V?AqA]?ECMU@T?]MUC?BsÖ�uqvvMAMCUAI~E?EVCEB\r?EÖMUvCbMXX?AB\UAsBuC?A]AEBTUBTN?AGAH]?BvAwvMAMCEHB]\rIN?V~WSVT?TRE?N?ACUBN]?VEC\CMXLEBC?A?BW?ERN?AGAwvMAMCEHBVbMXX?A?EB?~KLR?UV?\UXVKLB?RR?B�EB]AEBT?B
HN?A�BC@?AB?BtHBGAH]?BHN?AaU]?LxAEBVsRCAMLHKLtMbUUX�VE?L?q]]ERuNUBT Ì[MU@~?EC? _̂�IJE?PMXX?ABrUAN?BBMKLX?EB?B�BCrYA@?B]?E N?A�EAXMÀàíåãéÝäEBÖH?t?RMb?BcÖHRRMBNc T?@?ACETCUBNVEBNEB?EB?XVCM]ER?BqRUXEBEUXuGAH�RV�VC?X��EAXMúÝíæêåÞèÞðÝïÁåãÂcWAHEVNHA@uO?ATL?EX�T?RMT?ACcr?RKL?V?EB?B?EB@MKL?BUBNz?�E]R?BqB]MUtHBr?EC?A?BPHXvHB?BC?B?ARMU]CUBN
MUKLVvwC?A?qUVuHN?AsX]MUC?BT?VCMCC?CI~KLR?UV?UBNGAwvMAMCEHBVbMXX?AVEBN�?XEC?EB?AWUA]HXHR?bURMAvUXv?��EAXMÃîèåÄèécqVVRMA�MUVT?VCMCC?CIO?EN?ÖMUvCbMXX?AB]?VEC\?B\UVwC\uREKLpHB?Bu�?CC?AuUBNWECMBu~U]REXMCEHBVvUXv?B��EAX?BÅÝéåÝÞcJMAXVCMNC]\rIÅù÷ÆÇ÷æêóÝéÂc>MVCMCC�IsX~KLrEBTUBTVMBA?TUBT?BN?V~WSVNUAKLNE?GUXv?BrwLA?BN?EB?AS?VVUBTMUV\UVKLRE?{?BcbxBB?BMRR?X?KLMBEVKL?BGUXv?BNUAKLGRMCC?Bt?BCER?M]T?CA?BBCUBNMUVT?VKLMRC?Cr?AN?BcrwLA?BNNMVsRCAMLHKLtMbUUXNUAKLNE?pHB?Bu�?CC?AvUXv?BMU@A?KLC?ALMRC?BrEANIJE?JAUKbX?VVUBT?A@HRTCNUAKLOM�MANuqRv?ACÖ?E{bMCLHN?BAxLA?BN?A�EAu
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q]]ERNUBT ÌZZFJE?�?ANMXv@?AVCMCEHBXEC?EB?XMU@T?V?C\C?BcVKLR?UV]MA?BSHR?bYRt?ANMXv@?AI

rqpqr �yw®ê~ëì�zzwx
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tHRRVCwBNETtHBN?BMBN?A?BW?ER?BEVHRE?ACI�EBMU@VE?MU@T?vUBbC?C?V}?LB?RCuOR?KLMUVWMBCMRbMBBVEKLNML?ANUAKLNE?tHX�ERMX?BC?XECCE?AC?B�R?bCAHB?B
B?TMCEtMUzMN?BUBNVE?EB>EKLCUBTGAH]?@HbUVVE?A?BIqRV�ERMX?BCrEAN?AVCu
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q]]ERNUBT̀ IZ[F~v?bCAUXN?VWUBB?RVCAHXV�I = 1,2 nA
�MRV�?VMXCV�VC?XMBCu

rHACN?VT?NwXv@C?B~WSVI

B�CD��
�N��
�M�B̀�����C B�Cb��d�N��
�M�B̀N̈ C

B�CL��������Ha�c]������
�H�KK� B�CL��������H Ǹ̈fD�KK�
q]]ERNUBT ÌZÉFJE?t?AVKLE?N?B?B�HAb?BMU@VwC\?@YANMVWAMBV@?AV�VC?XI



o=o=Ø¾ÁÄ¾ÁÀÃÄÀÙ¼¼Ã¿@»:ÄAÁ:A; �̂

B�C �̈�HP�e���K]M� B�C ���������� ò��ó��K
� K��
ôL�
��f̀����õ

q]]ERNUBT ÌZ�FSHNE�\E?AC?aU]?LxACAwT?AI

XMRV?EBCLHAE?AC?A}HR@AMXNAMLCt?Ar?BN?CcN?A?EB?UX1/3 t?AAEBT?AC?qUVuCAECCVMA]?ECT?T?BY]?ABHAXMR?B}HR@AMX�RMX?BC?B]?VEC\C�[��IJMV�ERMX?BCbMBBNMNUAKL]?EbR?EB?A?B~CAxX?BUBNT?AEBT?A?A�ET?BL?RRETb?EC]?CAE?]?B
r?AN?BUBN@YLACVH\Ub?EB?AO??EBCAwKLCETUBTN?AW?Xv?AMCUAX?VVUBTXECN?XG�AHX?C?AöI

n%n �1/01/2.(23**.45)6(7/67,
q]]ERNUBT ÌZ�MU@N?ABwKLVC?B~?EC?\?ETCNMVT?]MUC?>Wu~WSI�V]MuVE?ACMU@N?X~WStHB>H]?AC�MEVKL��̂�XECSHNE�bMCEHB?BtHB�xATPRE?u
r?A�É̀�IJE?GAH]?rEANMU@N?XGAH]?BVKLRECC?B�]�]?@?VCETCcN?AY]?A?EB?BGE?\HuWAwTL?ECVMBCAE?]��É�?EBTAH{zwKLET?V�?A@MLA?B�KMI8mm

EBxuUBNzu>EKLCUBT�UBN?EB?qBBwL?AUBTN?AGAH]?MBNE?~vEC\??ARMU]CIJE?~vEC\?�M�EVCMU@?EB?X>MVC?AuGE?\HXHBCE?ACIJE?V?AbMBBNE?~vEC\?Y]?A?EB?B>MVC?Au]?A?EKLtHBKMI(5 × 5) (µm)2
EBxyu>EKLCUBT]?r?T?BUBN?ARMU]C?EB?ÖxL?BubHAA?bCUAEBzu>EKLCUBTtHB]EV\U600 nmIJ?CMERVY]?ANE?V?B~WSuW�v�BN?BVEKLEBN?BqA]?EC?B��̂c[ÉcÉ̀c���IpX�HRT?BN?Br?AN?BR?NETREKLNE?rEKLCETVC?B|BN?AUBT?BN?V>Wu~WSV\UN?X]?VC?L?BN?B�Wu~WS]?VKLAE?]?BI

rqrqs ~��y÷��|y�{w{
}E?]?A?ECVEBPMvEC?R ÌZÌ ?ArwLBCcrUAN?\UA�ALxLUBTN?AqUzxVUBT?EB~KMBB?AuGE?\HMUV?EB?XMBN?A?BGE?\HXMC?AEMR��O�øZtHB÷ãÝçßèô÷èÞíàéíÈÞæc�MVCÖMAC@HANc�Wcs~q�t?Ar?BN?CIO?EN?APR?XX]?@?VCETUBTN?V~KMBuB?AV��M�EBq]]ERNUBT̀ IZ�MU@~?EC? Z̀�rUAN?BNA?EVCMCC@AYL?A\r?E~KLAMUu]?Bt?Ar?BN?CIÖE?ANUAKLrEAN?EBTR?EKLXw{ET?A?AqBNAUKb?A\?UTCUBN?EuB?XxTREKL?~KLrEBTUBT?BCRMBTN?AqKLV?N?A\r?EUAVvAYBTREKL?B~KLAMUu]?Bt?ALEBN?ACIJE?O?BUC\UBT?EB?V~?KLVbMBCuPUT?RbHv@VKLAMU]?BNA?L?AVMX~WSu}H]]R?VCEKb?ARMU]CNMV~KLAMU]?B]EV\U?EB?X}EBb?RtHB̀_◦ \rEVKL?B~KLAMU]?BuUBN}?Ab\?UTV�XX?CAE?MKLV?IJE?qAA?CE?AUBT�]�@YAN?B~KLRECuC?BbHBBC?NML?AUBC?A?EB?X\UX�AUBNbxAv?AV?BbA?KLC?B}EBb?RT?]MUC
r?AN?BI�EB?bHXvRE\E?AC?�?ACETUBTUBC?AN?X?�MbC?B~KLAMU]rEBb?R?BC�?RI
ù_�����H�§������E���K
�������������a�������������j����d
�����fI���
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q]]ERNUBT ÌZ�FJMV>MUXC?Xv?AMCUAu~WSF�M�~vEC\?c�]�~KLRECC?B\UAqU@uBMLX?N?AGAH]?I
�]?BVHrUAN?MU@NE?~EKL?AUBT\UXÖ?AMUVNA?L?BN?AqAA?CE?AUBTVVKLAMU]?
t?A\EKLC?CcNMNMV~WSNUAKLNMVH]?A?PMXX?A@?BVC?ATUC?EBV?L]MAEVCIJ?A~WSu~KLRECC?B?ALE?RC?EB?SMKHAupVHRE?AUBT��K�EBq]]ERNUBT Ì̂_MU@N?ABwKLVC?B~?EC?�NE?N?BVvMBBUBTV@YLA?BN?BW?ER�]�N?V~KLRECC?BVN?UCREKL
A?NU\E?ACUBN?EB??R?bCAEVKL?�ANUBTN?VW?ER�M�?ARMU]CIÖE?ANUAKLrEANN?ABEKLCM]T?VKLEAXC?O?A?EKLN?AWUBB?RVvMBBUBTXEBEXE?ACcrMV\U?EB?XA?NUu\E?AC?B>MUVKL?BUBNr?BET?ALHKL@A?�U?BC?B~ETBMRu�EBVCA?UUBT?B@YLACUBN
VHXEC@YA?EB?BAMUVKLwAX?A?BWUBB?R]?CAE?]VHATCIqU@TAUBN�Ar?EC?AUBT?B]?EN?BSxTREKLb?EC?BN?AGAH]?Bu�AH]MBBwL?AUBT�VE?L?PMvEC?R Ì�Î�rUAN??EB?\UN?XtHAL?AET?BWE?@C?Xv?AMCUAu~WSM]r?EuKL?BN?�?AbM]?RUBTBxCETIJE?MbCU?RR?PHBCMbC]?R?TUBTEVCN?XqBLMBTq\U?BCB?LX?BI
n%ú �).û2.3.(.4.62(7*)6
aUA~C?U?AUBTN?V~WSrUAN??EB?bHXX?A\E?RR?~WSu�R?bCAHBEbXECS?{uUBNqUVr?AC?vAHTAMXXN?A�EAXMÊÝíãíàÝíã÷æåèÞãåüæýãäÇc�MX]AENT?csIPIcMBuT?VKLM�CIJE?V?VGMb?CrEANEBPMvEC?R Ì�IZMU@~?EC?`̂ bUA\tHAT?VC?RRCIaUA~C?U?AUBTN?A�AH]MBBwL?AUBTrEAN?EB?\UVwC\REKL?�R?bCAHBEb\UA�A\?UTUBT
tHBÖHKLVvMBBUBTVvURV?B@YAN?BGE?\HuWAwTL?ECVMBCAE?]]?BxCETCI~E?rUAN?EX>MLX?BNE?V?AqA]?EC\UVMXX?BXEC�xATy?U]MU?A?BCrEKb?RC�VE?L?PMuvEC?R Ì�Î MU@~?EC?`̂�I~KLRE?{REKLrUAN?BUX@MBTA?EKL?�?AwBN?AUBT?BUBN�Ar?EC?AUBT?B\UASEBEXE?AUBTN?V?R?bCAEVKL?B>MUVKL?BVUBN\UA�ALxLUBT
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(a)

(b)

q]]ERNUBT ÌZ�FSHNE�bMCEHB?BMX~WSu�AUBNbxAv?AF�M�aUAPR?XX]?@?VCEuTUBTr?AN?B�?C\CNA?E~KLAMU]?Bt?Ar?BN?CI�]�JE?~KLRECC?BqAA?CE?AUBTEVCN?UCREKL?EB@MKL?AT?@?ACETCI

(a)

(b)(c)

q]]ERNUBT̀ Î_FSHNE�bMCEHB?BMX~WSu~KLRECC?BFJUAKL?EB?SMKHAupVHRE?AUBT�K�EVCN?AVvMBBUBTV@YLA?BN?W?ER�]�N?V~KLRECC?BVN?UCREKLA?NU\E?ACIW?ER�M�N?V~KLRECC?BVbMBBMU@SMVV?T?R?TCr?AN?BI
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q]]ERNUBT Ì̂ZFORHKbVKLMRC]ERNN?AbHXX?A\E?RR?B~WSu�R?bCAHBEbI

N?AS?{MUzxVUBT?BCrEKb?RCUBNEBNMV]?VC?L?BN?~�VC?X?EBT?]UBN?BIJE?LE?A@YA?A@HAN?AREKL?B|BN?AUBT?Br?AN?BEBq]VKLBECC Ì�Ì ]?LMBN?RCI
rqñqs �yw��zzwxÿyw}}w~w�w}w�|x�{y�
JE?�R?bCAHBEb]?VC?LCMUV?EB?AG�u�EBVC?KbbMAC?XEC?EB?XNETECMR?B~ETBMRu
vAH\?VVHA�J~G�c?EB?XOMUTAUvv?BCAwT?AXECZÉu]ECqBMRHTDJETECMRuUBNZÉu]ECJETECMRDqBMRHTu}MBNR?AB�qJ�]\rIJq�tHBÝÞÝßàáâãàâäåáåãÝßæàÞçèéãèé]\rIäåáåãÝßâãàâÝÞÝßàáæàÞçèéãèé�VHrE??EB?XV?vMAMC?BÖHKLVvMBBUBTVt?AVCwAub?A\UA~C?U?AUBTN?V~KMBB?AuGE?\HV�VE?L?q]]ERNUBT Ì̂Z�IJ?ANETECMR?~EuTBMRvAH\?VVHAbHXXUBE\E?ACY]?A?EB?NETECMR?ZÉu]ECGMAMRR?Ru~KLBECCVC?RR?XECN?BqJ�VUBNJq�VEXOMUTAUvv?BCAwT?AUBNbMBBVHMRR?~vMBBUBTV?EBuUBNqUVTwBT?bHBCAHRRE?A?BI�AY]?ABEXXCNE?t?ACEbMR?yMKLA?T?RUBTN?A~vEC\?EXS?{]?CAE?]�>?T?RVKLR?E@?�VHrE?NE?~C?U?AUBTN?ARMC?AMR?B~vEC\?BvHVECEHBE?u
AUBTIJE?tHXJ~GMU@T?BHXX?B?BJMC?Br?AN?BMBN?BG�Y]?ACAMT?BUBN
XEC?EB?X?]?B@MRRVbHXX?A\E?RR?BGMVKMRuGAHTAMXXTAM�VKLMU@]?A?EC?CUBNNMAT?VC?RRCI·]?ANMVGMVKMRuGAHTAMXXbxBB?BMUKLMRR?�EBVC?RRUBT?BMXJ~GUBNN?A?�C?AB?BÖMANrMA?tHAT?BHXX?Br?AN?BI
rqñqp t}w�|x�{y���x�yw�x���{{��wx�{�
JE?GAH]?Bu�AH]MBBwL?AUBT?A@HRTCY]?A?EB?BGE?\HuWAwTL?ECVMBCAE?]��É�IJ?A~KLRECC?BXECGAH]?AULCMU@NA?EGE?\HAxLAKL?BcNE?VEKLRMBTVMX\UVMXX?B\E?uL?BUBNNMBBrE?N?AVKLB?RR?BCVvMBB?BbxBB?BIqU@TAUBNN?A>?E]UBTNUAKLNMV�ET?BT?rEKLCbMBBN?A~KLRECC?BN?ARMBTVMX?BO?r?TUBTN?AGE?\HV@HRT?BcEVCM]?A\UCAwT?cUXNE?VKLB?RR?O?r?TUBT?]?B@MRRVBMKL\UtHRR\E?L?BIpBVT?uVMXCrEANN?A~KLRECC?BNUAKLNE?V?V�?A@MLA?BMRVHUX?EB?BT?rEVV?B~KLAECC
t?AV?C\CIJUAKL~?TX?BCE?AUBTN?AGE?\HVEB\r?EqU{?BuUBN?EBpBB?BV?TX?BCcRMVV?BVEKLNE?V?BEKLCBUA?BCRMBTELA?A�wBTVMKLV?]?r?T?BcVHBN?ABbxBB?BMUKL~KL?A]?r?TUBT?BMUV@YLA?B�VE?L?q]]ERNUBT Ì̂ �̂I�?BMKLqBVC?U?AUBTRw{CVEKLN?AGAH]?Bu~KLRECC?BVHtHAc\UAYKbUBNMUKLV?ECrwACVt?A@MLA?BIO?E?EB?AqBBwL?AUBTrEANNE?GAH]?\UBwKLVCXMBU?RR]EVMU@?CrM50µm
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q]]ERNUBT Ì̂ F̂JUAKL~?TX?BCE?AUBTN?A�AH]MBCAE?]VuGE?\HAxLAKL?BEB\r?EqU{?BuUBN?EBpBB?BV?TX?BCbMBBN?AMUzE?T?BN?~KLRECC?BtHAc\UAYKbUBNV?ECrwACVt?A@MLA?Br?AN?BI

MBNE?~vEC\?L?AMBT?@MLA?BIJE?q]VCMBNVbHBCAHRR??A@HRTCLE?A]?EHvCEVKLXECÖER@??EB?VSEbAHVbHvVIJ?A\r?EC?W?ERN?AqBBwL?AUBTRwU@CA?KLB?AT?VC?U?ACM]IJUAKLqbCEtE?AUBTN?A>?T?RVKLR?E@?]?EXM�EXMR\UAYKbT?\HT?B?A~vEC\?crEANNE?V?BUBRMBTVMXBMKLtHAB?]?r?TCUBNt?AVUKLC?EB?BWUBB?RbHBCMbCL?A\UVC?RR?BIpVCNE?GAH]?BHKL\Ur?EC?BC@?ABCcrEANNE?~vEC\?rE?N?A\UAYKbuT?\HT?BUBNY]?A?EBWAETT?AVETBMR?EB�AH]VKLAECCN?V~KLRECC?BVMUVT?RxVCIpVCNE?XECCR?A?~KLAECCr?EC??EB?V�AH]VKLAECCVbR?EB?AMRVN?AXM�EXMR?ÖU]N?A~vEC\?EBzu>EKLCUBTcbMBBVHHLB?�?@MLA@YANE?~vEC\??EBWUBB?RbHBCMbCL?AT?VC?RRCr?AN?BIJE?EBN?A]?VC?L?BN?BWE?@C?Xv?AMCUAuqBRMT?]?BUC\C?qBVC?U?AUBTN?V�AH]MBCAE?]?V?A\?UTCNE?pXvURV?NUAKLaYBN?BUBN�xVKL?B?EB?VWL�AEu
VCHAVXECBMKLT?VKLMRC?C?XWE?@vM{u�ERC?AI�VRMVV?BVEKLVH~vMBBUBTVvURV?XEC?EB?AÖxL?]EV\UUmax = 250V

����UBN?EB?A}E?N?ALHRAMC?tHB]EV
\Uf = 160Hz

�É��T?B?AE?A?BIJE?XECCR?A?~KLAECCr?EC?N?V~KLRECC?B]?CAwTC
smax ≈ 125 nm

����IJE?V?~KLAECCr?EC?EVCVC?CVbR?EB?AMRVN?AzuÖU]N?V~KMBuB?AVIsXNE?�BC@?ABUBTtHB8mm MUVN?A>UL?vHVECEHBN?V~KLRECC?BV]EV\UA~vEC\?\UAYKb\UR?T?Bc]?BxCETCNE?V?AqBCAE?]NML?A?CrM6 1
2 mincrMVNMu\U@YLAC?cNM{N?A~KLRECC?BX?EVCXECN?X}H]]R?VCEKbt?AVKLH]?BrUAN?UBNNE?�AH]MBBwL?AUBTBUA@YAN?BMUCHXMCEVKL?B\r?EC?BW?ERN?AqBBwL?AUBT]?BUC\CrUAN?IJMVXMBU?RR?�?AVKLE?]?BN?V~KLRECC?BVEVC�?NHKLAEVbMBCcNM?EBUBT?rHRRC?APHBCMbC\rEVKL?B~vEC\?UBNGAH]?\UAa?AVCxAUBTN?A~vEC\?@YLA?BbMBBI�YANE?V?qBRMT?rUAN?NML?ANE?�AH]MBBwL?AUBTM]T?wBN?ACIJE?SHuNE�bMCEHB?B]?TEBB?B]?EN?A�?AbM]?RUBTN?A�AH]MBBwL?AUBTVuGE?\HVI~CMCCTR?EKL?~?TX?BC?tHBMRR?BGE?\HV\UVMXX?B\U@YLA?BUBNEBVT?VMXCBUANA?E~C?U?AR?ECUBT?B\U]?BUC\?Bc@YLAC?BrEANE?~C?U?AR?ECUBT?B?EB?VGE?\HVV?vMuAMCL?AMUV�GE?\H�M�EBq]]ERNUBT Ì̂ M̀U@N?ABwKLVC?B~?EC?�IJE?�?ECUBT?BN?AMBN?A?B\r?EGE?\HV�]�rUAN?BEBT?rHLBC?A}?EV?vMAMRR?RT?VKLMRC?CIaUA
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(a)

(b)
(b)

q]]ERNUBT̀ Î F̀SHNE�bMCEHB?BMBN?A�AH]MBBwL?AUBTFJE?~C?U?AUBTN?AGE?u\HVrUAN?EB\r?E�AUvv?BMU@T?C?ERCI�AUvv?�M�?BCLwRC?EB?B?EB\?RB?BGE?\Hc�AUvv?�]�NE?\r?EY]AET?BIO?CA?E]CXMBBUA?EB?�AUvv?HN?AM]?A]?EN?�AUvv?BT?T?BvLMVETcRMVV?BVEKLMUKLJA?LUBT?BN?V~KLRECC?BVA?MREVE?A?BI

qBVC?U?AUBTVC?L?BBUBV?KLV�?ECUBT?BHN?A\r?E�AUvv?BtHBGE?\HV\UA�?Au@YTUBTIO?CA?E]CXMBBUA?EB?�AUvv?HN?AM]?A]?EN?�AUvv?BT?T?BvLMVETcVHRw{CVEKL?EB?JA?LUBTN?V~KLRECC?BV?A\E?R?BIJE?VrEANrEKLCETcr?BBTAH{?~CA?Kb?BXECN?X�AH]MBCAE?]\UAYKbT?R?TCr?AN?BIqU@TAUBN]MUREKL?AWHR?uAMB\?B@wLACN?A~KLRECC?BBE??�MbCvMAMRR?RUBNLMC]?EqBbUB@CMBN?A~vEC\?
?EB?T?rEVV?�?AbEvvUBTcNE?tHBN?Xzu~KMBB?AMUVT?A?T?RCr?AN?BXU{IJE?SxTREKLb?ECcN?B~KLRECC?B\UNA?L?BcbMBBNE?V?�?AbEvvUBTMUVTR?EKL?BUBNN?B]?BxCETC?BÖU]N?Vzu~KMBB?AVA?NU\E?A?BIJE?VrEANEBPMvEC?R Ì�Ì BHKL?EB?rEKLCET?>HRR?VvE?R?BIJE?qBVC?U?AUBT\UAPHBCAHRR?N?A�AH]MBBwL?AUBTrUAN?bHXvR?CCB?U
?BCrHA@?BUBN\UVMXX?BXEC�xATy?U]MU?At?ArEAbREKLCIq]]ERNUBT Ì̂�MU@N?ABwKLVC?B~?EC?\?ETC?EBORHKbVKLMRC]ERNN?AB?U?B�R?bCAHBEbIJE??ET?BCuREKL?pXvURV?A\?UTUBTEVCMU@?EB?BbHXX?A\E?RR?Bc?�C?AB?B~ETBMRT?B?AMCHA��ÝçèãèòcSHN?R �̀�MUVT?RMT?ACUBN?ARMU]CVHNE?GAHTAMXXE?AUBT]?RE?]ET?A~vMBBUBTVbUAt?BIJE?]?BUC\C?pXvURV@HAXVHrE?NE?qUVR?V?@A?�U?B\rUAN?EX>MLX?B?EB?V�M]HAvAMbCEbUXVtHBpBNAM~KLAxN?AHvCEXE?ACIJE?}?RR?Bu@HAXrEANEB?EB?XMBMRHT?BSURCEvR?�?A@YANE?qBVC?U?AUBTN?AGE?\HV�?BMKL
T?rYBVKLC?A�MLACAEKLCUBTMU@]?A?EC?CI~E?NUAKLRwU@CVKLRE?{REKLNE?ÖHKLVvMBuBUBTVt?AVCwAb?AcNE??EB?@?VC?�?AVCwAbUBTtHBg = 15

]?VEC\?BUBNNMV~ETBMR
MU@]EV\UUmax = ±150V t?AVCwAb?BIO?EV�XX?CAEVKL?XO?CAE?]N?AGE?\HVVEBNVHqXvRECUN?BwBN?AUBT?B]EV∆U = 300V XxTREKLIsX?EB?XxTREKLVCLHL?�RMBb?BVC?ERL?ECVEKL?A\UVC?RR?Bc]?VEC\?BNE?ÖHKLVvMBBUBTVt?AVCwAb?A?EuB?OMBN]A?EC?tHBf−3dB = 380 kHzIpXqBVKLRU{r?AN?BNE?~ETBMR?Y]?A?EB?BÖHKLVvMBBUBTVXURCEvR?�?AMU@\r?EGMMA?tHBGE?\HVt?AC?ERCcUXNE?JA?uLUBTN?V~KLRECC?BV\U?AXxTREKL?BI�EB?r?EC?A?qU@TM]?NE?V?VSURCEvR?�?AVEVCNMV�A?EVKLMRC?BUBN�AN?BN?AGE?\HV?TX?BC?N?V�AH]MBCAE?]VEXWUBB?Ru]?CAE?]IO?NEBTCNUAKLNE?LHL?OMBN]A?EC?N?AÖHKLVvMBBUBTVt?AVCwAb?AEVC
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q]]ERNUBT Ì̂�FORHKbVKLMRC]ERNN?AB?U?B�R?bCAHBEb@YANE?�AH]MBBwL?AUBTI

NMV>UL?AMUVKL?BA?RMCEtLHKLUBNbxBBC?MBVHBVC?B\U�E]AMCEHB?BN?V~KLRECuC?BVMU@N?BGE?\HAxLAKL?B@YLA?BI�?VC?U?ACr?AN?BMRR?PHXvHB?BC?BNUAKL?EB?BS�~[ZbHXvMCE]R?BSEbAHKHBCAHRR?AIsXNE?v?AXMB?BC?HvCEVKL?PHBuCAHRR?]?EX�?A@MLA?BN?V~KLRECC?BV\U?AXxTREKL?BcbxBB?BMRR?�MLA@UBbCEHB?B?]?B@MRRVY]?A?EB?pB@AMAHCu�?AB]?NE?BUBTT?VC?U?ACr?AN?BI�YAqXvRECUN?BtHBUpp = 1
2Umax = 150V

RMVV?BVEKLXECNE?V?A�R?buCAHBEbXECCR?A?~KLAECCr?EC?BtHBs ≈ 800 nm ?A\E?R?BIJUAKL>?NU\E?AUBTN?AqXvRECUN?EVC?EB?�?EBVC?U?AUBT]EV\U∆s = 10nmXxTREKLIJE?LHL?~KLAECCu}E?N?ALHRAMC?tHBf ≈ 880Hz ?ARMU]C?VcNE?~CA?Kb?MUVN?A>UL?vHVECEHBN?V~KLRECC?BV]EV\UA~vEC\?EBBUAZZ~?bUBN?B\UAYKb\UR?T?BIJMXEC?ETB?CVEKLNE?V?�R?bCAHBEbVHrHLR\UX�?A@MLA?BN?V~KLRECC?BVY]?Ar?EC?A?~CA?Kb?B
MRVMUKL\UA?�MbC?BGHVECEHBE?AUBT@YAN?BWUBB?R]?CAE?]I�R?bCAHBEb?BNE?V?VW�vVr?AN?BXECCR?Ar?ER?MUKLMBN?B�Wu~WSVEBUBV?A?A�AUvv?\UA�AH]MBu
BwL?AUBT]?BUC\CIpBNE?V?ByMKL@HRT?ABEBC?TAE?AC?BÖ?BBEBT�?BV?BUBN�xAT
y?U]MU?ANE?~ETBMR?A\?UTUBTEB?EBEBC?AB?V~�BCL?V?XHNURcVHNM{NE?�R?buCAHBEbMRVMUCMAb?V�EB\?RT?AwCHLB??�C?AB?B~ETBMRT?B?AMCHA]?CAE?]?Br?AN?BbMBB�[É�I
rqñqr ~��y÷��|y�{w{�{�ty�w{���|w{
}E?]?A?ECVEBPMvEC?R ÌZÌ ?ArwLBCc?A@YRR?BNE?~ETBMRMUzxVUBTUBNNMV>MUVKLt?ALMRC?BN?AbHXX?A\E?RR?B�R?bCAHBEbBUA]?NEBTCNE?qB@HAN?AUBT?B
\UX�AA?EKL?BtHBMCHXMA?AqUzxVUBTXECN?X>Wu~WSI�EB?�ALxLUBTN?ALHKLVvMBBUBTVV?ECET?B~ETBMRMUzxVUBTtHB∆U = 4,5mV XMKLC�?NHKLBUA~EBBcr?BBTR?EKL\?ECETNMV>MUVKL?BtHBUnoise ≈ 5mVpp

N?UCREKLA?NU\E?AC
rEANIJMEBNE?V?AqA]?ECBEKLCMRR?SHNE�bMCEHB?BEXJ?CMERtHAT?VC?RRCr?AN?BbxBB?BcVHRR?BR?NETREKLNE?rEKLCETVC?B|BN?AUBT?BbUA\?ARwUC?ACr?AN?BIq]]ERNUBT̀ Î[MU@N?ABwKLVC?B~?EC?\?ETC?EBGAEB\EvVKLMRC]ERNN?AXHNE�u\E?AC?B~WSu�R?bCAHBEbIy?]?BN?XbHXX?A\E?RR?BW?ERTE]C?V?EB?BVHT?BMBBuC?B�HruyHEV?O?A?EKL�T?AEBT?V>MUVKL?V�N?A?EB??R?bCAEVKLVMU]?A?sXT?u]UBT@YANE?AMUVKLA?NU\E?AC?B~ETBMR?]?A?ECVC?RRCIqRR?�R?bCAHBEbbHXvHB?BC?B
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q]]ERNUBT Ì̂[FGAEB\EvVKLMRC]ERNN?AXHNE�\E?AC?B~WSu�R?bCAHBEbI

EBNE?V?XW?ERr?AN?BVC?AB@xAXETtHB?EB?XVv?\E?RR?By?C\C?ERXECT?AEBT?X>MUVKL?BT?Vv?EVCIJMVC�vEVKL?�ET?BAMUVKL?BNE?V?A�R?bCAHBEbRE?TC@YA~C?Uu?AVETBMR?N?A�Ax{?BHANBUBTU = ±10V
]?EUnoise = 20µVpp�IsX>MUVKL?BtHBqU{?B@?AB\ULMRC?BcrUAN?By?C\�RC?AEBNE?~CAHXt?AVHATUBT?EBT?]MUCUBNMRR?~ETBMRR?ECUBT?BY]?ANE�?A?B\E?RR?�EBTMBTVVCU@?BT?@YLACI�?C\C?A?Vt?ALEBN?AC?EB?NEA?bC?�?A]EBNUBTN?A�HruyHEV?uSMVV?XECN?ASMVV?MBN?uA?Ay?C\C?ER?I�EB\ET?AaUTMBT@YA>MUVKL?B]R?E]CN?XBMKLNE?~ETBMRR?ECUBTV?R]VCIJMV>MUVKL?BN?AbHXX?A\E?RR?B�R?bCAHBEb?BCVC?LC]?A?ECV]?EN?A�A\?Uu

TUBTN?A~C?U?AVETBMR?UBNbMBBTAH]EB\r?EÖMUvC]?A?EKL?T?TRE?N?ACr?AuN?BI�EBT?rEVV?Av?AXMB?BC?AsBC?ATAUBNtHBU1 ≈ 4mVpp
EVCMRV�ET?Bu

AMUVKL?B\UEN?BCE�\E?A?BIJE?V?AV?LALHL?}?ACbMBB?ET?BCREKLBUANUAKL?EBUBTRYKbREKL?V~KLMRCUBTVN?VETB?AbRwACr?AN?BIJE?\r?EC?ÖMUvC�U?RR?EVCNMV·]?AVvA?KL?BtHBNETECMR?B~ETBMR?BMU@N?BqBMRHTC?ERXEC~vEC\?B]EV\U
U2 ≤ 18mVppIJ?ANETECMR?GMAMRR?R]UV\rEVKL?BJ~GUBNOMUTAUvv?BCAwT?A�VE?L?q]]ERNUBT̀ ÎZMU@~?EC?`̂�V?BN?CV?EB?pB@HAXMCEHB?BXEC?EB?AA?RMCEtT?AEBT?B}E?N?ALHRAMC?cNE?�?BMKLJMC?BMU@bHXX?B]?EXM�EXMR54 kHz

RE?TCIJE?V?�A?�U?B\NHXEBE?ACNE?>MUVKLVv?bCA?BMRR?AMBMRHT?B~C?U?AVETBMR?UBNRE?{?VEKLBUANUAKLV?LABE?N?A@A?�U?BC?WE?@vM{�RC?ArEAbVMXUBC?ANAYKb?BIJE?VrYAN?M]?AEBV]?VHBN?A?@YANE?~vEC\?BBMKL@YLAUBT�zu~ETBMR�\U?EB?A�?AVKLR?KLC?AUBTN?AqBCrHAC\?EC@YLA?BIaUA>?NU\E?AUBTN?V>MUVKL?BVrUAN?NML?A?EBMBN?A?V�?A@MLA?B?EBT?u
V?C\CI�?LCXMBNMtHBMUVcNM{]?BMKL]MAC?qBMRHTVETBMR?EB?AVC?AywL?AUBTNMVTR?EKL?·]?AVvA?KL?BrMLAB?LX?BcVHVHRRC?VEKLNE?V?VEBN?AJE�?A?B\N?A]?EN?B~ETBMR?T?AMN?rE?N?AMU@L?]?BIJMMRR?JETECMRuqBMRHTPHBt?AC?AB?]?B?EB?XBEKLCuEBt?ACE?A?BN?BMUKL?EB?BEBt?ACE?A?BN?BqUVTMBT]?VEC\?BcbHBBC?NUAKLNE?MBMRHT?O?A?KLBUBTN?AJE�?A?B\NE?V?A]?EN?B~ETBMR?EX�HruyHEV?W?ERNMV~ETBMRAMUVKL?BMU@Unoise ≈ (160 ± 10)µVpp

A?NU\E?ACr?AN?BIJE?VEVCEXX?ABHKLtE?REX�?ATR?EKL\UX�ET?BAMUVKL?BN?V�HruyHEV?W?ERVcVC?RRC����̀ ��
��H��
����10mV����
��
c����K���
K��������K
·���c�H�BE��K���̧ ¢¡jk���
j �̈���_§a·�CK��·���c�H�
�g = 1000�
��
�k�
�����e�
f−3dB =
100 kHz e��e���c�H��
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q]]ERNUBT Ì̂ÉF�EB?SxTREKLb?EC\UA�ALxLUBTN?A~ETBMRMUzxVUBTI

M]?AEXÖEB]REKbMU@NMVUAVvAYBTREKL?>MUVKL?B?EB?N?UCREKL?�?A]?VV?AUBTNMAIpBV]?VHBN?A?bHBBC?NMV>MUVKL?BMU@TAUBNN?VNETECMR?B·]?AVvA?KL?BVBML?\UtHRRVCwBNET?REXEBE?ACr?AN?BI�EBr?EC?A?A�HAC?ERNE?V?AS?CLHN?EVCNE?O?E]?LMRCUBTN?AtHRR?BOMBN]A?EC?N?A~C?U?AVETBMR?IJE?V?V�?A@MLA?B@UBbCEHBE?AC�?NHKLBUA@YA~ETBMR?N?AJETECMRuqBMRHTPHBu
t?AC?AI�YA~ETBMR?cNE?tHX~WSbHXX?BNXECN?BqBMRHTuJETECMRPHBt?AuC?ABT?X?VV?Br?AN?BVHRR?BcbMBB?VBEKLCMBT?r?BN?Cr?AN?BIJE?V?~ETBMR?VEBNM]?AEBN?A>?T?RAMUVKLMAXUBNr?AN?BNUAKLNE?�?]?B@MRRVNE�?A?B\E?RuR?�>YKbTM]?MUVN?X�HruyHEV?W?EREB?EB?VCwAb?AAMUVKL?BN?bHXX?A\E?RR?�R?bCAHBEb?EBT?Vv?EVC�IsXNE?V?VSE{T?VKLEKbXxTREKLVCbR?EB\ULMRC?BcbxBuB?BNE?~ETBMR?EX�HruyHEV?W?EREB@?EB?Bq]VCU@UBT?BtHAt?AVCwAbCr?AN?BUBNVHXEC?EB?X?ALxLC?B~ETBMRu>MUVKLu�?ALwRCBEV�~y>ctHB÷åáÞÝßâãàâøàåíèöÝãåà�\UAS?VVUBTMBNE?bHXX?A\E?RR?�R?bCAHBEbY]?AT?]?Br?AN?BIJMV\r?EC?aE?RN?ASHNE�bMCEHB?BrMAB?]?BN?A>MUVKLA?NU\E?AUBTNE?�ALxLUBTN?A~ETBMRMUzxVUBTIJE?V?Rw{CVEKLMU@t?AVKLE?N?B?B}?T?B?AA?EuKL?BI�EB?]?A?ECVMX�Wu~WSUXT?V?C\C?�xVUBT\?ETCq]]ERNUBT Ì̂ÉIJMVtHXJq�bHXX?BN?~C?U?AVETBMRrEANM]T?VKLrwKLCMU@N?BÖHKLVvMBBUBTVu
t?AVCwAb?AT?T?]?BIÖE?ANUAKLr?AN?BNE?\UA�?A@YTUBTVC?L?BN?BZÉOECVN?VJq�VMU@?EB~vMBBUBTV@?BVC?AXECT?AEBT?A?X�?VMXCLU]bHB\?BCAE?ACIJE?V?V�?BVC?AbMBBXECÖER@??EB?VQ�V?CVY]?AN?BT?VMXC?BUAVvAYBTREKL?B~vMBuBUBTV]?A?EKLt?AVKLH]?Br?AN?BIJE?�HAC?ER?NE?V?AS?CLHN?VEBN?EB?VKLB?RR?pXvR?X?BCE?AUBTEB?EB?]?VC?L?BN?�R?bCAHBEbcVHrE?NE?SxTREKLb?ECcvAEB\EvEu?RRb?EB?B�?VMXCLU]?EB\U]Y{?BI�EBr?V?BCREKL?AyMKLC?EREVCNE?>?NU\E?AUBTN?V~y>MU@TAUBNN?Aq]VKLrwKLUBTN?V~C?U?AVETBMRVI�EB?MBN?A?cEBN?AsXV?C\UBTMU@r?BNET?A?S?CLHN?cEVCNE?>?NU\E?AUBTN?AÖHKLVvMBBUBTVt?AVCwAbUBTIJMNMV~C?U?AVETBMRBEKLCM]T?VKLrwKLCrEANc]R?E]CNMV~y>?ALMRC?BcUBN?VbHXXCr?T?BN?AT?AEBT?A?ByMKLt?AVCwAbUBTVHrHLR\U?EB?A]?VV?A?BOECMUzxVUBTMRVMUKL\U?EB?XT?AEBT?A?B>MUVKL?BMU@N?AÖHKLVvMBBUBTVV?EC?IJ?AyMKLC?ERNE?V?AS?CLHN?RE?TCEBN?A>?NU\E?AUBTN?V�?VMXCLU]VUBN?A@HAN?ACcNM{N?AWUBB?RbHBCMbCXxTREKLCEBN?A~vMBuBUBTVBURRMT?N?V~KMBB?AuGE?\HVL?AT?VC?RRCrEANI�?AB?ANMA@NE?GAH]?b?EB?�?AbEvvUBT\UA~KMBB?Axyu�]?B?MU@r?EV?BcNE?N?BA?NU\E?AC?B�?VMXCLU]N?Vzu~ETBMRVY]?AVC?ET?BrYAN?IJE?V?�HAN?AUBT?BbxBB?BBUAY]?A?EB??�MbuC?UBNvMAMRR?R?GHVECEHBE?AUBTN?VGAH]?Bu~KLRECC?BVA?RMCEt\UA~vEC\??AA?EKLC
r?AN?BIJE?B?U?EBPMvEC?R Ì�Î tHAT?VC?RRC?�R?bCAHBEb\UA~C?U?AUBTN?A
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�AH]vHVECEHBE?AUBT?A@YRRCNE?V?O?NEBTUBT?BIqU@TAUBNN?At?AVKLE?N?B?B�HAuUBNyMKLC?ER?rUAN?]?EN?BS?CLHN?UXuT?V?C\CUBNbxBB?BMRC?ABMCEtHN?A\UVMXX?BT?BUC\Cr?AN?BIqRR?~C?U?AVETBMR??ALE?RC?BB?]?Bq]VKLrwKL?ABUBN?EB?AQ�V?CVC?U?AUBTMUKLNE?SxTREKLb?ECNMV�?r?ERET?~ETBMRXEC?EB?A\UVwC\REKL?B~vMBBUBT\UXHuNURE?A?BIJE?V?Ax�B?Cr?EC?A?S?{X?CLHN?BNE?\IOIEB�ẐcZ�cZZ[�]?VKLAE?]?Br?AN?BIJ?AÖHKLVvMBBUBTVt?AVCwAb?A?ALE?RC?EB?@YAxyUBNzT?CA?BBCUXVKLMRC]MuA?�?AVCwAbUBTtHBg = 4, 8, 12UBN16IJE?OMBN]A?EC?rUAN?@YANE?xyu~ETBMR?MU@f−3dB = 1kHz A?NU\E?ACI�YANMVzu~ETBMRbMBBNE?OMBN]A?EC?BUBEBtE?A~CU@?B\rEVKL?Bf−3dB = 1kHzUBNf−3dB = 10 kHz tMAEE?ACr?AN?BI
yMKLMRR?BNUAKLT?@YLAC?BSHNE�bMCEHB?BrUAN?NMV>MUVKL?BN?AÖHKLuVvMBBUBTVVETBMR?�� �zuPMBMRc f−3dB = 10 kHzc�?AVCwAbUBTg = 16

�XEC
Unoise = (690 ± 50)µVpp

T?X?VV?BIJUAKLNE?}MLR?EB?AT?AEBT?A?B�?AVCwAubUBT�g = 4
�Rw{C?VVEKL]?EtHRR?AOMBN]A?EC?]EVMU@Unoise = (290± 15)µVppA?NU\E?A?BIJE?V?BCVvAEKLC?EB?X>MUVKL?BN?V~KMBB?AuGE?\HVEBzu>EKLCUBTtHBznoise = 0,012
Q]\rIznoise = 5,2 · 10−3

QIJE?OECMUzxVUBTRw{CVEKL]EVMU@XM�EXMR∆U = 61µV ?ALxL?BcrMV?EB?A~KMBB?AuqUzxVUBTEBzu>EKLCUBTtHB∆z = 1,1 · 10−3
Q?BCVvAEKLCI�EB?N?CMERRE?AC?·]?AVEKLCY]?ANMV>MUVKL?BUBNNE?qUzxVUBTN?At?Au

VKLE?N?B?~ETBMR?EVCN?XqBLMBTO\U?BCB?LX?BI
yMKLNE?V?BSHNE�bMCEHB?Br?AN?BNE?EBPMvEC?R ÌZÌ T?VC?RRC?BqB@HAN?uAUBT?BMBNE?qUzxVUBTUBN~CM]ERECwCN?A~ETBMR?r?ECY]?ACAH�?BIJE?S?{u?R?bCAHBEbVC?RRCVHXECb?EB?BREXECE?A?BN?B�MbCHAX?LA@YANE?~WSuqUzxVUBTNMAIq]]ERNUBT̀ Î�MU@N?ABwKLVC?B~?EC?\?ETCM]VKLRE?{?BN?EBGLHCHN?AB?UT?]MUC?BPHXvHB?BC?BN?A~WSu�R?bCAHBEbI
n%	 û7
2�1(.
JUAKLNE?EXtHAL?AET?BPMvEC?R]?VKLAE?]?B?B�Ar?EC?AUBT?BN?A�R?bCAHBEb
rUAN?BtE?R?B?U?GMAMX?C?A�q]VKLrwKLUBT?BcyMKLt?AVCwAbUBT?BcÖHKLVvMBuBUBTVt?AVCwAbUBT?BIII�?EBT?@YLACcNE?]?EN?AJMAVC?RRUBTN?AS?{r?AC?\U]?AYKbVEKLCET?BVEBNIJMNE?bHXX?A\E?RR?~H@CrMA?MRV9U?RRC?�CtHARE?TCcbHBBuC?EKL@YANMVG�uGAHTAMXXB?U?S?BUVVKLA?E]?BcNE?NE?�EBTM]?N?AB?U?BGMAMX?C?A?AXxTREKL?BIsXNE?bHAA?bC?sXA?KLBUBTN?AS?{r?AC?\UT?rwLAuR?EVC?BcXU{C?EKLMUKL|BN?AUBT?BEXqVV?X]R?Au�HN?N?VJ~GVtHAB?LX?BIJMNMVbHXX?A\E?RR?GAHTAMXXBUAEXJQ~GAHC?KC?NSHN?RwU@CcrUAN?tHBXEC?EBUBM]LwBTET?VGAHTAMXX\UAJMAVC?RRUBTN?AS?{?AT?]BEVV?UBC?A}EBNHrVT?VKLAE?]?BI�V?AXxTREKLC\UN?X?EBVKLB?RR?V��CAMLE?A?BtHBJMC?BrE?q]VCwBN?BHN?A~CU@?BLxL?BUBN?ARMU]CNE?BMKLCAwTREKL?>?bMRE]AE?AUBT
tHB~WSuGMAMX?C?ABI�?AB?ArUAN?BEX>MLX?BNE?V?AqA]?ECNEt?AV?GAHTAMXX?\UA~C?U?AUBTN?AqBRMT?UBNN?AGAwvMAMCEHBT?VKLAE?]?BIaUNE?V?BT?LxA?BGAHTAMXX?\UX\?ECT?VC?U?AC?B~U]REXE?A?BtHBWECMBc\UXbHBCAHRRE?AC?BqUVTMV?BtHB�ERMX?BC?BHN?A�?ANMXv@?ABVHrE?\UA~C?U?AUBTtHB@A?EvAHTAMXXE?A]MA?BqUVL?ER\�bR?B@YANE?GAH]?BvAwvMAMCEHBI
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q]]ERNUBT Ì̂�FJE?B?U?BPHXvHB?BC?BN?A~WSu�R?bCAHBEbF
Q]?BFN?AXHNE�\E?AC?ÖHKLVvMBBUBTVt?AVCwAb?AcSECC?UBNsBC?BFJE?\UVwC\uREKL?BSHNUR?\UA>MUVKLUBC?ANAYKbUBTUBNqUzxVUBTV?ALxLUBTI
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JE??AVC?BS?VVUBT?BUBNNE?PMRE]AE?AUBT?BN?V~KMBB?AuGE?\HVrUAN?BMB?EBubAEVCMRREB?B�HRNH]?AzwKL?BNUAKLT?@YLACIJMMRR?BE?NAETuEBNE\E?AC?B�HRNH]?AuzwKL?BNM\UC?BNE?A?BcELA?Q]?AzwKL?B?B?ATE?NUAKLNE?OERNUBTtHB>?bHBuVCAUbCEHB?B\Ut?AAEBT?AB�̀_�cRw{CVEKL?EB?PMRE]AE?AUBTN?V~WSVMBNE?V?B>?bHBVCAUbCEHB?BMUKLHLB?MCHXMA?qUzxVUBT?AA?EKL?BI

ú%& �).'(7�.*
aUAPMRE]AE?AUBTN?V~KMBB?AuGE?\HVrUAN?B?EB?qU�ZZ_�uUBN?EB?qU�ZZZ�uGAH]?t?Ar?BN?CIO?EN?Q]?AzwKL?BrUAN?B]?A?ECVXEC?EB?A�E?R\MLRtHBS?uCLHN?BUBC?AVUKLC�VE?L?\IOI��[�UBNNHAC\ECE?AC?>?@?A?B\?B�cEBV]?VHBN?A?�BN?CXMB~WSuS?VVUBT?BtHB]?EN?BQ]?AzwKL?B�\IOIqU�ZZ_���c��c�[�cqU�ZZZ��[cZ�cZZ���IpLA?�?r?ERET?~CAUbCUAUBN>?bHBVCAUbCEHBEVCVHXECLEBuA?EKL?BN]?bMBBCUBNbMBB\UAPMRE]AE?AUBTNE?B?BI

ñqsqs �yw �̄�ss���w��{�|x��|y�{
JE?qU�ZZ_�uQ]?AzwKL??ALxLCELA?GMKbUBTVNEKLC?MBN?AQ]?AzwKL?NUAKLNE?OERNUBT?EB?AVHT?BMBBC?B(1×2)uúåííåÞáâöàóu·]?AVCAUbCUA�@?LR?BN?>?EuL?�IJMV�BC@?AB?B�?N?A\r?EC?BMCHXMA?B>?EL?EB[110]u>EKLCUBT@YLAC\UAOERNUBTtHB�ZZZ�uSEbAH@MK?CC?BXECLxL?A?BGMKbUBTVNEKLC?BUBNT?AEBT?A?A
Q]?AzwKL?B?B?ATE?���IJ?Aq]VCMBN\rEVKL?BN?B>?EL?BN?A·]?AVCAUbCUA]?CAwTC8,16

QcN?Aq]VCMBN\rEVKL?BBwKLVC?ByMKL]MAB�qCHX??BCRMBT?EB?A>?EL?EB[110]u>EKLCUBT�2,88
QIJE?ÖxL??EB?AXHBHMCHXMA?B~CU@?Rw{CVEKLMU@1,44

Q]?u
VCEXX?BIJE?NUAKLNE?·]?AVCAUbCUAL?AtHAT?AU@?B?PHAAUTMCEHBrEANEB��[�XEC0,8
Q@YAUtip = 0,37VUBNI = 250 pA MBT?T?]?BIJE?V?AA?RMCEtLHL?}?ACXMKLCNE?qU�ZZ_�uQ]?AzwKL?EN?MR@YA?EB??AVC?S?VVUBTI

�Z



�̂ :¾;»ÀÃ¿þ=ÃÄÁÀÃ@ÃÁÁÙ¼ÚÃ¼Ù¼Ø:¾¿»×Ä»ÃÄÙ¼Ú

ñqsqp �yw �̄�sss��w��{�|x��|y�{
JE? qU�ZZZ� Q]?AzwKL? ]ERN?C NE? ]?bMBBC? �23 ×

√
3
� ÀèééåÞáðàÞèu>?bHBVCAUbCEHB��EVKLTAwC?Bu>?bHBVCAUbCEHB�IJE??ET?BCREKL?�23 ×

√
3
�u·]?AVCAUbCUA?BCVC?LCNUAKL\r?EbHBbUAAE?A?BN?GAH\?VV?cBwXREKLN?XO?VCA?]?BcNE?MCHXMA?BQ]?AzwKL?BM]VCwBN?\UXEuBEXE?A?BcUBNN?ASxTREKLb?ECcNE?Q]?AzwKL?BMCHX?MU@@KKu�bU]EVKLzwKL?Bu\?BCAE?ACctHBîÝæèæèÞãèéèäæïðåæ�HN?ALKvuGRwC\?�L?�MTHBMRNEKLC?VC?GMKbUBTctHBêèñÝáàÞÝßæßàíèâìÝæòèä�\UvRM\E?A?B�̂�cZ_��IpBN?X]?EN?SxTREKLb?EC?BT?BUC\Cr?AN?BcbxBB?BNE?qCHX?EBN?B·]?ATMBTVA?TEHB?BNEKLC?AT?vMKbCr?AN?BcrMV\U?EB?AR?EKLC?BqBL?]UBTA?RMCEt\UAQ]?AzwKL?B?]?B?@YLACIJE?@KKuGRwC\?r?AN?BMU@TAUBNN?A�?VCbxAv?AVCAUbCUA]?tHA\UTCUBNVEBN?B?AT?uCEVKL?CrMVTYBVCET?AMRVNE?LKvuGRwC\?IJE?V@YLAC\U]A?EC?A?B@KKu>?TEHB?B�

≈ 38
Q�UBNVKLXMR?A?BLKvu>?TEHB?B�≈ 25

Q��Z��IJMVKLMAMbC?AEVCEVKL?aEKbuaMKbuSUVC?AcNMVMUV\r?EN?ANA?EXxTREKL?B
QAE?BCE?AUBT?BN?A�23 ×

√
3
�u>?bHBVCAUbCEHBT?]ERN?CrEANcbHXXCNUAKLN?Br?EC?A?Bq]]MUtHBQ]?AzwKL?BVvMBBUBT?B\UVCMBN?IQLB?NE?V?\UVwC\REKL?RMBTA?EKLr?ECET?~CAUbCUArYAN?NE?\UAOERNUBTN?A·]?ATMBTVA?TEHB?B�JHu

XwB?BrwBN?�]?BxCETC?�B?ATE?NE?>?bHBVCAUbCEHBEBVCM]ERr?AN?BRMVV?BIJE?NA?EXxTREKL?BQAE?BCE?AUBT?BN?A�23 ×
√

3
�u>?bHBVCAUbCEHBUBN?EBMBEVHCAHu

v?A~vMBBUBTVC?BVHA@YLA?B\UAOERNUBTVHT?BMBBC?A~vMBBUBTVNHXwB?BUBN
?AXxTREKL?BNMNUAKLNE?~CM]EREVE?AUBTN?AÖ?AAEBT]HB?u>?bHBVCAUbCEHB��Zc���IJE?PHAAUTMCEHBrEANEBN?A�EC?AMCUAXEC∼ 0,2

QMBT?T?]?BUBNEVCcEX�?uT?BVMC\\UAMCHXMA?BPHAAUTMCEHBcr?ECT?L?BNUBM]LwBTETtHBN?B]?BUC\C?BWUBB?RvMAMX?C?ABUBNN?A~vEC\?B@HAX�[�I

ú%$ ��,.()5.*2.44.�.21)4/
ñqpqs �����z
SECN?AB?U?BqBRMT?rUAN??EBOMVEVNAUKbEBN?AGAwvMAMCEHBVbMXX?AtHB
C�vEVKLp ≤ 2 · 10−10 mbar ?AA?EKLCI�?BMKLGAwvMAMCEHBVtHATMBTVC?ETCNE?V?A}?ACMU@]EV\Up ≈ 1·10−9 mbarIJ?AJAUKbEBN?A~WSuPMXX?ARE?TCUBC?ALMR]N?AyMKLr?EVTA?B\?N?AJAUKbX?{AxLA?BcNE?tHXÖ?AVC?RR?AXEC4 · 10−11 mbarMBT?T?]?BrEAN�ZZ̀�I
ñqpqp ®vy|ÿw{ëæx�v�x�|y�{
qRV~vEC\?BrUAN?BT?AEVV?B?pAENEUXu~vEC\?BUBN?R?bCAHKL?XEVKLT?wC\C?}HR@AMXu~vEC\?B�[É�?EBT?V?C\CI�?C\C?A?rUAN?B\UA�BC@?ABUBTN?V]?EX|Cu\?BT?]ERN?C?BQ�ENVEBB?ALMR]N?V�MbUUXVbUA\\?ECET]EVMU@≈ 1100K ?AuLEC\C�ZZ��IqBVKLRE?{?BNrUAN?BVE?c?]?BVHrE?NE?pAENEUXu~vEC\?Bc\UX~KLwAu@?BXECqATHBupHB?B]?VKLHVV?B�É�I
ñqpqr æx��w{ëæx�v�x�|y�{
JE?GAH]?BrUAN?BNUAKLrE?N?ALHRC?BO?VKLU{tHBqATHBupHB?BXEC�B?ATE?B
tHBE = 600 eV UBNpHB?BVCAxX?B]EVIIon = 2,5µA T?A?EBETCIJ?A}EBb?R\rEVKL?BpHB?BVCAMLRUBNQ]?AzwKL?]?CAUTLE?A]?E30◦IaUXqUVL?ER?BrUAN?BVE?MU@W?Xv?AMCUA?BtHB700K ?ALEC\CI
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Data:1I20T005.img

q]]ERNUBT�IZFGV?UNHùNuqBVEKLC?EB?AqU�ZZ_�Q]?AzwKL?cMU@T?BHXX?BXEC?EB?ApAENEUX~vEC\?IUtip = 80mVcI = 10,25 nAI

ú%n W.//3*T.*3*-�14)�().(3*T
JE?PMRE]AE?AUBTN?V~KMBB?AuGE?\HV?A@HRTC?MBLMBN?EB?A�E?R\MLRtHBWHvHuTAMvLE?BtHBqU�ZZ_�uUBNqU�ZZZ�uQ]?AzwKL?BXECt?AVKLE?N?B?B~vEC\?BIJE??�v?AEX?BC?RR?AXECC?RC?BGAHvHACEHBMRECwCVbHBVCMBC?B]?RMU@?BVEKLMU@

cxy = (90 ± 15)

Q
�c ��IZM�

UBN

cz = (18 ± 3)

Q
�I ��IZ]�

JE?q]r?EKLUBTUX]EV\U14% tHBN?BA?KLB?AEVKLMUVN?A�?HX?CAE??AuXECC?RC?B}?AC?BRMVV?BVEKLNUAKLWHR?AMB\?B]?EN?A�?ACETUBT?AbRwA?BIJE?
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q]]ERNUBT�Î FqCHXMA?qUzxVUBTMU@?EB?AqU�ZZ_�uQ]?AzwKL?cMU@T?BHXX?BXEC?EB?ApAENEUX~vEC\?IJ?AG@?EREXOERN\?ETCMU@?EB?MCHXMA?�?LRVC?RR?EB?EB?A>?EL?IpXH]?A?BREBb?BOERNC?ERrUAN?N?APHBCAMVC\UAJMAVC?RRUBTN?AqCHX?MBT?vM{CI



þ=þ=ÅÙÁ¾@@Ã¼>¾ÁÁÙ¼Ú �[

�?LR?AMBTM]?BEB�R?EKLUBT��IZ�VKLRE?{?B��?bC?MU@TAUBNtHBW?Xv?AMCUAwBuN?AUBT?BVHrE?t?AVKLE?N?B?~vEC\?BRwBT?B?EBI~E?VvE?T?RBVHXECNE??A\E?R]MA?�?BMUETb?ECHLB?r?EC?A?>?bMRE]AE?AUBTrE?N?AI~EBN~CAUbCUA?BXEC]?bMBBuC?Bq]X?VVUBT?BEB?EB?AWHvHTAMvLE?cVHRw{CVEKLNUAKL?EB?>?bMRE]AE?AUBTNE?S?{T?BMUETb?EC@YA?EB?�EB\?RX?VVUBT?AL?]REKLVC?ET?ABIpX�HRT?BN?Br?AN?B?�?XvRMAEVKL?EBET?N?A@YANE?PMRE]AE?AUBT]?BUCu
\?BWHvHTAMvLE?BtHAT?VC?RRCIq]]ERNUBT�IZMU@~?EC?�̀ \?ETC?EB? J̀uGV?UNHuqBVEKLC?EB?AqU�ZZ_�uQ]?AzwKL?cNE?XEC?EB?ApAENEUXu~vEC\?MU@T?BHXX?BrUAN?Iy?]?B?EBET?BXHBHMCHXMA?B~CU@?BbMBBXMBN?UCREKLNE?>?EL?BN?A
(1×2)uSEVVEBTu>Hru·]?AVCAUbCUAMU@N?B?EB\?RB?BW?AAMVV?B?Ab?BB?BI~E?\?EuT?B]?EN?B]?BUC\?BWUBB?RvMAMX?C?AB?EB?PHAAUTMCEHBtHB≈ 1,15

QI�BCuRMBTN?A>?EL?BEVC?]?B@MRRV?EB?PHAAUTMCEHB\UV?L?BcNE?�?NHKLMU@TAUBNN?AGUBbCNEKLC?BEKLCVEKL?A?EB?AMCHXMA?BPHAAUTMCEHB\U\UHANB?BEVCIq]u]ERNUBT�Î MU@N?AtHAL?AET?B~?EC?\?ETCNE?UBT?�RC?AC?B>HLNMC?B?EB?VbR?EuB?A?BqUVVKLBECCV?EB?AqU�ZZ_�uQ]?AzwKL?IÖE?ARMVV?BVEKLB?]?BN?A(1× 2)u·]?AVCAUbCUAMUKLNE?qCHX??BCRMBTN?A>?EL?B?Ab?BB?BIJE?PHAAUTMCEHBN?A·]?AVCAUbCUARE?TCrE?N?A]?E≈ 1,1
QcNE?MCHXMA?PHAAUTMCEHB]?RwU@CVEKLMU@≈ 0,07

QIJ?AG@?EREXOERN\?ETCMU@?EB?MCHXMA?�?LRVC?RR?EB?EB?A>?EL?IO?ENE?V?ALHKLMUzxV?BN?BJMAVC?RRUBTXMKLCVEKLNE?RMC?AMR?JAE@C�xyu>EKLCUBT�N?V>Wu~WSV]?X?Ab]MAIJE?V?RE?TCC�vEVKLEBN?A�Ax{?BHANBUBT
∼ 0,1
QDVIpXOERN�Î @YLACVE?\UA~CMUKLUBTN?V>?EL?Buq]VCMBN?VXEC\UuB?LX?BN?AOERNLxL?Iq]]ERNUBT�Ì MU@N?ABwKLVC?B~?EC?\?ETCt?AVKLE?N?B?OERN?A?EB?AqU�ZZZ�u

Q]?AzwKL?c NE? ]?E t?AVKLE?N?B?BWUBB?RvMAMX?C?ABXEC ?EB?A}HR@AMXu~vEC\?MU@T?BHXX?BrUAN?BIqRR?OERN?A\?ET?BNE?�23 ×
√

3
�Ö?AAEBT]HB?u>?bHBVCAUbCEHBcH]rHLRVE?\UXW?ERXEC?�CA?XbR?EB?BWUBB?RVCAxX?BtHBI ≈

200 fAMU@T?BHXX?BrUAN?BIJE?PHAAUTMCEHBN?AÖ?AAEBT]HB?u>?bHBVCAUbCEHBRE?TC@YAMRR?WHvHTAMvLE?B]?E?CrM0,2
QUBN]?VCwCETCNMXECNE?r?ECT?L?BN?sBM]LwBTETb?ECtHBN?BWUBB?RvMAMX?C?ABI�?AB?AN?XHBVCAE?A?BNE?V?OERN?AcNM{NMV>Wu~WSXECWUBB?RVCAxX?B]EVLEBM]\UI ≈ 200 fA VCM]ERMA]?EC?BbMBB�Iq]]ERNUBT�I��M�MU@~?EC?��\?ETC?EB?LHKLMUzxV?BN?qU@BMLX??EB?AqU�ZZZ�uQ]?AzwKL?XECXxTREKL?AMCHXMA?AqUzxVUBTIJM]?ENE?V?AVCMAb?B�?ATAx{?AUBTrE?N?A�?A\?AAUBT?BNUAKLJAE@CVEKLC]MAr?AN?BcRw{CVEKLNE?L?�MTHBMR?~CAUbCUABUAVKLR?KLC?Ab?BB?BIJE?�HUAE?AuqBMR�V?���WctHBîÝíãîàïéåèéãéÝÞíîàéëÝãåàÞ�N?AWHvHTAMvLE?�q]]ERNUBT�I��]��\?ETC�?NHKL?EB?t?A\?AAC?V?KLV\wLRET?~�XX?CAE?IJM��WUBNWHvHTAMvLE?VC?CVNE?TR?EKL?~�XX?CAE?MU@r?EV?B�ZÉ�cEVCNE?V?EBpBNE\NM@YAcNM{?VVEKL]?EN?AM]T?]ERN?uC?B~CAUbCUArEAbREKLUX?EB?JAE@Cut?A\?AAC?JMAVC?RRUBTN?AMCHXMA?B~CAUbCUAN?AqU�ZZZ�uQ]?AzwKL?LMBN?RCI

ú%ú �3/155.*
1//3*T
�AVC?S?VVUBT?BXECN?X>Wu~WSt?ARE?@?B?A@HRTA?EKLUBNbHBBC?B\U?EB?APMRE]AE?AUBTN?V~KMBB?AV]?BUC\Cr?AN?BIqU@TAUBNCL?AXEVKL?AWHR?AMB\?BUBNN?X�EBzU{tHB~vEC\?BNEX?BVEHB?BRE?TCNE??A\E?R]MA?�?BMUETb?EC@YA
UB]?bMBBC?~CAUbCUA?B]?E?CrMZ��IJUAKL>?bMRE]AE?AUBTXECC?RV]?bMBBC?A
�_��������� �̈
�K�K�������
KN�

�����Ke�
I ≈ 50 fA�
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B�C

B�C

B�C
q]]ERNUBT�Ì FÖ?AAEBT]HB?>?bHBVCAUbCEHBMU@qU�ZZZ�Q]?AzwKL?BXECt?AuVKLE?N?B?BWUBB?RvMAMX?C?ABI
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B�C

B�C
q]]ERNUBT�I�FqCHXMA?qUzxVUBTMU@qU�ZZZ�F�M�WHvHTAMvLE?UBN�]���WN?AWHvHTAMvLE?I
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~CAUbCUA?BEB?EB?AWHvHTAMvLE?bMBBNE?�?BMUETb?EC?EB?A�EB\?RX?VVUBT?AuL?]REKLT?VC?ET?ACr?AN?BIJE?]?H]MKLC?C?RMC?AMR?CL?AXEVKL?JAE@CRE?TCEBN?A�Ax{?BHANBUBTtHB
0,1
Q

/s UBNVvE?RCBUA]?ELHKLMU@T?RxVC?BOERN?AB?EB?>HRR?IJMV~WSbMBBXECWUBB?RVCAxX?B]EV\UI = 200 fA VCM]ER]?CAE?]?Br?AN?BUBN?A\E?RC?]?EN?B?AVC?BS?VVUBT?B]?A?ECV?EB?zuqUzxVUBTtHB0,07
QcNE?NMV�AA?EKL?BMCHXMA?AqUzxVUBT?AXxTREKLC?I



ûüýþÿ���

�"mlÛÜml

�A?B\zwKL?BMUVHATMBEVKL?BUBNMBHATMBEVKL?BSMC?AEMRE?BT?rEBB?B\UB?Lu
X?BNMBO?N?UCUBTIQATMBEVKL?SHR?bYRVKLEKLC?BbxBB?BtE?R@wRCET?SHNE�bMuCEHB?BUBNB?U?�UBbCEHBMRECwC\UA�?A@YTUBTVC?RR?BcNE?cbHX]EBE?ACXECN?A>H]UVCL?ECMBHATMBEVKL?A~U]VCAMC?c\UrEKLCET?BqBr?BNUBT?BEBO?A?EKL?BN?AQvCH?R?bCAHBEbcÖMR]R?EC?AC?KLBEbc~?BVHAEbUBNPMCMR�V?T?@YLACLM]?BIJE?V?V PMvEC?R ]?VKLA?E]C ��v?AEX?BC? XEC G?A�R?B?ù c�c�cZ_uW?CAMuKMA]H��REKuJEMBL�NAEN�GW�Jq�UBNG�AENEBMU@S?CMRRH]?AzwKL?BIGW�JqrMA]?A?ECV�?T?BVCMBNtE?R?AsBC?AVUKLUBT?BUBNNE?BC?EBNE?V?AqA]?EC
MRVW?VCXHR?bYR]?E N?ApB]?CAE?]BMLX?N?AGAwvMAMCEHBV?EBAEKLCUBT?BIJE?S?VVUBT?BMBG�AENEB?ATM]?BB?U?>?VURCMC?UBN?ATwB\?BNE?r?BET?B~WSusBC?AVUKLUBT?BMBNE?V?XSHR?bYRI

	%& 'S��¾
GW�Jq]?VEC\CB?]?BtE?R?B@UBbCEHB?RR?B�ET?BVKLM@C?BrE?GLHCHR?EC@wLETb?EC
UBNVCMAb?A?R?bCAEVKL?AUBNHvCEVKL?AqBEVHCAHvE?MUKLNE?EN?MR?B�HAMUVV?Cu
\UBT?B@YA?EB??EB@MKL??�v?AEX?BC?RR?ÖMBNLM]UBTI�EBBE?NAET?AJMXv@NAUKbbHX]EBE?ACXECLHL?ACL?AXEVKL?A~CM]ERECwCRE?{?BNMVA?RMCEtTAH{?SHR?bYR\UXGAHCHC�vN?AHATMBEVKL?BSHR?bURMAVCAMLR?vECM�E?�QSO�ctHBàéáÝÞåæëàßèâæïßÝéðèÝëèìåãÝñô�r?AN?BIGW�JqrUAN?]?A?ECVXECtE?R?BH]?AzwKL?BV?BVEuCEt?BS?CLHN?BMU@t?AVKLE?N?B?B~U]VCAMC?BUBC?AVUKLCIpBV]?VHBN?A??�EVCE?uA?B~WSuS?VVUBT?BtHBGW�JqMU@�AMvLEC��Z�ct?AVKLE?N?B?B�N?RX?CMRRuH]?AzwKL?B�qU�Z__���[�cqU�ZZZ�����cqT�ZZ_��ZZ�cqT�ZZZ���ÉcZẐ�c�U�ZZ_���Zc��cZ__��UBNÖMR]R?EC?AL?C?AHVCAUbCUA?B��MqV�__Z���_�cpBqV�__Z��[���IGW�JqrwKLVCMU@N?BX?EVC?BQ]?AzwKL?BEB?EB?AT?HANB?C?BrHLRN?�BE?AuC?B~CAUbCUAcNE?EBtE?R?B�wRR?BN?AVHT?BMBBC?BÀèééåÞáðàÞèu��EVKLTAwC?B�u~CAUbCUA�N?VGW�Jqu�?VCbxAv?AVwLB?RCI~?EB?]?VHBN?A?B�ET?BVKLM@C?B@YLAuC?B]?A?ECV\UX?A@HRTA?EKL?B�EBVMC\EBN?AOMUC?ER?BCrEKbRUBT�Z_�IJMVGW�JquSHR?bYR]?VC?LCMUV?EB?XG?A�R?Bua?BCAUXXEC\r?EwU{?A?BqBL�NAENu�AUvv?B�Q���Q���_�UBN]?VEC\C?EB?vRMBMA?cBML?\UA?KLC?KbET?�?HX?CAE?�VE?L?q]]ERNUBT[IZMU@N?ABwKLVC?B~?EC?�IqRV�?VCbxAv?ArwKLVC?VVKLEKLCr?EV?EBN?AÖ?AAEBT]HB?u~CAUbCUAEB\r?EvHR�XHAvL?BW�v?BαUBN
�_�� �̀��H����
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B�C��M����� B�C ̀��
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�����
q]]ERNUBT[IZFGW�JqFKL?XEVKL?~CAUbCUA@HAX?R�M�UBNAwUXREKL?�?HX?uCAE?F�]�qU@VEKLCc�K�~?EC?BMBVEKLCI

β
�É[c���IJE?SHR?bYR?RE?T?B�?r?ERVzMKLEBN?A�Z_̂�u�]?B?N?VPAEVCMRRTECC?AVUBN]ERN?B?EB?B}EBb?RtHB�_◦ \rEVKL?BELA?BRMBT?B~�XX?CAE?MKLV?BIpLA?qBHANBUBTbMBBEBN?A�Z_̂�u�]?B?NUAKL?EB?A?KLC?KbET?\r?ENEX?BVEHBMR?�̂J��EBL?ECV\?RR?XECN?BJEX?BVEHB?Bbα

1 = 11,96
QUBNbα

2 = 19,91
Q@YANE?

αuGLMV?]\rIbβ
1 = 12,45
QUBNbβ

2 = 19,30
Q@YANE?βuGLMV?]?VKLAE?]?Br?AN?B�VE?L?q]]ERNUBT[Î MU@N?ABwKLVC?B~?EC?�IJE?\r?ENEX?BVEHBMR?�EBL?ECV\?RR?N?A\r?EC?B�MT?EVC@YANE?αuGLMV??BCRMBTN?ARMBT?BqKLV?N?AUBC?ARE?T?BN?BĴu�EBL?ECV\?RR?t?AVKLH]?BcNE?N?AβuGLMV??BCRMBTN?AbUA\?BqKLV?I�YAXHBHXHR?bURMA?~KLEKLC?BRw{CVEKLMRR?EBMUVN?BJEX?BVEHB?Bb1

UBN
b2
N?A Ĵu�EBL?ECV\?RR?NE?vHR�XHAvL?GLMV?BEKLCVEKL?A]?VCEXX?BI�EB?aUuHANBUBT?A@HRTCEBN?A>?T?RY]?ANE?]?H]MKLC?C?�?AV?C\UBTN?A\r?EC?B~KLEKLC
A?RMCEt\UA?AVC?BIpX�HRT?BN?BrEANNML?A@YAXHBHXHR?bURMA?~KLEKLC?BBUANE?O?\?EKLBUBTÖ?AAEBT]HB?u~CAUbCUAHLB?qBTM]??EB?VvHR�XHAvL?BW�v?B]?BUC\CIpBUBV?A?X��v?AEX?BCrUAN?GW�JqMU@�U�ZZZ�UBC?AVUKLCIJE??AVC?�MT?GW�JqrwKLVCMU@NE?V?AQ]?AzwKL?EBN?AÖ?AAEBT]HB?u~CAUbCUAN?V�?VCbxAv?AVc\?ETC�?NHKLEBN?A\r?EC?B�MT?NA?EUBC?AVKLE?NREKL?GLMV?B���I
�qsqs æx�v�x�|y�{
JE?�U�ZZZ�uGAH]?rUAN?NUAKLrE?N?ALHRC?BO?VKLU{tHBqATHBupHB?BXEC�B?ATE?B]EV\U1200 eV UBNpHB?BVCAxX?B]EV\U3,4µA T?A?EBETCIaUXqUVuL?ER?BrUAN?VE?MU@W?Xv?AMCUA?B]EV720K ?ALEC\CUBNEXqBVKLRU{XECN?X
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q]]ERNUBT[Ì FqBVEKLC?EB?V(248×73) (nm)2 TAH{?BqUVVKLBECCV?EB?A�U�ZZZ�u
Q]?AzwKL?XECTAH{?BGW�JqupBV?RBI

~WSbHBCAHRRE?ACIGW�JqrUAN?EB?EB?XV?R]VCT?]MUC?BSHR?bYRt?ANMXv@?A�VE?L?PMvEC?R Ì̂ I��\UBwKLVCX?LA?A?~CUBN?Br?BETUBC?ALMR]N?A�?ANMXvu@UBTVC?Xv?AMCUAMUVT?TMVCUBNNMBB]?E?EB?AW?Xv?AMCUAtHB?CrM520K MU@NE?GAH]?MU@T?NMXv@CIJE?V?]?@MBNVEKLMU@>MUXC?Xv?AMCUAUBNrUAN?BEKLCBMKLCAwTREKL?ALEC\CIJE?qU@NMXv@AMC?rUAN?XECC?RV9UMA\rMMT?bHBCAHRRE?ACIO?EN?B~WSuS?VVUBT?BrUAN??EB?T?wC\C?}HR@AMXVvEC\?t?Ar?BN?CI
�qsqp tx�w�{y��w
q]]ERNUBT[Ì \?ETC?EB?B(248 × 73) (nm)2 TAH{?BqUVVKLBECC?EB?A�U�ZZZ�u
Q]?AzwKL?Iy?]?BX?LA?A?BPUv@?AC?AAMVV?BcNE?NUAKLXHBHMCHXMA?~CU@?BT?CA?BBCr?AN?BcVE?LCXMBTAH{?pBV?RBMUVGW�JqXEC?EB?AXHBHXHR?ubURMA?B~KLEKLCNEKb?IJE?GW�JqupBV?RB\?ET?B?EB?VCAUbCUAE?AC?Q]?AzwKL?cNE?PUv@?AC?AAMVV?Br?AN?BLEBT?T?BN?UCREKLTRMCC?ANMAT?VC?RRCIJE?GW�Jqu~KLEKLCNEKb?RE?TC]?EN?BLE?At?Ar?BN?C?BWUBB?RuGMAMX?C?AB]?E?CrM1QUBNNMXECUBC?ALMR]N?AÖxL??EB?AXHBHMCHXMA?BPUv@?AVCU@?tHB?CrM2,1

QIJE?PUv@?AC?AAMVV?BVKL?EB?B@A?EtHBGW�Jq\UV?EBc\UXEBN?VCrUAN?BMU@N?BX?EVC?B~WSuOERN?ABb?EB??EB\?RB?BSHR?bYR?M]T?]ERN?CIpX�?ATR?EKL\U?EuB?XA?EB?B�U�ZZZ�uPAEVCMRREVCN?AWUBB?RVCAHX�?NHKLUBAULET?AUBN\?ETCt?Au
?EB\?RC?VKLMA@?G?MbVIJE?VbxBBC?MU@?EB?JE�UVEHBtHBGW�JquSHR?bYR?BLEBN?UC?BcrE?VE?MUKLMU@qU�ZZ_�uQ]?AzwKL?B]?E>MUXC?Xv?AMCUA]?H]uMKLC?CrUAN?�ZZ�Iq]]ERNUBT[I�MU@N?ABwKLVC?B~?EC?\?ETC?EB?VN?Ar?BET?BOERN?Ac]?EN?B?B?EB\?RB?GW�JquSHR?bYR?cNE?BEKLC\U?EB?ApBV?RT?LxA?BcM]T?]ERN?CrUAN?B�VE?L?G@?ER?�M�UBN�]��I>?KLCVB?]?BN?XXEC�]�]?u\?EKLB?C?BSHR?bYREVC?EBrMMT?A?KLC?A~CA?E@?B\UV?L?BcN?AC�vEVKL@YANE?VvEC\?BEBNU\E?AC?SEC]?r?TUBTtHBqCHX?BHN?ASHR?bYR?BEVCI}?EC?A?~CA?Eu@?BMU@N?A@A?E?BPUv@?AH]?AzwKL?N?UC?B?]?B@MRRVMU@NMV�HALMBN?BV?EBtHB
r?ECX?LANE�UBNE?A?BN?BSHR?bYR?BLEBIO?X?Ab?BVr?ACEVCcNM{VEKLNE?T?HANB?C?BpBV?RVCAUbCUA?BHLB??EB�ArwAuX?BN?AGAH]?T?]ERN?CLM]?BI�HBN?A�U�ZZ_�uQ]?AzwKL?EVC]?bMBBCcNM{VEKLT?HANB?C?GW�Jqu~KLEKLC?BBUABMKLaU@ULAtHB}wAX?]ERN?B��Z�IÖE?AMUVbMBB\UX?EB?BT?VKLRHVV?Br?AN?BcNM{NE?JE�UVEHBV]MAAE?A?@YAGW�JqMU@�U�ZZZ�T?AEBT?AEVCMRVMU@�U�ZZ_�c\UXMBN?A?B]?VCwAbCNE?VNE?qBBMLX?
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q]]ERNUBT[I�F�EB\?RB?GW�JquSHR?bYR?MU@?EB?A�U�ZZZ�uW?AAMVV?�VE?L?W?�C�I

tHBNE�UBNE?A?BN?BSHR?bYR?BMU@N?B@A?E?AVKL?EB?BN?BPUv@?AC?AAMVV?BIJE?EX��v?AEX?BC]?H]MKLC?C?~CAUbCUAtHXGW�JqTR?EKLCEBN?AWMCN?AÖ?AAEBT]HB?u~CAUbCUAN?V�?VCbxAv?AVIq]]ERNUBT[I[\?ETC?EB?BqUVVKLBECCMUV?EB?AGW�JqupBV?RXECXHR?bURMA?AqUzxVUBTI�?A?EB\?RCVEBNbR?EB?A?~CxAUBT?BEBN?A~CAUbCUAVEKLC]MAIO?VCEXXCXMBMUVtE?R?BVHRKL?AOERN?A?EB?XECCR?A?�Ax{?N?AA?KLC?KbET?B Ĵu�EBL?ECV\?RR?cVH?AT?]?BVEKL}?AuC?tHBb1 = (14,0 ± 0,4)
QUBNb2 = (19,5 ± 0,9)

QI}wLA?BNb2
EBTUC?A

·]?A?EBVCEXXUBTXECN?X�?VCbxAv?Ar?ACEVCc]?VEC\Cb1
?EB?BUX?CrM1,5

Q
TAx{?A?B}?ACIq]]ERNUBT[IÉ\?ETC?EB?LHKLMUzxV?BN?~WSuqU@BMLX?N?AÖ?AAEBT]HB?u~CAUbCUAXEC?EB?A?EBT?\?EKLB?C?B̂Ju�EBL?ECV\?RR?N?A?�v?AEX?BuC?RR]?VCEXXC?B�Ax{?IJE?QAE?BCE?AUBTN?AGW�Jqu�EBL?ECV\?RR?A?RMCEt\UAUBC?ARE?T?BN?B�U�ZZZ�uQ]?AzwKL?bHBBC?r?T?B@?LR?BN?AMCHXMA?AqUzxVUBTN?V~U]VCAMCVBEKLC]?VCEXXCr?AN?BIpBVT?VMXC\?ET?BNE?V?JMC?B?EB?TUC?·]?A?EBVCEXXUBTXECN?B]?bMBBC?BS?{?AT?]BEVV?BtHBGW�JqMU@�U�ZZZ�IGW�JqrwKLVCEBN?A?AVC?B�MT?]?A?ECV]?E>MUXC?Xv?AMCUAEB?EB?AÖ?AAEBT]HB?u~CAUbCUAcrE?EB���]?AEKLC?CIJE?JEX?BVEHBN?A Ĵu�EBL?ECV\?RR?rUAN?EBNE?V?AqA]?EC]?VCEXXCUBN\?ETC
?EB?BT?T?BY]?AN?X�?VCbxAv?AEBb1

u>EKLCUBTt?ATAx{?AC?B}?ACI

	%$ '!()-)*
G�AENEBEVCEBN?BZ��_u?A�MLA?BLMUvCVwKLREKLEXÖEB]REKbMU@V?EB?H]?Azwu
KL?Bt?AVCwAbC?>MXMBu~CA?UUBT�~�>~ctHBíïéîÝæèèÞêÝÞæèäöÝëÝÞíæÝããèâéåÞá�MU@~ER]?AH]?AzwKL?BUBC?AVUKLCrHAN?B�̀ ĉ ��̂É�ISEC\UB?LX?BN?XpBuC?A?VV?@YAHATMBEVKL?~U]VCMB\?BrUAN??VB?]?BO?B\HR\U?EB?XGAHCHC�v@YA
TAUBNR?T?BN?�HAVKLUBT?BMBMAHXMCEVKL?BSHR?bYR?BMU@ÖMR]R?EC?AB��̀c���
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q]]ERNUBT[IÉFÖHKLMUzxV?BN?~WSuWHvHTAMvLE?N?AGW�JquÖ?AAEBT]HB?u~CAUbCUAMU@�U�ZZZ�I�EBT?\?EKLB?CEVCNE? Ĵu�EBL?ECV\?RR?XEC?�v?AEX?BC?RR?AXECC?RC?BJEX?BVEHB?B�VE?L?W?�C�I
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q]]ERNUBT[I�FG�AENEBFKL?XEVKL?~CAUbCUA@HAX?R�M�UBNAwUXREKL?�?HX?CAE?F�]�qU@VEKLCc�K�~?EC?BMBVEKLCI

UBNS?CMRR?B�[�cZ_�cZZ_cẐ[�IaUAS?VVUBTrUAN?BY]?ArE?T?BNHvCEVKL?UBN?R?bCAHBEVKL?~CA?UX?CLHN?B?EBT?V?C\CcVHNM{BUAr?BET?~WSuS?VVUBT?BtHBG�AENEB?�EVCE?A?BIJE?V?]?VKLAwBb?BVEKLMU@WE?@C?Xv?AMCUA?�v?AEX?BC?tHBG�AENEBMU@~E�ZZZ���ÉcẐ �̀UBN�U�Z__��É�c�_�IG�AENEB]?VC?LCMUV?EB?XO?B\HRAEBTc]?EN?X?EB?�Öu�AUvv?NUAKL?EB~CEKbVCH�MCHX?AV?C\CrUAN?�VE?L?q]]ERNUBT[I��I}E?O?B\HR]?VEC\CG�AENEBV?KLVN?RHbMREVE?AC?πu�R?bCAHB?BcNE?NMVKLMAMbC?AEVCEVKL?πu�R?bCAHB?BV?�C?CCN?AO?B\HRN?AEtMC?]ERN?BIJUAKLNE?LxL?A?�R?bCAHB?TMCEtECwCN?VyuqCHXV\E?LCN?A~CEKbVCH�NE?πu�R?bCAHB?BVCwAb?AMBIJE?V@YLAC\U?EB?Aq]BMLX?N?A�R?bCAHB?BNEKLC?MBN?B�uqCHX?BEX>EBTUBN\U?EB?AGHRMAEVE?AUBTN?V�?VMXCXHR?bYRVXEC?EB?XA?VURCE?A?BN?BJEvHRXHX?BCtHB7,5·10−30 Cm
�ZZ��IJMV~CEKbVCH�uqCHX]?VEC\CB?]?BN?BNA?EqCHX]EBNUBT?BcNE?NUAKLPHvvuRUBTN?V~CEKbVCH�VMBNE?PHLR?BVCH�MCHX??BCVCMBN?BVEBNcBHKL?EB?EBVMX?VcUBT?]UBN?B?V�R?bCAHB?BvMMAIJE?V?V\?ETCNE?W?BN?B\EB?EB]EBN?BN?VGMMAY]?A\UT?L?BcH]rHLR~CEKbVCH�]?A?ECVNE?QbC?CCuHN?A�N?RTMVbHB�TUAMCEHBMU@r?EVC�ZZ��I�YAG�AENEB]?N?UC?CNE?VcNM{?VB?]?BN?Xπu�R?bCAHB?BV�VC?XMUKLY]?ANMV?EBVMX?�R?bCAHB?BvMMAN?V~CEKbVCH�VOEBNUBT?B?EBT?L?BbMBBI}?RKL?AOEBNUBTVC�vY]?ArE?TCcLwBTCtHXt?Ar?BN?C?B~U]VCAMCcN?AO?uN?KbUBTUBNN?AW?Xv?AMCUAM]�ZZ_�I�?B?A?RR@YLAC?EB?JHXEBMB\N?AπuOEBNUBT\U?EB?AzMKL?Bq]VHAvCEHBVT?HX?CAE?c]?EN?ANE?SHR?bYR?]?B?vMAuMRR?R�HN?ABML?\UvMAMRR?R�\UAQ]?AzwKL?MUVT?AEKLC?CEVCI�EB·]?ArE?T?BN?A

yuOEBNUBT@YLAC\U?EB?AqU@AEKLCUBTN?VSHR?bYRVcVHNM{NE?SHR?bYR?]?B?X?LAUBNX?LAV?BbA?KLC\UAQ]?AzwKL?\UVC?L?BbHXXCIpBNE?V?AqA]?ECrUAN?BPUv@?AUBN�HRNMRV~U]VCAMC?]?BUC\CI�HBPUvu
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q]]ERNUBT[I�FG�AENEBMB~CU@?BN?V�U�Z__�uPAEVCMRRVIG�AENEB\?ETCVEKLMRVL?RR?�AL?]UBTUBN]?�BN?CVEKLY]?ArE?T?BNMBN?B~CU@?BN?VPAEVCMRRVI

@?AEVC]?bMBBCcNM{G�AENEB]?A?ECV]?EbR?EB?BO?N?KbUBT?BNE?yuOEBNUBT]?tHA\UTC��cẐ[�I·]?AG�AENEBMU@�HRNRE?T?Bb?EB?qA]?EC?BtHAIJE?tHBUBV]?BUC\C?qU�����uQ]?AzwKL?EVC?EB?VCM]ER?�EKEBMRzwKL?N?AqU�ZZZ�uQ]?AzwKL?I~E?r?EVCEB�211
�u>EKLCUBTN?AUAVvAYBTREKL?B�ZZZ�u

Q]?AzwKL?A?T?RXw{ET?XHBHMCHXMA?~CU@?BXECW?AAMVV?B]A?EC?BtHB38
Q

MU@����I~HRKL?�EKEBMRzwKL?Br?AN?BT?ABMRVBMCYAREKL?�HARMT?B@YANE?~?R]VCuHATMBEVMCEHBtHBqNVHA]MC?Bt?Ar?BN?CcNMVE?A?T?RXw{ET?~CAUbCUA?BMU@bR?EBuVC?A�wBT?BVbMRM]?VEC\?B����I

�qpqs æx�v�x�|y�{
JE?�U�Z__�uUBNqU�����uGAH]?BrUAN?BNUAKLrE?N?ALHRC?VOHX]MAN?X?BC
tHBqATHBupHB?BXEC�B?ATE?B]EV\UE ≤ 1500 eV UBNpHB?BVCAxX?B]EV
Iion = 2,8µA

��U�]\rIE ≤ 1200 eV UBNIion = 4,2µA
�qU�T?A?EBETCIaUXqUVL?ER?BrUAN?BVE?MU@W?Xv?AMCUA?BtHB820K

��U�]\rI720K
�qU�?ALEC\CIG�AENEBRE?TC]?E>MUXC?Xv?AMCUA�20◦C

�MRV�RYVVETb?ECXEC?EB?XJMXv@NAUKb
tHB20 hPa = 20mbartHA��É�I�VrUAN?NUAKLrE?N?ALHRC?V�EB@AE?A?BXECzYVuVET?X~CEKbVCH��TLN = 77K

�cGUXv?BUBN}E?N?AMU@CMU?BT?A?EBETCUBN\UXO?TMV?BN?AGAH]?BY]?A?EB�?EBNHVE?At?BCEREBNE?GAwvMAMCEHBVbMXX?A?EBT?uRMVV?BIJE?>?EBL?ECVbHBCAHRR??A@HRTC?NUAKLNE?qU@BMLX?tHBSMVV?BVv?bCA?BtHAUBNrwLA?BNN?AGAH]?BvAwvMAMCEHBIO?EN?B~WSuS?VVUBT?BrUAN??EB?T?wC\C?}HR@AMXVvEC\?t?Ar?BN?CI
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q]]ERNUBT[I�FG�AENEBMU@W?AAMVV?BN?V�U�Z__�uPAEVCMRRVI�?N?NUBbR?�?AuCE?@UBT?BCVvAEKLC?EB?X?EB\?RB?BG�AENEBuSHR?bYRI
�qpqp æ�xy�y{���"��s���
q]]ERNUBT[I�MU@N?AtHAL?AET?B~?EC?\?ETC?EB?qU@BMLX?tHBG�AENEBMU@�U�Z__�IG�AENEB]?�BN?CVEKLY]?ArE?T?BNMBN?B~CU@?BN?APUv@?AC?AAMVV?BI�VT?REBTCM]?AMUKLc?EB\?RB?G�AENEBuSHR?bYR?MU@N?BW?AAMVV?BM]\U]ERN?BIJUAKLrE?N?ALHRC?Vq]]ERN?BN?ATR?EKL?BGAH]?BA?TEHBRw{CVEKL\?ET?BcNM{G�AENEB]?E>MUXC?Xv?AMCUAMU@�U�Z__�BEKLCXH]EREVCRIG�AENEBRE?TCEB�HAXtE?R?A�EB\?RXHR?bYR?MU@N?BPUv@?AC?AAMVV?BtHA�VE?L?q]]ERNUBT[I��I�EB?W?BN?B\\UA�RUVC?AuHN?ApBV?R]ERNUBTEVCBEKLC\U?Ab?BB?BIJE?V?V�?ALMRC?BN?KbCVEKLXECvLHCH?XEVVEHBVVv?bCAHVbHvEVKL?BS?VVUBT?BtHBG�AENEBMU@�U�ZZZ��Ẑ[�IJHACrUAN?\UA�AbRwAUBTN?AJMC?BtHAT?VKLRMT?BcNM{G�AENEBuSHR?bYR?]?EO?N?KbUBT?B]EV?CrM0,7

SHBHRMT?B
?EB\?RBMU@N?AQ]?AzwKL?M]VHA]E?A?BXY{C?BI�EB?SHBHRMT?rUAN?EBNE?V?XqACEb?RXECC?RVWL?AXEVKL?AuJ?VHAvCEHBVVv?bCAHVbHvE?N?�BE?ACIO?EX�ALEC\?BN?VHA]E?A?BSHR?bYR?�?BMKL�MT?]?Et?AVKLE?N?B?BW?Xv?AMCUA?BIJE?~wCCEuTUBT?EB?VKLMAMbC?AEVCEVKL?B�MT?Bu~ETBMRVN?�BE?AC?EB?tHRR?SHBHRMT?IaUX�?ATR?EKLrUAN?@YAUBV?A��v?AEX?BC?EB?H]?A?O?N?KbUBTVTA?B\?MUVN?X
�?ALwRCBEVN?A]?N?KbC?B�RwKL?\UA�?VMXCzwKL??AXECC?RCIJE?V?V�?ALwRCBEVRE?TC]?E?CrM̀ _�UBNNMXECN?UCREKLUBC?ALMR]tHB0,7

SHBHRMT?BIJMV�AVKL?EBUBTV]ERNEX~WStHBG�AENEBMU@�U�Z__�EVCVCMAbVvEC\?Bu
M]LwBTETIq]]ERNUBT[IZ_\?ETC\r?ELxL?AMU@T?RxVC?qU@BMLX?BtHBG�AENEBc]?EN?B?BMUKLNMVUBC?ARE?T?BN?PUv@?AuqCHXTECC?AVEKLC]MArEANXIG�AENEBrEANEBNE?V?Aq]]ERNUBTcCAHC\TR?EKL?AWUBB?RvMAMX?C?AcMBN?AVM]T?]ERN?CIpBB?ALMR]?EB?AWHvHTAMvLE?VE?LC?EBSHR?bYR@MVCEXX?ATR?EKLMUVcEBV]?VHBu
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q]]ERNUBT[IZZFq]]ERNUBTtHBG�AENEBMRVAUBN?GUBbC?I�MUCÖHEVCN?A�EBuzU{N?A~vEC\?BT?HX?CAE?LE?AXEBEXMR��_�I

N?A?EVCNE?QAE?BCE?AUBTN?VM]T?]ERN?C?BSUVC?AVVC?CVTR?EKLIJMAMUVXU{T?@HRT?ACr?AN?BcNM{LE?Ab?EB?SHR?bYRT?HX?CAE?cVHBN?ABNE?@YA?EBOERNEXuX?ATR?EKL?~vEC\?BT?HX?CAE?M]T?]ERN?CrEANIJE?V?VCMAb?JHXEBMB\N?A~vEC\?BT?HX?CAE?rUAN?]?A?ECVtHB�MULHBUBNÖHEB?EB?XWE?@C?Xv?AMCUAu��v?AEX?BCtHBG�AENEBMU@�U�Z__�]?E?EB?AW?Xuv?AMCUAtHB8K
]?H]MKLC?C��_�I~E?T?L?BNMtHBMUVcNM{NE?HAETEBMRT?CA?U?VC?JMAVC?RRUBTN?VG�AENEBuSHR?bYRVNUAKL?EB?AUBN?cEBRMC?AMR?A>EKLCUBT?CrM
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QTAH{?�AL?]UBTHLB?~U]VCAUbCUAT?T?]?BEVC�VE?L?q]]ERNUBT[IZZ�IqU@TAUBNN?A�E?R@MRCN?AXxTREKL?BJMAVC?RRUBT?BEVC?EB?VEKL?A?sBC?Au
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i
1Langmuir = 1L = 10−6 torr · s�
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qb\?vCHA?BMUKLMUVCE?@?A?B�MT?BXECN?X~WSM]T?]ERN?Cr?AN?BIq]]ERNUBTÉI�MU@N?AtHAL?AET?B~?EC?\?ETC?EB?WHvHTAMvLE?XECMCHXMA?AqUzxVUBTUBNNMV�AT?]BEVN?A\UT?LxAET?B�HUAE?AuWAMBV@HAXMCEHBIJE?L?�MuTHBMR?�?HX?CAE?EVCTUC?Ab?BB]MAc\?ETC�?NHKLNAE@Cu]?NEBTC?�?A\?AAUBT?BIO?EMRR?B��v?AEX?BC?BXEC}~?
2

�?R?EBqBVCE?TEX>UL?AMUVKL?BN?V~CAHXVMU@cN?AN?UCREKLLxL?AMRVNMV�ET?BAMUVKL?BN?A~WSu�R?bCAHBEbUBNMUKLLxL?AMRVNMV>MUVKL?B]?EXWUBB?RBMU@S?CMRRH]?AzwKL?BrMA�VE?L?
MUKLÉÎ �]�MU@~?EC?���IJE?V?A��?bCrUAN?MUKLtHBPR?EBUBNSECMA]?EC?AB]?H]MKLC?C�É_�cNE?T?BMU?sAVMKL?EVC�?NHKLBEKLCbRMAI
1qpqr ®vw�|x����vyw
JE?T?X?VV?B?B~CAHXu~vMBBUBTVuP?BBREBE?BtHB}~?

2
]?E>MUXC?Xv?AMCUA

\?ET?B?EB?B~CAHXzU{BUA]?EB?TMCEt?A~vEC\?BVvMBBUBTUt

�VE?L?q]]ERuNUBTÉI[�M��I�YAvHVECEt?~vMBBUBT?BEVC]EV4V
b?EB~CAHXBMKLr?EV]MAI~vMBBUBT?BTAx{?A4V

@YLAC?B\USHNE�bMCEHB?BN?A~vEC\?UBNbHBBC?BBEKLC
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q]]ERNUBTÉIÉFyHAXE?AC?}~?2u~v?bCA?BBMKL�M��??BVCAMUBN�]�sbAMEBCV?tI

UBC?AVUKLCr?AN?BIq]]ERNUBTÉI[�]�\?ETCNE?P?BBREBE?BNA?E?AJMC?BVwC\?c]?EN?B?BNE?>?T?RVKLR?E@?]?EEXX?AbR?EB?A?B~vMBBUBT?BURS
MUVT?VKLMRC?CrUAuN?RIÖE?ANUAKLr?AN?BNE?P?BBREBE?BXECM]B?LX?BN?X~vEC\?uGAH]?uq]VCMBNMU@T?BHXX?BIpBB?ALMR]N?AS?{T?BMUETb?ECEVCN?A�EBVMC\vUBbCN?V~CAHX?VUBM]LwBTETtHX~vEC\?uGAH]?uq]VCMBNI

yHAXE?ACXMBNE?JMC?BXECN?BEBPMvEC?R Î̀ Î NEVbUCE?AC?BS?CLHN?BcVHRE?@?ACNE?d(log I)/d(log V )uyHAXE?AUBTtHB�??BVCAMNE?EBq]]ERNUBTÉIÉ�M�T?\?ETC?BPUAt?BIJE?tHBsbAMEBCV?ttHAT?VKLRMT?B?dI/dU/FuyHAXE?AUBTEVCEBq]]ERNUBTÉIÉ�]�NMAT?VC?RRCIJE?LE?A@YA]?BxCETC?BdI/dUuJMC?BrUAN?BBUX?AEVKL]?VCEXXCXIO?EN?S?CLHN?B]AEBT?BNE? MB@wBTREKLUBC?AVKLE?NREKL?BPUAt?B\UAJ?KbUBTUBN?BC@?AB?BNE? zuq]LwBTETb?ECN?A~v?bCA?BIJE?sbAMEBCV?tu
yHAXE?AUBT@wRRCN?UCREKLzMKL?AMUVUBN?AVKLr?ACNMVq]R?V?BN?VT?BMU?B�EBVMC\vUBbC?VIJE?EBq]]ERNUBTÉI[]?H]MKLC?C?�R?EKLAEKLCUBTVuP?BBREBE?bHXXCrE?@HRTC\UVCMBN?I�R?bCAEVKL?�?RN?ANAEBT?BMU@TAUBNN?AT?AEBT?A?B�MNUBTVCAwT?AbHBu\?BCAMCEHBCE?@EBÖMR]R?EC?A?EBUBN?A\?UT?BBEKLC\Ut?ABMKLRwVVET?BN?OMBNu
t?A]E?TUBT?BIW�vEVKL?�EBNAEBTCE?@?BRE?T?BEBN?A�Ax{?BHANBUBTtHB?EBET?B
[
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1,09 nA�ÊP����3��K���
��K����
����
��_��
��
c�����
�����K̈ �d���c����



.=<=@ÃÁÁÙ¼ÚÃ¼×Ã»Ä¾Ù@ÀÃ@;ÃÄ¾ÀÙÄ ��

+
+

+ + + + +

-
-

Spitze Probe

EF

ELB

EVB

EF

ILB

B�C
Ut < 0j�
�c�M�
�FG�H���

��

�
e�
�� ]̀����
���§���
����
���ò���������

+ + + +

-
-

Spitze Probe

EF

EF

EVB

ELB
ILB

B�C
Ut > 0j·���K�
�FG�I�d�H�
���
�óH�
��N�

�����K�

+

-
-
-

-
-

-

-

Spitze Probe

EF

EF

EVB

ELB

ILB

IVB

B�C
Ut >> 0j	
e����
FG�H���

��

�
e�K·��
���
���ò���������
��]̀����
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10 nm
����hIO?EX~WSbMBBNE?V\UVvEC\?BEBNU\E?AC?BOMBNt?A]E?TUBT?B@YLuA?BcNE?NE??�v?AEX?BC?RR]?H]MKLC?C?OMBNRYKb??EB?VÖMR]R?EC?AVt?A]A?EC?ABUBN]?EN?ApBC?AvA?CMCEHBN?AT?X?VV?B?BP?BBREBE?B]?AYKbVEKLCETCr?AN?B

XYVV?BIq]]ERNUBTÉI�MU@N?AtHAL?AET?B~?EC?\?ETCVKL?XMCEVKLNE?A?R?tMBC?B�B?AuTE?BEt?MUV@YANE?NA?Er?V?BCREKL?B�wRR?]?EXWUBB?RBEB?EB?BvuNHCE?AC?BÖMR]R?EC?AIÖE?ArEANMBT?BHXX?BcNM{NE?qUVCAECCVMA]?EC?BtHB~vEC\?UBNGAH]?TR?EKLVEBNUBNVEKLN?AÖMR]R?EC?AVC?CVEXCL?AXEVKL?B�R?EKLT?rEKLC]?�BN?CIJE?R?C\C?qBBMLX?]?N?UC?CcNM{N?A�EBzU{N?AS?VVUBTcMRVHNMV�RE?{?B?EB?VWUBB?RVCAHXVct?ABMKLRwVVETCr?AN?BbMBBI}E?EX@HRT?BN?BT?u\?ETCrEANcT?RC?B@YA}~?2 BEKLCMRR?NE?V?qBBMLX?BIpBq]]ERNUBTÉI��M�EVCNE?~vEC\?B?TMCEttHAT?VvMBBCIJE?�B?ATE?]wBN?AMBN?AQ]?AzwKL?N?VÖMR]R?EC?AVr?AN?BMBT?LH]?BUBN?VbHXXC\U?EB?AqBLwU@UBTtHBvHVECEt?BSM�HAECwCVRMNUBTVCAwT?AB��xKL?AB�MBN?AQ]?AzwuKL?IJE?V?>MUXRMNUBTVKLEAXCNMV?R?bCAEVKL?�?RNN?A~vEC\?M]UBNA?NU\E?ACNE?r?EC?A?OMBNt?A]E?TUBTIJMV�?AXEBEt?MUN?A~vEC\?bMBBNMNUAKL?B?AT?uCEVKLY]?ANE?OMBNbMBC?N?V�?ECUBTV]MBN?VMBN?AQ]?AzwKL?T?RMBT?BcUBN?VzE?{C?EBWUBB?RVCAHXtHBN?A~vEC\?EBV�?ECUBTV]MBNN?VÖMR]R?EC?AVIpBq]]ERNUBTÉI��]�EVCNE?~vEC\?vHVECEttHAT?VvMBBCIJE?�B?ATE?]wBN?AN?VÖMR]R?EC?AVr?AN?BBUBM]T?V?BbCcUBN?VbHXXC\U?EB?A�?AMAXUBTMBvHVECEut?B�MNUBTVCAwT?ABMBN?AQ]?AzwKL?IJMV?R?bCAEVKL?�?RNbMBBBUAV?LAEB?@u@?bCEtNUAKLSEBHAECwCVRMNUBTVCAwT?A��R?bCAHB?B�EX�?ECUBTV]MBNHN?ANUAKLEHBEVE?AC?qb\?vCHAVC?RR?BM]T?VKLEAXCr?AN?BIJ?X\U@HRT?bMBBNMV�?AXEBEut?MUN?A~vEC\??B?AT?CEVKLBEKLCUBC?ANMV�MR?B\]MBNXM�EXUXMBN?AQ]?AuzwKL?M]VEBb?BcUBN?VbHXXCb?EBWUBB?RVCAHX\UVCMBN?IGAEB\EvE?RRbxBB?BSEBHAECwCVRMNUBTVCAwT?AcNE?NE?Q]?AzwKL??AA?EKL?BcMUKL\UA~vEC\?CUBB?RB�T?vUBbC?CNMAT?VC?RRC?A~CAHXILB
EBq]]ERNUBTÉI��]��IJE?V?A~CAHX]?ECAMTbMBB�?NHKLMU@TAUBNN?AT?AEBT?B�MNUBTVCAwT?AbHB\?BCAMCEHBt?ABMKLRwVVETC

r?AN?BI~C?ET?ACXMBNE?MBT?R?TC?~vMBBUBTcBEXXCNE?OMBNt?A]E?TUBTr?EC?A\UcUBN?VbHXXCVKLRE?{REKL\UAVHT?BMBBC?BpBt?AVEHBc]?EN?AVEKLMBN?AQ]?AzwuKL?X?LASEBHAECwCVuMRVSM�HAECwCVRMNUBTVCAwT?A]?�BN?B�q]]ERNUBTÉI��K��IJE?VA?NU\E?ACNE?r?EC?A?OMBNt?A]E?TUBTUBNXMKLC?EBq]VEBb?BN?A~vEC\?Bu�?AXE?B?ATE?UBC?ALMR]N?V�MR?B\]MBNXM�EXUXVXxTREKLcVHNM{�R?bCAHB?BMUVN?X�MR?B\]MBNN?VÖMR]R?EC?AVEBNE?~vEC\?CUBB?RBbxBB?BIqUKLLE?A?ATE]CVEKLvAEB\EvE?RRrE?N?A?EB~CAHXILB
MUVN?X�?ECUBTV]MBNN?VÖMR]uR?EC?AVcN?AÖMUvCMBC?ERN?V~CAHXVrEAN�?NHKLMU@TAUBNN?AN?UCREKLLxL?A?B�R?bCAHB?BbHB\?BCAMCEHBMUVN?X�MR?B\]MBNN?VÖMR]R?EC?AVT?RE?@?ACIO?E}~?

2
]?H]MKLC?CXMBNE?SM�HAECwCVCAwT?AuqBLwU@UBT@YAB?TMCEt?~vEC\?Bu~vMBBUBT?BcBEKLC�?NHKLNE?pBt?AVEHB]?EvHVECEt?B~vMBBUBT?BIJE?V?VHRRC?EXCL?AXEVKL?B�R?EKLT?rEKLCN?VÖMR]R?EC?AV�?NHKLVvwC?VC?BV?EBCA?C?Bcr?BBNE?�?ECUBTV]MBNbMBC?MBN?AQ]?AzwKL?NMV�?AXEBEt?MUN?VÖMR]R?EC?AVUBC?AVKLA?EC?CIJE??�v?AEX?BC?RRXM�EXMR]?H]MKLC]MA?OMBNRYKb?EXCL?AXEuVKL?B�R?EKLT?rEKLCrEANNMNUAKLMU@NMVJHvv?RC?N?AOMBNRYKb?]?TA?B\CIO?@wBN?VEKL}~?

2
BHKLEXCL?AXEVKL?B�R?EKLT?rEKLCcXY{C?EBN?A~CAHXu~vMBBUBTVb?BBREBE?VvwC?VC?BV2,4VH]?ALMR]N?VB?TMCEt?B�EBVMC\vUBbC?V?EBvHVECEt?A~CAHXN?C?bCE?A]MAV?EBIJE?VrUAN??�v?AEX?BC?RR�?NHKLBEKLC]?H]u

ik� ̈����
������G�
���
���M�������N��K��fE�K�f�������K�c
�����KK��EP����K�
��K���������4 × 10−2 nm�
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MKLC?CIÖE?AMUV@HRTCcNM{VEKL}~?2 BEKLCX?LAEXCL?AXEVKL?B�R?EKLT?rEKLC]?�BN?CIJMV�?AXEBEt?MUEXÖMR]R?EC?ArEANNMNUAKLHACM]LwBTETUBNV?BbCVEKLEBQ]?AzwKL?BBwL??]?B@MRRVM]I�EB?OMBNRYKb?Bu�EXECE?AUBTN?AOMBNut?A]E?TUBTCAECCBEKLCMU@UBN?VzE?{CMUKL]?ELxL?A?BvHVECEt?B~vEC\?BVvMBu
BUBT?Bb?EBWUBB?RVCAHXIJMV�?LR?BN?ApBt?AVEHB]?E}~?

2
EVC?BTt?AbBYv@CXECN?X�?LR?BtHB

Q]?AzwKL?B\UVCwBN?BIJE?V?bxBBC?BNM\U]?ECAMT?Bc?EB?R?bCAEVKL?V�?RNrEAubUBTVtHRRM]\UVKLEAX?BUBNNE?OMBNt?A]E?TUBT?B\UA?NU\E?A?BIqU@TAUBNN?A~KLEKLCVCAUbCUAtHB}~?
2
r?AN?BMBN?AQ]?AzwKL?�?NHKLb?EB?OEBuNUBT?BMU@T?]AHKL?BUBN?VbHXXCBEKLC\UAOERNUBTtHBQ]?AzwKL?B\UVCwBuN?B�ÉÉc�[�I�EB?q]VKLEAXUBTNUAKLSEBHAECwCVRMNUBTVCAwT?AEX�?ECUBTV]MBNrEANNUAKLN?B~CAHXzU{ILB
NUAKLNE?OMAAE?A??AVKLr?AC�VE?L?q]]ERNUBT?BÉI��]�UBNÉI��K��UBN@YLACVHXECNM\UcNM{N?AÖMR]R?EC?ANE?�MNUBTVCAwT?uAEBt?AVEHBBEKLCcHN?A?AVC]?EV?LAtE?RLxL?A?B~vMBBUBT?BMU{?ALMR]V?EB?VCL?AXEVKL?B�R?EKLT?rEKLCV?AA?EKLCI�EB?�R?EKLAEKLC?AuP?BBREBE?crE?]?E}~?2 T?X?VV?BcTERCNML?AMRVC�vEVKL@YAvuNHCE?AC?ÖMR]R?EC?AXECT?AEBT?AQ]?AzwKL?B\UVCMBNVNEKLC?����I�YANE?��v?AEX?BC?XECvuNHCE?AC?X}~?

2
]?N?UC?CNE?VcNM{BUA]?EB?uTMCEt?A~vEC\?BVvMBBUBT?EBWUBB?RVCAHXzE?{?BbMBBIpBV]?VHBN?A?bxBB?BWHvHTAMvLE?BVHXECBUA]?EB?TMCEt?A~vEC\?BVvMBBUBTMU@T?BHXX?Br?AN?BI

1qpqñ ~�}w��}w
OEV\UX�?C\ET?Ba?ECvUBbCrUAN?R?NETREKLNMVqU@]AEBT?BtHBGW�JqEX~U]XHBHRMT?BuO?A?EKLMU@}~?

2
t?AVUKLCIJE?GAwvMAMCEHBt?ARE?@MBMRHT\UN?XEBPMvEC?R[IZIZT?VKLERN?AC?B��v?AEX?BCXECGW�JqMU@PUv@?AIWAHC\N?ASxTREKLb?ECcXEC?�CA?XT?AEBT?BWUBB?RVCAxX?BX?VV?B\UbxBB?BcT?RMBT]EVLEBM]\U1 pA

b?EB?VCM]ER?q]]ERNUBTtHBSHR?bYR?BI�EB?r?EC?A?>?NUu\E?AUBTN?V~CAHXVbHBBC?MU@TAUBNN?V?ALxLC?B>UL?AMUVKL?BVBEKLC?A@HRT?B�t?ATR?EKL?�BN?tHBPMvEC?RÉÎ Î �IqRR?MU@T?BHXX?B?BWHvHTAMvLE?BTR?EKL?B?EB?A@A?E?B}~?
2
uQ]?AzwKL?cVEBN�?NHKLt?AAMUVKLC?AUBNRMVV?B\?ECREKL?BT?~vEC\?BEXWUBB?RVCAHX?Ab?BB?BIJE?VRw{CMU@XH]ER?SHR?bYR?MU@N?A}~?2uQ]?AzwKL?VKLRE?{?BcNE?MU@TAUBNN?AVKLrMKL?B~U]VCAMCr?KLV?RrEAbUBTtHBN?A~vEC\?]?r?TCr?AN?BHN?AtE?RR?EKLC]?A?ECVCL?AXEVKLXH]ERVEBNIJMNE?V?EBT?B?A?RR?VGAH]R?XN?A~KLEKLCbAEVCMRR?]?E>MUXC?Xv?AMCUAEVCcbxBBC?BWE?@C?Xv?AMCUAu��v?AEX?BC?r?EC?A?qU@VKLRYVV?RE?@?ABI�AVC?qBVwC\?LE?A\Ur?AN?BEX@HRT?BN?BPMvEC?R]?VKLAE?]?BI

/%n W.//3*T.*�.)2).
.*S.5,.(123(.*
~WSuS?VVUBT?B]?ECE?@?BW?Xv?AMCUA?B?ARMU]?B��v?AEX?BC?XECLHL?ACL?Au
XEVKL?A~CM]ERECwCUBNLHL?A?B?AT?CEVKL?AqUzxVUBTcNE?]?E>MUXC?Xv?AMCUABEKLCXxTREKLVEBNIJE?>?NU\E?AUBTN?ACL?AXEVKL?B�B?ATE?E = kBT

�
kB
FOHRC\XMBBuPHBVCMBC?cWFW?Xv?AMCUA�@YLAC]?EÖMR]R?EC?AB�?NHKL\UX�?AuRUVCN?A@A?E?B�MNUBTVCAwT?AUBNXMKLC?EB?�A\?UTUBT@A?E?A�MNUBTVCAwT?ANUAKL�EBVCAMLR?BtHB�EKLCBxCETIpBVT?VMXC]R?E]CNE?qB\MLRN?A@A?E?B�MuNUBTVCAwT?A�?NHKL?L?AT?AEBTcVHNM{MRV?AVC?VqNVHA]MCb?EBSHR?bYRcVHBN?ABNMVqRbMREX?CMRRyMCAEUXMUVT?rwLRCrUAN?IyMCAEUX]ERN?CMU@�U�ZZZ�\r?ENEuX?BVEHBMR?aUVCwBN?XECEBC?A?VVMBC?B9UMBC?BCHv@u�ET?BVKLM@C?BMUV�[̀cÉ̂�I
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q]]ERNUBTÉI�F~CAHXu~vMBBUBTVb?BBREB?tHB�MV?Au]?R?UKLC?C?X}~?2 ]?E
4,6KI

�?AB?AEVCMUVGLHCH?XEVVEHBVX?VVUBT?B]?bMBBCcNM{yM]?ECE?@?BW?Xv?AMuCUA?B�T ≤ 150K
�X?CMRREVKL?~KLEKLC?BMU@}~?

2
]ERN?C��Z�I

1qrqs tuvwxyzw{|�{�æx�v�x�|y�{
qRR?EBNE?V?XPMvEC?RtHAT?VC?RRC?BJMC?BrUAN?BMBN?XtHB�xATPRE?r?AT?u]MUC?B�Wu~WS]?EW?Xv?AMCUA?BtHB4,6K MU@T?BHXX?B�J?CMERVVE?L?�É̀��IaUA�?B?AE?AUBTtHB�MNUBTVCAwT?ABrUAN?NE?GAH]?XEC?EB?XÖ?REUXuy?HBu�MV?A�P = 1,5mWcλ = 632,8 nm

�]?R?UKLC?CI}~?2 rUAN?rE?EBq]VKLBECCÉÎ IZ]?VKLAE?]?BvAwvMAE?ACUBN?AVCEXsRCAMLHKLtMbUUX�]?E>MUXC?Xv?AMuCUA�T?VvMRC?BI
yMCAEUXrUAN?MUV?EB?XbHXX?A\E?RR?BJEVv?BV?A�÷7Ê÷8èããèéí8ëðÀcPxRB�t?ANMXv@CIJE?GAH]?XU{C?\UXqU@]AEBT?BN?VyMCAEUXV@YA?EBET?SEBUC?BMUVN?X�Wu~WS?BC@?ABCr?AN?BI
1qrqp9®w2 �wy|yw�w{êwzvwx�|�xw{
WHvHTAMvLE?BtHB}~?

2
]?E4,6K \?ET?BVCAUbCUARHV?cTRMCC?�RwKL?Bc]?EN?uB?BN?APHBCAMVCLMUvCVwKLREKLMUVN?X~CAHXAMUVKL?BA?VURCE?AC�VE?L?\IOIN?BBEKLCXECyMCAEUX]?N?KbC?BW?ERtHBq]]ERNUBTÉIẐ�M�MU@~?EC?���IpBV]?VHBN?A?r?AN?Bb?EB?qb\?vCHAVC?RR?BM]T?]ERN?CI~v?bCAHVbHvEVKL\?ETC}~?

2
?EB?wLBREKL?P?BBREBE?rE?]?E>MUXC?Xv?AMuCUA�VE?L?q]]ERNUBTÉI��IqUKL�?C\CzE?{CBUA?EB~CAHX]?EB?TMCEt?A~vEC\?BuVvMBBUBTc�?NHKLRE?TCN?A�EBVMC\vUBbC]?EN?UCREKLB?TMCEt?A?B~vMBBUBT?BI>Wu��v?AEX?BC?]?AEKLC?B]?E�MV?A]?R?UKLCUBTtHB}~?

2
�?NHKLMUKLtHB?Eu

B?X?EBV?C\?BN?B~CAHXEXvHVECEt?B~vMBBUBTVMVC����IJE?VrEANLE?ABEKLC]?H]MKLC?CI�MAEE?ACXMBN?B~vEC\?uGAH]?uq]VCMBN\rEVKL?BN?B~v?bCA?BcVH?ATE]CVEKL?EBr?EC?A?AsBC?AVKLE?N\UN?B>WuJMC?B�VE?L?q]]ERNUBTÉI�MU@N?ABwKLVC?B~?EC?�IJ?A�EBVMC\vUBbCN?V~CAHXVVKLE?]CXEC\UB?LX?BN?X~vEC\?uGAH]?uq]VCMBN\UB?TMCEt?A?B~vMBBUBTVr?AC?BI~vwC?VC?BV]?EN?ApBC?AvA?CMCEHBNE?V?AJMC?B\?ETCVEKLcNM{?VVEKLUX?EBV?LAbHXvR?�?V~�VC?XLMBN?RCcr?RKL?VVEKLMU@TAUBNN?AO?R?UKLCUBTEXv?AXMB?BC?ByEKLCTR?EKLT?rEKLC]?�BN?CI
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q]]ERNUBTÉI�F~v?bCA?BtHB}~?2 ]?ET = 4,6K UBNt?AVKLE?N?B?B~vEC\?uGAH]?uq]VCwBN?BISEC\UB?LX?BN?AJMC?BBUXX?AE?AUBTBEXXCN?A~vEC\?uGAH]?uq]VCMBNM]I�M�~CAHXu~vMBBUBTVuP?BBREBE?BIsX?EB?RHTMAECLXEVKL?JMAVC?RRUBT?BN?A~CAHXuqKLV?\U?AXxTREKL?BcEVCN?AO?CAMTN?V~CAHXVMU@uT?CAMT?BI�]�NpDN�u~v?bCA?BI
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JE?NUAKLN?B�MV?A?A\?UTC?B�R?bCAHB?Bu�HKLuGMMA?r?AN?BNUAKLNE?]?VC?L?BN?OMBNt?A]E?TUBTV?vMAE?ACUBN?A\?UT?B?EB?\UVwC\REKL?Q]?AzwuKL?BvLHCHVvMBBUBT�~G�ctHBíïéîÝæèìêàãàçàßãÝáè�cNE?C�vEVKL?Ar?EV??EBET?
100mV

]?CAwTC����IJE?tHBMU{?BMBT?R?TC?~vMBBUBTVCEXXCNML?ABEKLCX?LAXECN?AMBN?AGAH]?MBRE?T?BN?B~vMBBUBTY]?A?EBIGAEB\EvE?RRbMBBNE?~G�XECN?X~WSY]?A?EB?PHXv?BVMCEHBVX?CLHN?T?X?VV?Br?AN?BcEBN?XNE?wU{?A?~vMBBUBTVH?EBT?VC?RRCrEANcNM{VE?NE?~G�T?AMN?bHXv?BVE?ACUBNb?EBWUBB?RVCAHXT?X?VV?Br?AN?BbMBBIO?E}~?2 EVCNE?V?S?CLHN?r?uT?BN?AOMBNRYKb?�?NHKLBEKLCMBr?BN]MAI}~?2 ]E?C?C?EB?r?EC?A?~KLrE?uAETb?ECIqU@TAUBN@?LR?BN?AQ]?AzwKL?B\UVCwBN?T?RC?BHLB?wU{?A?~vMBBUBTMBN?AQ]?AzwKL?NE?VHT?BMBBC?B�RMKL]MBN]?NEBTUBT?BcNILINE?�B?ATE?]wBuN?A]?LMRC?BMUKLMBN?AQ]?AzwKL?ELA??B?AT?CEVKL?GHVECEHB]?EI�V?�EVCE?ACb?EB?X?AbREKL?OMBNt?A]E?TUBTI�EB?O?R?UKLCUBT@YLACNMBBM]?AMUKL\Ub?EB?A~G�����¬�AVCNUAKLNMV~WSrEAN?EB?OMBNt?A]E?TUBTEBNU\E?ACUBN@YLAC\UXqU@CA?C?B?EB?A~G�IJE?V?EVCNMBBr?BET?A?EB?GAH]?B?ET?BVKLM@CcMRVtE?RX?LA?EB?�ET?BVKLM@CN?V�?VMXCV�VC?XV�GAH]?]?ES?VVUBTXECN?X~WS�I�EB?S?VVUBTN?A~G�bxBBC?EBNE?V?X�MRRY]?A?EB?NHvv?RC?SHNURMuCEHBVC?KLBEb?A@HRT?BcrE?VE?tHB�MLERRUBNÖMX?AVtHAT?VKLRMT?BrUAN?�Z[�ISMBXHNURE?ACNE?�EKLCEBC?BVECwCUBN?A\?UTCNMXEC?EB?HV\ERRE?A?BN?~G�
∆USPV cNE??EB?SHNURMCEHBN?VWUBB?RVCAHXV∆I = (dI/dV )∆USPV

L?Au
tHAAU@CIJE?V?rEANXECÖER@??EB?V�HKbupBu�?AVCwAb?AVT?X?VV?BI�EB\r?EC?A�HKbupBu�?AVCwAb?AXE{CVEXURCMBNMV�?EC@wLETb?ECVVETBMRdI/dV

NUAKLSHNUuRMCEHBN?A?�C?AB?B~vMBBUBTIJEtENE?ACXMB]?EN?~ETBMR?c?ALwRCXMBNE?~G�
∆USPV I�EB?VHRKL?S?VVUBTVC?LCMBUBV?A?X~�VC?X�?NHKLBHKLMUVcr?VLMR]NE?r?EC?A?JEVbUVVEHBN?A�AT?]BEVV?BUA�UMRECMCEt?A@HRTCIpXr?EC?A?B�?ARMU@rEANMBT?BHXX?BcNM{MRR?@A?E?B�MNUBTVCAwT?ANUAKLNE?O?VCAMLRUBTXECN?X�MV?AT?B?AE?ACrUAN?BUBNN?AqBC?ERCL?AXEVKL?Au
\?UTC?A@A?E?A�MNUBT?Bt?ABMKLRwVVETCr?AN?BbMBB�IQLB?WUBB?RVCAHX?�EuVCE?A?BEXÖMR]R?EC?ANML?ATR?EKLtE?R?@A?E?�R?bCAHB?BUBN�xKL?AIJUAKLNE??BNREKL?�EBNAEBTCE?@?N?V�MV?AVr?AN?B�MNUBTVCAwT?ABUAEBywL?N?AQ]?AuzwKL??A\?UTCcUBN?VbHXXC\UPHB\?BCAMCEHBVT?@wRR?B\rEVKL?BQ]?AzwKL?UBNEBB?A?X�?VCbxAv?AIpBN?A~CAHXNEKLC?XU{NML?ANE?JE�UVEHB?�vRE\EC]?AYKbVEKLCETCr?AN?B�Z_̀�F

~Jn = e0µnn~E + e0Dn
~∇n

�ÉIZM�
~Jp = e0µpp ~E − e0Dp

~∇p
�ÉIZ]�

XEC

~J = ~Jn + ~JpI �ÉIZK�

ÖE?A]?EVEBN ~Jn,p
NE?~CAHXNEKLC?Bcµn,p

NE?O?r?TREKLb?EC?BUBNDn,p
NE?JE@u@UVEHBVbHBVCMBC?B�?r?ERV@YA�R?bCAHB?B�pBN?�B�HN?A�xKL?A�pBN?�v�Ie0
EVC

NE?�R?X?BCMARMNUBTc ~E
NMV?R?bCAEVKL?�?RNUBNn UBNp

NE?�MNUBTVCAwT?AubHB\?BCAMCEHB?BtHB�R?bCAHB?B]\rI�xKL?ABIJE?y?CCHu~CAHXNEKLC?~J ?ATE]CVEKLVKLRE?{REKLMUVN?A~UXX?N?A�EB\?RVCAHXNEKLC?BI
�
kBT
���c����4,6K 
��
���400 µeV�
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q]]ERNUBTÉIZ_F~KL?XMCEVKL?JMAVC?RRUBTN?A�B?ATE?BEt?MUV]?EXWUBB?RBEB?EB?BCE?@bMRC?Bc]?R?UKLC?C?BÖMR]R?EC?AI~CAxX?cNE?XECT?vUBbC?C?BG@?ER?BNMAT?VC?RRCVEBNcLM]?BT?AEBT?O?ECAwT?\UX�?VMXCVCAHXI
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q]]ERNUBTÉIZ_MU@N?AtHAL?AET?B~?EC?\?ETCVKL?XMCEVKLNE?�B?ATE?BEt?MUV]?EXWUBB?RBEBCE?@bMRC?Vc]?R?UKLC?C?V}~?2IJE?MBN?AQ]?AzwKL??A\?UTuC?B�R?bCAHB?Bu�HKLuGMMA?r?AN?BMU@TAUBNN?A]?VC?L?BN?BOMBNt?A]E?TUBT
T?CA?BBCIO?EB?TMCEt?A~vEC\?BVvMBBUBTNAE@C?BNE?�R?bCAHB?BEBVpBB?A?N?VÖMR]R?EC?AVUBNNE?�xKL?A\UAQ]?AzwKL?�ÉIZ_�M��IJMVPHB\?BCAMCEHBVT?@wRuR?N?A�MNUBTVNEKLC?B\rEVKL?BÖMR]R?EC?AEBB?A?XUBNQ]?AzwKL??A\?UTC?EB?\UVwC\REKL?JE�UVEHBtHB@A?E?B�MNUBT?BcVHNM{MUKL�xKL?ACE?@?AEBN?BÖMR]R?EC?A?EBNAEBT?BUBNNHACXEC�R?bCAHB?BA?bHX]EBE?A?BbxBB?BIO?ELEBuA?EKL?BNTAH{?AOMBNt?A]E?TUBTVMXX?RBVEKL�xKL?AEX�MR?B\]MBNMBN?A
Q]?AzwKL?UBN?A\?UT?BNHAC?EB?>MUXRMNUBTcNE??EB?r?EC?A?OMBNt?A]E?uTUBTA?NU\E?ACI�EBq]]MUNE?V?A�MNUBTNUAKLCUBB?RBN?�R?bCAHB?BtHBN?A~vEC\?EBNE?vHVECEt?>MUXRMNUBTV\HB?�ICB

EBq]]ERNUBTÉIZ_�M��EVCMU@TAUBNN?ALHL?BGHC?BCEMR]MAAE?A?VCMAbUBC?ANAYKbCIJMV�?AXEBEt?MUN?A~vEC\?bMBBVHXECNE?�?ECUBTV]MBNbMBC?N?VÖMR]R?EC?AVMBN?AQ]?AzwKL??B?AT?CEVKLY]?AuVKLA?EC?BcUBN?VbHXXC\U?EB?X~CAHXzU{tHB�R?bCAHB?BMUVN?A~vEC\?EBNMV�?ECUBTV]MBNN?VÖMR]R?EC?AVIJE?VEVCNMVqBMRHTHB\UX�MRRN?AqBLwUu@UBTtHBSM�HAECwCVRMNUBTVCAwT?AB]?E>MUXC?Xv?AMCUAI�?NHKLTE]C?VLE?Ab?EB?SM�HAECwCVRMNUBT?BcNM�xKL?AUBN�R?bCAHB?BTR?EKLLwU�TtHAbHXX?BIqU{?AN?XEVC\UXEBN?VCNE?�xKL?AbHB\?BCAMCEHBN?UCREKLT?AEBT?AMRV]?EX>Wu��v?AEX?BCI�YAvHVECEt?~vEC\?BVvMBBUBT?B?ATE]CVEKL?EBOERNrE?EBq]]ERNUBTÉIZ_�]�T?\?ETCIJE?WA?BBUBTN?A�MNUBTVCAwT?AMU@TAUBNN?AOMBNt?A]E?TUBT?A@HRTCBUB@YA�R?bCAHB?BEB>EKLCUBTN?AQ]?AzwKL?c@YA�xKL?AEB>EKLCUBTN?VÖMR]uR?EC?AEBB?A?BIJUAKLJE�UVEHBT?RMBT?BMUKL�R?bCAHB?BCE?@?AEBN?BÖMR]R?EC?AUBNbxBB?BXEC�xKL?ABA?bHX]EBE?A?BIJ?AqU@]MU?EB?A>MUXRMNUBTV\HB?MBN?AQ]?AzwKL?rEANNUAKLNMVWUBB?RBtHB�R?bCAHB?B\UA~vEC\?UBC?AuNAYKbC�ILB
EBq]]ERNUBTÉIZ_�]��IJE?V?A~CAHXEVCMU@TAUBNN?AT?AEBT?A?BGHC?BCEMR]MAAE?A?N?UCREKL?�?bCEt?AMRVN?AWUBB?RVCAHXICB

EX�MRRB?TMCEt?A~vMBBUBT?B�VE?L?MUKLPMvEC?R Î̂ �IQ]rHLR ILB
\UbR?EBEVCcUXEX��v?uAEX?BC]?H]MKLC?C\Ur?AN?BcA?EKLCN?A~CAHXM]?AH�?B]MAMUVcN?BqU@]MUN?A>MUXRMNUBTV\HB?]?EN?Bt?Ar?BN?C?B~vMBBUBT?B\Ut?ALEBN?ABIJMXECbHXXC]EV\UA?�v?AEX?BC?RR?B~vMBBUBTVTA?B\?tHB10V

b?EBX?{]MA?AWUBu
B?RVCAHX\UVCMBN?IO?ELxL?A?B~vMBBUBT?BHN?A]?E?EB?ALxL?A?B�R?bCAHB?BbHB\?BCAMCEHBEX�?ECUBTV]MBNVHRRC?�?NHKL?EB~CAHX]?H]MKLC?Cr?AN?BbxBB?BI�EB?LxL?A?�R?bCAHB?BbHB\?BCAMCEHBbMBB\IOINUAKLVCwAb?A?O?R?UKLCUBT?A\E?RCr?AN?BIpBN?A�EC?AMCUA�BN?BVEKL��v?AEX?BC?c]?EN?B?B�MV?AR?EVCUBT?BtHB?EBET?B
10mWct?A?EB\?RC?EBET?100mW ?EBT?V?C\Cr?AN?B���c���IJE?VXMKLCNE?]?AEKLC?C?S?VVUBTtHB~CAxX?BEXvHVECEt?B~vMBBUBTVMVCt?AVCwBNREKLI�EB?r?EC?A?S?CLHN?NE?�R?bCAHB?BbHB\?BCAMCEHBEX�?ECUBTV]MBN\U?AuLxL?BrEANEBPMvEC?RÉÌ Ì BHKL?EB?>HRR?VvE?R?BUBN@YLACNHAC\U?EB?XX?{]MA?B~CAHX@YAvHVECEt?~vEC\?BVvMBBUBT?BIJMV�UMRECMCEt?�?ALMRC?BN?A~CAHXu~vMBBUBTVuP?BBREBE?BEVCVHXEC?AbRwAu]MAIOEV�?C\CBEKLC]?LMBN?RCrUAN?NMV~KLE?]?BN?V~CAHXu�EBVMC\vUBbC?VXECtMAEE?A?BN?X~vEC\?uGAH]?uq]VCMBNI�R?EKLUBTÉIZMU@~?EC?��\?ETCcNM{VEKLNE?~CAHXNEKLC?MUV\r?EPHXvHB?BC?B\UVMXX?BV?C\CcBwXREKLN?AJAE@CuUBNN?AJE�UVEHBVbHXvHB?BC?IJE?JE�UVEHB?A@HRTCEB?AVC?AywL?AUBTVC?CVEBVpBB?A?N?VÖMR]R?EC?AVcrEAbCVHXECN?XqU@]MU?EB?A>MUXRMNUBTV\HB?\UAq]VKLEAXUBTN?V?R?bCAEVKL?B�?RN?VEXX?A?BCT?T?BIsX�MNUBTVCAwT?A\UAQ]?AzwKL?\U]AEBT?BcXU{NE?V?JE�UVEHB\UBwKLVCbHXv?BVE?ACr?AN?BI
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�HAX?RRXU{NMV?R?bCAEVKL?�?RN~E VHXEC?EB?BPHXv?BVMCEHBVr?AC~Emin
Y]?AuVKLA?EC?BI�YAN?B?EBNEX?BVEHBMR?B�MRREVCNMV?R?bCAEVKL?�?RNMBN?AQ]?AzwuKL?N?VÖMR]R?EC?AVT?T?]?BNUAKLE = UV ak/zIJM]?EEVCUV ak

NE?~vMBBUBTMX
�MbUUXVvMRCUBNz

N?A~vEC\?uGAH]?uq]VCMBNI�YA\UB?LX?BN?~vEC\?uGAH]?uq]VCwBN?rEANVHXECMUKL?EB?LxL?A?~vMBBUBTMX�MbUUXVvMRC]?BxCETCcUXNE?JE�UVEHBEBVpBB?A?N?VÖMR]R?EC?AV\UbHXv?BVE?A?BI�AVCNMBB]?TEBBCN?AqU@]MUN?A>MUXRMNUBTV\HB?UBN@YLAC\UA>?NU\E?AUBTN?AOMBNt?A]E?TUBT
UBNVKLRE?{REKL\UX�RE?{?B?EB?VWUBB?RVCAHXVIJE?VEVCT?BMUNMV�?ALMRC?Bcr?RKL?VEX��v?AEX?BC]?H]MKLC?CrEANIO?E>MUXC?Xv?AMCUAbMBBNE?JE�UVEHBVbHXvHB?BC?t?ABMKLRwVVETCr?AN?BcUBNN?AqU@]MU?EB?A>MUXRMNUBTV\HB??A@HRTCNEA?bCXECqBR?T?B?EB?AwU{?u
A?B~vMBBUBTI�VEVCNML?Ab?EB?q]LwBTETb?ECtHX~vEC\?uGAH]?uq]VCMBN\U]?H]MKLC?BI�YA?EB?�UMBCECMCEt?�?AE�bMCEHBNE?V?AWL?V?XU{B?]?BN?AUB]?bMBBC?B~G�MUKLNE?qU@C?ERUBTN?AMBT?R?TC?BWUBB?RVvMBBUBT\rEVKL?B�MbUUXVvMRC
UBNGAH]?]?bMBBCV?EBI�?AB?ArEANNE?|BN?AUBTN?V~vEC\?uGAH]?uq]VCMBNV]?EN?Bt?AVKLE?N?B?B~v?bCA?B]?BxCETCI~EKL?A?}?AC?@YANE?V?GMAMX?C?A?A@HAN?AB�?NHKLr?EC?A?��v?AEX?BC?IqU@TAUBNMBN?A?AGAH�?bCMA]?EC?B]?uVCMBN�?NHKL]EV\UX�BN?NE?V?AqA]?ECb?EBr?EC?A?AaUTMBT\UX�Wu~WSIqBNE?V?A~C?RR?bMBBNML?ABUA?EB?�UMRECMCEt?·]?AvAY@UBTXECÖER@??EBEu
T?AywL?AUBT?B?A@HRT?BI|U{?A?WUBB?RVvMBBUBTU UBN~G�USPV

VEBNNE?
9U?RR?BcN?A?B~vMBBUBTVVUXX?VEKLMX�MbUUXVvMRCUV ak

UBNMXÖMR]R?EC?A
UHL
MU@C?ER?BXU{IOEVMU@NE?wU{?A?~vMBBUBTLwBT?BMRR?MBN?A?B�Ax{?BtHBN?AOMBNt?A]E?TUBTEXÖMR]R?EC?AUBNNMXECtHX?R?bCAEVKL?B�?RNE MBN?AQ]?AzwKL?N?VÖMR]R?EC?AVM]I�VTERC

U + USPV (E) = UV ak(E) + UHL(E)I �ÉÎ�
�YANE?~vMBBUBTMX�MbUUXVvMRCEVCN?AaUVMXX?BLMBTXECN?X?R?bCAEVKL?B�?RN?�vRE\EC]?bMBBCI

U = Ez + UHL(E) − USPV (E)I �ÉÌ�
�?TCXMBN?B�EBVMC\vUBbCN?V~CAHXVUmin

t?A?EB@MKL?BNY]?ANMV�AA?EKL?BN?V\UAJE�UVEHBVbHXv?BVMCEHB]?BxCET?B�?RN?VEmin

@?VCîcVHTERC

Umin = Eminz + UHL(Emin) − USPV (Emin)I �ÉI��
UBN?EBqU@CAMT?BN?A�EBVMC\VvMBBUBT?BY]?ANE?~vEC\?uGAH]?uq]VCwBN?zVHRRC??EB?BREB?MA?BaUVMXX?BLMBT\?ET?BIJE?|BN?AUBT?BN?V~vEC\?uGAH]?uq]VCMBNV∆z ?A@HRTCEX��v?AEX?BCEBuNEA?bCNUAKLNMV-�B?BN?A>?T?RVKLR?E@?]?Et?AVKLE?N?B?B~CAHXuUBN~vMBu
BUBTVvMAMX?C?ABIqUVN?A?�vHB?BCE?RR?Bq]LwBTETb?ECN?V~CAHXVtHXq]uVCMBNz

Rw{CVEKL]?E�HATM]??EB?Aq]bREBTbHBVCMBC?Bκ
N?AA?RMCEt?~vEC\?Bu

t?AVMC\∆z
@YA~v?bCA?B?EB?A@?VC?B>?T?RVKLR?E@?BVvMBBUBTM]R?EC?BI�YAκrUAN??EBC�vEVKL?A}?ACtHB1

Q−1 t?Ar?BN?C�VE?L?MUKLPMvEC?R ÎZ�IJMNE?q]bREBTbHBVCMBC?BEKLC?�v?AEX?BC?RR]?VCEXXCrUAN?cVHRRC?N?BM]VHRUC?B}?AC?BtHB∆z
b?EB?\ULHL?O?N?UCUBT]?ET?X?VV?Br?AN?BIJMV�UMRECMCEt?�?ALMRC?BrEANLE?ANUAKL�?NHKLBEKLC]??EBzU{CI
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q]]ERNUBTÉIZZF�EBVMC\VvMBBUBTMRV�UBbCEHBN?A|BN?AUBTN?V~vEC\?uGAH]?uq]VCMBN?VIJ?CMERVVE?L?W?�CI

q]]ERNUBTÉIZZ\?ETCVKLRE?{REKLNE?�EBVMC\VvMBBUBT?BN?V~CAHXVMRV�UBbuCEHBN?A|BN?AUBTN?V~vEC\?uGAH]?uq]VCMBN?VI�VEVCbRMA?EB?REB?MA?q]LwBuTETb?EC\U?Ab?BB?BcNE?NE?H]?BT?T?]?B?�AbRwAUBTN?AJE�UVEHBVbHXv?BVMuCEHBUBC?AXMU?ACIaUVMXX?B@MVV?BNRw{CVEKL@?VCVC?RR?BcNM{?AVCXMRV~WSuS?VVUBT?BMB}~?
2
MUKL]?ECE?@?BW?Xv?AMCUA?BNUAKLO?R?UKLCUBTN?AGAH]?XxTREKLr?AuN?BIJE?]?H]MKLC?C?BP?BBREBE?BUBNNMV~KLE?]?BN?V�EBVMC\vUBbC?VMRV�UBbCEHBN?V~vEC\?uGAH]?uq]VCMBNVRMVV?BVEKLUBC?AO?AYKbVEKLCETUBTN?A�MuNUBTVCAwT?ANE�UVEHBEX>MLX?B?EB?V?EB@MKL?BSHN?RRV�UMRECMCEt?AbRwA?BI

1qrqr ;�|xy�z���9®w2 �wy|yw�w{êwzvwx�|�xw{
q]]ERNUBTÉIẐ MU@N?ABwKLVC?B~?EC?\?ETCWHvHTAMvLE?BtHByMCAEUXMU@}~?

2
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cxy = 90

Q
�c �OIZM�

UBN

cz = 18

Q
�I �OIZ]�

L%& û2.3.(/)T*14.

XY Zu~C?U?AVvMBBUBT?B WUBB?RVvMBBUBT~vMBBUBTVu>MUVKL?B (160 ± 10)µVpp (160 ± 10)µVppOECMUzxVUBTFHLB?q]VKLrwKL?A 0,31mV 0,31mVOECMUzxVUBTFXECq]VKLrwKL?A ]EV1,5µV 31µV
D

3,1µVOMBN]A?EC?F 10 kHz 10 kHz
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L%$ XY ½N7VU/,1**3*T//)T*14.
ÖHKLVvMBBUBTc�?AVCwAbUBT
g = 16

ÖHKLVvMBBUBTc�?AVCwAbUBT
g = 4~vMBBUBTVu>MUVKL?B (420 ± 40)µVpp (240 ± 15)µVppOECMUzxVUBTFHLB?q]u

VKLrwKL?A 4,9mV 1,2mV

OECMUzxVUBTFXECq]u
VKLrwKL?A

]EV24,5µV
]EV6,1µV

OMBN]A?EC?F 1 kHz 1 kHz

xyu~KMBB?AF>MUVKL?B (37 ± 4) · 10−3
Q

(22 ± 2) · 10−3
Q

xyu~KMBB?AFqUzxVUBTHLB?q]VKLrwKL?A 0,44
Q

0,11
Q

xyu~KMBB?AFqUzxVUBTXECq]VKLrwKL?A
]EV22,1 · 10−3
Q ]EV0,6 · 10−3

Q

L%n Z½N7VU/,1**3*T//)T*14.
ÖHKLVvMBBUBTc�?AVCwAbUBT
g = 16

ÖHKLVvMBBUBTc�?AVCwAbUBT
g = 4~vMBBUBTVu>MUVKL?B (690 ± 50)µVpp

�
(290 ± 15)µVpp

�
OECMUzxVUBTFHLB?q]u
VKLrwKL?A 4,9mV 1,2mV

OECMUzxVUBTFXECq]u
VKLrwKL?A

]EV24,5µV
]EV6,1µV

OMBN]A?EC?F (1/2,5/5/10) kHz (1/2,5/5/10) kHz

zu~KMBB?AF>MUVKL?B (12,4±1)·10−3
Q

(5,2±0,3)·10−3
Q

zu~KMBB?AF qUzxVUBTHLB?q]VKLrwKL?A 88 · 10−3
Q

22 · 10−3
Q

zu~KMBB?AF qUzxVUBTXECq]VKLrwKL?A
]EV0,44 · 10−3
Q ]EV0,11 · 10−3

Q

��K��
��10 kHz
k�
�����
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��[��Tm�\�gQTUnWdWc|W_\SfjYUBN|W|WVZ[]TYY]\SF÷æÝÞÞåÞáâãïÞÞèßåÞáâëåæéàíæàìèíãïäôàî ÝÞãåìêÝíèäàëÝåÞðàïÞäÝéåèí� äåíßàæÝãåâàÞí�ÝÞäßàæÝßëÝííãéÝÞíìàéãàÞ7ïvww�xíïéîÝæèíI GL�VEKMR>?tE?rOc�[�Ẑ�FÉ����É�[�cZ��̂I
��É��]�ZQ]\SUdWc�WV\Tj\]cPWVsbQskkcXWVsQs]s�gQTc Ẁ�mhlRZ[cXW_�[STf�\Sc|W_\SfjYUBNoWheWVZ[f\Tj\SFÀåáêßôàéâäèéèäíãéïæãïéèíÝÞäíïðëàßèæïßÝéíæÝÞÞåÞáãïÞÞèßåÞáëåæéàíæàìôæàÞãéÝíã
àîÃùíÉ7ÝÞäÉúâÃçÉíÈëàÞàßÝôèéíàÞ7ávwwwxÝÞä7ávww�xI~UA@MK?~KE?BK?c�_[�Z�FZ� _̂cZ���I

�����sm\SU|WFéåèßäèëåííåàÞ�üèßäåàÞåíÝãåàÞ�ÝÞäüèßääèíàéðãåàÞI~UA@MK?~KE?BK?c �̂�D̀ __FẐ��Z[̂cZ���I
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~W Ỳ�\fgcnW_\SSsTSc_W�Ssg\YcXWVsYYscqW�\kk\fi\]jc
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