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>SYWEQQIRJEWWYRK

*OEFS WPSMJFHFOEFO "SCFJU XFSEFO EJF EJFMFLUSJTDIFO VOE NBHOFL
UFOOFVUSBMFO $MVTUFSOBVT &MFNFOUFO EFS WJFSUFO )BVQUHSVQQF
XFSEFO JOLSZPHFOFO .PMFLVMBSTUSBIMBCMFOLFYQFSJIJNFOUFO TZT
DIFNJTDIFS ;VIBNNFOTFU[VOH TUVEJFSU %VSDIEJF60OUFSTVDIVOH JN )F
&JHFOTDIBGUFO EFS $MVTUFS JTPMJFSU VOE VOBCI¢COHJH WPO &JOT®°T
SCFS EJF FYQFSINFOUFMMF #FTUJNNVOH EFT QFSNBOFOUFO FMFLUSJ
8BDITUVN EFS SFJOFO $MVTUFS BOBMZTJFSU XPCFJCFJEFO EPUJFSUFO
'PLVT TUFIFO 7PSBMMFN TUFMMU TJDI IJFSCFJEJF 'SBHF VOUFS XFMCLC
$MVTUFSTUSBIMT JO EJTLSFUF 4USBIMLPNQPOFOUFO JN4UFSO (FSMBD
EFT &MFLUSPOFOTQJOTNJU EFS 3PUBUJPO EFT $MVTUFSTLBOOEJFTFT 7F
EBFT[VS4QJOSFMBYBUJPO JN .BHOFUGFME LPNNU %JF FYQFSJIJNFOUF
NBHOFUJTDIFO &JHFOTDIBGUFO XFSEFO JO ,PNCJOBUJPO NJURVBOUFOI
%JDIUFGVOLUJPOBMUIFPSJF JOUFSQSFUJFSU
%JF CFPCBDIUFUFO FRFLUJWFO 1PMBSJTJFSCBSLFJUFO WPO SFJOFO 5
BVT 4J VOE (F MJFHFO EFVUMJDI °CFS EFN 8FSU FJOFS LMFJOFO ,VHFI
EFT FOUTQSFDIFOEFO 7TPMVNFONBUFSJBMT '°S 4J $MVTUFS XJSE TPHE
QSP "UPN NJUEFS (S"*FEFS $MVTUFS [VOFINFO XBTEBSBVG [VS°DL[VG
RVBTJ TQI¢SJITDIFO 4USVLUVS QFSNBOFOUF FMFLUSJTDIF %JQPMNPN|
UFOEJFSFO EJF HFNFTTFOFO EJFMFLUSJTDIFO &JHFOTDIBGUFO BC FJ!
8FSUEFT 'FTUL "SQFST &T XJSEBOHFOPNNFO EBTTEJFTF $MVTUFS 4U
'FTUL"SQFSTUSVLUVS ¢IOFMO &JOF EFUBJMMJFSUF 60UFSTVDIVOH EFS
(F $MVTUFSO [FJHU EBTT EBT $MVTUFSXBDITUVN CJT [V FJOFS (S"*F WF
QSPMBUF 4USVLUVSFO FSGPMHU EJFBVTTUBCJIJMFO TJDI XJFEFSIPMFC
'°SEJF6OUFSTVDIVOH EFS NBHOFUJTDIFO &JHFOTDIBGUFO XFSEFO EJE
"UPNFO FJOGBDINJUQBSBNBHOFUJTDIFO "UP NIF OCEFRUHB-GHRT Bl & BAPNU
EBCFJ EBTT EJF NBHOFUJTDIFO &JHFOTDIBGUFO OJDIU OVS WPN QBSBNE
WPO EFS "O[BIM EFS EJBNBHOFUJTDIFO 40 "UPNF BCI¢OHFO )JFSG®°S T
4QJONVMUJIQMI[JUCU EJF 6STBDIF EJFBVDIEVSDIEBT "VTXFDITFMO EF"-
#FJEFS %PUJFSVOH WPO 40 $MVTUFSO NJU 5SJFM "UPNFO LPOOUF G°S F.
NBSFT7FSIBMUFO CFPCBDIUFU XFSEFO )JFSCFJ XVSEFIFSBVTHFBSCFJUI
g BLUPS CFFJOTVTTU VOE EBNJUFSTUNBMT FYQFSIJNFOUFMM HF[FJHU
G°SEBT"VGUSFUFO EFTTVQFSBUPNBSFO 7FSIBMUFOT IBU
*N 3BINFO EJFTFS "SCFJU XVSEFO OFCFO EFO CJTIFS FUBCMJFSUFO 7FS(
NBHOFUJTDIFO "CMFOLVOH BVYVDI OFVF .FUIPEFO FOUXJDLFMU CFJ EFC
'FMEFS JO ,PNCJOBUJPO HFOVU[U XFSEFO %BNJUJTU FT N"HMJDI EJF
TFMFLUJFSUFO 'SBLUJPOFO EFT .PMFLVMBSTUSBIMT EVSDI[VG°?°ISFO VC
;FFNBO &RFLU CFJNPMFLVMBSFO $MVTUFSO [VTBNNFOI¢OHFO &TLPOOU
EBTT G°S NBODIF $MVTUFS [XFJ4USVLUVSJTPNFSFHMFJIDI[FJUJH JN .PM
%JF IJFS HF[FJHUFO 60UFSTVDIVOHFO BO FIJOFS 7JFM[BIM WPO SFJOF(
OFOEFUBIJMMJFSUFO &JOCMJDL JO EBT ;VTBNNFOXJSLFO WPO HFPNFU.
NBHOFUJTDIFO &JHFOTDIBGUFO JO "CI¢COHJHLFJU EFS (S F VOE ;VTBNN




FWXVEGX

*OUIJT XPSLUIFEJFMFDUSJD BOE NBHOFUJD QSPQFSUJFTPG QVSF BOE E|
PG UIF GPVSUINBJOHSPVQ GSPNUIF QFSJPEJD UBCMF UIFUFUSFMT BSF
CFBN EFTFDUJPO FYQFSIJNFOUT SFHBSEJOH UIFJS TJ[FBOEDPNQPTJUJP
JOIJHI WBDVVNJUJT QPTTJCMF UP EFUFSNJOF UIFJOUSJOTJD QSPQFS
TUSVDUVSBM HSPXUIPG UIFQVSFDMVTUFSTJTBOBMZ[FECZFYQFSJNFOL
NPNFOU XIFSFBT GPS UIFEPQFEDMVTUFST UIF GPDVT MJFT PO UIF NBH
JT VOEFS XIBUDPOEJUJPOTUIFDMVTUFS CFBNTQMJUT JOUP EJTDSFU
NBHOFU %VFUPUIFDPVQMJOH PG UIF FMFDUSPO TQJO XJUIUIF SPUBUJI
BOEUIFTQMJUUJOH JO EJTDSFUF CFBN DPNQPOFOUTJT OPSNBMMZ TVQ (
EJFMFDUSJD BOE NBHOFUJD QSPQFSUJFTBSFEJTDVTTFE JO DPNCJOBUJF
UIFEFOTJUZ GVODUJPOBM UIFPSZ

5lF PCTFSWFE FRFDUJWF QPMBSJ[BCIJMJUJFT PG QVSF UFUSFM DMVTU|
NVDIIJHIFS UIBO UIF WBMVF GPSBTNBMM TQIFSF XJUIUIF EJFMFDUSJD QS
'PS4JDMVTUFST JUJT FWFO PCTFSWFE UIBU UIF QPMBSJ[BCIJMJUJFT
XIJDIJT EVFUPUIFGBDUUIBUUIFDMVTUFST IBWF QFSNBOFOU FMFDUSJD
TUSVDUVSF OOMZJO UIFDBTF PG 1CDMVTUFST EP UIF NFBTVSFE EJFMFI
CVML NBUFSJBM BCPWF B TJ[F PG BSPVOE BUPNT *UJTBTTVNFE UIBU UI
GSBHNFOUT PG UIFTPMJETUBUF TUSVDUVSF "EFUBJMFE JOWFTUJHB
(FDMVTUFSTTIPXT UIBUDMVTUFS HSPXUIVQUPBTJ[FPGBCPVU BUF
TUSVDUVSFT DPOTJTUJOH PG TUBCMF BOE SFQFBUJOH TUSVDUVSBM CV.
'PSUIFJOWFTUJHBUJPO PG UIF NBHOFUJD QSPQFSUJFT EJBNBHOFUJD -
EPQFE XJUIQBSBNBHOFUJD BWWBSEB O%PWQIFCCHNREWBMT TIPXT UIBU UIF NBHOI
OPUPOMZ PO UIFQBSBNBHOFUJD EPQBOU BUPN CVUBMTP PO UIF OVNCF
EVFUPDIBOHFTJOUIFTQJO NVMUJQMJIDJUZ XIJDIBMTP PDDVS XIFO UIF
#Z EPQJOH UIF 40 DBHFT XJUIUSJFM BUPNT GPS NPTUTQFDJFT B QBSUJ|
JFSF JUDPVME CF TFFO IPX UIF MPDBM TZNN F $SGEBPIURIF BAE/ T LTS BJFONTR
FYQFSINFOUBMMZ GPS UIF SSTUUJNF XIJDI FRFDUTUIFTQJO PSCJUDP
CFIBWJPVS

"TQBSUPGUIJT XPSL JOBEEJUJPO UP UIFQSFWIPVTMZ FTUBCMJTIFE N
EFTFDUJPO OFX NFUIPET XFSFEFWFMPQFE JO XIJDIUIF NBHOFUJD BOE F
JUQPTTIJCMF UP DBSSZPVUUIFEFTFDUJPO FYQFSINFOUT PO TFMFDUFE C
UIF SSTUUJNFIPXUIF4UBSLBOE ;FFNBO FRFDUT BSF SFMBUFE JO NPMFD
TIPXUIBUGPS TPNFDMVTUFST UXP TUSVDUVSBMJTPNFST FYJTU TINVMI
S5IFJOWFTUJHBUJPOT PG UIJT NBOZQVSFBOEEPQFEDMVTUFS TZTUFENT Q
UIFJOUFSBDUJPO PG UIFHFPNFUSJD BOE FMFDUSPOJD TUSVDUVSF XJL
BOEDPNQPTJUJPO PG UFUSFM DMVTUFST
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QFFS SBWIFXUTDISIGUFO WFS"RFOUMJDIU XPSEFO

“' 3IJWBOE 3 4DIBIHFBFUIJTN PG TIOHMF EPQFE QBSBNBHOFUJD UJO |
EFQFOEFOU 4UFSO (FSMBDIFYQFSJIJNFOUT XJUI FOIBODFE TFOTJUJW.
QBSBNBHOFUIDZAEP @BFONJ $IFN 11ZT
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2VBOUVN $IFNJDBM 40 8HMYHFUFST40 "M (B *O OO UIF*OUFSQMBZ P
BOE .BHOFUJD 1SPQFSUJFESBEB/B®BBMWIPTIZT

“ 3JW3D. 'VDIT 3 4DAUGBSINIOBUJOHUIF*O VFODF PG 5IFSNBM &Y
4USVDUVSBM *TPNFST PO UIF 4UBS{, BUETEHFSB@Z FEONCR® FELMFD U
#FBN %F FDUJPO &YIZQAS $NFFNO BTFN 11ZT
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8FJUFSF 7FS"'RFOUMJDIVOHFO EJFJN 3BINFOEFS 1SPNPUJPO FOUTUBO
TDISIJGUMJDIFO "VTBSCFJUVOH FJIOHFCVOEFO XVSEFO TJOE JN 'PMHFO

" -FIS 3JW3D4DI¢&BPSBODFE &MFBDEIPODDO .BHIJD /VNCFS .BJO (SP
/IBOPDMVAURNSS$IFN 4PD

" -FIS 3IJWJD+¢HFS . (MFEJU[TDIOQU4DBINGFGCTPSQUJPO BOE 41IBQF 5S|
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11ZT $IFN $IFN 11ZT
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.FUBM $MVTUFST "$PNQSFIFOTJWF "QQSPBDI #BTFE 00 .RMFD BMW®S" #

" -FIS . +¢HFS . (MFBIW3D#4DI¢GOESIDBM "CTPSQUJPO PG {42UPNJI
/IBOPDMVTUFST 5IF"OUBHPOJTUJD *OUFSQMBZ PG -JHBOE 4UBCJMJ[B
+ 11ZT $IFN -FUU



https://doi.org/10.1021/jacs.2c12959
https://doi.org/10.1021/jacs.2c12959
https://doi.org/10.1039/D2CP01171A
https://doi.org/10.1039/D2CP01171A
https://doi.org/10.1039/D2CP01171A
https://doi.org/10.1103/PhysRevA.104.012820
https://doi.org/10.1103/PhysRevA.104.012820
https://doi.org/10.1103/PhysRevA.104.012820
https://doi.org/10.1021/acs.jpclett.0c02183
https://doi.org/10.1021/acs.jpclett.0c02183
https://doi.org/10.1021/acs.jpclett.0c02183

RLEPXWZIVAIMGLRMW

g )MRPIMXYRK

qg 'PYWXIVMRMRLSQSKIRIR*IPHIVR
#FTDISFJCVOH EFS FMFLUSJTDIFO "CMFOLVOH
#FTDISFJCVOH EFS NBHOFUJTDIFO "CMFOLVOH

r SYERXIRGLIQMWGLI 1IXLSHIR

s J\TIVMQIRXEPXIMP
.FTTBVxBV VOE "CMBVG EFS"CMFOLFYQFSJIJNFOUF

.FTTNFUIPEFO

t )PIOXVMWGLI (MTSPQSQIRXIVIMRIVRERSWOEPMKIV 8IXVIPGPYWXIV
60O0UFSTVDIVOH EFT QSPMBUFO 8BDITUVNT LMFJOFSFS 4J $MVTUFS
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.FTTVOHFOBOJTPNFSTFMFLUJFSUFO $SMVTUFSTUSBIMFO

OMXIVEXYVZIVAIMGLRMW







2 )JMRPIMXYRK

*O FJOFN CFS°INUFO 7PSUSBH JN +BISIFSFNJTU HFK BXUFMIPPNBERME B U
*7JFM 4QJFMSBVN BN #PEFOZ TUFMMU 3JDIBSE 'FZONBO FSTUNBMT EJF°
"UPNF .BTDIJOFO BVG NJLSPTLPQJTDIFS &CFOF IFS[VTUFMMFO < > VO
OFO /I BOPUFDIOPMPHJF < > 4FJUIFS XJSE EJF 60OUFSTVDIVOH EFS Q|
/IBOPNBUFSJBMJFO VOE EFSFO N"HMJDIFO "OXFOEVOHFO JNNFS XFJUF
FJO QBBS XFOJHFO CJT FJOJHFO IVOEFSU "UPNFO EJFBMT $MVTUFS C|
.PEFMMTZTUFNF EB TJFBUPNQSC¢[JTFIFSHFTUFMMU XFSEFOL " OOFO V
WPN NPMFLVMBSFO CJT [VN NBLSPTLPQJTDIFO 7TFSIBMUFO TZTUFNBUJTEL
EJFMFLUSJTDIFO VOE NBHOFUJTDIFO &JHFOTDIBGUFO EVSDI EBT )JO[VG
FIO[FMOFO "UPNT ESBTUJTDI WFSCOEFSO L"OOFO < > JTUFT EFOLCI
BUPNQSC¢[JTF NB*[VTDIOFJEFSO %JF EJFMFLUSJTDIFO &JHFOTDIBGUFO E|
CRFITQIJFMTXFIJTFCFJ EFS &OFSHJFVNXBOEMVOH EFS4FOTPSJL PEFS EFS
"VGHSVOE JISFSVOHFX'IOMJDIFOHFPNFUSJTDIFO 4USVLUVSFO TJOE T
EBT FOUTQSFDIFOEF 7TPMVNFONBUFSJBM < > "CFSBVDIJISNBHOFUJT
CFIJTQIJFMTXFJTF G°S "OXFOEVOHFO BMT 4QFJDIFSNFEJFO < >PEFS 2
%JF &MFNFOUF EFS WJFSUFO )BVQUHSVQQF EJFBMT5FUSFMF CF[FJDIOF!
QIZTIJLBMJTDIFO &JHFOTDIBGUFO EFS NBLSPTLPQJTDIFO 'FTUL"SQFS BV"
°CFSEJF)BMCNFUBMMF 4J VOE (FCJTIJO[VEFONFUBMMJTDIFO &MFENF
4IJMI[JVNJITU [VTC¢U[MIDI EBT XJDIUJHTUF &MFNFOU EFS )BMCMFJUFSUF|
TUSVLUVSFO BVT EJFNJUWIJFMFO BOEFSFO &MFNFOUFO EFT 1FSJPEF
TPHBS UFIJMXFJTF BO EFS "UNPTQI¢SF TUBCIJM TFJOL"OOFO < f > %V
FOEPIFESBM EPUJFSUFO ,¢SHTUSVLUVSFO JTU FT EFOLCBS 2VBOUFO"
IFS[VTUFMMFO < >
6N EJFJOUSJOTJTDIFO &JHFOTDIBGUFO TPMDIFS/BOPDMVTUFS [V TUVE.
N "HMJDITU BVT[VTDIMJF+*FO '°S EJF 60UFSTVDIVOH WPO JOUSJOTJTDI
TUSBIMBCMFOLFYQFSJIJNFOUF JN 7BLVVN FIJOF CFTPOEFST HFFIJHOFUF
&SHFCOJTTF EFS"CMFOLFYQFSIJNFOUF EFVUFO [VL"OOFO CSBVDIUFT K
EFSHFPNFUSJTDIFOVOE FMFLUSPOJTDIFO 4USVLUVS EFSVOUFSTVDIUF
UFODIFNJTDIFO 3FDIOVOHFO BVG #BTJT EFS %JDIUFGVOLUJPOBMUIFPS
,PNCJOBUJPO NJUEFO FYQFSINFOUFMMFO #FGVOEFO FJOFO UJFGFSHI
&JHFOTDIBGUFO EFS $MVTUFS
*OEFS WPSMJFHFOEFO "SCFJU XFSEFO EBIFS EJF FMFLUSJTDIFO VOE NI
FJOGBDI EPUJFSUFO 5FUSFMDMVTUFSO JO .PMFLVMBSTUSBIMBCMFOLF
XFSEFOBVG EJFTF8FJTF EJF 1PMBSJTJFSCBSLFJUFO VOE FMFLUSJTDIF
"CICOHJHLFJU EFS "O[BIMBO "UPNFO WFSGPMHU %BEVSDIFSHFCFO TJ
XBDITUVN VOE EFSSCFSHBOH JN EJFMFLUSJTDIFO 7FSIBMUFO WPN "UPN
< >
%VSDIEJF QBSBNBHOFUJTDIF %PUJFSVOH WPO FJO[FMOFO 40 $MVTUFS
HIHLFJU EFS % PUJFSVOHTBUPNF TPXJF EFS "O[BIMBO "UPNFO EFT EJE
TUVEJFSU XFSEFO )JFSCFJHFIUFT WPSBMMFN VN EJF'SBHFTUFMMVO
UFSJIJN4UFSO (FSMBDI &&YQFSJIJNFOU FJIOBUPNC¢IOMJIDIFT TPHFOBOOUF
F > %BNJUJTUFT N"HMJIDI[VBOBMZTJFSFO XFMDIFJOUSJOTJTDIFO




TFO VN FJOF TVQFSBUPNBSF "CMFOLVOH JN &YQFSJIJNFOU CFPCBDIUFC(
EBG°S WFSBOUXPSUMJDITJOE EBTTEBT TVQFSBUPNBSF 7FSIBMUFO VOU
LPNCJOJFSUF "CMFOLFYQFSJIJNFOUF EVSDIHFG®°ISU CFJEFOFO TPXPIM
[VITBNNFO FIJOHFTFU[U XVSEFO %BNJU HFMBOH FT EFO ;VTBNNFOIBOF
BVG[VLM¢SFO VOE FJOEFVUJH OBDI[VXFJTFO EBTTCFJNBODIFO $MVTUF
JN .PMFLVMBSTUSBIM WPSMJFHFO *OTHFTBNU FSHFCFO TJDI EBEVSDI XJ
HFPNFUSJTDIFS VOEFMFLUSPOJTDIFS 4USVLUVS NJUEFN .BHOFUJTNVTE




g PYWXIVMRMRLSQSKIRIR*IPHIVR

5SJUU FJOOFVUSBMFT5FIMDIFO NJU FJOFN FMFLUSJ{J o NRJ® PR S ANSBNHEDH U .
JOFIJD3ODIUVOH JOIPNPHFOFF ENMEBS FSGC¢ISUFT FJOEIJBEBRGPQPSUJPOE
'FMEHSBEJE@&UYDIB VOE °CFS

EE,
E; E

Fz =

CFSFDIOFU XFSEFO LBOO %FS FSTUF BW¥WSENFS),FE BBO ADBRNBHCF[FIJDIOFU
VOE CFTDISFIJCU EJF QPWYEPTDIFMVMWIFIROFSNIFMFLUSIJTDIFO PEFS NBHOFUJ
&OFSHJF CFTUFIU BVWoT FOEFNSFFIFNSPUBUJPOT VOE 4DIXJOHVOHTCFJUS(
VOE FIOFN XFIJUFRSEEREF BNT EFS 8FDITFMXJSLVOH NJUEFNFYUFSOFO 'F
"OUFJM LBOO °CFS FJOF 5BZMPS &0OUXJDLMVOHBMT 'VOLUJPO EFT '"FMEF

j= ot Jow
NI okz 5 2

)JFS CFTDK&ERFCAMFLUSJTDIF PEFS NBHOFUJTDIF 1PMBSJTJFSCBSLFJU JN
HFOBOOU 8¢ISFOEEFS#FJUSBH EFS NJUEFSFMFLUSJTDIFO 1PMBSJTJF
CFJUZQJTDIFO 'FMETU¢SLFO JN 7FSHMFJDI[VN FSTUFO 5FSN BVTNBDIU <
CFJEPUJFSUFO ;JOODMVTUFS FUXB WJFS (S"*FOPSEOVOHFO LMFJOFS BM
< > %BIFS XJSE G°S EJF #FTDISFJCVOH EFS NBHOFUJTDIFO "CMFOLYV
EFS#FJUSBHEFT NBHOFUJTDIFO %JQPMNPNFOUT CFS°DLTJDIUJHU VOE
‘CtMMF WFSOBDIM¢TTIHU

1BTTJFSU EBT 5FJMDIFO EBT TFOLSFDIU [VS '"MVHSJDIUVOH BVTHFSJDIUF
5SBKFLUPSJFJO (SBEJFOUFOSJDIUVOH EBEJF XJSLFOEF ,SBGU FJOF (
'"MVHSJDIUVOH NJU TJDICSJOHU *OOFSIBMC EFT 'FMEFT FSGBISFO EJF 5F
HVOH X¢ISFOEBVG FJOFS OBDIGPMHFOEFO GFMEGSFJFO '"MVHTUSFDLF
(FTDIXJOEJHLFJUTLPNQPOAIDMHIOTVMUIFSU "VT EFN ;VTBNNFOIBOH WF
TUSFDLF VOE '"MVH[FJU LBOO EJFIN &YQFSINFOU C&H&REBDIUFUF "CMFOL"

2, lila  ExE,
2mvZ mvZ E, E

dz; =

CFTDISJFCFO XFSEFO )JFISUPEEBFDEtORICEDPT JOIPNPHFOFO 'FMEFT VC
'"MVHTUSFBDIRF.BTTF EFT 5SFIMDHEFORO/FEDIXJOEJHLFJU JO '"MVHSJDIUV(
XJSE EVSDI ,BMJCSJFSNFTTVOHFO NJU "UPNFO CFLBQ ORIRBPBEHFNBSJITJE
FYQFSINFOUFMM FSNJUUFMU TPEBTT NJUIJMGF WPO (MFJDIVOH EJF
LBOO %JF -¢COHFO L"OOFO EBCFJ [V FIOFA"Q@QBI$B YYSIVAFBNUNEOUFG BIT
XFSEFO %JF °CFS EJF ;FJUJN FMFLUSJTDIFO VOE NBHOFUJTDIFO '"FME




XJSEBMMHFENFJO BMT 1SPKFLUJPO EFT [FJUMJDI HENJYUEMBBEDI% B Q P MANE
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4QJO[VTUBOETBVDI [V FJOFS ,OEFSVOH EFS 5SBKFLUPSJF EFT 5FJMDIF(
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WMRH &IMHIQ)RIVKMIHMEKVEQQ QMX*"YWSXAPMGLIV7GL[MRKYRKWERVII
WE6SXEXMSRWRMZIEYW IMRKIM" MGLRIXYRHPMROW MRKV¢{(RFIMWTMIP
ZSR$RR EFKIFMPHIX (MIMRVSXIMRKIMNMGLRIXI)RIVKMI "I M#B5HEWW
WIPFWXFIMIMRIQWTLSVMWGLIR'PYWXIVIMRIWSLSLI>YWXERHWHMGLXI
EYWFMPHIR YRH HMI NTIVMQIRXIPPI %FPIROYRK QMXLMPJI HIW 'YV MI
[TIVHIR OERR -Q SFIVIR8IMP HIV»%FFMPHYRKWMRHHMIVIWYPXMIVIRHIR I

CFJEFONFJTUFOJOEJFTFS"SCFJUCFUSBDIUFUFO $MVTUFSO JO EFS /C¢IF
BVDI EVSDI EJFJOUSJOTJTDIFO &JHFOTDIBGUFO LBOO EJF ,SFV[VOHTEJ|
NVMUJQMBIFWBPWBUIPOTOJIJWFBVT JO NFIS ;¥ TBECIOES B YNENQ B BOFD° CFHSSE J
EFS;VTU¢OEF &JOTVTTBVGEJF"O[BIMBO ,SFV[VOHFO 4PJTUFT OJDIU WF
"CMFOLWFSIBMUFO CJTIFS OVSCFJLMFJOFO .FUBMMDMVTUFSO CFPCBDI
SFMBUJW HSPFO 3PUBUJPOTLPOTUBOUF BVDI FOFSHFUJTDIIPDIMIJFHFOE
$MVTUFS XVSEF TVQFSBUPNBSFT "CMFOLWFSIBMUFr.@ CFIPEBDIVUF B XS BFE
FIOF HFSJOHF ;VTUBOETEJDIUF VOE FIOF HFSJOHF 4QJOTJQXBISTDIFJ
[FIHU FIJOF "CTDINY{V&I S WPO BMTSFMCMMUIABMIFHFOEFO VOE FCFOGBI
40"M $SMVTWUFESNNFUSJF < >CFJEFSTFEMCFO "MV TT BJD0;06F3 BRI VEJIF W
EVSDITDIOJUUMJIDI XFOJHFS BMT FIJOF WFSCPUFOF ,SFVLVMH EYGDBFM OV
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TVQFSBUPNBSFT 7FSIBMUFO CFPCBDIUFU < > %FS (SVOEIJFSG°SJTU I
pge< > 6N EJFTF G°SCFJEF $MVTUFS OBDI (MFJDIVOH WFSHMAEIXPIF O [\
FIOFO TQI¢SJIJTDIFO $MVTUFS OCIFSVOHTXFJTF NJU EFS $V 8§ MBIPBNFM ¥ N
8FSU G°SEBT GSFJ§F &OBHELUUSPOT
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BCHFTDI¢CU[U XFSEFO '°S OJDIUTQI¢SITDIF $MVTWBLNPET INFEI ENIFK FCE
RVBOUFODIFNJTDIFO 3FDI@VEFFOF® B CRASYUBMUIDIUIJHU XFSEFO

*TU BFBLUPS PEFS 5FOTPS BVT RVBOUFODIFNJTDIFO SFDIOVOHFO CF
4QJ0O 3PUBUJPOT ,PQQMVOHTLPOTUBOUF BCHFTDI¢U[U VOE EJF 4QJOT.
EFOPCFOHFOBOOUFO TQIGS.OTRDIEY PNAVI UFBEIIHDICU TIDI TPNJIU FIOF 4C
,PQQMVOHTLPOTMBOUB WP .JUEFSBVTEFOUZQJTDIFO $MVTUFSHFTI
SFOEFO ,OEFSVOH EFT .BBIDFYGEMETXWEDEBSBVT XJFEFSVN°CFS (MFJD
8BISTDIFJOMJDILFJU G°S pgOEM 4QBOFDQOWROTPEBTT OBIF[VBMMF WFSC
BEJBCBUJTDI EVSDIMBVGFO XFSEFO VOEEBT CFPCBDIUFUF TVQFSBUP!
N°TTUF %JFT XJEFSTQSJDIU KFEPDI EFO FYQFSiN& OBFMM RMCPH#RAWPTCOBIIDA B ¥
BUPNBS JN .BHOFUGFME BVGTQBMUFU < > 8FJUFSF 60O0UFSTVDIVOF
JO %PQQFM 4UFSO (FSMBDI &YQFSJIJNFOUFO CFJEFOFO EJF TVQFSBUF
[XFIJUFO .BHOFUGFME SFGPLVTTJFSU XFSEFO < > FSHFQ@FOFIOFX4QJIO’
JJFS XJSEBMTP EFVUMJDI EBTTFT FIJOF TUBSLF %JTLSFQBO[[XJTDIFO I
EFOBVTEFOFYQFSINFOUFMMFO %BUFO FYUSBIJFSUFO 8FSUFO HJCU &T
SFTVMUJFSU EBTTEJFIJFSHFOVU[UFO RVBOUFODIFNJTDIFO .FUIPEFO
VOE EBNJU EJF NBHOFUJTDIFO &JHFOTDIBGUFO OJDIUBVTSFJDIFOE HVU
BCCIMEFOL"OOFO< > 6NEFOOPDIEJF NBHOFUJTDIFO "CMFOLQSPSMF |
EJF4QJOEZOBNJLEFS $MVTUFS BO EFO WFSCPUFOFO ,SFV[VOHFO JN %F!
JN'PMHFOEFO WPSHFTUFMMU XFSEFO TPMM CFTDISJF Cs@XXBEEF-RC PAl.
BMT 'JUQBSBNFUFS FJIOHFG°ISUVOE °CFS EJFSCFSFJOTUJNNVOH EFS 4
FSNJUUFMU

%FOOPDIFSMBVCU EJF BOBMZUJIVORA#EF $SEG P FOAMBWMII WRPOIJWF "CTDICU[VOH E
"CMFOLWFSIBMUFOT WPO $MVTUFSO JN EJSFLUFO 7f&+sVERD MOSHVI\OTBLOFESFI$
FIJIOFS SFMBUJW HSP*FOJE€XF OBIVIOIM WAV OH CFSFDIOFU FSHJCU T.
HS e FSFS 8FSUJIJN 7FSHMPABSEBNIGBFTVMWEESIOOFCEBGBUMI BVDI FYQFSJI
CFPCBDIUFU XJSE< > EBUSPU[EFS HFSJOHFO "O[BIMBO EVSDIMBVGFOF
EFS TVQFSBUPNBSFO "VGTQBMUVOH CFJEJFTFEN $MVTUFS HFRVFODIU J1

IVNFSJTDIF 4IJNVVMNBBJIJPON &YQFSIJNFOU CFPCBDIUFUF NBHOFUJTDIF "CN
FSM¢VURBRFEFE DBEFMMIMHV VOUFSTVDIFO LBOO EJF 8BISTDIFJQMJIDILT
NJUIJMGF FJOFS OVNFSJTDIFO 4JNVMBUJPO BCHFCIJMEFU XFSEFO %JFT
FSM¢VUFSU TPEBTTIJFS OVS EJFHSVOEMFHFOEFO "TQFLUF CFTDISJFEC
'°SEJFTF4IJNVMBUJPO XJSE[VO¢DITUBOBMPH [VS FMFLUSJTDIFO "CMFOL
4DIXJOHVOHT VOE 3PUBUJPOTUFNQFSBUVS FJOLBOPOJTDIFT &0TFNC
FIJOFS #PMU[NBOO 7FSUFJMVOH FS[FVHU %B EJF/VMMGFMEBVGTQBMU’
2S+1 4QJO[VTUCOEF CFJ FJOFS WP SHF WPGRCR® WMUILQMNITIJBHOFUGFME F(
CFJEFS &S[FVHVOHEFT &OTFNCMFTHMFJDIN¢eJHCFTFU[U "OBMPH[VS 4]
FIJOBEJBCBUJTDIFS'FMEFJOUSJUU BOHFOPNNFO TPEBTTEBOO EJF (FTB?!
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EFSFYQFSINFOUFMMFO .BHOFUTVTTEJDIUF VOEEFSJN GFMEGSFJFO 3BV
LBOO 6N EBT FRFLUJW CFPCBDIUFUF [FJUMJDI HENJYAKRMBEFTNBIHOQF M g
SMVTUFST VOE EBSRM{EEB@OTFNCMFT [VFSIBMUFO XJSE OJDIU KFEF W|
CFUSBDIUFU 4UBUUEFTTFO XJSE EJF NJUUMFSF 4UFJHVOH EFS &0OFS
3PUBUJPOT ;FFNBO %JBHSBNN CFSFDIOFU )JFSG°S XJSEBVTHFIFOE WP
XFMDIFO 3PUBUJPOTFOFSHIJFO CEF3BE¥FISRHMMBMRFBFNVMMWBEFSFO LPOOUF
&OFSHJFO G°SBMMF N"HMhD WRPAQBFS [FTBNWEOFSHIJF TVCUSBIJFSU XF¢
CFSFDIOFUFO 3PUBUJPOTFOFSHJFO [Ri FH FSIHF 323 B WMIPVOOTH \ETRITBWOEF | J
(MFJDIVOH FSG°MMU XJSE EBOQ,J ®¥GH PVOTRUNBNGFEOT BIBIUEJF 4DIXJOHYV
G°S EJF 4IJNVMBUJPO CFS°DLTJDIUJHY, KYQPEGBEB WMFWBOEN EJP IUFJ EF S
4DIXJOHVOHTUFNBOFBFBFHUFO 4DIXJOHVOHTNPEFO FSI'IU %B FT BCFS
FIJOFN 4QJOTJQ LPNNFQNWN EFOIJSHESpEWWHG SJIOHFSU %JF NJUUMFSF 4UF.
;FFNBO %JBHSBNN VOE EBNJUEBT FRFLUJWF [FJUMJDI HFNJUUFMUF NBt
EFO JOEJWJEVFIMOVBDD $MVTUFS

P
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%JF EBSBVT SFTVMUJFSFOEF 7F8URNMWVUCH B0 EENRBUMFIPSM EFT OJDI
4USBIMQSPSMT HFGBMUFU %BT TP FSIBMUFOF TINVMJFSUF 4USBIMQ S
WFSHMJDIFO VOE TPNJU EBT CFPCBDIUFUF NBHOFUJTDIF "CMFOLWEFSIE
1SPSM FEFNQSOEMJDI WPO EFS4ZNNFUSJF EFT $SMVTUFST BCI¢OHU JTU F1
UFODIFNJTDIFO 3FDIOVOHFO FSIBMUFOF HFPNFUSJTDIF 4USVLUVSFO NJ
EJF OJDIUJN FMFLUSJTDIFO "CMFOLFYQFSJIJNFOU VOUFSTDIJFEFO XFSEFC
XFSEFO EBTT E pEdBOSBBEIMES 4IJNVMBUJPO BMT "JUQBSBNFUFS CFIBOE
EJF RVBOUFODIFNJTDIF 7PSIFSTBHF NJUIIJMGF EFS %'5 OJDIU BVTSFJDIF
HFBDIUFU EBTEH CBFLUUURI®ENS WPO EFN 8FSU EFT GSFJFO &MFLUSPOT BC)>
TDIFJOMJDILFJU FIJIOHFTFU[U XJSE EBEJFTF "CXFJDIVOHBVG FJOF WFST
VOE TPNJU 4QJOTJQT CFH°OTUJHU XFSEFO < >
'°S4ZTUFNF NJU 4QJONVMUBIPMIE OWEWAO WMADI /VMMGF MEBWVG FMEMQWII R
;'4 BVGUSFUFO *O EJFTFN 'BMM TQBMUFO EJF 4QJO[VTUCOEF CFSFJUT
> %JFTF [VTC¢CU[MJIDIF "VGTQBMUV O HBEFRS IZT®DWHBRUBBOHRDWK BBEVHSC F4 | F
DBC *IS8FSULBOOJOEFS (S"*FOPSEOVOH EFS OJFESIJHDEBFUUDIBDI BIS
*FSBMT EJF ;FFNBO "VGTQBMUVOH JN .BHOFUGFME ThMQEDFSWFS3SIDDJ
XFJU WPOFJOBOEFS FOUGFSOU EBTT CFJ OJFESJHFO DRo® DFADONY FINE)FSS B L
EJF I'DITNE® DN' 4QJO[VTUCOEF CFTFU[U TJOE VOE EJF %JDIUF BO W}
BCOJNNU ;4 LPOOUF CJTIFS G°S .FUBMMDMVTUFS OPDI OJDIU FIOEFV
OBDIHFXJFTFO XFSEFO XPCFJUFNQFSBUVSBCI¢COHJHF N.BE BNGIFDDF
UFNQFSBUVSBCI¢COHJHF ,OEFSVOH EFT 4QJO[VTUBOET IJOEFVUFU EJF B’

$VSJF (FTFIQE EJF [V VOUFSTVDIFOEFO $MVTUFS TP TUBSL UIFSNJTD!
8¢SNFCBE BVTCJMEFO LBOO SPUJESU BVDI EBT NBHOFUJTDIF .PNFOU
7FSIBMUFO XJSE WPMMTUC¢OEJH HFRVFODIU < > &T LPNNU BOBMF
/JEUUPNBHOFUJTJFSVOHEFT &OTFNCMFTVOEFT SETVMUJFSU FJOF FJOTF.
EFT'FMEHSBEJFOUFO %JFTF 7FSTDIJFCVOH JTUBCI¢COHJHWHOEEBQOU
NJU EEN $VSJF (FTFU[ OBDI
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RVBOUJUBUJW CFTDISJFCFO XFSEFO %VSDIFJOF UFNQFSBUVSBCICOHJF
,PNQPOFOUF LBO@ TRPINJRISEFS"CI¢OHJHLFJU EFS @RTONVNMUXBDMEFDU P X P
TVQFSBUPNBS BVGTQBMUFOEFO 4USBIMLPNQPOFOUFO JN &YQFSJNFOU
EPUJFSUFO 40 $MVTUFSO CFPCBDIUFU EBTT FJOF WPMMTUCOEJHF 3F
%°TFOUFNQF SBAMM®BWPHFHFCFOJTU< > %BEJFFJOTFJUJHF 7FSTDIJFCV
,PNQPOFOUF JO EFS 4USBIMNJUUF EVSDI EBT $VSJF (FTFU[CFTDISJFC
7FSMBVG EFS "SCFJU BMT $VSJF ,PNQPOFOUF CF[FJDIOFU
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r SYERXIRGLIQMWGLI 1IXLSHIR

'VS *OUFSQSFUBUJPO EFS QIZTJLP DIFNJTDIFO &JHFOTDIBGUFO EFS [\
IFSJHFO ,BQJUFMO CFTDISJFCFOFO 4JNVMBUJPOFO EFS "CMFOLQSPSN
AUSVLUVS EFS $MVTUFS CFLBOOU TFJO %JETFLBOO NJUIJMGF WPO RV
EFO %BG°S XJSE [VO¢DITU FIOF HMPCBMF 4USVLUVSPQUJNJFSVOH NJ
< f >EVSDIHFG®°ISU )JFSCFJXFSEFOBVG EFN5IFPSJFOJWFBV EFS FC
FOHMIBOF XBWF EFOTJUZ GVSDWX PO BMWVWORMSZU VOWPSFIJOHFOPNNFOF
EFN RVBOUFODIFNJTDIFO 1SPHSBNN 2VBOUVN&TQSFTTP W < >
XJSE EBT "VTUBVTDILPSSFMB U\ BOWE LR Y OGN BOR&RBEM > NJU EFN
33,+ 1ITFVEPQPUFOUJBM < > EBTEJFLFSOOBIFO &MFLUSPOFO CFTDIS
LJOFUJTDIF &0FSHJF EFS FCFOFO 8FMMFO CFUS¢HU CFJ BMMFO JO EJFTF
EJF #PYHS «F BO EJF $MVTUFSHS «F TP BOHFQBTTU XJSE EBTT LFJOF
$MVTUFSO JO EFO #PYFO FOUTUFIFO LBOO ;VTCU[MJIDI XVSEF G°S EJF 3FL
< >JNQMFNFOUJFSU ;V #FHJOO XJSE FJO 1PPM BVT 4USVLUVSFO HF
.VUBUJPOFO PEFS 1BBSVOHFO EFS CFSFJUT EVSDIEFO (" FOUTUBOEFOF
*TUEJF &0OFSHJF EJFTFS OFVHFOFSJFSUFO 4USVLUVS HFSJOHFS BMT EJF
JOEFO 1PPM NJUBVGHFOPNNFO %FS (" XJSEBMT CFFOEFU FSBDIUFU XF
4USVLUVSFO EBT *TPNFS NJU EFS OJFESJHTUFO &0FSHJF HMPCBMET .JO.

cJT (FPNFUSJFO JOTHFTBNU HFOFSJFSU BVTEFOFO EBOO JN XFJUI
FJOF MPLBMF (FPNFUSJFPQUJINJFSVOH BVTHFX¢IMU XFSEFO %JFTF "VTX|
EFO #FJEFS FSTUFO .FUIPEF XFSEFO EJF $MVTUFS OBDI JISFS &0OFSHJF
FJOHFUFJMU JOEFOFO (FPNFUSJFO NJUEFNTFMCFO 4USVLUVSNPUJW
A4USVLUVSLBOEJEBUFO G°S EJF MPLBMF OQUJNJFSVOH XFSEFO EBOO EJ
(SVQQJFSVOH JN #FSFJDI WPO CJT F7°CFSEFS (SVQQF EJFEBT(.CF
TIJDIHF[FJHU EBTT NBODINBM JO FJOFS (SVQQF *TPNFSF NJU WFSTDIJFE
¢IOMJDIF5S¢HIFJUTNPNFOUF BVGXFJTFO %BNJUEJFTF 4USVLUVSNPUJ!
OJDIU WFSMPSFO HFIFO CJFUFU FTTJDIBO NFISFSF*TPNFSF BVT FJOF
°CFSQS°GFO 6N EJFTFT 1SPCMFN [VVNHFIFO XFSEFO CFJEFSBOEFSFO.
.BTTFO[FOUSVN BMMFS EVSDI EFO (" HFOFSJFSUFO 4USVLUVSFO JO FJOF
F7 BOBMZTJFSU VOE VOUFSFJOBOEFS WFSHMJDIFO 60UFSTDIFJEFO T
1SP[FOUTBU[ XFSEFO EJF (FPNFUSJFOBMT N 'HMJDIF ,BOEJEBUFO G°S EJ
&T XVSEF CFPCBDIUFU EBTTCFJFJOFS HFFJHOFUFO 8BIM EFT 1SP[FOU X
#JOEVOHTMC¢OHFO EJEFETFMCFO 4USVLUVSLBOEJEBUFO JO CFJEFO .FUIF
.FUIPEF XFOJHFS ;FJU CFBOTQSVDIU %JFT XVSEFBO FJOJHFO SFJOFO (|
%JF GPMHFOEF MPLBMF OQUJNJFSVOH NJUEFS PSCJUBMCBTJFSUFO %'5 X
03$" W < > PEFS (BVTTJBO < > G°S NFISFSF N'HMJDIF 4QJON
TVDIFOEFO 4ZTUFNT EVSDIHFG®ISU '°SEJFJO EFS WPSMJFHFOEFO "SC
NFJTUFOT EBT 1#& YD 'VOLUJPOBMUWYSJ® RMBTEEBOBGEO KFOF > BOHFXE
EJFTF ,PNCJOBUJPO FYQFSIJNFOUFMM FSNJUUFMUF &JHFOTDIBGUFO VO
>VOE EPUJFSUFO < >5FUSFMDMVTUFSO TFIS HVU XJFEFSHJC
CFPCBDIUFU XVSEF EBTT TPMDIF IZCSJE YD 'VOLUJPOBMF I"IFSF 4QJ¢
XFSEFO G°S EJF NJU §CFSHBOHTNFUBMMFO EPUJFSUFO 40 $MVTUEFES BV
HFOFSBMJ[FE HSBEJFQU B S\PYUMBRIBRRFO #1 < >VOE 1#& < >
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"VDI XFOO EJF &OFSHJFO GVOLUJPOBM°CFSHSFIJGFOE OJDIUWFSHMJDIF
4QJOJTPNFSF JEFOUJS[JFSU EJF [VS %FVUVOH EFS FYQFSINFOUFMMI
4USVLUVSLBOEJEBUFO XFSEFO EBOO [VN FJOFO 'SFRVFO[BOBMZTFO E
TIDICFJEFO FSIBMUFOFO 4USVLUVSFO OJDIUVN SCFSHBOHT[VTUCOEF
FMFLUSJTDIF %JQPMNPNFOU VOE EJF 1PMBSJTJFSCBSLFJUCFSFDIOFU &
03$"N"HMJDI NBHOFUJTDIF &JHFOTDIBGUFO [V CFSFDIPFPU ) IFSEPS B
BQQSPYJIJNBRIBBNIMUPOPQFSBUPS < >NJUEFSFOUTQSFDIFOEFO ,PNC
#BTIJTTBU[ 1#& 4"3%$ ;03" EFG 5;711 < > WFSXHROBEUPWYNBFSUEM
%JF 4QJO #B1O ,PQQMVOH XJSE EBCFJ JN BB INFBRSERTU TNABEFID" BN U FF O T
CFIBOEFMU < >

%JF FSIBMUFOFO *TPNFSF JN #FSFJDI WPO CJT F7°CFS EFN (. XFSE
OJFSVOH NJUIIJMGF EFS 4JNVMBUJPO EFS 3PUPSFOEZOBNJLJN FMFLUSJT
NBHOFUJTDIFO &JHFOTDIBGRBWO JEBN-EBDNBEF BMIH ,BQJUFM JO #FUSBDI
EJFJOEJFTFS"SCFJUEVSDIHFG°ISUFO &YQFSJIN&FL®HEC,FIIN°TF,AQUBENIFIE
&OFSHJFCFSFJDIQSJO[JQJFMM [VHSPe &T XVSEF KFEPDIHF[FJHU EBTT
4USVLUVSFO VOE TPHBS EJF FOFSHFUJTDIF 3FJIFOGPMHF EFS *TPNFSF C
WPO EFS8BIMEFT YD 'VOLUJPOBMT BCI¢COHU < > %BEVSDIL OOFO HF(
*TPNFSF [VS %FVUVOH EFT &YQFSJNFOUT OJDIUBVTHFTDIMPTTFO XFSE
HFX¢IMU XJSE

'°SEJF#FSFDIOVOH EFS NBHOFUJTDIFO &JHFOTDIBGUFO XVSEF HF[FJF
XFOJHFO '¢MMFO BLLVSBUF 7TPSIFSTBHFO HFUSPRFO XFSEFO L "OOFO EE
EF G°S EFO 8SBLBEAPIST SFMFWBOU TJOE < > &OUTQSFDIFOE N°TTF
5|lFPSJFOJWFBYYPXYIFM HEPCENDPH NGO B FUF BDUJWF TQBDB"HERM'G IFDO D ¥ DUHAC
< > EVSDIHFG®?°ISU XFSEFO VN EJF FMFLUSPOJTDIF 4USVLUVS EFS E
EJFNBHOFUJTDIFO &JHFOTDIBGUFO FYBLUHFOVH XJFEFSHFCFO [V L O
BVGXFOEJH VOE SFTTPVSDFOJOUFOTJIJW JO #F[VHBVG EJF 1SP[FTTLFSO
"SCFJU OJDIU EVSDIHFG?°ISU XVSEFO

uu



S )\TIVMQIRXEPXIMP

s 9 1IWWEYJFEY YRH %FPEYJHIV %FPIROI\TIVMQIRXI

*O"CCJMEVOH JTU  TDIFNBUJTDI EFS X¢ISFOE EJFTFS "SCFJU WFSXFOEI
UFSTVDIVOH EFT FMFLUSJTDIFO VOE NBHOFUJTDIFO "CMFOLWFSIBMUFO .
TIJDIEBCFJJO WJFS #FSFJDIF FIJIOUFJMFO" EME $BTVFTISIWF IS $EBNUFGWMOHITHR VH
NJUFJOFN NFDIBOJTDIFO 4IVUUFS [VS .FTTVOH EF#(EFBI'XJMEOHEBEEB NV F
NJUEFO NPEVMBS OVU[CBSFO "CMFOLFJOIFJUFO VOE EFWIJWF R {GF JUNBTN
TQFDUSANRYBS' .4 [VSQPTIJUIJPOT VOENBTTFOBVGHPM%WRS©B%FUEEVDE
,BNNFSO MJFHU JN @5SBJDIOWRE@BS VOE XJSE EVSDI KFXFIJMT FJOF %SF
EFO 7PSE®VDAND 3 NCBS VOE NJU"VTOBINF EFS MFU[UFO ,BNNFS FJOF "N
#FIJN 50' .4 JTUTUBUUEFTTFO FJOF5VSCPNPMFLVMBSQVNQF OBDIHFTDIB!
OJHVOHTOFU[F [V NJOJNJFSFO ;VS&S[FVHVOHEFS $MVTUFS XJSEEFS 4U!
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%FFMPHYRBILSIQEXMWGLI (EVWXIPPYRKHIVMRHMIWIV %VFIMX KIRYX~AXIR
ZSRIPIOXVMWGLIRYRHQEKRIXMWGLIR %FPIROQIWWYRKIRZSR'PYWXIVR
WMRH WS KI[S§LPX HE\WWMMWEXEWKIWMPIKIPTIVWTIOXMZI HEVKIWXIPPX WM
QMX HIR &E YXFMHINRW X YV FIWWIVIRYFIVWMGLX MRIMRIV 7IMXIRERWM
REXIRWIWXIQYYQHMPOGLWI KIHVILX MWX *¢;V HMI &I"ITMGLRYRK HIV &EY X
EYJHIR8I\X ZIV[MIWIR (EZIVWGLMIHIRI %FPIROIMRLIMXIR MR YRXIVWG|
HMIWIV %VFIMX KIRYXAX [YVHIR WMR#HYRH RNMBIROINMRMMXXRERERRX )M
&IWGLVIMFYRKHIV ZIVWGLMIHIRIRINTIVMQIRXIPPIR %RSVHRYRKIRHIV %
IETMXIP t r KIKIFIR
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/[E :"( -BTFST ONVOE )[ NJUIJMGF FJOFS 2VBS[MJOTFBVG FJOFO SPUJ
1SPCFOTGEGRPCVTTIFSU #FJEFO 1SPCFOIBOEFMU FT TJDIJOEFONFJTUFO




-¢OHF VOE FJOFN %VSDINFTTFS WPO CJT NN *TUEBT &MFNFOU PEF:
PEFSBVGHSVOE TFJOFS NFDIBOJTDIFO &JHFOTDIBGUFO TDIXFS [V IBOE

NN HFETDINPM[FO4mBRIL JINMBONBSWFSGBISFO < > IFSHFTUFMMU XFSE!
FJOFO &EFMTUBIMBEBQUFS HFTDISBVCU PEFS BVGHFLMFCU XFSEFO *N
[VS .JOJNJFSVOH EFS HFOVU[UFO .BUFSJBMNFOHF FJO FOUTQSFDIFOEF!:
CFIJN -BTFSWFSEBNQGFO FOUTUFIFOEF 1MBTNB XJSE NJU)FMJVNHBT C.
HFQVMTUFT AFORGM U XJSE JN "HH'S FBHBHURIPOM S PTPEBTT FT [VS $MVTUF
LPNNU < > %BT)FMJVN $MVTUFS (FNJTDI QBTTNEBSU ER O/ EDORF V QGS
FJOFS -¢COHF WPO FUXB NN EIWMNUREIMAFBOFD BVG CJT [V , IFSVOUFS
LBOO .JUIJMGF FJOFS 4JMJDJVNEJPEF XJSE EJF5FNQFSBUVS EFS %°TF °C
USPOF BVG FJOFO CFTUJNNUFO 8FSU FJOHFTUFMMU XFSEFO %BT "HHSF

5PSMPO UIFSNJTDIJTPMJFSU ECFS 4U «F NJUEFO EVSDI EJF %°TFOX
EJF VOUFSTDIJFEMJDIFO 'SFJIFJUTHSBEF EFS $MVTUFS IFSVOUFSHFL®|
EJF $MVTUFS PGUHFOVH NJUEFN )FLPMMJEJFSFO VNBMT WPMMTUCOE.
#FJEFS OBDIGPMHFOEFO BEJBCBUJTDIFO &Y QBOTJPO XFSEFO EJF 5SB (
TussodBN FRFLUJWTUFO BCHFL®IMU HFTGRMWH USW E © S SPPSIBUQ FO XB EF S
QF SBYYSRFOUTQSJIDIU %JF 7JCSBUJPOTGSFJIFJUTHSBEF XFSEFO BN J
TuseoFopWF3psTwidIMU < > %BT)FMJIJVN $MVTUFS (FNJTDI FYQBOE#FSU E

NN"ROVOHTEVSDINFTTFS JOT)PDIWBLVVNVOE FJO$MVTUFSTUSBIM CJ|

NFDIBOJTDIFO 4IVUUFS < >[VS (FTD#XVOEJHEBJPVNBNBW®»ISFO [VS 4U
# WIJF#SFJUFEFS ,PMMJIJNBUPSFO LBOOWBSJJFSUXFSEFO VNWFSTDIJFE
,BQJUFM %JSFLU OBDI EFN [XFJUFO ,PMMJNBUPS QBTTJFSFOSEI&ETEM V"

GPMHFO FJOLVS[FS4UFSP (BSBDI".BBEFUO .BHOFU [VS &S[FVHVOH FJOF
EJF CFJEF KFXFIJMT GFTU JOTUBMMJFSU TJOE %BSBV@JO QBTTWF%BO EJ
JOIPNPHFOFO 'FMEFS XF SSBRQ EMTPDKBSBBSJIF < >EFS 1PMTDIVIF FS[F
OBIF[VLPOTUBOUFO (SBEJFOUFO TFOLSFDIU[VS '"MVHSJDIUVOH EFT .PMF
'FME XJSE G°S NBHOFUJTDIF 3FGPLVTTJFS < >VOE 3FTPOBO[FYQFSJNFC
WPSMJFHFOEFO "SCFJU OJDIU WFSXFOEFU %FS .BHOFUJTU EBIFS BVDI O,
FJOF GFMEGSFJF 'MVHTUSFDLF CFWPS EFS .PMFLVMBSTUSBIM FJOF FOL
% NJU sN#SFJUF QBTTJFSU NJUEFS EJF $MVTUFSJOUFOTJUCUFO QPTJ
%JSFLUIJOUFS EFS WFSTDIJFCCBSFO 4DIMJU[CM FOYEFIXFS&FE0 EBF $MV

F7 JPOJTJFSU %FS -BTFSTUSBIM XJSE EBL FIENMSPO B MBOGNEFEL® i B WH
UFU VN EJF 1IPUPOFOEJDIUF [VWFSSJOHFSO VOE EBNJU .FISGBDIJPO.
-BTFSFOFSHJF XJSENJUIJMGF FIOFT® 2SFBMBDUS J% DFA®Y FUBDEFEDF O | E
EBOO NJUIJMGF WPO #FTD % FW¥O LIS ¥ O HI D/FSUNYDH B DA UVOHFMFOLU VOE Off
'MVHTUSFDLF WPO FUXB N EFUFLUJFSU #FJN %FUFLUPS IBOEFM% FT TJ

NN BLUJWF 'M¢DIF VOE sN,BOBMEVSDINFTTFS NJU FJOFN4EBSBYVRPM
"VT'"TVOH VOE FJOFN 11PA PENPVIM B OQUNM BHFOSBM NJU FIJOFN OT[JMMPTLPQ BVT
'S EJFJOEJFTFS"SCFJUHF[FJHUFO 4USBIMQSPSMF XFSEFO EJF 1PTJUJP
BOHFGBISFO "O KFEFS 1PTJUJPO XJSE EBOO [VO¢DITU FJO°CFS f &.
USVN CFJBVTHFTDIBMUFUFN 'FME BVGHFOPNNFO %JSFLUJN "OTDIMVTT
VOE CFJEFSTFMCFO 1PTJUJPO FJO XFJUFSFT .BTTFOTQFLUSVN BVGHF(
FJOF OFVF 1PTJUJPO BO VOE FT XJSE FSOFVU FJO .BTTFOTQFLUSVN PIOF \
XJSE KFEF 1PTJUJPO JN 7FSMBVG EFT &YQFSJNFOUT £ NBM BOHFGBIS
HFOFSJFSUFO $MVTUFSHS «FO HMFJDI[FJUJH HFNFTTFO &TJTU EBSBVG
NJU [XFJ 'FMEFSO FJOFT EBWPO EBVFSIBGU FJOHFTDIBMUFU JTU TJFIF
JOEFN EJF *OUFOTJUCUFO EFS $MVTUFS JN .BTTFOTQFLUSVN NJU VOE




WPSHFHFCFOFO *OUFHSBUJPOTHSFO[FO G°S BMMF BOHFGBISFOFO 1P1
*OUFOTJUCUFO BO EFSTFMCFO 1PTJUJPO XFSEFO HFNJUUFMU %BT XJSE
FTSFTVMUJFSUFJO *OUFOTJUCUTQSPSMJO "CICOHJHLFJU EFSdi PTIJRIFP O |
,BQJUFM VOE 6N EJF"VTTBHFLSBGU FIJOFT 4USBIMQSPSMT [V FSI7I
EJF EJF4USFVVOH EFS %BUFOQVOLUF NJU TJDICSJOHU [VWFSSJOHFS
TFMCFO %°TFOUFNQFSBUVS VOE EFOTFMCFO "CMFOLCFEJOHVOHFO BVC
VOEBVTHFXFSUFU %B KFEPDI WPS BMMFN EJFWFWPOXKPERBS IEBOJ MO MU
BVGHSVOE MFJDIU VOUFSTDIJFEMJDIFS 2VFMMFOQBSBNFUFS "ROVOHT]
EFT7FSEBNQGVOHTMBTFST WBSJJFS&Q DOBOOIRISEE WP NMRODOVESBH FQ
[FIUMIJDIHFNJUUFMUF .PNFOU RQUWNBCCAMEFESFEF NBBDJDF&JOIFJUFQ: WP O
VNHFSFDIOFU < > *OEFO IJFSHF[FJHUFO &SHFCOJTTFO XVSEF
EFS .FTTEBUFO ¥ JOEJWJEVFMMF FYQFSIJNFOUFMMF %VSDIHCOHF [VTE

s g 1IWWQIXLSHIR

*N 3BINFO EFS WPSMJFHFOEFO "SCFJU XVSEFOWFSTDIJFEFOF "CMFOL|
PEFS [XFJJOIPNPHFOF 'FMEFS WFSXFOEFU XVSEFO +F OBDI .FTTNFUIPEF
EFS"CMFOLISBBWNFE£CJMEVOH NPEJS[JFSU XFSEFO %JF EBG°S OPUX
JN 'PMHFOEFO G°S KFEFT &YQFSJIJNFOU FIJO[FMO CFTDISJFCFO VOE TJC
OPUXFOEJHFO "CTUCOEFO [VS RVBOUJUBUJWFO #FTUJNNVOH EFS FMFL
HFHFO°CFSHFTUFMMU %B G°S EJF RVBOUJUBUJWF %FVUVOH BMMFS 4|
'"MVHSJDIUVOH CFLBOOU TFJO NVTT XJSE KFEPDI[VO¢DITU EJF (FTDIXJ
EFSJN 'PMHFOEFO BVGHFG°ISUFO ,POSHVSBUJPOFO BVG EJFTFMCF 8FJT

(FTDIXJOEJHLFIJUTWFSHFNVWBN "OTDIMVTT PEFS VONJUUFMCBS WPS EFC
(FTDIXJOEJHLFJU EFS $MVTYWHFNG TM¥BSY)DHIGOHXISE EFS .PMFLVMBS
NFDIBOJTDIFO 4IVUUFST EFS EVSDIFJOF $PNQVUFSGFTUQMBUUF BOHF
;FJUFO SFMBUJW [VN 1VMT EFT )F 7TFOUJMT VOUFSCSPDIFO %JF $MVTUF
IVMMQPTJUJPO EFS 4DIMJU[CMFOEF FJOF EFSOJFSUF 4USFDLF WPO \
VOE XFSEFOJN 50' .4JO0 "CI¢COHJHLFJUEFS 7FSTDIMVTT[FJU EFUFLUJFSU
JO "CICOHJHLFJU EFS 7FSTDIMVTT[FJU FSIBMUFO EBT NJU FJOFS 'FIM
BVDI EJF &JOTDIVTT[FJU EFT *POJTBUJPOTMBTFST SFMBUJW [VN )F 7FC
EJFTFS 'VOLUJPO EJF NJUUMFSF (FTDIXJOEJHLFJU CFTUJNNU XFSEFO
NVTTEBCFJNJU NJOEEBUEMBIVGFNT VN EFOBO EJFTFS4UFMMF NN CSF.
HFOVH [V WFSEFDLFO VOE EBNJU FJO TDINBMFT *OUFOTJUCUTQSPSM |
EFS FOEMJDIFO (FTDIXJOEJHLFJU EFT 4IVUUFSBSNT VOE EFS #SFJUF E
41VUUFS EJF 4USBIMNJUUF WFSEFDLU CFLBOOUTFJO %JFTF 1PTJUJPO L
XFSEFO CFJEFSEBT-JDIUFJOFT )F/F -BTFSTEVSDIEJF&YQBOTJIJPOTE°TF
EFN 4IVUUFS HFSJDIUFU XJSE %BSBV@JO XJSE FSNJUUFMU CFJ XFMDIF
WFSTDIXJOEFU %BNJUEJF 1PTJUJPO EFT 4IVUUFSBSNT EFSOJFSU XFSEF(
CSFJUFO ,FSCFO FIJOHFBSCFJUFU °CFS EJF EJF 1PTJUJPO EFT 4IVUUFST .
XFSEFO LBOO %FS BCTPMVUF 'FIMFS EFS TP FSNJUUFMUFO (FTDIXJOE
SFTVMUJFSUBVTEFS 60HFOBVJHLFJU EJFTFS ,BMJCSJFSVOH VOE EFS T
$MVTUFS < >




a) 400 pm 400 pm B unpolar
|| =
Q ﬁ
=
o om 1,59 m :
b 200 pm 200 pm Curie
) | | superatomar
.
C) 40|0 pm
.
" 0,16 m =O,50m“ 0,14m = 0,86 m '
d) 20|0 pm 200 pm 4B, 200 pm dE, T
Q | D
: 0,14 m :0,52111” 0,16 m : 0784m:
e) 200 pm 200 /Lm
Q | D
|
: 0,84 m :
f) 200 pm dB dB,
Q | —-————-——-‘ D
0,08m 0,30m 0,14m 0,86m

%FFMPHYRGISIQEXMWGLI (EVWXIPPYRKHIVMRHMIWIV %VFIMX ERKI[ERH?
WMRHHMBSMMIFIIR:XMKXIR/SPPMQEXSVIRQMXHIVIRXWTVIGLIRHIR &VIMX
QMXHIVEMGLXYRKHIW *IPHKVEHM(RERYRHWIOMRPHGBXI$SUSRKIRERKEFI
%FPIROIMRLIMXIRYRHHIVHEVEYJJSPKIRHIR*PYKWXVIGOIRKIPMWXIX [S
HMI ZIVWGLMIFFEVI 7GLPMXAFPIRHI FI*MILX >YV : IVFMPHPMGLYRKHIV ZI|\
NITIMPMKIR)\TIVMQIRX FISFEGLXFEVIR/SQTSRIRXIR YRTSPEV MR FPEY

MRVSX YRHHMIWYTIVEXSQEVEYJWTEPXIRHIR/SQTSRIRXIR $HIW2XFIVWI
MR KV¢R HEVKIWXIPPX *¢VHMI&I" MGLRYRK YRH )VOP8SVYRKHIV ZIVWGL
ZIV[IMIWIR YWMWXHEVEYJLMRAY[IMWIR HEWWHMIG6MGLXYRKHIV *IPH
HIVAIIM4ASPIMQ 1IERRYRIRMR HIV )PRIOXMBMNMIRIR ) MRYYWW EYJHMIFISFEGL
HIV'PYWXIVLEFIRYRHLMIVRYVA2AYVIORXIVWGLIMHYRK HIV FIMHIR *IPHIV
MQ PIXAXIR7IXYTJ EFKIFMPHIX
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&JOGBDIF FMFLUSJTDIFSEMFOLOGBDIF FMFLUSJTDIF "CMFOLNFTTVOH
TIJDI EJF &MFLUSPEFS8B OERITIJIWIEOIJMEVOH EBSHFTUFMMUFO "VxBVT \
XJFJO ,BQJUFM CFTDISJFCFO %JF &MFLUSPEF XFJTU FJOF -¢OHF WF
CFTJU[FO FJOF #SFJUF WPO sN &JOFTUC¢SLFSF ,PMMJIJNBUJPO EJF FJ
NJU TIJDI CSJOHU JTUJO EJFTFN &YQFSJIJNFOU OJDIU OPUXFOEJH EB JN
,PNQPOFOUFO CFPCBDIUCBS TIOE %JF GFMEGSFJF '"MVHTUSFDLF CFUS
EBSBVG HFBDIUFU XFSEFO EBTT WPS BMMFN OBDI EFN"VTTDIBMUFO EF"-
.FTTVOH PIOF 'FME HFXBSUFU XJSE EB EJFIPIFO4QBOOVOHFO WPO CJ
%JF 8BSUF[FJULBOOEBCFJCJT GBTU TEBVFSO "VeFSEFN NVTT EBT FI
"VTSIJDIUVOH OFV LBMJCSJFSU XFSEFO 8JFJO ,BQJUFM CFTDISJFCFC
NJUCFLBOOUFS 1PMBSJTJFSCBSLFIJUHFNFTTFO *O GS°IFSFO "SCFJUFC
EVSDIHFG®°ISU< > EBEJFFYQFSINFOUFMM FSNJUUFMUF 1PMBSJTJFS
"CMFOLVOHNJUI'IFSFS (FOBVJHLFJUCFTUJNNU XFSEFO LBOO %B #BSJV]I
&JHFOTDIBGUFO TDIXJFSJH [VIBOEIBCFO JTU VOE FT [VEFN BO -VGU T
#BSJVNPYJEFO LPNNU XVSEF EJF ,BMJCSJFSVOH JO EFS WPSMJFHFOETF
%IJFFYQFSINFOUFMM FSNJUUFMUF 1PMBSJTJFSCBSLFJU JTU KFEPDI E
,BMIJCSJFSVOHTNPOFUBBOIIAS «FSFO 60HFOBVJHLFJU FJOIFSHFIU %JF TP
IBUCFJEFO IJFS HF[FJHUFO %BYE® FE®) FOOSRSU WP O

&JOGBDIF NBHOFUJTDIFPAJEMBFODERDBHUFSO (FSMBDI &YQFSJNFOU < >BOF
UJTDIF"CMFOLVOH "CCJMEVOH C EFT .PMFLVMBSTUSBIMT XJSE NJI
I1PTJUJPOEFTJO "CCIJMEVOH EBSHFTUFMMUFO "VxBVT QMBU[JFSU JTU

NBVG %FS (SBEJFOU EFT JOIPNPHFOFO 'FMEFT XJSE NJUIJMGF EFS
EBEFTgTBBQUPS TFIS HFOBVY CFLBOOU JTU < > VOE WHBSFIBRPU MKRNDIBTF
'"PLVTTIJFSVOHTFRFLUFO FOUHFHFO EFT (SBEJFOUFO VOE %FGPLVTTJF
EFT (SBEJFOUFO < > %JF EBSBVRPMHFOEF GFMEGSFJF '"MVHTUSF
.PMFLVMBSTUSBIMT XVSEFO [XFJ ,PMMJNBUPSFO NJU FJOFS #SFJUF WPO
LPNQPOFOUFOCFTTFSBVT'TFO[VL " OOFO %B EBEVSDIEJF $MVTUFSJOL
.FTTVOHFO EJF #SFJUF EFS CFJEFO ,PMMJIJNBUPSFO WPS 1PTJUJPO BVG
.BHOFUFO # FJO [VT¢U[MJIDIFS ESJUUFS ,PMMJIJNBUPS NJUEFS OPUXFOEJF
8FJTFLPOOUF EJF *OUFOTJUCUTTUBCIMIJUCU EFS FIJOGBDIFO NBH®@FUJTCLC
4Q'F VOENME® EFVUMIDI WFSCFTTFSU XFSEFO

.BHOFUJTDIF "CMFOLNFTTVOH BO EFN NJUVOQPMBSFS 'SBLUJPWWBEFIBFS
FIJOGBDIFO FMFLUSJTDIFO "CMFOLVOH WPO NBODIFO 4ZTUFNFO LPOOI
EJF HMFJDI[FJUJH JN .PMFLVMBSTUSBIM QS¢TFOU TJOE VOE WPO EFS
> 6N EJFTF'SBLUJPOFO HFOBVFS VOUFSTVDIFO [VL"OOFO XVSEF

BN .PMFLVMBSTUSBIM EVSDIHFG®°ISU CFJEFN EJF SFMBUJWF .FOHF EF
EB[VHFI"SJHF "VxBVJTU JO "CCJMEVOH D TDIFNBUJTDI EBSHFTUFMML
FIOHFTDIBMUFU VOE EJF[VWPS CFTDISJFCFOF &MFLUSPEFBO 1PTJUJPO
EBT NBHOFUJTDIF"CMFOLQSPSMEFTHBO[FO .PMFLVMBSTUSBIMT NJU EFN
4USBIMT EJSFLUNJUFJOBOEFS WFSHMJDIFO XFSEFO < > )JFSG°S NVTT
sNEJSFLUWPSEFN .BHOFUFO FIJIOHFG°ISU XFSEFO EBNJU EJF EVSDI EB
'SBLUJPO WPS EFN &JOUSJUU JO EBT .BHOFUGFME HFCMPDLU XFSEFO LB
FMFLUSJTDIFO 'FME CJT [VN ESJUUFO ,PMMIJNBUPS CFUSC¢HU N )JFSC
'SBLUJPO JO EFO CJT KFU[U VOUFSTVDIUFO 4ZTUFNFO TFMCTU CFJ FJOFS

rw



TFQBSJFSU XFSEFOL " OOFO %FOOPDILBOO EVSDIEJFTF .FTTNFUIPEF FJC
JN .PMFLVMBSTUSBIM CJT FUXB FSSFJDIU XFSEFO < >

&MFLUSJTDIF "CMFOLVOH EFS ,PNQPOFOUFO EFT NBHOFUJTDISBEEMFU
$SMVTUFSTZTUFNF JO EJFTFS "SCFJU EJFTVQFSBUPNBSFT 7FSIBMUFO [F
,BQJUFM JOEFS 4USBIMNJUUF CFPCBDIUFU ,IOMJDI EFS WPSIFS CF
EJFFMFLUSJTDIF"CMFOLVOHBO FJOFN .PMFLVMBSTUSBIM EVSDIG°ISF!
BOHFSFJDIFSUJTU %JF FOUTQSFDIFOEF ,POSHVSBUJPO EFS "CMFOLF
JJFSG°S XJSE .BHOFU #BVG 1PTJUJPO VOE EJF &MFLUSPEF N XFJUF
,PMMINBUPS XJSE[VN )FSBVTSMUFSO FIJOFS ,PNQPOFOUF LVS[WPSEF
XJF EJF BOEFSFO CFJEFO WPS 1PTJUJPO FIJOF 4DIMJU[CSFJUF WPO

TDIFO "CMFOLVOH EFT NJU EFS $VSJF ,PNQPOFOUF BOHFSFJDIFSUFO .
EBVFSIBGU FJOHFTDIBMUFU VOE EBT .BHOFUGFME XJSEBO EFSTFMCFO 4
BVTHFTDIBMUFU "VG EJFTF8FJTFLBOO EBT FMFLUSJTDIF 4USBIMQSPS
$VSIJF ,PNQPOFOUF EJSFLUWFSHMJDIFO XFSEFO *O "CCJMEVOH F J
"CMFOLWFSIBMUFO FIOFSTVQFSBUPNBSFO ,PNQPOFOUF HFNFTTFO XFSE
BVT EFS 4USBEMANJIDJUN OB WFSTDIPCFO XFSEFO EBNJU FIJOF EFS TVQF
BVGHSVOEEFT .BHOFUGFMET FJOF (FTDIXJOEJHLFJUTLPNQPOFOUFJO 'FMN
LBOO %FSESJUUF ,PMMJINBUPSJTUFOUTQSFDIFOEBVDIWFSTDIPCFO %E
NJUFJOBOEFS WFSHMJDIFO XFSEFOL"OOFO NVTT EBT .BHOFUGFME LP
MBSTUSBIM BVG TFJOFS 5SBKFLUPSJFCFJBVTHFTDIBMUFUFN .BHOFUC
&MFLUSPEF HFCMPDLU XJSE %FNFOUTQSFDIFOE XJSEBOEFSTFMCFO 4
PIOF VOE FIONBM NJU FJOHFTDIBMUFUFN FMFLUSJTDIFO 'FME BVGHFOF
[VS FIOGBDIFO FMFLUSJTDIFO "CMFOLNFTTVOH WPO EFSTVQFSBUPNBSF
BMT FIJO[JHFT EJF (FTDIXJOEJHLFJUTNFTTVOH CFJ FJOHFTDIBMUFUFN
"OPSEOVOH [VCFBDIUFO EBTTEFS .PMFLVMBSTUSBIM EJF &MFLUSPEF TI
EJF$MVTUFS FIJOF HS " FSF 7FS¢OEFSVOHEFTFMFLUSJTDIFO 'FMEFT CFJN
KFEPDIHF[FJHU XFSEFO EBTT EJF EBNJU FJOIFSHFIFOEFOn&RFLUL2F G°S
NJOIJNBM TJOE < >

%WPQQFMUF NBHOFUJTDIF "CMFOLVOH NJU QBSBMMFMB¥YTHAHFI OOIRIRJLIH
TDIJFCVOH EFS $VSJF ,PNQPOFOUFO JN NBHOFUJTDIFO "CMFOLFYQFS.
'FMEHSBEJFOUFO TFISHFSJOHJTU NVTTEJFTF G°S FJOF RVBOUJUBUJWF
"CMFOLFYQFSJIJNFOUF NJUCFJEFO 4UFSO (FSMBDI .BHOFUFO EVSDIHF
BFGPLVTTJFSVOHT < >VOE3FTPOBO[FYQFSIJNFOU< >QBSBMMFM BV
EVOH G EBSHFTUFMMU %FS "CTUBOE [XJTDIFOEFS GFTUFO 1PTJUJPC

NBVGXFJTU VOEEFTBVG EFS1PTJUJPO JOTUBMMJFSUFO .BHOFUFO
,PMMIJNBUPSFO WPS 1PTJUJPO NJU FJOFS #SFJUF WPO sNWFSXFOEFU
UJFSUFJO CSFJUFSFT 4USBIMQSPSM VOE EJF 7FSTDIJFCVOH LBOO OVS N
XFSEFO '°SEJF6OUFSTVDIVOHEFS NBHOFUJTDIFO &JHFOTDIBGUFO°CFS
XFSEFO OBDI EFS "VGOBINF EFS $MVTUFSJOUFOTJUC¢CU CFJBVTHFTDIBMU
TDIBMUFU &T SFTVMUJFSU FJO NBHOFUJTDIFT"CMFOLQSPSM EBT WFS™
(SBEJFOUFO EFSCFJEFO .BHOFUGFMEFS XFSEFO FIJO[FMO BOIBOE EFS
LBMJCSJFSU %JFTF ,POSHVSBUJPO EFS "CMFOLFJOIFJUFO FIJHOFU TJI
$MVTUFSO[VVOUFSTVDIFO EBEJF4QJO[VTU¢COEFEFS $MVTUFS CFJN"VTL
&JOUSJUUJOT [XFJUF 'FMEBVGHSVOE EFS TDIOFMMFO ,OEFSVOH EFT .BH
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t )PIOXVMWGLI (MTSPQSQIRXIVIMRIV
SBIXVIPGPYWXIV

*OEJFTFN ,BQJUFM XFSEFO EJF &SHFCOJTTFEFSFMFLUSJTDIFO "CMFOLNT
%JFTF XVSEFO G°S 4 $MVTUFS CFSFIJUT UFJMXFJTF JO 'BDI[FJUTDISJC
JOEJFTFS'PSNBVDIQS¢TFOUJFSU )JFSCFJ XVSEF[VNFJOFO EBT TUSV
BOEFSFO EJF &OUXJDLMVOH EFS EJFMFLUSJTDIFO &JHFOTDIBGUFO °CF
TQI¢SITDIF 4USVLUVSFO WPSIFSHFTBHU XFSEFO VOUFSTVDIU %JF .F
EVSDIHFG°ISU EBNBLSPTLPQJTDIFT 4JMJ[JVNEFS XJDIUJHTUF)BMCMFJU
5FJM XFSEFO EBOO BOBMPH EB[V EJF &OUXJDLMVOH EFTFMFLUSJTDIFO %
G°SBOEFSF5FUSFMTZTUFNF VOUFSTVDIU VOE\EBVMVTUSVE G 163 EXG MINF 8B D
7TFSHMFJDI [VEFO 4J $SMVTUFSO HFOBVFS BOBMZTJFSU

t g ORXIVWYGLYRKHIWTVSPEXIR;EGLWXYQW OPIMRIV

*OEFSFSTUFO IJFS HF[FIJHUKY SEF REDUWMSIVLVUBFMNMFB3BONTBYA W\ G
*FOCFSFJNI-WP O30 JO EFN QSPMBUF VOE EBNJU TFIS QPMBSF HFPNFU
XFSEFO TUVEJFSU %JFTFFYQFSINFOUFMMF 60UFSTVDIVOHEFT $MVT
JO ,PNCJOBUJPO NJURVBOUFODIFNJTDIFO 3FDIOVOHFO IBUHF[FJHU EB
FIOFNLPNQBLUFO FJOGBDI °CFSLBQQUFO RVBESBUJTDIFO "OUJQSJTN
QSPMBUF 4USVLUVSFO WFSM¢vVGU JO EFOFO TJDITUBCJMF 4USVLUVS
NJHF® 80UFSFJOIFJUFO WFSCVOEFO T3OPIEMIOBEBE BT SWNHMBUB 8BDITU
4USVLUVSPQUINJFSVOH XVSEFO IJFS USPU[EFS TFIS VNGBOHSFJDIFO
WPO 4 $SMVTUFSO OFVF HFPNFUSJTDIN 4U3 ¥4 16V 3% 22,@3 Q6EV PZES "3F¢ O
WPSIFSHFTBHU %B X¢ISFOEEFT QSPMBUFO 8BDITUVNT NFISFSFTZNNFUS
LPOOUFO IJFS[VNFSTUFO .BM EJF4USBIMQSPSMFEJFTFS $MVTUFS NJUIJ|
UFWFSUIE?I(MZVF)})GBDI(MFJDIVOH BCHFCIJMEFU XFSEFO &T XVSEF EBCFJ
WPSIFSHFTBHUFO %JQPMNPNFOUF EJFFYQFSINFOUFMMFO %BUFO °CFS
MBOHSFJIDIXFJUJHFO 4U «FO NJU EFN )JOUFSHSVOEHBTJO EFS "CMFOL
EFTFYQFSINFOUFMMFO "CMFOLQSPSMT UFIMXFIJTF WFSNJOEFSU XJSE
G°S FJOJHF $MVTUFSHS  FOJO "CI¢COHJHLFJU EFT CFOVU[UFO YD 'VOLU.
8FSU G°S EBT UIFPSFUJTDIF %JQPMNPNFOU CJT [V WBSJJFSFO LBOO
HFGVOEFOFO 4USVLUVSJTPNFSF WFSCOEFSU TJDI KF OBDI WFSXFOEFUF
XFJTU TPNJU EBSBVG IJO EBTT G°S EJF %FVUVOH WPO FMFLUSJTDIFO "CMN
HFOEF 4USVLUVSJTPNFSF OJDIUHSVOET¢U[MIDIBVTHFTDIMPTTFO XFSE
N=26 VOBLFIJOF FIOEFVUJHF ;VPSEOVOH EVSDIHFG®°ISU XFSEFO LPOOL
JISFN EJFMFLUSJTDIFO 7FSIBMUFO [V ¢IOMJIDI TIOE NXYBEFORNQ RH B GPBL
EFSIJFSVOUFSTVDIUFO $MVTUFSHS ¢F [ XFJ TINVMUBO JN .PMFLVMBSTU!

/IVU[VOH NJU (FOFINJHVOH WPO + 11ZT $IFN " \ $PQZSJHIU "NF.
IlUuuQ QVCT BDT PSH BSUJDMFTPOSFRVFTU "03 *,&74'4 7.6,14&&*;,:
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Scaling of the permanent electric dipole moment
in isolated silicon clusters with near-spherical
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In silicon clusters a structural transition from prolate to near-spherical structures takes place at a size of
about 25...30 atoms. While some of the prolate clusters are very polar, there has been no experimental
evidence of the presence of dipole moments in larger silicon clusters with near-spherical shape.
By means of electric molecular beam deflection experiments at cryogenic temperatures, it was possible
to prove for the first time that Si y clusters with more than N = 30 atoms are also polar. Interestingly, the
dipole moment per atom for clusters in the range between 30 and 80 or 90 atoms is almost constant
and amounts to 0.02 D. This unusual behaviour manifests in effective polarizabilities increasing linearly
with cluster size. The dipolar contribution to the polarizability means that Si  clusters with N = 80 atoms
can be polarized more than twice as well as a correspondingly small sphere with the dielectric
properties of bulk a-Si. This finding is analysed with quantum chemical calculations concerning the
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geometric structure as well as the charge distribution and is related to the dielectric behaviour of polar

rsc.li/pccp semiconductor nanocrystals.

1. Introduction

Although Si nanostructures have many potential applications
in nanoelectronics, *-3the dielectric behaviour of Si clusters
has not been sufficiently investigated and understood. In an
older work, there was an indication that in Si  clusters with
N = 60...120 atoms, the dielectric constant is lowered as a
consequence of the quantum confinement compared to the
bulk material. * For this purpose, electric beam deflection
experiments were carried out. From the deflection of the
clusters by an inhomogeneous electric field, the polarizability
a was determined and converted into the dielectric constant
with the help of the Clausius...Mossotti relationship.® In a more
recent work,® this effect could not be confirmed, since the
values for the polarizabilities were found to agree well with
those of a small polarizable sphere with the dielectric prop erties
of bulk a-Si’” However, the experiments were performed on
thermally excited clusters, for which a possible dipolar

Technical University of Darmstadt, Eduard-Zintl-Institute, Alarich-Weiss-Stral3e 8,
64287 Darmstadt, Germany. E-mail: filip.rivic@tu-darmstadt.de

T Electronic supplementary information (ESI) available: Mass spectrum of Siy
clusters; electric beam deflection profiles for selected clusters; experimentally
deduced dipole moments and e ective polarizabilities with uncertainties; calcu-
lated dipole moments and electronic polarizabilities of Si 3o employing various
exchange-correlation functionals; Cartesian coordinates and Mulliken partial
charges of selected clusters; lowest vibrational modes of selected clusters. See
DOI:
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contribution is almost completely quenched and therefore
hardly observable In this work, we now present for the first
time electric molecular beam deflection experiments at cryo-
genic temperatures so that the nanoclusters are rigid to a good
approximation. ® With this, it was possible to demonstrate that
Siy clusters are polar in the range between 30...80 or 90 atoms.
At first glance, this finding is somewhat unusual because Siy
clusters form compact, nearly spherical structures in this size
range. The detection of permanent electric dipole moments mis
equivalent to the fact that the Si atoms in the clusters are
permanently polarised, i.e. carry partial charges. Obviously, the
chemical bonding between the Si atoms in the clusters differs
from bulk Si. In connection with quantum chemical calcula-
tions and in comparison with the dielectric behaviour of 11...VI
semiconductor nanoparticles, the physical cause of the obser-
vation is discussed.

2. Experiment

The experimental setup has already been described in detail in
the literature. ' In contrast to the electric beam deflection
measurements at room temperature,® a cluster source with a
nozzle is used for the experiments shown here, which is cooled
0 Thozzle = 16 K with the help of a closed-cycle cryostat!!1?
Since the lowest vibrational modes (cf. ESH) are not consider-
ably thermally excited at 16 K, this ensures that the clusters can

This journal is  the Owner Societies 2023
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be regarded as rigid rotors to a good approximation. In contr ast,
at a nozzle temperature of 300 K, it is expected that the clusters
are strongly vibrationally excited, i.e. these clusters are floppy
and the electric dipole moment is completely quenched. ®
In total, two series of measurements are presented that were
performed with dierent helium valve opening times and
hence at di erent cluster generation conditions. Due to this
changed setting, the cluster velocities are dierent in both
measurements, although the nozzle temperatures were the
same. In the first series of measurements, the velocity of the
clusters with N = 30...80 was (640 20) m s !, while in
the second measurement the clusters were about 100 m s*
faster. In the second measurement, the intensities of the
clusters are higher, so that the corresponding data are charac-
terised by a better signal-to-noise ratio. Therefore, it was
possible to study clusters in the range N = 30...90. However,
the higher cluster velocities indicate that these clusters are
more rotationally excited, i.e. the ensemble of clusters in the
second measurement is characterised by a larger value of the
rotational temperature. *> The first measurement was carried
out with a deflection voltage of U= 11 kV (electric field strength
E=7 10°Vm 1), while in the second measurement U = 30 kV
(E=2 10’V m 1) were applied to the electrodes.

For the evaluation of the electric deflection profiles ( cf. ESIt
for details), it should be noted that the rotational energy and
the interaction energy of the electric dipole with the external
electric field is nearly the same for very polar structures, at least
for a deflection voltage of U=30kV. Thus, an evaluation of the
beam deflection profiles in order to determine the electric
dipole moment m s, strictly speaking, no longer justified
within the framework of the first-order perturbation theory
(FOPT)!® In addition, the application of FOPT presupposes
that the clusters are approximately spherical rotors. This, too,
is not necessarily ensured a priori. Nevertheless, the beam
profiles were evaluated based on the FOPT because, on the one
hand, this means that no structural information is necessary
for the analysis and, on the other hand, deviations from the
spherical geometry usually have an e ect of significantly less
than 20% on the determination of the dipole moments,
especially for near-spherical shaped clusters® Furthermore,
this procedure is by far the most e ective, since only the
broadening of the beam profile due to the inhomogeneous
field has to be determined to extract the electric dipole
moment mwith

P toon?i  Hho2i

1

€y
where Hb? is the variance in Debye of a Gaussian function
fitted to the experimental beam defection profile with (on) and
without (o) electric field. 8 In particular, this procedure is
justified for the fundamental clarification of the question of
whether the investigated Siy clusters are polar or not. The
broadening is determined by fitting a Gaussian function to
the beam deflection profile without and with electric field.
The e ective polarizability a. is obtained from the shift of the
beam profile when the electric field is applied. For the analysi s

This journal is « the Owner Societies 2023

of a. , however, it is mandatory to apply the second-order
perturbation theory (SOPT)!31%

m 2
Beff , Bel 2N
N N " 9KkgTRrot

&)

since in the case of polar clusters the dipolar contribution can
outweigh the intrinsic electronic contribution a to the polariz-
ability. Strictly speaking, this relationship only applie s to spherical
rotors. For the estimation of the dipolar contribution, i.e. the
second term, values of the rotational temperature Tgo and the
permanent electric dipole moment mof the clusters are necessary.

3. Results

The dependency of the electric dipole moment m and the
e ective polarizability a. on the cluster size N is shown in
Fig. 1 for the two measurements. For this purpose, the values of
the permanent electric dipole moment per atom niN and of the
polarizability per atom a. /N are plotted against the size of
the clusters. It can be clearly seen that the Si clusters in the
investigated size range of 30...80 or 90 atoms are polar and have
an approximately size-independent dipole moment per atom,
i.e. the total dipole moment mincreases approximately linearly
with cluster size N. The value of the determined dipole moment
per atom of mMN = (2.00 0.04) 10 2 D is approximately the
same in both measurements. This finding indicates that the
clusters in both measurements can be regarded as rigid rotors
regardless of their different velocities. If in the second measure-
ment with higher velocities and stronger rotational excitation
the clusters were already vibrationally excited, one would expect
that the electric dipole moment would already be partially
quenched, i.e. the beam broadening would be reduced and
lower values of the dipole moment would be observed.® Since
the dipolar contribution to the effective polarizability depends
on the square of the permanent dipole moment, a linear
increase in the effective polarizability per atom ag/N with the
cluster size N is observed. However, the increase in polariz-
ability is different in the two measurements. In the first
measurement, the change in the effective polarizability per
atom with the cluster size is equal to (0.11  0.02) &, while
in the second measurement a value of (0.06 0.01) & is
observed. This difference results from a different degree of
rotational excitation of the clusters in the two measurements.
If one uses the values of the dipole moment of mN = (2.00
0.04) 10 2D obtained from the beam broadening using the
FOPT, one obtains a value for the rotational temperature of
(6 1) Kinthe first measurementand (11 2) K in the second
measurement according to eqn (2). These two values for the
rotational temperature appear realistic for the measured cluster
velocities.?? Also plotted in Fig. 1 is the value of the polariz-
ability per atom of 3.71 A% expected for a small sphere with the
dielectric properties of bulk a-Si according to the Clausius...
Mossotti relationship. >7 It can be seen that the effective
polarizabilities of the smallest here investigated clusters with
30 atoms are similar to those expected for a small sphere with

Phys. Chem. Chem. Phys. , 2023, 25, 13376€13382 | 13377
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Fig. 1 Permanent electric dipole moments per atom niN (top) and e ective polarizabilities per atom a, /N (bottom) obtained from electric molecular
beam deflection experiments at Thozze = 16 K and deflection voltages of U = 11 kV and 30 kV for Si clusters with N = 30...80 or 90. Experimental
uncertainties are displayed as continuous error functions. Linear fits to guide the eye are shown as dashed lines; for the dipole moment per atom the

slope is set to zero and an average dipole moment per atom of (0 .020

0.04) D is determined. The bulk a-Si polarizability per atom of 3.71 A% is

estimated from the Clausius...Mossotti relationship and is shown as gray horizontal line. 57

the bulk properties of a-Si within the limits of measurement

accuracy. Thus, the dipolar contribution plays almost no role
here. However, the dipolar contribution to the effective polariz-

ability of the largest clusters investigated here is comparable to
the intrinsic electronic polarizability, so that these clusters are

more than twice as polarisable as a correspondingly small
sphere with the dielectric properties of a-Si.

4. Quantum chemistry

Quantum chemical calculations were carried out to interpret
the observed behaviour. To analyse the dielectric responseof the
Sin clusters, structures of the clusters found in the literatur et
were adopted and locally reoptimised. For this purpose, density
functional theory (DFT) was applied employing the hybrid
exchange...correlation functional PBEY together with the cc-

it has led to good results in the description of tetrel clusters in
the past.®2° However, it should be noted that the starting
structures used do not necessarily belong to the global mini-
mum. Performing a global optimisation for the investigated Si y
clusters would be possible in principle, but enormously time
and resource consuming for the larger clusters under study at
the DFT level of theory. Even if the locally optimized structures
do not exactly match the structures of the clusters in the
experiment, one can still expect to see a trend regarding the
size dependence of the dielectric properties.

Table 1 shows the calculated dipole moments per atom
together with the experimental values from the two measure-
ments. It can be seen well that also the theoretically predicted
dipole moments per atom are approximately independent
of the cluster size, i.e. also theoretically it is observed that all
clusters are polar and the dipole moment increases linearly
with the cluster size to a good approximation. However, the

pVTZ basis set® This level of theory has been chosen because calculated values of the dipole moment are about twice as large

13378 | Phys. Chem. Chem. Phys. , 2023, 25, 13376€13382
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Table 1 Calculated and experimental electric permanent dipole moments
and polarizabilities per atom miN and ag/N as well asa, /N of Siy clusters
with N = 30, 35, 40, 45, 50, 55, 60, 70 and 80. Values of the experiment al
uncertainties can be found in the ESI t

Simulation Experiment (11 kV) Experiment (30 kV)

Mm.52 Bl_n3 M_ 10> Bff_n3 M.,52 Beff _p 3
N N—lO D N =A N =10 *D =A N—lO D =A
30 3.80 4.35 241 4.15 191 4.84
35 4.98 431 1.40 5.87 1.67 4.86
40 3.02 4.30 2.12 8.77 2.07 5.84
45 6.82 4.20 1.92 8.55 1.65 5.40
50 4.34 4.32 2.09 8.35 2.25 5.89
55 431 4.33 2.16 9.70 1.92 5.99
60 411 4.24 2.06 7.46 2.44 5.94
70 4.95 4.34 2.35 9.98 2.34 6.67
80 3.43 4.35 1.95 12.53 1.61 7.38

than found in the experiment. This can have various causes:
In order to capture the influence of the exchange...correlation
functional employed, different hybrid functionals were used for
Sigp (cf. ESH for details). For this purpose, a local geometry
optimisation was carried out in each case. It is demonstrated
that the computed value of the dipole moment can change by
30% to give a lower bound close to the experimental value,
whereas values up to almost three times as high compared to
the experimental value can be obtained depending on the
functional in use. From an experimental point of view, it must
be noted that the beam profile broadenings, i.e. the determina-
tion of m were evaluated according to the FOPT and therefore
deviations from the spherical geometry are not taken into
account.£%3

Since very similar values for the dipole moment were
obtained at U = 11 kV and 30 kV, the influence of the electric
field strength seems to be negligible. It should be noted,
however, that although the experiments were carried out in
high vacuum at a base pressure of 4 10 7 mbar, ensuring a
mean free path of the clusters being significantly larger than
the dimensions of the apparatus, the background gas can still
have an impact on the rotational dynamics.?* This can be
important, especially in the case of asymmetric rotors, and
lead to the beam broadening being partially quenched. Thus,
lower values of the dipole moment are obtained. However,
despite the discrepancies in the absolute value, the trend that
the dipole moment per atom is approximately constant is
theoretically correctly reproduced.

5. Discussion

In order to better understand the cause of the increasing
polarity of the Siy clusters with the cluster size, a population

F It is shown for the Ge;s cluster which is assumed to have a very prolate
geometric structure®® that the dipole moment obtained by the FOPT approach
used in our work deviates only about 16% from the one obtained by quantum
chemical calculations and confirmed by classical trajectory simulations. For the
clusters discussed in this work, the deviation from the spherical shape is much
smaller so that the di erence between the electric dipole moments is assumed to
be smaller as well.
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analysis was carried out and partial (net atomic) charges dq
were calculated according to Mulliken. 22 However, one has to
take into account that the calculated dipole moments mbased
on the Mulliken atomic charges does not necessarily fit to the
predicted values shown in Table 1.2° Even though the decom-
position of the wave function is not unambiguous, this gives a
first insight to the partial charge distribution in the clusters.
The reoptimised structures of the clusters are shown in Fig. 2
oriented along their dipole moments mdisplayed as an arrow
with partial charges dq indicated by a colour code (blue:
negative, red: positive partial charge). It can be clearly seen
that there are areas in the clusters with a positive or negative
excess charge. It seems that, starting from the centre of the
cluster, a strongly negatively charged cluster core is formed,
which is surrounded by a shell of positively charged Si atoms.
As the cluster size increases, there are also more and more Si
atoms on the cluster surface, which are slightly negatively
charged. As the clusters grow, the amount of charges contained
in the negatively charge core and the positively charge
shell increase. Therefore, the electric dipole moment increases
as well.

In order to quantify this e ect, the centres of positive and
negative charge have been localised and the sum of positive
partial charges dq™ contained in these centres has been
calculated based on the Mulliken partial charges. These values
are given in Table 2. To see how the sum of positive partial
charges dqit contained in these centres changes with cluster
size N, a double-logarithmic plot is shown in Fig. 3. This
demonstrates that the sum of positive partial charges increases
approximately linear with N?3, which is proportional to the
surface area of the cluster. Interestingly, the electric dipole
moment per atom calculated from the partial charges is also
almost independent of size, except for N = 45 and 60. The
reason for the asymmetric charge distribution is that the
structures of the clusters do not represent a cut-out of the bulk
silicon structure. Due to the free surface, the cluster tries to
minimise its energy by forming di erent coordination geo-
metries locally around each Si atom.2%2®The resulting struc-
tures therefore rather resemble structural sections from amor-
phous than from crystalline silicon. 2°

To quantify the dierences in the coordination sphere,
coordination numbers (CNs) were calculated using a tolerance
criterion. All atoms within a sphere around a selected atom are
counted as part of the coordination sphere. The tolerance
criterion for the radius of this sphere was 1.1 d, where d is the
bond distance between two Si atoms in a-Si of 2.352 A2* Table 2
now shows CNs calculated in this way for Si atoms in the core
and the shell of the clusters. The outer bound of the cluster
shell is defined by the most distant Si atom relative to the
centre of mass and has a thickness of 0.5, i.e. Nghe gives the
number of Si atoms in that shell. It can be clearly seen that
the negatively charged Si atoms in the cluster core have
significantly larger CNs than the positively charged atoms in
the shell surrounding them. As a result, the chemical bonding
between atoms in the cluster core and the surrounding shell
becomes polar, resulting in a non-vanishing electric dipole
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Fig. 2 Geometric structures of Si \ clusters with N = 30, 35, 40, 45, 50, 55, 60, 70 and 80 reoptimised at the PBEO/cc -pVTZ level of theory. The clusters

are oriented around their computed permanent dipole moment

s mshown as vectors with absolute values given by the length of the vector ( cf. Table 1 for

details). Mulliken partial charges d are indicated by a colour code ranging from positive (red) to negative (blue) partial charges ( cf. ESI for details).

Table 2 Sum of positive partial charges dg‘, number of core and shell
atoms Ncore @nd Nghey for the calculated Siy clusters with N = 30, 35, 40,
45, 50, 55, 60, 70 and 80 together with their corresponding av erage
coordination numbers CN calculated via a tolerance criterion of 1.1d
where d = 2.352 A is the Si...Si bond distance in bulka-Si.?*

m d dpp
N vl qi Ncore CNcore Nshell CNshell
30 0.96 2 4.50 28 3.32
35 1.45 7 5.14 28 3.50
40 1.64 7 4.43 33 3.73
45 2.03 11 5.27 34 4.06
50 2.10 9 5.56 41 4.02
55 2.01 13 4.46 42 3.81
60 2.28 10 5.90 50 3.70
70 2.26 18 4.22 52 3.42
80 2.52 19 4.21 61 3.67

moment that increases with the cluster size. The fact that the
coordination numbers of Si atoms in the cluster core are

13380 | Phys. Chem. Chem. Phys. , 2023, 25, 13376€13382

significantly increased compared to atoms in the surrounding
shell has already been shown in a whole series of theoretical
papers.2>?Here, it is pointed out how the individually differ-
ent coordination geometry around each Si atom affects the total
dipole moment of the Siy clusters.

A similar behaviour has already been observed in semicon-
ductor nanocrystals (NCs)3° For example, in polar CdSe nano-
rods, it was observed that the dipole moment increases linearly
with the volume. 3! This was attributed to the naturally existing
polar character of the present wurtzite structure. Other
approaches point to structural deviations from the ideal wurt-
zite type as the cause of the presence of the dipole moment3?
Interestingly, permanent electric dipole moments are also
observed in ZnSe nanostructures of the zinc blende type, which
increase with the diameter of the NC. 33 In a subsequent study,
it was shown that small deviations from the symmetric-
tetrahedral shape are responsible for the dipole moments.3*
Accordingly, even PbSe-NCs with a centrosymmetric crystal
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Fig. 3 Double-logarithmic presentation of the sum of positive partial
charges dq® as a function of the amount of atoms N in the cluster. When
omitting the value of the lightly more prolate Si 3o cluster, a slope m of
approximately 2/3 with a coe cient of determination of R’ = 0.84 is
obtained.

lattice can be polar.®® How the coordination number a ects
the partial charge of the atoms has been shown for InP
nanoclusters.®® Deviations of the arrangement of atoms on
the surface from the ideal tretrahedral structure leads to the
appearance of dipole moments in nanocrystals with a cubic
crystal lattice.®® In the case of the NCs, the reconstruction of the
structure due to the presence of the free surface causes the
formation of electric dipole moments, which is very similar
to the Si clusters. Correspondingly, the dipole moment density,
i.e. the dipole moment related to the volume, for the Si y
clusters examined here is with an experimental value of
(0.30 0.01)nC cm 2in a similar range of values to that observed
for the CdSe nanocrystals®*? Interestingly, hydrogenated Si-NCs
also show dipole moments, which are important for the con-
trolled assembly of silicon-based nanostructures.>” With the work
presented here, it is now additionally shown that isolated Si y
nanoclusters in the gas phase are also polar despite their
compact, near-spherical shape.

6. Summary

In the present work, the dielectric properties of near-spherical
silicon clusters in the size range between 30 and 90 atoms were
investigated under cryogenic conditions for the first time. This
clearly demonstrated that the investigated Siy clusters are polar
and that the dipole moment per atom is almost constant. This
leads to the e ective polarizability of the clusters increasing
linearly with the cluster size. The electric dipole moment results
from the structural shape of the cluster: in a surrounding sh ell a
core of Si atoms is located with significantly higher coordi nation
numbers. This asymmetry leads to a polar chemical bonding
between the Si atoms and ultimately to the formation of a
permanent electric dipole moment.
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VOE EBOBDI [XFJEIJNFOTJPOBMFT 8BDITUVN CFPCBDIUFU XFSEFO LBOO 2\
FSTUBC FJOFS (S'"NEFVOPOFOUXMEFU < > %JFTF #FPCBDIUVOH WPO [XFJEJ
NJU FUXB "UPNFO XJSE EVSDI RVBOUFODIFNJTDIF #FTUJNNVOH EFS 4
TUJNNU NJU EFN IJFS CFPCBDIUFUFO &0O0UXJDLMVOH EFT FMFLUSJTDIFO %
$MVTUFSHS *F JO HVUFS /¢IFSVOH °CFSFJO %JFFYQFSIJNFOUFMM FSN.
°CFSEFN8FSU G°S EJF1PMBSJTJFSCBSLFJU FJOFS ,VHFM NJU EFO EJFMF|
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TJOE EJF MPLBM OBDIPQUJNJFSUFO HFPNFUSJTDIFO 4USVLUVSFO EFS
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EBTTBC FJOFS "UPNBONBBM RMFCS MWAB FS EJF 4USVLUVS WPO NBLSPTLPQ.
%JQPMNPNFOUF [FJHFO EBCFJJNNFS OPDI 8FSUF WPO FUXBT °CFS %
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EBSBVG IJO EBTT EJF $MVTUFS LPNQBLUF 4USVLUVSFO CIJMEFO %JF C
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#FSFJDI HF[FJHU XFSEFO EBTT TJF CJT[V FJOFS (S'*FWPO FUXB CJT

BVGXFJTFO VOE OPDI OJDIU EJFLSJTUBMMJOF 4USVLUVS EFT FOUTQSF
#FPCBDIUVOH CFJEFO WPSIFSEJTLVUJFSUFO 4J $MVTUFSO MJFHU EJF 6S
JN ,FSOEFT $MVTUFS HS *FS JTU VOE TJDI EBEVSDI QPMBSF #JOEVOHF
SFTVMUJFSFO < > (MFJDI[FJUJH LPOOUF HF[FJHU XFSEFO EBTT EJF (F {
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CFJTQJFMTXFJTF EJF .JOJBUVSJTJFSVOH WPO JOUFHSJFSUFO 4DIBMUV(

ts 7XVYOXYVHMWOVMQMRMIVYRK OPIMRIVIV +1 "PYWX

%JF &0OUXJDLMVOH EFS FMFLUSJTDIFO %JQPMNPNFOUF WPO LMFJOFSFO
VOE1C< >JOFJOFS,PNCJOBUJPOBVTRVBOUFODIFNJTDIFO 3FDIOVOHFC
UFOCFSFJUTHFOBVFSVOUFSTVDIU '°S (FXVSEFEJFTFT7PSHFIFOKFEPDI|
EVSDIHFG®ISU< > TPEBTTJO EJFTFN"CTDIOJUU FJOF VNGC¢COHMJIDIF 4
$MVTUFSGMIW6 BVG #BTJT WPO CJTIFS VOWFS RFOUMJDIUFO FMFLUSJTD!
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BOBMZUJTDICFTDISFJCFO[VL OOFO VOE[VNBOEFSFO EBT 2VFODIFO EF
%JQPMNPNFOUT EVSDI 4U +F NJUEFN )JOUFSHSVOEHBT JO EFS "CMFOLLBI
TDIFO 4USVLUVSFO XFSEFO°CFSEJFJO,BQJUFM CFTDISJFCFOF 3PVUJOF
MPLBMFO OQUJNJFSVOH HFOFSJFSU ;VT¢U[MJDI EB[V XFSEFO MPLBMF
BVG #BTJT EFS [VWPSWRSSV¥IU¥SIMU¥ORBVYDI EFS [VHFPSEOFUFO HFPN
4Q $MVTUFSO < > EVSDIHFG®°ISU

*OEFO GPMHFOEFO "CCJMEVOHFO TJOE EJF HFOFSJFSUFO 4UBYDQ2WV¥3JTPN
SFMBUJW [VN (. NJU JISFS #F[FJDIOVOH "O[BIM (F "UPNF VOE FOFSHFUJT
EFS 1IVOLUHSVQQF EFS HFPNFUSJTDIFO 4USVLUVS JO ,MBNNFSO EFS
EFN CFSFDIOFUFO FMFLUSJ TR F® %RIQPAMHNPEREGS OJFESIHTUFQADIXJC
DN! EBSHFTUFMMU %BSVOUFS TJOE EJF FYQFSIJNFOUFMMFO 4USBIMQS
FJOHFTDIBMUFUFN FMFLUSJTDIFO 'FME CMBVF ,SFJTF HF[FJHU %JF T.
*TPNFSF TJOE JO GBSCJHFO HFTUSJDIFMUFO -JOJFO QS¢TFOUJFSU 8JFEF
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[VEFQ 4USVLUVSFO GBSCMJDI HFLFOO[FJDIOFU WFS[FSSUFS OLUBFEF:
1# JOCMBYVY ESFJGBDI°CFSLBQQUF USJHPOBMF #JQZSBNJEF 55# CSBV
551 PSBOHF FJOGBDI°CFSLBQQUFT RVBESBUJTDIFT "OUJQSJTNB 44"
RVBESBUJTDIF "OUJQSJTNB %4" JO SPU %JF "CL°S[VOHFO CF[JFIFO TJD
EFS (FPNFUSJFO TJFIF< > %JFBVDIWPSIFS CFPCBDIUFUFO 60O0UFSF
EJF EJF XJFEFSLFISFOEFO 4USVLUVSCBVTUFJOF WFSCJOEFO XFSEFO
NBSLJFSU *O"CCIJMEVOH TIOEEJFTF &JHEFC QT U RE-NBQUEOHFYFIHSUEJF (F

'°S BMMF $MVTUFS JO EJFTFN (S FOCFSFJDI XVSEF NFIS BMT FJO *TPN
(.JEFOUJS[JFSU *N 'BMM:sBFFOWIMMNTHDAHED BRJF CFIEWVOETPNIRSIWLUVSFO E
44 $MVTUFST XPCFJ &STUFSFT FJO CHANMNNFUDIIFITIPYGE NFUN 47 $M
EBSTUFMMU %BHOUFRRBSDIUEFN (.EFTFOUTQSFDIFOEFO 40 $MVTUFST E
JN &YQFSJIJNFOU QS¢TFOUJTU "OBMPH [V EFS14 UMWITWWFSHIB Q SEQ E QIS FE
"CMFOLFYQFSJIJNFOUFO BVT FJOFS GS?°IFSFO "SCFJU < >LBOO EBT FYQ
MIJFSUF 4USBIMQSPSMT FJOFT FJO[FMOFO *TPNFSTEBSHFTUFMMU XFS
CFPCBDIUFUF 7TFSCSFJUFSVOH WPS BMMFN CFJ HSP+*FO % JQPCMNTPINUR O L
HFRVFODIUTFJOL " OOUF &JOF FJOEFVUJHF 4USVLUVSEJTLSJIJNJOJFSV
"CMFOLEBUFO OJDIUN"HMJD ke REFHFOIMFIUFBNFSF HFGVOEFOERBWP(
4USVLUVS EFTJIN &YQFSINFOMVQEEBHCROROTQG JDFBFVOE O FRNHMIUSVLUVS B
EJF XFEFS CFIJNBOBMPHFO 4J OPDICFIJN FOUTQSFDIFOEFO 40 $MVTUEFS
8BISTDIFJOMJIDILFJWHEET EB EBT TINVMJFSUF 1SPSM EJF *OUFOTJUC¢U JC
&T NVTT KFEPDI EBSBVG IJOHFXJFTFO XFSEFO EBTT EBT [XFJUF *TPNFSF
~N369 DN' CFTJU[U TPEBTTEJFTF4DIXJOHVOH CFSFIUJpGRAEFEIBSNEIODFN
BOHFSFHUJTU VOE EBT CFPCBDIUFUF %JQPMNPNFOU JN &YQFSJIJNFOU UF
JO EFS 4JNVMBUJPO EFS 3PUBUJPOTEZOBNJL [VS[FJU OJDIU RVBOUJU
EBTT EBT [ XFJUF *TPNFS OJDIU H¢O[MIDI BVTHFTDIMPTTFO XFESIEORFGEB
%4" 4USVLUVSCBVTUFJOBVG EFS EBNJU GS°IFS BMT CiF JB\$GIYT JURS X BID( IFT
TBU[ EB[V XJSECFJEFO 40 $MVTUFSO EJFTERTWIRSIVSBH¥FIBPRUJW € F9\FE
(R7 TIJIOECFJEFCFSFDIOFUFO 4USVLUVSFO BOBMPH [VHFGVOEFOFO 4U:
XPCFJEBT [VHFXJFTFORF NIURNHMZWRPWIJIF IJFSBV*FSIBMC EFT SFMFWB
E=037F7 MJFHU &T XVSEFBN #FJTQJFM FJOJHFS 4J $MVTUFS HF[FJH
TUBSL WPO EFN HFOVU[UFO YD 'VOLUJPOBM [VS #FSFDIOVOH EFS HFPN
IJFSBMTP TFJO EBTT FJOBOEFSFT YD 'VOLUJPOBM EJF FOFSHFUJTDIF :
4USVLUVS BNDUCFINR SFMFWBOUFO &0OFSHJFCFSFJDI MJFHFOL " OOUF &
CFINifMNJU EFN 1#& 'VOLUJPOBM VOE EFO IJFSQS¢TFOUJFSUFO FYQFSJN
EBLFJOFTEFSCFJEFO*TPNFSFEBTFYQFSINFOUFMMF 4USBIMQSPSM JO I
LBOO &T MJFHU EBNJU FJO ¢10Ms WIFS "BWMF XUFGOFRIBF(@F O 14 WBSMLTUMSSH
FOUTQSFDIFOHFGVOEFOFO 4USVLUVSFO EFT 4J "OBMPHPOT 9%JIGH JN\

*7¢IOFMO TJDI EB BVDIJISF HFPNFUSJTDIF 4USVLUVS TFIS ¢1IOMJDI .
BPUPSJTU #FJEF 4USVLUVSFOL OOFO EBTFYQFSIJNFOUFMMF 4USBIMQ ¢
'°SEJFTFO (S"*FOCVNSEIDINIU"UPNFO LBOOBMTP HFTBHU XFSEFO EBTTE
4USVLUVSFO BVG 551 #BVTUFJOFO CBTJFSFO VOE QSPMBUF 4USVLUVSF
*O"CCJMEVOH TIJOE EJF &SHFCOJTTF G°S EJF (F NMYI URSHNJBIFHIW FS DL
IJFS XVSEFO G°S ESFJ $MVTUFSHS «FO NFISFSF 4USVLUVSJTPNFSF HFG)
%BT FJO[JH WPSIFSHFTBHUF 4UCGNLWNSFITRNEB-GFNYSQFSINFOUFMMFO %BUT
NVOH TPEBTTIJFS EJFTFMCF 44 SWHERSPQFUGREEBAMUIBOO "VDIJN 'Bl
(o MIFHUNJU I'DITUFS 8BISTDIFJOMJDILFJU EBT (. VOE EBNJU EJFTFEFMCF
JN&YQFSJIJNFOU WPS EB EJFBOEFSFO *TPNFSF EJF *OUFOTJUCUFQ1JO EF
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%FFMPHYRMPPFIFIVIGLRIXIR 7XVYOXYVMW SQIRYWENROQIMN IBNMIGQGH) RV

KMIFIVIMGE Z9R I: VIPEXMZ "YQ +1 (MI WMGL [MIHIVLSPIRHIR 7XVYOX"
YRXIVPIKX WMILI8IeX: IYRNRNYRKWIMRLIMXIRQMX IMRIV KIWXVMGLIPXIF
MWX HMI4YROXKVYTTI HEVYRXIVHMIVIPEXMZI )RIVKMI?*YQ +1 HEW IPIC
7TGLIMRKYRKWQSHIKIPMWXIX (MINTIVMQIRXIPPIR7XVELPTVSxPI YRX
YRH IMRKIWGLEPXIXIQ IPIOXVMWGLIR *IPH FPEYI /VIMWshFLA/NTMRHV (¢
IMRIV %FPIROWTHRBRYORKAMFFH EFKIFMPHIX >YW8§X"PMGL WMRHHMIWMQY
KIWXVMGLIPXIOMRMIR J(VHMITRXWTVIGLIRHIR-WSQIVIHEVKIWXIPPX %

HIVW]QQIXVMWGLIR6SXSVIRQMXLMPJI ZSR +PIMGLYRK T uw FIVIGLRIX
OMRMI EFKIFMPHIX

CFTDISFIJCU EBT &YQFSIJNFOU FCFOGBMMT JOBVTSFJDIFOE HVUFS /¢IFS

4USBIMNJUUF %BT FOFSHFUJTDI GBTU*FEBUBXBIWAUBMGFUBESRWNFSIFSHF
G°S EBTGBITIFSU CFTDISFJCU EJFTF FUXBT CFTTFS °CFSTDI¢U[U BCFS
8JSE EBT N"HMJDIF 2VFODIFO EFSJN &YQFSJIJNFOU CFPCBDIUFUFO 7FSCSF
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WFFMPHYRKKIERMWWI HIVUYERXIRGLIQMWGLIRG6IGLRYRKIRYRHINTIVMQ
"'PYWXIN 9MX22 *;V (IXEMPW*"YV (EVWXIPPYRK[MVHEYJHMI&MPHYRXIVW:!

FOUTQSFDIFOE BVDI EJFTFT*TPNFS JN .PMFLVMB Sz WvBM MUFSCETH DAUTHE
XBT FIJOF JEFOUJTDIF 4USV RUBNSEXRNITEFFIFIFYQFSINFOUFMMFO %BUF
%IJQPMNPNFOU HFOBV XJF CFINfXKGUBBODTPPINESXISE %JF 7FSCSFJUFSVO
ESJUUFO *TPNFGFSTDI¢CU[U 4PNJULBOOBVDIG°S EJFTFO $MVTUFS ¢IOMJ
(hs VOE FLFJOF FIOEFVUJHF ;VPSEOVOH TUBUUSOEFO

5SPU[EFN M¢TTU TIDI BVDI G°S EJFTFO (S"*FOCFSFJDI[VTBNNFOGBTTFOE
XFSEFO EJFBVG EFN %4" #BVTUFJO CBTJFSFO XPCF NIOELOFNOE EVO0JF
IJFS HF[FJHUFO FYQFSINFOUFMMFO %BUFO OJDIU N"HMJDI JTU
*O"CCJMEVOH TJOE EJF &SHFCOJTTF EFT O ¢R3 T 26¢ OJFSN FROOKH[$FB HI T
(FHFOTBU[ [VN "CMFO%x GBIPSIWEET #BO0O IJFS FIOEFVUJH EBSIMXFUBBTTPN
XBT FOFSHFUJTDI RVBTJ FOUBSUFU [VN (.JTU EFOFYQFSIJNFOUFMMFO ¢




%FFMPHYRWKKIERMWWI HIVUYERXIRGLIQMWGLIR6IGLRYRKIRYRHINTIVMQ
"'PYWXIN 98X 26 *¢V (IXEMPW*"YV (EVWXIPPYRK[MVHEYJHMI&MPHYRXIVW:!

CFIJEFO*TPNFSFJTUEBT WPSIFSHFTBHUF %JQPMNPNFOU JN 7FSHMFJD
OJDIUBVTHFTDIMPTTFO XFSEFO EBT WP BWMMFEN-GGBIEEBIAFOHMID I XIOH\
OVS DWJO2VFODIFOEVSDIUIFSNJTDIF"OSFHVOH TUBUUSOEFU VOE EBI
OJFESJHFSBVTG¢MMU "VDIEBT TINVMJIFSUF 4USBIMQSHSNNMEHRJIDHFGAUSWFIC
XJFEBT (. WPO@GBSTDI¢CU[U EJFJIN &YQFSJIJNFOU CFPCBDIUFUF 7FSCSFJUF
*TPNFST 5FEFMFTUFST IJOHFHFO EBT FJOF OJFESJHFSF 4DIXJOHVOHTI
EFT.ABOUTQSJIDIU XJSEEBTFYQFSINFOUFMMF "CMFOLQSPSM NJU HV U
HFGVOEFOFO *TPHNRBMVERFEH TIOE TIDIJO EFS4USVLUVS VOE EFS &0FS.
[XFJ %4" &JOIFJUFO CFTUFIFP 6BDIFSFUTEIFIRSWFSCVOEFO TJOE XPCFJ
CFJEFO #BVTUFJOF [VFJOBOEFS WBSJJFSU OCXPIMEJF TINVMACGEHFO

*7TEBT FYQFSINFOUFMMF 4USBIMQSPSM CFTTFS XJFEFSHFCFO LBOO FJC
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%FFMPHYRKIEVMQIRXIPPI %FPIRQTV SN INFIMK/ YRR FIM IMRIV %FPIROV
RYRK DSR4 O: YRHsa516 / >YWEX*"PMGL WMRHHMIWMQYPMIVXIR 7XVEL
TXVYOXYVMWSQIVIEPW KIWXVMGLIPXIOMRMI EFKIFMPHIX

*TPNFSF CFJEFOFO EBT %JQPMNPNFOUC°CFSTDI¢U[UJTU OJDIU HEO[MJII
FIOEFVUJHF ;VPSEOVOH Ef ®4DBNVNUVMI®ISHFFOOPDI XJSE BVDI G°S EJ
EFVUMIDI EBTT QSPMBUF 4USVLUVSFO WPSMJFHFO EJFFCFOGBMMT BV
EFN WPSIFSHFIFOEFO (S *F@ GRPSHHPAPCHIUFFO WFSCVOEFO TJOE
%B G°S BRI MR TURNS=NLb{L7 VOB LFJOT EFS WPSIFSHFTBHUFO 4USVLUVSJ
NFOUFMMFO "CMFOLQSPSMFO CFJ FIJORS-BMFLUV 8 FPEIFOFAQBROSEFOHLW O |
BCTDIMJF*FOE G°S EJFTF $MVTUFS EJF 4IJNVMBUJPOFOUGRY ETAENVSDIAEF
G°ISUVOE NJUFOUTQSFDIFOEFO FYQFSINFOUFMMFO %BUFO WFSHMJDIF
HS « FSJTU %JF FYQFSJNROURMM FQO @B GF®JBFI 15;17,22 JO EFS GPMHFO
"CCJMEVOH NJUEFO FOUTQSFDIFOEFO 4JNVMBUJPOFO BVG #BTJT EFS |
HF[FIJHU #FJN 7FSHMFJDI EFS 4IJNVMBUJPO [VEFO FYQFSIJNFOUFMMFC(
XJSE FSTJDIUMJDd BEBBITTSESWEFT FSTUFEGIFFEFNRFISINFOUFMMFO %BUF
CFTUFOCFTDISFJCU VOE NJU IPIFS 8BISTDIFJOMJD I LiF J UQOIINFEAFQ@FLSBEIOIE CEF .
I"lTFSFO "CMFOLTQBOOVOH EBBVBHRTFDIWINIFISSFO XFSEFO TPHRRIYRBETJINHFNI
WPSMJFHU *Nx;BIMM BPFO; YPSEOVOH BVDICFJEFSI'IFSFO"CMFOLTQBOOVC
EBTESJUUF*TPNFS WPMMLPNNFO BVTHFTDIMPTTFO XFSEFO LBOO ¢IOF
*VOE *VTFIS #FJEF *TPNFSF TDIFJOFO EBT FYQFSINFOUFMMF %JQPI
%VSDIEJF TZTUFNBUJTDIF 4USVLUY NBWHISJI NG Q PEOSIMIIFHHW PRI HRJ XFSEFO
$MVTUFS TIDITUSVLUVSFMM TFIS ¢IQMMMTVEFO WNMFIEMHER-EXP EFJ O.
QSPMBUF 8BDITUVN BVG #BTJT WPO TJDI XJFEFSIPMFOEFO 4USVLUVSC




FYBLUEJFTFMCF HFPNFUSJTDIF 4USVLUVSFO XJFCFJEFO 4J "OBMPHB |
EFO &JOF "VTOBINF CIJMEFO IJFSCFJ ¥0OE GFEEFERBOIYUSVSYFNSFO EFS H
40 $MVTUFSO FOUTQSFDIFO &TLBOO BV*FSEFNHFTBHU XFSEFO EBTT EJ
(S"*FOCFSFJDIJN (FHFOTBU[[VEFO HS +FSFO $MVTUFSO BVT EFN WPSIF

TIJOEBMTEJFEFSBOBMPHFO 4J $MVTUFS
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JMRYYWW HIVGLIQMWGLIR >YWEQQI|
QEKRIXMWGLIR)MKIRWGLEJXIR ZSR
7R '"PYWXIVR

*O EJFTFN ,BQJUFM XFSEFO EJF &SHFCOJTTF[VS NBHOFUJTDIFO "CMFOL\
OFO QBSBNBHOFUJTDIFO "UPN EPUJFSU TJOE WPSHFTUFMMU VOE JO "ClI
)JFSCFJMJFHU EFS 'PLVT BVG EFN TVQFSBUPNBSFO 7FSIBMUFO VOE XBS'
VOUFSTDIJFEMJDI TUBSL HFRVFODIU JTU "VDIFJO 5FJM EJFTFS .FTTVOH
MJDIU XPSEFO VOE XJSE IJFS BOBMPH [VN WPSIFSJHFO ,BQJUFM QS¢HOB
*N FSTUFO 5FJM EFT ,BQBJRWIVIUFBSFEXAD5. $S .0 'F VOUFSTVDIU EB
4QF[JFTJO FJOFS GS°IFSFO "SCFJU< >TVQFSBUPNBSF"CMFOLVOH CFP(
BUPNF CSJOHFO NFISBMT FJO GSFJFT &MFLUSPO NJU TPEBTT I'IFSF 4QJC
KEEPDI[V ,PNQMJLBUJPOFO CFJEFS %FVUVOH EFS "CMFOLQSPSMF G°|
BQJUFMT EPUJFSUF 40 $MVTUFS VOUFST®8BIIP BYGXEIONO MU FS KB PIM
'PLVT CFTPOEFST BVG EFO FOER | RE$EFN EPB GPSERNG RO4USVLUVSFO (FP|
4ZNNFUSJF WPSIFSHFTBHU XFSEFO XBT TVQFSBUPNBSFT"CMFOLWEFSIB

g lIEKRIXMWGLI)MKIRWEIIEQMMREBASRWV R R *I

JMRYYWW HIV %RA"ELP 7R %XSQIEYJHEW QEKRIXMWQ@LUIzgWFBGR DL I\
gf YRH:IVKPIMGEIZGRXR1!'V 1R *|

/BIF[VBVTTDIMJF+MJDI TVQFSBUPNBSF "CMFOLVOH XVSEF G°S HS «FSF
4Q.0 CFPCBDIUFU < > "MMFSEJOHT LPOOUF G°S BOEFSF NJU .BOHBC
BUPNBSFT 7FSIBMUFO CFPCBDIUFU XFSEFO XPCFJEJFEJTLSFUFO 4USB
XFSEFO LPOOUFO < > %JFTF.FTTVOHFO EFVUFUFO KFEPDIEBSBVG I1JO E
TVQFSBUPNBSFO 7FSIBMU F O13.\0 1AGFHINFIDI TUN/OE EBT EBNJU EBT NBHC
IBMUFO NB*HFCMJDI WPO EFS "O[BIM EFS EJBNBHOFUJTDIFO ,¢SHBUPNF
7FS'RFOUMJDIVOH [VN FJOFO EJF NBHOF.\QJNINE 1T VPFI@ MOEHWORIE DV D | L
VN EFO &JOTVTT EFS "O[BIM WPO ,¢SHBUPNFO HFOBVFS BOBMZTJFSFO
EFS &JOTVTTEFT QBSBNBHOFUJTDIFO %PUJFSVOHTBUPNT BVG EFO .BH(
4Q.0 EBT.O "UPNEVSDI $S VOE 'FFSTFU[U XVSEF

;VEJFTFN ;XFDLXVSEFO[VO¢DITU4UFSO (FSMBDI &YQF SJNF@A6 FEVFIDA°TF
HFG°ISU VN EJF NBHOFUJTDIF "CMFOLVOH EFS SJHJEFO $MVTUFS [V VO
BDIUFUF UFJMXFJTF TVQFSBUPNBISFAELS| PMUDFEDCFAO ¢ JHU XFSEFO X
IJFS FSSFJDIUF OSUTBVT TVOH VOE OJFESJHFSF %° T,F@OUFWRESBIVBUAS
4Q.0 BMT %VCMFUU [V JEFOUJS[JFSFO '°S CHJBE $ MY TWPRS XVUSBFJEBOF &
TZTUFNBUJTDIF 60UFSTVDIVOH EFS UFNQFSBUVSBCI¢OHJHFO 7FSTDIJ
%°TFOUFNQFSBY$HE0 WR®D, CFTUCUIJHU EJFTF #FPCBDIUVOH VOE NBDIU EF
UJTDIF .PNFOU TUBSL WPO EFS "O[BIM EFS EJBNBHOFUJT B FOOHBO HEP NFFB
NBHOFUJTDIF .PNFOU HFGYOIEWA PARID XFITU EJF LMFJOTUFO 4USBIM
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BVG ;VT¢U[MJIDI LP® @OUFEMMVTIWFSOCFPCBDIUFU XFSEFO EBTT EBT NBHOF
,PNQPOFOUF OJDIUEFS5FNQFSBUVSBCI¢OHJHLFJUBVT (MFJDIVOH GPI
BVG FJO [XFJUFT 4QJOJTPNFS [VS°DLHFG®°ISU XFSEFO EBT FOFSHFUJTD
FUXBp[[FR00 , JO EFS 2VFMMF QPQVMJFSU XJSE ;VNBOEFSFOL OOUFO /VM
FJOFSI'IFSFO %°TFOUFNQFSBUVS BVDII'IFSMJFHFOEFO 4QJO[VTUG¢OEF C
49 .0 TFISLMFJOFO 7FSTDIJFCVOHFO WPO OVS XFOJHFO sN NJUBVTSFJDI
XVSEF IJFSG°S FYQFSIJNFOUFMM [VN FSTUFO .BM EFS [XFJUF 4UFSO (FSM
'FMEHSBEJFOUFO [VN FSTUFO .BHOFUFO TJFIF ,BQJUFM CFOVU[U %
VOE EJF (FOBVJHLFJU EFS .FTTFSHFCOJTTF TJHOJSLBOU WFSCFTTFSU X
%VSDIEJF4VCTUJUVUJPO EFT QBSBNBHOFUJTDIFO %PUJFSVOHTBUPNT
NVMUJQMJI[JUCU VOE EBNJUEFT NBHOFUJTDIFO .PNFO K3 E BRI BIDOH\UM
4.0 BMT %VCMFRYE BRE 8®JQMFUU WPS &JO TVQFSBUPNBSFT 7FSIBMU
$S IBMUJHFO 4QF[JFT OJDIU CFPCBDIUFU XFSEFO &JOF "OBMZTF EFS HF
$MVTUFS OBIF[VJEFOUJTDIF BSBDIOP ¢IOMJDIF (FPNFUSJFO CIJMEFO J
FOFSHFUJTDIUJFTJFHFOETUF VOCFTFU[UF 0SCJUBM NJU EFN [VT¢U[MJL
4QJONVMUJQMJI[JUCU OJNNU EBCFJ NJU EFS "O[BIM EFS 7BMFO[FMFLUS
¢IOMJDIFO 4USVLUVSFO XVSEFO NJUWFSTDIJFEFOFO FYQFSIJNFOUFMMFC
5FUSFMDMVTUFS NJU ,¢SHBUPNFO CFPCBDIUFU EJFNJUSCFSHBOHTNFL
[VEFN HF[FJHU XFSEFO EBTTEJFTF.FTTNFUIPEF TFOTJUJW HFOVH JTU
BMT %VCMFUU WRS R MWPG EEPOOUID®IU WFSTDIPCFOFO 4USBIMQSPSMFO
VOUFSTDIFJEFO[VL OOFO
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Magnetism of single-doped paramagnetic tin
clusters studied using temperature-dependent
Stern...Gerlach experiments with enhanced

sensitivity: impact of the diamagnetic ligand
field and paramagnetic dopant ¥

Filip Rivic

* and Rolf Schafer

In this work, the magnetic properties of tetrel clusters Sn TM, which are singly doped with transition
metals (TM), are investigated. On the one hand, the number of tetrel atoms ( N = 11, 12, 14 and 17 with
TM = Mn) is varied; on the other hand, di erent transition metals ( N = 14, TM = Cr, Mn, Fe) are studied.
Magnetic deflection experiments under cryogenic conditions show that the variation of the number of

tetrel atoms strongly changes the magnetic properties of the Mn-doped clusters. It is observed that
SnoMn, SngMn and Sng4Mn partially show super-atomic behaviour, while spin relaxation occurs in
Sm-Mn. Magnetic deflection experiments at higher nozzle temperatures were carried out for the first
time enhanced by a second parallel-aligned Stern...Gerlach magnet to achieve larger deflections. The
resulting temperature-dependent one-sided deflections are quantitatively analysed using Curiess law and
show that Sn;;Mn possesses the highest magnetic moment of these clusters, followed by Sn ;,Mn and

SnaMn. SmsMn shows the lowest magnetic moment. The replacement of Mn by Cr in Sn
i.e., the magnetic moment of Cr in Sn 14,Cr is completely quenched. The

diamagnetic singlet,

14Mn leads to a

replacement of Mn by Fe in turn leads to a paramagnetic species, whereby Sn j4Fe is most likely present
as a triplet. On this basis, the geometrical and electronic structures are analysed using quantum
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rsc.lilpccp TM = Cr, Mn, Fe.

1 Introduction

The interplay between geometric structure and magnetic pro-
perties is crucial for applications of nanomaterials in sensor
technology, catalysis and spintronics.'-*Paramagnetic single-
atom-doped tetrel clusters as nano-systems are ideal models for
understanding the influence of particle size on the magnetic
behaviour.*7Since the pure tetrel clusters are diamagnetic,
doping with a transition metal makes it possible to prepare
magnetic cluster compounds in a targeted manner. The
fact that such compounds have great application potential is

Technical University of Darmstadt, Eduard-Zintl-Institute, Peter-Groerg-StralBe 8,
64287 Darmstadt, Germany. E-mail: filip.rivic@tu-darmstadt.de

1 Electronic supplementary information (ESI) available: Quantitative determina-
tion of the zero-field splitting in Sn ;,Mn; composition of the molecular orbitals of

the single-doped Sm 4 species. See DOI:

12982 | Phys. Chem. Chem. Phys. , 2024, 26, 12982€12992

chemical calculations, indicating an arachno-type structure for Sn
already been predicted in the literature for Si 14Cr. This is experimentally confirmed by deflection of
molecular beams with an electric field under cryogenic conditions, suggesting that the arachno-type

geometry is crucial for the overall stability of the transition-metal-doped tetrel clusters Sn

14Cr, SmsMn and SnysFe, which has

14TM with

demonstrated by paramagnetic nitrogen defects in the dia-
mond lattice, which are used as magnetosensors or can also
have applications in quantum cryptography as emitters in a
solid-state-based single photon source®?® In order to investigate
the intrinsic magnetic behaviour of the doped tetrel clusters,
i.e., without environmental influences, Stern...Gerlach deflec-
tion experiments can be used.1°13

The internal temperature of the clusters is an important
factor, especially influencing the magnetic response.®*-X0nly
a single-sided deflection of the cluster beam due to spin
relaxation is generally observed, if the clusters are vibrationally
excited. In contrast, deflection experiments under cryogenic
conditions can also enable the observation of super-atomic
behaviour.®*®° This directly permits the determination of
the spin multiplicity 2 S+ 1 and the g-factor of the investigated
cluster species. However, it must be noted that for clusters with
a spin quantum number S4 1/2, zero-field splitting (ZFS) can
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also influence the observed magnetic response?®?* Depending
on the sign and magnitude of the ZFS, only a part of the
magnetic states Mg is accessible under cryogenic conditions.
This means that if the zero-field splitting energy is comparable
or even larger than the internal thermal energy of the clusters,
only a sub-ensemble of the spin states is occupied. Therefore,
investigation of the magnetic behaviour over the widest possi-
ble temperature range is desirable. Furthermore, the observed
one-sided deflection at high temperatures is still an important
indicator, since, on the one hand, the value of ?S(S+ 1) can be
determined from an observed linear behaviour1® enabling
information about the gfactor and the multiplicity to be
obtained without the observation of super-atomic behaviour
and, on the other hand, deviations from this linear behaviour
with the reciprocal temperature might also reveal the impor-
tance of zero-field effects.

There have been many theoretical studies investigating the
geometric structure and magnetic properties of tetrel clusters
doped with transition metals, especially for silicon. 22 *9Inter-
estingly, for some of the transition-metal-doped clusters, a
complete quenching of magnetic moment has been predicted.
On the one hand, photoelectron spectroscopy studies on anio-
nic cluster systems were able to partially confirm predictions
concerning the geometric structure. 22°%¢ On the other hand,
the magnetic behaviour of tetrel clusters doped with transition
metals has been investigated using X-ray magnetic circular
dichroism (XMCD), which also revealed the quenching of
high-spin states for endohedral doping.*® An experimental
validation of the predicted magnetic behaviour for neutral
clusters is still pending. However, it must be noted that the
magnetic deflection of the model nano-systems investigated
here, in which only one paramagnetic centre is present, is
extremely small and thus the precise investigation of the
magnetic deflection behaviour is a major challenge. Therefore
here, for the first time, magnetic experiments are carried out
with two consecutively positioned parallel-aligned Stern...Ger-
lach deflectors in series in order to increase the effect and,
thus, make the magnetic deflection more accessible experimen-
tally. The results show that the magnetic behaviour depends
sensitively on the size of the tetrel cluster cage and the transi-
tion metal. Exemplary experiments on single Mn-doped tetrel
clusters with 11, 12, 14 and 17 tin atoms, and on single
Fe-doped and Cr-doped species with 14 tin atoms, are pre-
sented here to demonstrate the influence of cluster size and
paramagnetic dopant on the geometrical structure and the
magnetic properties.

2 Methods

2.1 Stern...Gerlach experiments

The experimental setup is already described in detail elsewhere
in the literature, #3738 therefore only a brief overview is given
here. The molecular beam is generated in a pulsed (10 Hz) laser
vaporization source by focusing a frequency-doubled Nd:YAG
laser onto a rotating and translating alloyed target rod
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containing 5 atom% Mn, Fe or Cr in tin. By feeding He gas to
the emerging plasma through a pulsed valve, clusters are
formed in an agglomeration chamber and thermalized together
with the He in a cryogenic nozzle. This nozzle can be cooled
down to The,21e = 16 K and higher temperatures can be adjusted
using a heater cartridge. The cluster beam then expands
through a double-skimmer into high-vacuum and passes up
to three collimating slits. The experiments at Tz, = 16 K were
carried out with a single Stern...Gerlach magnet (length
140 mm). Two collimators with a width of 400 mm and a third
collimator with a width of 200 mm, located directly in front of
the magnet, are used. At higher nozzle temperatures, a second
Stern...Gerlach magnet (75 mm) mounted 300 mm in front of
the first magnet is introduced. Here, only two collimators with

a width of 200 mm are utilized, both in front of the first magnet.
Each Stern...Gerlach magnet is characterized by a two-wire
geometry*>*°and the direction of both magnetic field gradients

is parallel-aligned to maximize the beam deflection in the
z-direction. The deflection is probed by a scanning slit along
the z-axis and the clusters are then ionized by a F, excimer laser
(7.9 eV). The laser beam is widened by a plane-concave lens to
avoid two-photon absorption. Afterwards, the clusters are
detected in a time-of-flight mass spectrometer. At every posi-
tion, which is approached in random order, a mass spectrum
averaged over 150 single-shots without an applied field is
recorded at first. Then, at the same position, the magnetic
field(s) is (are) applied and another mass spectrum is recorded
directly afterwards. This procedure is done 2...3 times per
position within the course of the measurement of one beam
profile.

To improve the significance of the beam profiles, several
experimental runs are displayed together. This is especially
important for the quantitative interpretation of the magnetic
deflection of the beam at higher nozzle temperatures. Since
here the expected deflection is very small, up to 15 beam
profiles are recorded for one nozzle temperature to minimize
the statistical errors originating from scattering of the data
points. However, in order to do this, the deflection d, has to be
transformed into the time-averaged magnetic dipole moment
in field direction myag,. For the deflection experiments in
which only a single Stern...Gerlach magnet is used, the proce-
dure is already explained in the literature. *>**In the case of the
magnetic deflection with two parallel-aligned Stern...Gerlach
magnets, Mhag,, Can be calculated by
g !

d,mv?

la. 2
b laglaz b %b Iale;2

Mhagz v,

= @

IA;l2
2
with cluster mass m, field length |4 ; of the first magnet A, field

length g, of the second magnet B, the drift length between
both magnetic fields |4 », the drift length after magnet B Ig >and

B B
the magnetic flux gradient ?Tz Please note that:::'—Z was cali-

brated with the Bi atom * and is the same for both magnets.
The velocity of the cluster in the flight direction v, is measured
using a mechanical shutter based on a hard disk drive.*?
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By measuring the deflection at higher nozzle temperatures, the
temperature-dependent magnetic response of the cluster can
be interpreted using the Curie law with 643

% Y, ?SE b 1p 20T R

mB @
with zdT b Vm.

Orbital contributions to the magnetic moment and thus devia-
tions from pure spin magnetism are taken into account by
introducing an effective spin quantum number S, which is
why the g-factor then deviates from the value of the free
electron.*** Since the internal temperature T is not directly
accessible from our experiments, Tpozz1e iS Used to analyse the
magnetic deflection data. As will be shown, the assumption
that T = Tyozz1e IS valid for Tpoze 4 90 K.

2.2 Beam deflection by an electric field

In order to interpret the results from the beam deflection
experiments using a magnetic field, it is necessary to investi-
gate the geometric structure of the clusters. For this, cryogenic
beam deflection experiments using an electric field are a
suitable and established method.*® The experimental routine
and the interpretation of the results in combination with the
classical trajectory simulation is already described in detail in
the literature, *°*®so that here also only a brief overview is
given. The beam deflection profile of a rigid cluster with a non-
zero electric dipole moment is broadened in an inhomoge-
neous electric field compared to the beam profile without a
field. Additionally, an overall shift occurs due to the electronic
polarizability. *°

For a quantitative analysis, profiles of beam deflection by an
electric field can be simulated based on geometric structures
given by quantum chemical calculations. *” Then, a discrimina-
tion of potential structural isomers is feasible by comparing the
simulated deflection profiles to the experimental ones. #5490
The simulated profiles are generated using a classical trajectory
consideration of the rotational dynamics in the electric field
considering the moments of inertia, and the electric properties.
For this, a canonical ensemble of 5000 particles is generated
assuming a rotational temperature of Tre = 20 K, which is
appropriate for a nozzle temperature of Tnozze = 16 K27 Taking
the spatial components of the electric dipole moment m, ny, and
m into account, the dipole moment distribution function can
be obtained by solving the equations of motion in the electric
field. 454648 A beam profile is then generated by convolution of
this distribution function with a Gaussian function, which is
fitted to the experimental data without an applied field.

3 Results

3.1 Influence of the number of tin atoms on the magnetic
response

In Fig. 1 the results of the beam deflection experiments using a
magnetic field are shown for the SnyMn clusters with N = 12,
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11, 17 at Thozzle = 16 K (top) and Tnozze = 100 K (middle).
By fitting a Gaussian function at higher T2z to both profiles
with and without the magnetic fields as shown for the profiles
at Thozzte = 100 K, the temperature-dependent deflection of the
molecular beam can be determined. The magnetic moments
Mhagz» Which were calculated from the deflection d, according
to egn (1), are plotted against the reciprocal nozzle temperature
as shown in eqgn (2) (bottom).

The beam deflection profile of Sni,Mn at low nozzle tem-
peratures splits into 6 components indicated by a black dashed
line in Fig. 1. The g-factor determined from the splitting of the
components is based on calibration with a Bi atom #3"°*and is
about g= 2.0. The focusing of the components at g, 0 0 and
the defocusing of the components in the gradient direction are
a consequence of the two-wire field and can be taken into
account quantitatively using a simulation based on the Wigner
function formalism. 52Sn;,Mnis a special system because it has
I, symmetry.”*° Therefore, it shows no ZFS and has a low spin...
orbit (SO) coupling®® so that the g-factor is close to the value
of the free electron. Because of this, it possesses a low spin-
rotation (SR) interaction overall. 2% The spherical symmetry
results in a low density of states in the rotational Zeeman
diagram and the few avoided crossings that the cluster is
passing within the magnetic field are traversed diabatically
(no spin flips), due to the low SR interaction, so that super-
atomic behaviour is observed for clusters that are not vibra-
tionally excited.>%%* At high nozzle temperatures, the situa-
tion changes fundamentally because vibrations are thermally
excited; since (a) deviations from the |, symmetry lead to
dynamic ZFS and (b) the density of states increases strongly
due to vibrational excitation. 16195455 Quantum chemical cal-
culations of the Sn,,Mn cluster predict the lowest vibrational
mode at approximately 65 cm ° ie, if the clusters are
thermalized in the source, spin relaxation is expected to be
observed starting from a nozzle temperature of about 50 K,
as a result of spin flips due to the higher number of avoided
crossings.

This is exactly what the experiment shows: e.g.at T,ozze = 100 K,
only a one-sided deflection of approximately 110 mm is
observed. From this shift, the magnitude of the magnetic
moment m 1/49p S&p 1h can be obtained using eqgn (2).
The plot of my,g, based on this equation shows linear beha-
viour for SnioMn. The extracted value of my/nmg =4.9 0.2 agrees
very well with the low-temperature behaviour, i.e., S= 5/2 and
g = 2.0, if it is assumed that the internal temperature T of the
cluster is equal to the nozzle temperature T ozze LOOKINg at
this the other way around, this implies that the clusters in the
molecular beam are well thermalized by the cluster source and
also that the assumption T = Tpozz1e fOr Thozze 4 90 K is valid.

The Sn;oMn cluster is characterized by a spherical shape
with low spin-rotational coupling. 7'°°3The other systems that
were examined di er in contrast to Sn ;,Mn: on the one hand,
they are not spherical rotors.” As a result, the density of states
in the rotational Zeeman diagram increases by approximately 2
orders of magnitude because the degeneracy of the rotational
levels is partially lifted. ** On the other hand, ZFS is also
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Fig. 1 Experimental results from the di erent experiments of beam deflection by a magnetic field on Sn yMn with N =12, 11, 17 (from left to right) at
Thozzle = 16 K (top), and at Tozze = 100 K (middle) for the exemplary deflection experiments at higher nozzle temperatures. The profiles are displayed
without (grey diamonds) and with (red circles) applied magnetic field(s). A Gaussian function is fitted to the data without an applied field in both
experiments (grey solid line), but only at high T,,o21e, @ Gaussian function is also fitted to the beam profile with the magnetic field switched on (red dashed
line) to determine the beam deflections quantitatively. In the case of the Sn ;,Mn cluster, a fit function consisting of 6 Gaussian profiles (one for each
possible Mg state) is displayed additionally (black dashed line). The magnetic moments myag., (black squares), which were calculated from the deflection
d, according to eqn (1), are plotted against the reciprocal nozzle temperature as shown in egn (2) (bottom). The nozzle temperature ranges from 90 to
240 K and the value of the magnetic flux density Bis 1.3 T in all experiments. From these so-called Curie plots, the slope of g2S(S+ 1) is obtained by linear
regression (red solid line) and is also listed in the upper left corner. Theoretical curves (gray solid lines) for di erent spin quantum numbers  Sare also
shown as a guide, with the g-factor set equal to the value of the free electron.

expected to appear for clusters possessing non-cubic symmetry behaviour is particularly important because with increasing
with S4 1/2, which makes an additional contribution to the Thozzles @ll Mg states gradually become accessible, which would
SO coupling. This, in turn, additionally contributes to the SR result in a deviation from the Curie behaviour.

interaction and the avoided crossings are preferably passed Based on this, Sn;Mn is considered. The most probable
through adiabatically (spin flips). ®*** Both e ects make the  structure of Sn;;Mn is deduced from the Sn;,Mn icosahedron
observation of super-atomic behaviour less likely. However, if with one vertex missing, resulting in a Mn-centered single-
the magnitude of the ZFS is larger than the internal thermal  capped pentagonal anti-prism, i.e., a symmetrical rotor with Cs,
energy of the cluster, then at low Tpo,2e, Only a sub-ensemble of symmetry.7 At low Tnhozz1e, @bout half of the clusters behave
the dierent Mg states is su ciently populated, so that again super-atomically, the other half already shows Curie behaviour.
the observation of super-atomic behaviour is facilitated. In this ~ However, individual super-atomic components cannot be resolved.
case, the temperature-dependent study of the magnetic This suggests that most of the super-atomically behaving clusters
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have already undergone a spin flip in the magnet. This makes it
particularly di cult to observe the clusters with  Mg= Ssince they
traverse the most avoided-crossings in the same range of the
experienced magnetic field, due to their highest slopes in the
rotational Zeeman diagram compared to the other states.®>®
Therefore, the beam profile would appear to be cut o at the le ft
and right edges. Assuming that all super-atomic components are
visible, the comparison with Sn;,Mn indicates that the spin
quantum number Sis smaller than 5/2, since otherwise the ¢
factor would have to be in turn significantly smaller compar ed to
Sn,Mn. If the Sn11Mnis present as a quartet with S= 3/2, then the
gfactor is approximately 2.0. In principle, a value of S= 1/2 cannot
be ruled out, but here the g-factor would be approximately equal to
6, which is very unlikely. For a cluster with S= 3/2 and non-cubic
symmetry, ZFS results. The uniform smearing of the molecular
beam shows that the components with Mg = 3/2 and 1/2 are
similarly intense and therefore equally populated, so that the ZFS
must be significantly lower than the thermal energy of appro xi-
mately 10 cm *. Also at higher Trozze the beam profile indicates
that the magnitude of the magnetic moment my is lower for
SmiMn compared to Sni,Mn. Assuming the same spin multi-
plicity for both species, the gfactor of Sn;;Mn would again be
much lower than that of Sn ;,Mn. With S= 3/2, one gets a value of
g=2.3 0.2 at high temperatures, and thus a consistent picture in
combination with the measurement at 16 K emerges. A value of
S=1/2 can be excluded here as well because otherwise the-factor
would have to be extremely large again. Since about 50% of the
clusters behave super-atomically at low temperatures, the g-factor
should indeed be close to the value of the free electron, becaise
only then will the SO coupling, and thus the SR interaction an d
ZFS, be weak. Otherwise, it would be di cult to understand wh y
even for a symmetrical rotor about 50% of the clusters behave
super-atomically.

The Sn-Mn cluster does not show any super-atomic beha-
viour at low temperature, but only a shift and a tailing of the
beam profile in the direction of the gradient is visible. The
latter indicates the presence of a fraction of rotationally-cold
clusters, i.e., clusters in such low rotation states that no avoided
crossings can occur when traversing the magnets®3” However,
the vast majority of the clusters already show Curie behaviour
at Thozzie = 16 K, which means that many spin flips occur and
only a one-sided deflection of the molecular beam becomes
visible. The di erence compared to Sn 1;Mn may be due to the
fact that SnisMn is an asymmetrical rotor  and/or has an
increased SR interaction as a result of significant ZFS or SO
coupling. At higher T,o,,e, @ Stronger deflection is observed in
comparison to Sn;,Mn. Assuming a sextet spin state S = 5/2)
for Sny;Mn, g E 2.3 results. If the clusters are present with
S=7/2, the g-factor is about g = 1.5. Based on the experimental
data, no distinction can be made between these two possibi-
lities. In both cases, however, there are significant deviations in
the g-factor from the value of the free electron, which indicates
the presence of a strong orbital contribution to the magnetic
moment. Whether this is a result of ZFS cannot be clarified
with the current data. However, the presence of an octet state in
a single transition-metal-doped tetrel cluster would be very
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unusual and could only be explained by additional unpaired
electrons on the cage of the Sn atoms.

The variation of the number of ligands, i.e., the number of
tin atoms, has already shown that the cluster magnetism
depends very sensitively on the number of diamagnetic host
atoms. If super-atomic behaviour is observed in at least some of
the clusters for the spherical Sn;,Mn and the symmetrical
Sn;Mn, this is not the case for the asymmetrical Sn;Mn. If
the spin state of Sn;,Mn, and probably also of Sny;Mn, is of a
sextet multiplicity, it is very likely for Sn 1;Mn to be in a quartet
state when comparing the slopes of the Curie plots. Further-
more, while the g-factors for Sn;,Mn and Sn1;Mn are close to 2,
the g-factor of Sn;7yMn is significantly di erent from the free
electron value, so that for Sn;sMn an additional orbital con-
tribution has to be taken into account.

3.2

In Fig. 2 the results of the beam deflection experiments using
a magnetic field are shown for the Sni4TM clusters with
TM = Mn, Fe and Cr (left to right) at Thozze = 16 K (top) and
Thozzle = 100 K (middle). The temperature-dependent deflection
of the molecular beam are displayed as magnetic moments
Mhagz» Which were calculated from the deflection d, according
to eqn (1) and are plotted against the reciprocal nozzle tem-
perature as shown in eqn (2).

The Sn4Mn cluster diers significantly in its magnetic
behaviour from the cases discussed so far. At lowT, o216, @about
two-thirds of all clusters are super-atomic, the rest show Curie
behaviour. A g-factor of g = 2.0 can be extracted from the well-
resolved two super-atomic components. The fact that only two
components are observed means that either a doublet is pre-
sent or, if Sn14Mn has a spin multiplicity of S4 1/2, the value
of the ZFS is so large that at low temperatures only the two
energetically lowest states with Mg = 1/2 are thermally occu-
pied. However, on one hand, since the ZFS is closely related to
SO coupling and thus in turn to SR coupling, one would expect
for a spinisomer with S4 1/2 and ZFS that most of the avoided
crossings in the rotational Zeeman diagram are passed adiaba-
tically, i.e., with a spin flip taking place, so that the observation
of super-atomic behaviour is very unlikely. Therefore, a cluster
with a doublet ground state and cubic symmetry, i.e., a sphe-
rical rotor without ZFS, would most likely explain the low-
temperature magnetic behaviour. At higher Tpo,,1e, Only a small
single-sided deflection of the beam profile is visible. The typical
deflection of about 14 mm can only be observed here thanks to
the improved experimental setup with the two magnets con-
nected in series. However, the deflection at high temperatures
appears to be a bit too large for a pure doublet state, especially
if g= 2 from the measurement at T,ozze = 16 K is taken into
account. The linear dependence of the magnetic moment
in egn (2) on the reciprocal nozzle temperature is also not
observed. On the contrary, Mg, appears to be approximately
independent of the nozzle temperature. A possible explanation
for this would be that a cluster with  S4 1/2 in combination
with a ZFS that is larger than the internal thermal energy of the

Influence of the paramagnetic dopant
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Fig. 2 Experimental results from the di erent experiments of beam deflection by a magnetic field on Sn

14TM with TM = Mn, Fe and Cr (left to right) at

Thozzle = 16 K (top), at Thozze = 100 K (middle) for the exemplary deflection experiments at higher nozzle temperatures, and the resulting Curie plots

(bottom). For further details, refer to Fig. 1. Please note that the listed slope of the linear fit function to the temperature-dependent deflection of Sn

extracted without considering the data point at  Tpz2e = 200 K.

cluster is present. Then, at low T,o,ze the majority of the
clusters would not only be in the vibrational ground state,
but also exclusively in states with Ms=1/2. Through thermal
excitation at higher T,o,-e, the clusters would not only be
flexible, i.e., vibrationally excited, but also the other spin states
with | Mg 4 1/2 would be occupied. Due to the temperature
dependence of these occupation numbers, deviations from the
Curie behaviour result and the magnetic moment remains
approximately constant in the temperature range in which
the states with |Mg 4 1/2 become noticeably occupied.
This is because at higher Tz, States with larger magnetic
moments contribute to the overall magnetic response. How-
ever, this means that the ZFS constantD must be significantly
larger than +10 cm *. Please note that the ZFS constant has to
be positive, since at values of D o 0, the states with the highest
possible [M4 are occupied first. 2* A fit to the experimental data,
taking the temperature-dependent population of the Mg states
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(with S=5/2) into account and assuming a Boltzmann distribu-

tion function, yields a ZFS value of about D = 90 cm * (cf. the
ESH). Alternatively, it would also be conceivable that there are
two spin isomers: a doublet as a ground state, which is solely
present at low temperatures, and a spin isomer with S4 1/2
that becomes populated with increasing temperature. However,

in this case, the two isomers must be quasi-degenerate in
energy so that the higher-energy isomer becomes thermally
populated from around 140 K on.

In order to investigate the influence of the transition metal
on the magnetic behaviour, Sn;4,Cr and Sni4,Fe were also
examined, i.e., Mn was replaced by the two neighbouring
transition metals in the periodic table of elements.

For Sm4Cr, no magnetic deflection is observed at low and
high Thozz1e, SO that the cluster is a singlet in which all electrons
are paired. When comparing Sn;4Cr with Sny4,Mn, it becomes
clear that with the two parallel aligned Stern...Gerlach magnets
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in series it is indeed possible to clearly discriminate the
magnetic deflection of a paramagnetic species with S = 1/2
and g = 2 from a diamagnetic cluster, even though the clusters
examined here have a mass of more than 1500 daltons and
therefore a very small single-sided shift. Based on the observed
behaviour of Sny4Cr, a doublet ground state for Sny4,Mn would
be reasonable, if a similar geometric structure exists in both
clusters, since an additional valence electron is simply added
to the diamagnetic cluster by replacing Cr with Mn. When
replacing Mn with Fe, again assuming similar structures,
it would be expected that either a singlet state or a triplet with
S =1 is formed. The behaviour at low T.,,e Clearly demon-
strates that Sny4Fe is paramagnetic, although no super-atomic
behaviour is observed. If the outlier at 200 K in the Curie plot is
not taken into account, a triplet state with a g-factorof2.5 0.2
is most likely to be present for Sni4Fe. The g-factor therefore
deviates somewhat from the value of the free electron, which
indicates an orbital contribution to the magnetic moment. This
also results in an enhanced SR interaction, so that the avoided
crossings were primarily passed through with spin flips. The
existence of a quintet, S = 2, cannot be completely ruled out.
However, the g-factor would then be significantly lower than 2,
so that an orbital moment would also have to be taken into
account here.

In order to interpret the magnetic behaviour in more detail,
it is necessary to consider the geometric structure of the
clusters. Therefore, electric deflection experiments were carried
out together with quantum chemical calculations for the doped
Sn4TM species to obtain conclusions regarding the cluster
geometry. The geometric structures are generated by applying
density functional theory (DFT) with the pure-GGA functional
PBE*® and the def2-TZVPP basis set’ using the computational
program Gaussian 16" and the energies are calculated for
several spin states §= 2, 1, 0). Afterwards, a frequency analysis
is carried out and the electric dipole moments, as well as the
electronic structures, are calculated. The resulting geometric
and valence electronic structures are shown in Fig. 3(a) and (c),
together with the profiles of electric deflection of the beam
under cryogenic conditions shown in Fig. 3(b).

The influence of a 14-atom tetrel cage on the structure of Cr-
doped clusters has been extensively studied theoretically,
mainly for the lighter tetrel homologous Si. A C,,-symmetrical
structure is predicted quantum chemically for Si 14Cr, which
can be understood as an electron-precise cluster®* Formally,
the 18 valence electron count for Cr with the electron configu-
ration 4s23d'°4p® is fulfilled in this cluster and a diamagnetic
ground state results in which the magnetic moment of the
chromium is completely quenched. The corresponding struc-
ture can be derived from the arachno-cluster Si;,® , which is
formally endohedrally saturated with a Cr ®* ion.?%32 Interest-
ingly, the isoelectronic Si;,Mn* is predicted to possess a
fullerene-like structure with Dg,, symmetry.2® Here too, a singlet
ground state is present. However, infrared spectroscopic stu-
dies of Si;;Mn* could not validate this structure. *° XMCD
studies of this cluster show that Si;,Mn " is indeed diamagnetic,
i.e., the magnetic moment is completely quenched. *® The cluster
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SV is also isoelectronic to Sij4Cr. Here, photoelectron
spectroscopic studies again indicate the presence of the arachno
structure with C,, symmetry.2® This structure is also predicted
for the valence-isoelectronic Ge 4Cr.2® The arachno-structural
motif with C,, symmetry also appears to be retained in Gg4Mn,
resulting in a doublet spin state. 3 Both the a-HOMO and the
a-LUMO are formed from atomic 3d states that are essentially
localized on Mn. However, the hybridization of these Mn
d-states with Ge p-states has to be taken into account. Photo-
electron spectroscopic studies on the isoelectronic Sij4Cr
are also consistent with the arachno structure with C,,
symmetry.?”?° For Sij4Fe, various quantum-chemical investiga-
tions predict an octahedral structure with O, symmetry, which
has a singlet ground state,??>3° j.e,, here too the magnetic
moment of the central Fe atom would be completely quenched.
Interestingly, the photoelectron spectroscopy results for the
valence-isoelectronic GgsMn are consistent with the arachno-
structural motif, with a triplet ground state now present in ~ which
the spin density is localized almost exclusively on the Mn centre.3!
The theoretical and experimental investigations indicate that the
geometric structure, and thus also the magnetism, depend sensi-
tively on the total number of valence electrons, i.e., the endohedral
transition metal and the charge state of the doped tetrel clu ster. In
a theoretical work in which the binding situation of the clus ters
was analyzed in detail ?® it is shown how sensitively the geometric
structure reacts to the electron density of the cluster and, there-
fore, how sensitively the predicted electronic structure d epends in
particular on the exchange...correlational functionals usel. This,
once again, illustrates how important the experimental inv estiga-
tion of the clusters is for probing the theoretical predicti ons on
the magnetic properties.

Based on the electric deflection experiments shown in
Fig. 3(b), certain structural motifs can be ruled out. For all
clusters with 14 tin atoms investigated here, i.e., SmsMn,
Sny4Fe and Sn4Cr, a broadening of the molecular beam was
observed with the inhomogeneous electric field applied. There-
fore, polar geometries must be present so that the proposed
octahedral structure for Sii4Fe and the fullerene-like geometry
for Si;uMn* with D3, symmetry can definitively be excluded for
Snm4Fe and Sn4Cr. The quantum chemical analysis of Sny,Cr
based on the calculations mentioned above identified a singlet
spin isomer, whose geometric structure is based on the
arachno-motif found for Si 14Cr (see Fig. 3(a)f*2533The simu-
lation of the beam broadening with an electric field that is
observed for Sm4Cr, taking the predicted electric dipole
moment and the moments of inertia into account, can describe
the experimental data in very good agreement. The valence
electronic structure, which is shown in Fig. 3(c), reveals that
9 of the 10 highest occupied molecular orbitals (MOs) are
mainly determined by s, p and d-states localized at the Cr
centre, i.e., Sn4Cr seems to also be an electron-precise cluster
fulfilling the 18 valence electron count for Cr. However, signi-
ficant hybridization with s and p-states from the Sn atoms takes
place. The energy interval of about 0.7 eV, in which the
18 valence electrons are found, is quite small due to the
compact geometric structure of the Sny4Cr cluster.
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Fig. 3 The geometric and electronic structures of the Sn 1,TM clusters with TM = Mn, Fe and Cr are illustrated. In (a), the geometric structures for Sn 14Cr,
Sm4Mn and SnyFe (left to right) given by quantum chemical calculation at the PBE/def2-TZVPP %57 |evel of theory are shown. Below the geometric
structure and its designation, the spin quantum number Sand the point group are listed. In the last line, the magnitude of the calculated electric dipole
moment m o is shown. In (b), beam deflection profiles at Tno,ze = 16 K with (blue circles) and without (grey diamonds) an electric field are presented.
A Gaussian function (grey solid line) is fitted to the beam profile with the electric field switched o . The simulated profiles generated by the classical
trajectory simulation (see text) and taking the arachno-structures into account are given as blue dashed lines. In (c), the valence electronic structures of
the clusters are presented, showing spin-unrestricted Kohn...Sham orbitals. The occupied molecular orbitals (MOs) are displayed as black solid lines and
the unoccupied MOs as green dashed lines, with the number of the corresponding orbital labelling it. For the relevant MOs (see text), the shape of the iso-
surface of the molecular orbitals is shown (isovalue 0.03 a, *2), with the designation underneath, in a perspective that the contribution of the atomic
orbital of the TM is clearly visible. The lowest unoccupied molecular orbital is referred to as the LUMO and the singly occupied molecular orbitals as
SOMO. The arrows indicate the transition of the MOs by exchanging the paramagnetic dopants.
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Since both the magnetic and electrical deflection behaviour
of SniuCr can be explained with the singlet arachno-type
structure, this polar structural motif forms the starting point
for the discussion of Sny4,Mn and Sny4Fe. Indeed the quantum
chemical analysis also reveals arachno-type structures for
Sm4Mn and SnysFe (Fig. 3(a)). Here, too, the experimentally
measured electric deflection of the beam agrees satisfactorily
with the simulations taking into account the quantum-
chemically calculated electric dipole moments, even if the
simulated profile of Sn 14Fe underestimates the beam broad-
ening. It should be noted that this may be due to the fact that
the calculation underestimates the electric dipole moment. *°
On the other hand, it is possible that the geometric structure
present in the experiment is more distorted than theoretically
predicted and thus a stronger beam broadening is observed
experimentally. However, the general course of the experi-
mental profile of Sn 14Fe is well reproduced by the simulation.
Therefore, both the quantum chemical calculations and the
magnetic data of Sny4Fe at high temperatures suggest the
presence of a triplet state.

Qualitatively, when Cr is replaced by Mn, another valence
electron is available, which occupies the lowest unoccupied MO
(LUMO) of Sn4Cr. This MO also exhibits a strong contribution
from the 3d states of the central transition metal ( cf. the ESIt).
By increasing the e ective nuclear charge through the exchange
of Cr to Mn, this MO gets stabilized and hybridisation with the
s and p-states of tin is significantly increased. When Fe is now
integrated into the cluster, the geometric structure gets slightly
distorted and the a-LUMO of Sm4Mn is energetically stabilized,
which allows the uptake of a second unpaired electron. This
MO is also largely formed by d-states of the transition metal,
which hybridize with s and p-states of the Sn atoms. In order to
energetically stabilize a triplet compared to a singlet state, the
spin pairing energy must outweigh the excitation energy to
form the triplet. Both the quantum chemical calculations and
the magnetic deflection data suggest that a triplet state is
formed for Sni4Fe. Moreover, the predicted polar arachno-
type geometry of Sn4Fe can explain the measured electric
deflection of the beam su ciently well considering the pre-
dicted electric dipole moment. Therefore, the investigation of
Sm4Cr, SmsMn and Sny,Fe indicates that the substitution of
the transition metals leaves the overall geometric structure of
the cluster skeleton unchanged, but the altered electron count
modifies the magnetic properties. This indicates that, in addi-
tion to the electron count, the most stable geometric structure
is decisive for the overall stability of the clusters.

4 Conclusions

In this work, the magnetic properties of tetrel clusters Sn y\TM
that are singly doped with transition metals (TM) are investi-
gated. On the one hand, the number of tetrel atoms (N =11, 12,
14 and 17 with TM = Mn) is varied, and, on the other hand,
dierent TMs ( N = 14, TM = Cr, Mn, Fe) are introduced.
Magnetic deflection experiments under cryogenic conditions

12990 | Phys. Chem. Chem. Phys. , 2024, 26, 12982€12992

show that the variation of the number of tetrel atoms strongly
changes the magnetic properties of the Mn-doped clusters.
If parts of Sni,Mn, Sny;;Mn and Sny,Mn show super-atomic
behaviour, spin relaxation occurs in Sn1;Mn, so that the beam
profile is only shifted in the field direction. A portion of the
SnysMn clusters with low rotational quantum numbers (rota-
tionally cold clusters) is noticeable as a shoulder in the beam
profile. Magnetic deflection experiments at higher nozzle tem-
peratures were carried out for the first time with two parallel-
aligned Stern...Gerlach magnets connected in series to achieve
larger deflections. At nozzle temperatures above 90 K, only one-
sided displacement of the molecular beam is observed for all
clusters. This displacement, which depends on the nozzle
temperature, is analysed quantitatively using Curiess law. The
magnetic deflection experiments over the temperature range
examined here show that the magnetic moment strongly
decreases from Sn/Mn to Sni,Mn over Snj1Mn to SnisMn.
Interestingly, the shifts of the molecular beam for Sn 14Mn are
almost independent of temperature. This observation is dis-
cussed in the context of zero-field splitting effects.

We also studied how the replacement of Mn with Fe and Cr
a ects the electrical and magnetic behaviour. Electrical deflec-
tion measurements of Sn;sMn, Sni,Cr, and Sn4Fe under
cryogenic conditions demonstrate that all three clusters must
have a polar structure. The arachno-type geometry of Sj,Cr
discussed in the literature is also predicted quantum chemi-
cally for the three Sn clusters and the calculated values of the
electric dipole moments fit well to the electric deflection data
well. The beam deflection experiments using a magnetic field
show that the spin multiplicity of Sn 14Cr, which exists as a
diamagnetic singlet, increases through Sny4Mn, a doublet, and
further to Sny4Fe, which exists most probably as a triplet.
A quantum chemical analysis of the valence electron structure
indicates that the increasing e ective nuclear charge when
exchanging Cr to Mn stabilizes the lowest unoccupied molecu-
lar orbital of Sn 14,Cr and enables the occupation of the addi-
tional electron in Sn 14,Mn. When Fe is incorporated, the energy
of the a-LUMO in Sn,Mn is lowered to such an extent that a
triplet ground state is formed. The geometric structure of the
clusters and even the appearance of the relevant MOs change
only slightly when the TMs are exchanged. This indicates that
although the altered valence electron number during the
transition from Sn 14,Cr to Sn;uMn to Sni4Fe determines the
magnetic properties, the arachno-type geometry is crucial
for the overall stability of the transition-metal-doped tetrel
clusters.
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%FPIROZIVLEPX\RYSIRTRQ MXgv @

*N GPMHFOEFO "CTDIOJUU XFSEFO EJF $S VOE 'F EPUJFSUFO 40 $MVTI
VOUFSTVDIU VN BVDI G°S EJFTF4QF[JFTEFO &JOTVTT EFS "O[BIM EFS EJE
USBDIUFO %BG°S TJOE JO "CCJMEVOH [VO¢DITO&E]fRECHPEFOLYPE EUE
UFNQFSBUVSBCI¢COHJHFO 7FSTDIJFCVOHFO EFS $V S JF,pRHEDP Q400 UFCCFJ 5
UFO GYS$S2OGINB10 16 BCHFCJMEFU '°S -FU[UFSFT JTU E BT J\BWD PMITW P
WP(O 1) BVGHFUSBHFOB®BRLFI FOUTQSJIDIU VN EJF NBHOFUJTDIFO &JHFOT
4UFJHVBFANGr= ¢?S(S+1) FYUSBIJFSFO [V L OOFO

#FJEFS #FUSBDIUVOH EFS 4USBIMQSPSMF G¢MMU TPGPSU BVG EBTT LFJC
IBMUFO [FJHU VOE EFS &RFLUEFT NBHOFUJTDIFO 'FMET BVG EJfS8UBDIOQ
FJO"VTTDINJFSFO EFT 4USBIMQSPSMT JO (SBEJFOUFOSJDIUVOH CFPCB!
IJOXFJTU < > %JFTF #FPCBDIUVOH LBOO FOUXFEFS EBSBVG [VS°DLF
"CMFOLWFSIBMUFO EFS IJFS HF[FJHUFO $MVTUFS WPMMTUCOEJH EVSDI 4
XJSE PEFS EBTT TJF BOBMPH [VN WPS BAVETEAUTLNWWN F S URDPSMIFHFO VOE
TJOE %FS 7FSMBVG EFSUFNQFSBUVSBCI¢OHJHFO 7FSTDIJFCVOH EFS $VS
HS «FOBCI¢OHJHFO .BHOFUJTNVT EFS .0 EPUJFSUFO 40 ,¢SHF BVDI IJF¢
EFS EJBNBHOFUJTDIFO 40 "UP NBLWFS TQEFSQU EBSFJ BCFS VOBCICOHJIH
[V TFJO VOE MJFHU JN 3BINFO EFS .FTTV @ HRO B%BHILIFJI UTINEFFS 4CFI0 3
,PQQMVOHTLPQHEBOOR VOE EJF 8BISTDIFJOMJDILFJU G°S FIJOFO 4QJOTJ
JN 3PUBUJPOT ;FFNBO %JBHSBNN NJOJNBM %BT 2VFODIFO EFT TVQFSBU
FJOFSIPIFO "O[BIM BO WFSCPUFOFO ,SFV[VOHFO SFTVMUJFSFO TPEBT"
G°S FJOFO BEJBCBUJTDIFO %VSDIHBOH [V NFISFSFO 4QJOTJQT JN .BHOFL
6STBDIF EBG°S LBOO [VN FJOFO EJF4QRON\INMUES M D[P0t OFNAFFGEEN 5S J ¢
EJF "O[BIM BO WFSCPUFOFO ,SFV[VOHFO VN JN 7FSHMFJDI [V FJOFN %
FSI'IU TJDIEJF;VTUBOETEJDIUF JN 3PUBUJPOT ;FFNBO %JBHSBNN TFIS
EJF &OUBSUVOH EFS &8RSN MO UWPEBVR BFGHFIPCFO XJSE < > '°S EJF
XVSEFO TQI¢SJTDIF 4USVLUVSFEQAGYSH AE JEWSIDI EVF®OUFODIFNJTDIF 3F
WPSIFSHFTBHU VOE G°S EJF FSTUHFOBOOUF 4QF[JFTBVDICFTUCUJHU

G°S EJF $MMTQWNOE@® JO RVBOUFODIFNJTDIFO 3FDIOVOHFO HFGVOEFO !
BVTHFHBOHFO EBTTEJF $S EPUJFSUFO 40 ,¢SHF ¢IOMJDIF 4USVLUVSFO
4USVLUVS BVTEFNWPSIFSJHFO ,BQJUtBWE 99 EFTEHESJE SFUSACO4HOW F SNV U F C
BMMF$SO$MVTUFS EJFIJFS VOUFSTVDIU XFSEFO VOE FJOF "CMFOLVOH JN
8BISTDIFJOMJDILFJUBTZNNFUSJTDIF 3PUPSFO VOE XFJTFO FJOF TFIS IP
3PUBUJPOT ;FFNBO %JBHSBNN BVG 1, & MM HDI NEFE BMWTUIF SFE®E 4ZNN
WPS < >VOE[FJHUEFTIBMC OPDIBN FIFTUFO "CXFJDIVOHFO WPO SFJOF
"VDICFJEFO 4USBIMQSPSMNOEFS £0F JO "CCIJMEVOH HF[FJHU TJOE JTU
"CMFOLWFSIBMUFO [VFSLFOOF@ 'F\XJFSSEJINF'BM OIAVOPF @O XFSUFT TVQFSB
CFPCBDIUFU %JF 60UFSTVDIVOHEFS UFNQFSBUVSBCI¢COHJHFO 7FSTDIJ
EBTT BMMF $MVTUFS JN .BHOFUGFME FJOF "CMFOLVOH FSGBISFO VOE
EJBNBHOFUJTDI TJOE &T G¢MMU [VEFN BVG EBTT EJF 4UFJHVOH EFS MJO
NJW=12 JN #FSFJDnl 3PS +1)=13 CAFMIFHU %BT EFVUFU EBSBVG IJOBVT E
.PNFOU CFJEFO'F EPUJFSUFO 40 ,¢SHFO JN (FHFOTR$B[VEE @Q@\CASFFS E
SVOHTXFJTF OJDIU WPO EFS "O[BIM EF§ 'BDOBY PNF BENJONDBEASOHIH WF
VOE EFS "O[BIM BO 40 "UPNFO EFVYMIDTWEBTD FUREFDUBBQF 4QJ0O #BIO 8
WPSMJFHU %JFTF"CXFJDIVOH XJS ENBMP ICGFPSCEB0 $ MY TRUIFSISEUEFNOBD | W
EJF 8BISTDIFJOMJDILFJU G°S FJOFO 4QJOTJQ BO FJOFS WFSCPUFOFO ,SF\
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EFTTVQFSBUPNBSFO 7FSIBMUFOT SFTVMUJFSU %JFTF *OUFSQSFUBUJP
¢IOMIJDIFO HFPNFUSJTDIRO @ YOELA® SNVRPYOUFBINFOU G°S EJF'F EPUJFS
TVQFSBUPNBSFO 4USBIMLPNQPOFOUFO OBDIHFXJFTFO XFSEFOL"OOFO
40$S [FIJHU EFS $MNKBES8BDFIJOFO HS ' *FSFO TVQFSBUPNBSFO "OUFJM %J
4USVLUVSWPCFADUDRJ@ENNFUSJF < >BVGVOEJTU EBNJUFCFOGBMMT
,PNCJOBUJPONJUEFSI'IFSFO8BISTDIFJOMJDILFJU G°SFJOFOBEJBCBUJT
SFTVMUJFEFDEBPWIMUF JOTHFTBNU BMTP FJIO HFSJOHFSFS TVQFSBUPNB
XJSEWFSNVUFU EBFIRTEFIMBPIDBIFYUPIOFS TIHOJSLBOUFO /IVMMGFME
%BEVSDI TQBMUFO EJF 3PUBU BPOTBV® NB\ETEQAFIFIDIUEMBIO WFSCPUFOFO ,
BC < >

'°S FJOFRVBOUJUBUJWF "VTXFSUVOH EFS NBHOFUJTDIFO &JHFOTDIBGL
EFS FMFLUSPOJTDIFO 4USVLUVS IJO[VHF[PHFO XFSEFO &STUF "OT¢U
SFO[NFUIPEFO HFOVU[U XFSEFO N°TTFO VN EJF FYQFSIJBREOPEW N JDHE
WPSIFS[VTBHFO

g (SXMIVXI'PYWXIV QM X

IEKRIXMWGLI )MKIRWGRERBXIR ZSR 7R

*NWPSIFSHFIFOEFO ,BQJUFM XVSEF HF[FJHU EBTT EJF *OUFSQSFUBUJF
EPUJFSUFO 40 $MVTUFS NJU FJOFN QBSBNBHOFUJTDIFO %RUJE3VOHT
LPNQMFY JTU EB EJF 4QJONVMUJIQMI[JUCU EFT $MVTUFST NJU EFS "OJ
"CICOHJHLFJU EFT %PUJFSVOHTBUPNT WBSJJFSFOLBOO VOE [VT¢U[MJ
"VT EJFTFEN (SVOE XFSEFOJN GPMHFOEFO ,BQJUFM BVTTDIMJF+«MJDI 40 $
HOFUJTDIFO "UPN EPUJFSU TJOE EBTTOVS FJO GSFJFT &MFLUSPOFOQ
S=12 SFTVMUJFSU

*OEFSFSTUFO IJFS[VHF[FJHUFO 7FS’ R BMYM UFIS/ @ HUX"WB EF IEFSS4OV O E .
TPXJF NBHOFUJTDIFO "CMFOLFYQFSJIJNFOU VOUFSTVDIU %BCFJLPOOUFC
EFS $SMVTUFS TVQFSBUPNBSFT 7FSIBMUFO [¢F IBHLRP YR EPIFIQC I8 B MBI \
SFTUMJDIFO $MVTUFS XFSEFO OBIF[V OJDIUBCHFMFOLU VOE SFTVMUJ
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Discriminating the influence of thermal excitation
and the presence of structural isomers on the
Stark and Zeeman e ect of AlSn

1o clusters

by combined electric and magnetic beam
deflection experiments

Filip Rivic,
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AISn;, clusters were studied in electric and magnetic beam deflection experiments at nozzle
temperatures of T,o.2e = 16...100 K. For 16 K, spatial separation of two fractions of clusters in the mole-
cular beam was achieved by deflection with both an electric and a magnetic field gradient. In the electric
deflection experiment, about 76% of the clusters are identified as non-polar and the rest as highly-polar,
while the magnetic deflection experiment demonstrates that 37% show an atom-like and 63% a
Brillouin-like magnetic response. In order to probe the connection between these fractions in electric
and magnetic beam deflection, a combination of these two experiments was performed. This clearly

demonstrates that the highly-polar clusters show a Brillouin-like magnetic response and only the non-
polar clusters can be deflected atom-like in a magnetic field. This observation suggests that two
structural isomers are present in the molecular beam, one of which is highly-symmetric, and
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demonstrates that spatial isomer separation of metal clusters containing heavy elements is feasible.
However, vibrational excitation must also be taken into account to explain the observed magnetic
response. A stepwise increase of the cluster temperature shows that suppression of the superatomic

response is more sensitive to vibrational excitation than the quenching of the permanent electric dipole

rsc.lilpccp moment.

1 Introduction

Electric and magnetic molecular beam deflection experiments
are powerful tools to study the Stark and Zeeman e ects of
isolated molecules and clusters.t4n this way, for example, the
dependence of the electric and magnetic dipole moments of
clusters on their size and chemical composition can be
determined. *"%or the quantitative analysis of the Stark effect
it is necessary that the isolated species are rigid A broadening
of the molecular beam caused by the inhomogeneous electric
field then indicates the presence of a permanent electric dipole
moment. Thermal excitation of vibrations can, however, lead to
the molecular beam broadening being reduced and, in the
limiting case of strong vibrational excitation, even disappearing
completely.*®** In such a case it is said that the electric dipole
moment is quenched. Although the species in the molecular
beam are not in contact with a heat bath and the temperature is

Technische UniversitaDarmstadt, Eduard-Zintl-Institut fir Anorganische und
Physikalische Chemie, Alarich-Weiss-Strasse 8, 64287 Darmstadt, Germany.
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therefore poorly defined, various molecular beam experiments
have shown that it is nevertheless useful to characterize the
thermal excitation by a temperature which takes different
values for the various degrees of freedom (translation, rotation,
vibration, electronic excitation). 12-**The value of the vibra-
tional temperature then determines the amount of clusters in
the vibrational ground state, i.e. that are not vibrationally
excited and are therefore rigid. However, the mechanism of
the electric dipole moment quenching is not fully understood
yet and, therefore, it is not clear to which extent an excited
vibrational mode quenches the electric dipole moment. °
Dipole moment quenching by vibrational excitation also
plays an important role in magnetic beam deflection experim ents.
When clusters are non-rigid, i.e. vibrationally excited, the magnetic
response is quenched, i.e. molecular beam broadening vanishes
and only a single-sided deflection is observed*%1%1€ The magni-
tude of the deflection depends on the magnetic dipole moment
and the vibrational temperature and is described by the Bril louin
function. '® Besides vibrational excitation, the cluster rotations
are also important. The density of rotational states and, th us,
the number of avoided level crossings increases when molecuar
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symmetry is reduced. Then, spin-rotation coupling leads to relaxa-
tion of spin orientation and, thus, a reduction of molecular beam
broadening.” Only in the limiting case of rigid, highly-symmetric
clusters, the spin state is a constant of motion and the molec ular
beam splits into (2J + 1) beamlets, where J is the total angular
momentum quantum number. In this case, the clusters respons e
to the magnetic field is atom-like, i.e. superatomic. As an example,
with the icosahedral MnSn 4, cluster, a splitting of the molecular
beam in six beamlets (J = 5/2) was observed at low nozzle
temperatures.*

Not only rigid and non-rigid clusters but also dierent
structural isomers can be present in a molecular beam.®
In particular, this is mostly the case when the energies of
several structural candidates di er only in the range of a few
meV.2%1920 |t the dielectric properties of the isomers dier
strongly enough, it is even conceivable to separate them spa-
tially. This has been accomplished for isomers and conformers
of small organic molecules.?*?? On separated isomers further
experiments like isomer-selective reaction studies have been
conducted.”® However, the spatial separation of isomers of
metal clusters containing heavy elements is still pending.
While inherently interesting, the coexistence of isomers with
di erent values of the electric and magnetic dipole moment
and dierent levels of symmetry complicate the analysis of
beam deflection experiments.*® For example, it can be di cult
to distinguish a coexistence of non-polar and polar isomers
from a mixture of rigid and vibrationally excited clusters of the
same polar isomer because vibrational excitation leads to
dipole moment quenching and, thus, similar deflection beha-
viour to a non-polar isomer. In order to draw correct conclu-
sions from molecular beam experiments, it is therefore crucial
to investigate the coexistence of multiple structural isomers
and the influence of thermal excitation in detail. In this
context, AlSn;, serves as a prime example because both struc-
tural isomers and thermal excitation must be taken into
account to come to a conclusive interpretation of the electric
and magnetic beam deflection experiments. For further insight
into the e ects of thermal excitation, magnetic and electric
beam deflection for various temperatures must be studied.

2 Experimental details

The experimental setup is described in detail elsewhere,*2%2%
therefore only a brief overview is given here. The molecular
beam is generated in a pulsed laser vaporization source (10 Hz)
by focusing a frequency-doubled Nd:YAG-laser onto a rotating
and translating alloyed target rod containing 5 at% aluminium

in tin. Helium gas is fed to the emerging plasma through a
pulsed valve and clusters are formed in an aggregation cham-
ber. The helium...cluster mixture is thermalized in a cryogenic
nozzle with Tpo,,e = 16...100 K and expands through a double-
skimmer into a high vacuum. The molecular beam passes two
collimating slits before going successively through an inhomo-
geneous electric (0G/dz=4 10°V m 2) and/or magnetic field
gradient (dGmag/dz=349 T m 1), each generated by a two-wire
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geometry?® The clusters are ionized by an K excimer laser
(157 nm) and detected in a time-of-flight mass spectrometer.
The deflection is probed by a scanning slit unit just before
photo-ionization. The positions of the scanning slit are
approached in random order. For the electric and magnetic
beam deflection, three mass spectra are recorded at each
position over the course of the experiment and the intensities
are averaged over 150 shots for each mass spectrum at this
position. First, a mass spectrum without field is recorded to get
an intensity as a reference at this random chosen position.
Then, the field is applied and the deflected beam profile is
recorded directly afterwards for this position.

In order to compare several beam profiles from independent
experimental runs with slightly di erent cluster velocities vy,
the measured deflection d, is converted to the mean projection
of the dipole moment on the field direction

d,my2 dG !

m, Ya—5——7— —
F2 7 2=2p Il dz

(1)
with i A {el,mag}, cluster massm, field length I, drift length I,
and electric or magnetic field G;. Note that m_, is proportional to
d, and independent of v,. The latter is measured with a
mechanical shutter based on a hard disk drive. 2’

3 Results

3.1 Electric beam deflection

The molecular beam profile of a cluster recorded by electric
beam deflection changes with applying an electric field (see
Fig. 1(a)) depending on the permanent electric dipole moment,
the electronic polarizability and, as stated above, the cluster
temperature. The electronic polarizability leads to an overall
shift, whereas a permanent dipole moment causes a broad-
ening of the molecular beam.® Thermal excitation of vibra-
tional modes is known to quench the electric dipole moment in
deflection experiments.®* Therefore, in such a case even if the
cluster is highly-polar, only a small or even vanishing broad-
ening will be observed. In Fig. 1(b), the experimental data for
the electric beam deflection of AlSni, for T2z = 16 K and an
electrical field strength of Gg = 1.6 10’ V m ! (deflection
voltage U = 24 kV) are shown. The cluster intensity without an
applied electric field can be described by a Gaussian function.?®
By applying an inhomogeneous field, the beam profile shifts in
the direction of the field gradient due to the electronic polariz-
ability of the cluster. However, the intensity at the maximum is
decreased and a tailing in the direction of the field gradient
becomes visible.

The beam profile is properly described by a sum of two
Gaussians. For the main peak, no broadening is observed (blue
shaded area) implying that there is no permanent dipole
moment present in this fraction. Taking the area of this
distribution into account, 76% of the molecular beam belongs
to this non-polar fraction. The remaining 24% of the molecular
beam profile can be described by a strongly broadened Gaussan
(orange shaded), suggesting a highly-polar beam fraction.
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Fig. 1 (a) Scheme of the experiment indicating a non-polar and a pol ar
fraction (orange) in the molecular beam after deflection. (b) Experimental

data of the electric beam deflection for AISn i, at T,z = 16 K. The grey
squares represent the cluster intensity without the electric field. Blue open

squares show the intensity with an applied voltage of U = 24 kV. Gaussians
were fitted to the experimental data (solid lines). The non- polar fraction is
displayed in the blue shaded area, while the polar fraction i s display in orange.

Note at this point that the intensity profile strictly follows
a Gaussian distribution only for the first order Stark e ect
(kgTrot € mMyGg)) and spherical clusters.® The observed strong
broadening however, implies a strong permanent electric
dipole moment in the range of about 2.0...2.5 Debye. Thus,
the first order Stark effect is not a good approximation if a
rotational temperature of about 10 K is considered. However,
the shape of the molecular beam profile depends on the cluster
geometry and its body-fixed dipole moment components.
No exact analytical description of the molecular beam profile
has been possible yet® Nevertheless, the purpose of this study
is not to describe the Stark effect in detail but to quantifiy the
two observed beam fractions. For this, a simple fit procedure
with two Gaussians is suitable.t

In order to rule out that the polar fraction is due to
contaminants like oxides which cannot be separated from the

T We tested the determination of the beam fractions in electric beam deflection
on Sny; which was reported to show two isomers with di erent electric dipole
moments.*® The deviation between a fit with two Gaussians and a fit with
simulated beam profiles considering the cluster structure from quantum
chemical calculations was below 5%.

This journal is € the Owner Societies 2021

View Article Online

mass signal of AlSn;, due to the broad isotope distribution of
natural tin, the electric deflection experiment was repeated
with a rod containing 5 at% Al in *2°Sn (99.7% enrichment).
Similar results as shown above were obtained (see Appendix A).

Two scenarios are conceivable to explain the observation of
two distinguishable fractions in the electric beam deflection
experiment. First, the highly polar and non-polar fractions
could be assigned to rigid and non-rigid clusters, respectively.
For this, the AlSn;, cluster in the molecular beam must have a
strong permanent electric dipole moment. Then, 76% would
have to be non-rigid in order to quench the electric dipole
moment at least partially. *° However, for 76% of the clusters
being vibrationally excited assuming a Boltzmann distribution
with Ti, = 30 K and only one (the softest) vibrational mode
excited, the wavenumber of this vibrational mode has to be at
or below 6 cm *. This is not impossible but rather unusually
low for tin clusters of about a dozen of atoms. %162 The
remaining 24% are rigid (no vibrational excitation) and the
permanent electric dipole moment is not quenched. Therefore,
a broadening of the electric beam profile is observed. The
coexistence of rigid and non-rigid species for one cluster size
has been observed in previous works for Sno.t° However, at
Thozzle = 16 K, the amount of the rigid fraction was much
higher.

On the other hand, the observation of a non-polar and a
highly-polar fraction could be due to (at least) two di erent
structural isomers of AlSn i, present in the molecular beam. 10
Here, a polar and a non-polar isomer is required to describe the
experimental data properly. Based on this, 24% of the AlSn;,
clusters in the molecular beam have a geometrical structure
which is connected to a high permanent electric dipole
moment. Accordingly, 76% could be very likely assigned to a
more symmetrical geometry which shows a vanishing dipole
moment. Nevertheless, a small part of the polar and non-polar
isomers could be vibrationally excited so that for the polar
clusters the dipole moment is partially quenched. In this case,
it is very di cult to quantify the amount of the polar fraction
and the value of 24% would be a lower bound. However, earlier
work has shown that with T,z = 16 K the permanent electric
dipole moment of tin clusters in the size range of about a dozen
atoms is usually not quenched significantly. 5142931

3.2 Magnetic beam deflection

To gain further insight, it is instructive to continue by studying

cluster deflection in an inhomogeneous magnetic field (see
Fig. 2(a)) which has been shown to depend substantially on
both molecular symmetry and vibrational excitation. ** When
clusters are thermally excited, the vibrational modes of
the cluster act as a heat bath which facilitates rapid electron
spin relaxation. Then, a shift of the molecular beam is
observed which is quantitatively described by the Brillouin
equation,'®173233 pyt with no beam broadening. For our

¥ It was observed that the vibrations of doped tin clusters from our cluster source
are well thermalized with the cryogenic nozzle down to 30 K, i.e. Thozzie = Tyin. FOr
Trozzle = 16 K, a value of Ty, = 25...30 K was estimated.
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Fig. 2 (a) Scheme of the experiment indicating a superatomic (green ) and
a Brillouin-like fraction in the molecular beam after deflection. The direc-
tion of the field gradient, the length of the magnet and of the fiel  d free path
are displayed. (b) Experimental data of the magnetic beam deflection for
AISn;; at Thozze = 16 K. The grey squares represent the cluster intensity
without any field. Red open circles show the intensity with an applied field
gradient of 349 T m . Gaussians were fitted to the experimental data (solid
lines). The superatomic fraction is displayed in the green sh aded area.

experimental conditions, only a value of Myag, = 0.057 is
expected for the total angular momentum quantum number
J = 1/2 which is hardly detectable in our apparatus. When
magnetic clusters are rigid and highly-symmetric, the molecu-
lar beam can split symmetrically into 2 J+ 1 beamlets, i.e., a
superatomic magnetic response is observed? With lower mole-
cular symmetry, beam broadening is reduced and can comple-
tely vanish, even for rigid clusters, which is attributed to an
increased density of rotational states.**343°

In the magnetic deflection experiment on AISn 15 at Tyozz1e =
16 K shown in Fig. 2(b), the molecular beam splits symmetri-
cally into three beamlets with the central one possessing about
63% of the total beam intensity and, consequently, the two
outer ones 37% together. The central peak shows vanishing
deflection. The two outer beamlets at myag, = 1.35m can be
assigned to magnetic quantum numbers m;= J These will be
referred to as the superatomic fraction in the following. * For
AISn,, with an uneven electron count, Jis restricted to half-
integer values. However, forJ4 1/2, no intensity dip between
the outer beamlets and the central peak would be expected
because of at least four equidistant beamlets. Thus, J = 1/2
should apply to the superatomic AlSn, clusters. In contrast to
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the splitting of an atomic beam, the beamlets are slightly
broadened towards the central peak which is probably due to
rigid clusters changing their spin state inside the deflect ing field. *®
This e ect is more obvious for the right beamlet in Fig. 2(b).

Analogous to the previous section concerning electric beam
deflection, it will be discussed in the following how thermal
excitation and structural isomers with di erent polarity and
symmetry a ect the observed beam deflection in the magnetic
field. Assuming that there is only one cluster isomer with a
superatomic response in the vibrational ground state and a
Brillouin-like response otherwise, 63% of the clusters would
have to be vibrationally excited to match the experiment.
However, notice that this value diers from the 76% with
a quenched dipole moment determined from the electric
deflection experiment. This deviation would not be impossible
because cluster thermalization in the cryogenically cooled
cluster source is sensitive to slight changes in the cluster source
settings. However, it is shown in Section 4 and it has been
suggested previoush?® that the magnetic response is much
more susceptible to vibrational excitation than the electric
response in beam deflection experiments. Consequently, it
would be expected for AlSn, that the polar fraction should
be larger than the amount of superatomic clusters, however,
the exact opposite is observed experimentally (24% polar and
37% superatomic). An additional issue in this approach is that
a polar structure with a large electric dipole moment is
assumed to explain the electric deflection results. However, a
large dipole moment usually means that the cluster structure is
quite asymmetric. Low molecular symmetry causes a large
density of level crossings between spin and rotational energy
levels which can cause rapid spin relaxation and, thus, a suppres-
sion of superatomic magnetic response, even for rigid clusters*

On the other hand, the hypothesis of two isomers with
di erent polarity allows a more conclusive explanation of the
magnetic deflection results. It was discussed above that polar
clusters (24%, compare Fig. 1(b)) are expected to show a
Brillouin-like magnetic response. In contrast, a non-polar iso-
mer of AISn;, could possess a symmetrical structure, e.g. an
aluminium atom endohedrally encapsulated in a Sn 1, cage
which would be expected to show a superatomic magnetic
response in the vibrational ground state. * However, with some
vibrational modes being excited, the superatomic response
usually blends into Brillouin-like behavior. Recalling the
numbers, 76% of the AlSn,, clusters show a non-polar electric
response but only 37% show a superatomic magnetic response.
This implies that about half of the highly-symmetrical, non -polar
clusters are non-rigid and, therefore, a Brillouin-like ma gnetic
response is expected. Taking again a vibrational temperatue of
30 K and only one excited mode into account, this corresponds to a
wavenumber of about 14 cm * which is quite reasonable.

To summarize Sections 3.1 and 3.2, the results from electric
and magnetic beam deflection are conclusive when two isomers
with di erent polarity are taken into account. In order to verify
this hypothesis, the connection between the electric and mag-
netic response is probed by means of a combined deflection
experiment in Section 3.3.
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3.3 Two-field beam deflection

For the combined electric and magnetic beam deflection
experiment, the polar fraction is filtered out with a 200 mm
broad selector slit 50 cm downstream from the electrode exit,
directly before the beam enters the magnetic field (see
Fig. 3(a)). At this point the selector slit picks out a small strip
of the molecular beam enriched with non-polar clusters. Based
on the electric beam profile in Fig. 1, we estimated the deflec-
tion of both fractions at the position of the selector slit
indicating an enrichment of about 88% for the non-polar
fraction (see Appendix C). Afterwards, the remaining, mostly
non-polar, clusters pass into the magnetic field. In this way, the
magnetic deflection profile of a molecular beam enriched
with non-polar AlSn 1, clusters is accessible. This is shown in
Fig. 3(b) in comparison with the magnetic deflection of
the unperturbed cluster beam. To make a direct comparison
possible, cluster intensities were recorded alternately with and
without the electric field for each position of the scanning slit.

Based on the discussion before, the two possible explana-
tions for the two fractions are discussed with respect to the two-
field beam deflection experiment. In the case where the di er-
entiation of the fractions depends on the vibrational exitation
(rigid vs. non-rigid), filtering out the polar fraction (rigid)
would lead to mostly non-rigid clusters in the magnetic field.
Therefore, we would expect a decrease of the intensity of the
superatomic beamlets. In the case of the presence of two
di erent structural isomers, the polar fraction is assigned to
an asymmetric structure. As stated before, such an isomer with
lower symmetry would probably show a Brillouin-like magnetic
response. By sorting out polar clusters, which are probably not
highly-symmetric, we expect only the central peak to decrease
in size. Fig. 3 shows that with the electric field switched o,
48% of the clusters show superatomic deflection behaviour
while for the other 52% a vanishingly small deflection is
observed. Note that these values di er from the ones obtained
in Section 3.2. As stated above, the deviation could result from
slight changes in the cluster source settings® (see Section 3.2).
However, for each of the randomly approached positions of the
scanning slit, the intensity with and without the electric field
was measured successively. Thus, the two data series in Fig. 3
can be compared directly.

By applying the electric field (blue triangles in Fig. 3), the
intensity of the Brillouin-like fraction of the AISn 1, clusters
decreases, whereas the intensity of the superatomic fraction
remains approximately constant. The relative amount of these
two fractions changes to 57% for superatomic response and
43% for the Brillouin-like part. The total intensity of the central
beamlet decreases by 16% in relation to the total area. Note that
the overall shift of the profile in the direction of the magnetic
field gradient is caused by the electric deflection [compare
Fig. 1(b)]. However, this shift is small enough that the non-
polar fraction can enter the magnetic field. The results in Fig. 3
clearly show that the polar fraction identified in the electric
beam deflection experiment shows a Brillouin-like magnetic
response and, likewise, clusters with a superatomic magnetic
response belong to the non-polar fraction. As stated above, this
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Fig. 3 (a) Scheme of the two-field deflection setup (see text for further
details) showing the non-polar and polar (orange) fractions as well as
superatomic (green) and Brillouin-like magnetic response. Here, the dis-
tance between the electric deflection unit and the selector slit is shown in
addition to the previous listed length specifications. (b) Two-field beam
deflection of AlSn 1, at Thoz2e = 16 K. The red circles show the molecular
beam profile with magnetic field only [analogously to Fig. 2(b)]. In the blue
open triangles the intensity of the beam deflection with first an applied
electric field and a following magnetic field is shown (see text for further
details). The downward arrow indicates the intensity loss of 16% with
respect to the total beam intensity. A sum of three equidistant Gaussians
with equal widths was fitted to the experimental data (solid lines) in the
corresponding colours.

indicates that the polar fraction results from a second isomer
with a more asymmetric structure. The non-polar fraction is
then mainly caused by a highly-symmetric cluster with a
vanishing electric dipole moment showing a superatomic mag-
netic response similar to what was observed for other endo-
hedrally doped stannaspherene clusters*=®

In principle, spatial separation can also be achieved for
other metal clusters that possess di erent isomers. However,
in order to separate polar and non- (or less-) polar species, their
respective permanent electric dipole moments need to di er by
a su cient amount. In Appendix C, the achievable enrichment
of the two identified fractions of AlSn ;, at a distance of 50 cm
downstream from the electric deflector is shown for our experi-
mental setup. For this, a di erence in electric dipole moment
values of about 2.0 D was considered. Based on these estimated
beam profiles, the values of the dipole moment of the structural
isomers must di er by roughly 1.0 D for clusters with a mass of
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about 1000 amu so that an e ective spatial separation is
possible and an isomer enrichment of approximately 75% is
achieved. However, the same enrichment could be accom-
plished with less di erence in electric dipole moment values
if either the molecular beam could be collimated more closely
or a longer electric deflector could be used (I;, compare egn (1)).

To conclude on this discussion, we propose that about 76%
of the AlSn,, clusters in our molecular beam are non-polar and
probably highly-symmetric. About half of these clusters are in
their vibrational ground state at Tho.ze = 16 K, leading to a
superatomic magnetic response. The other half is vibrationally
excited, showing a Brillouin-like magnetic response. The
remaining fraction of 24% is assigned to a highly-polar isomer
showing also Brillouin-like magnetic response.

4 Role of thermal excitation

For a further investigation of the influence of vibrational
excitation on the electric and magnetic beam deflection experi-
ments, the nozzle temperature is increased stepwise from 16 to
100 K for both experiments. Fig. 4 shows the superatomic and
polar fractions extracted from the resulting beam profiles
shown in Appendix B. Both the superatomic and the polar
fractions decrease with increasing temperature. However, this
decrease occurs at significantly lower nozzle temperatures for
the superatomic fraction (green in Fig. 4). This observation
supports the hypothesis that the superatomic response is more
sensitive to vibrational excitation compared with the reduction
of the beam broadening in the electric deflection experiments.
In order to get a better understanding for this, one has to
di erentiate the mechanisms of average electric and magnetic
dipole moment quenching in the corresponding inhomoge-
neous fields. For the magnetic case, the quenching of the
dipole moment due to vibrational excitation has been studied

Fig. 4 Extracted ratios of polar (orange open squares) and superatomic
(green open circles) fractions in electric beam deflection and magnetic
beam deflection, respectively, plotted against the nozzle temperature. The
dotted green line for the superatomic and the orange dashed line for the
polar fraction, respectively, are included as a guide to the eye.
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in detail for doped tin clusters at the high-temperature limit in
previous works.*1*® The density of level crossings increases
rapidly with the number of excited vibrational modes. The
superatomic response, which is only observed for highly-
symmetric clusters, is quenched as soon as one vibrational
mode is excited.? In contrast to the magnetic dipole moment,
the electric dipole moment is fixed in the molecular framework
of the cluster. In the low-temperature limit, clusters are rigid
which means that only cluster rotation and the Stark e ect
must be considered for evaluating cluster deflection in an
inhomogeneous electric field.® When clusters vibrate, their
structure and, thus, the magnitude and direction of the electric
dipole moment start to fluctuate rapidly which leads to a
reduction of the time averaged dipole moment. '° A detailed
study of how many vibrational modes must be excited for
electric dipole moment quenching is lacking. However, it has
been shown that, for temperatures where some vibrational
modes should be excited, rigid cluster models fit the experi-
mental data surprisingly well. *° Thus, considering the di er-
ences in the proposed quenching mechanisms, it seems
plausible that di erent degrees of excitation are needed for
guenching of beam broadening in electric and magnetic beam
deflection experiments.

Remember that polar and superatomic fractions were
assigned to dierent structural isomers and, thus, a direct
comparison of these fractions must be treated with caution.
However, it would be expected that the dominating non-polar
isomer, which is responsible for the superatomic magnetic
response, is more stable which leads to stier vibrational
modes and, therefore, less vibrational excitation than for the
polar isomer. Thus, the observed trend in Fig. 4 probably
cannot be explained with di erences in the extent of vibrational
excitation but is rather attributed to di erent degrees of sensi-
tivity to vibrational excitation.

5 Conclusions

In this work, electric and magnetic beam deflection experi-
ments and a combination of both were carried out on AISn 1,
clusters. Both electric and magnetic beam deflection results at
Thozzle = 16 K indicate that two fractions are present in the
molecular beam. The observations suggest that one of the
fractions in the molecular beam has no permanent electric
dipole moment. The other fraction shows a high permanent
electric dipole moment and is most likely an asymmetric
cluster. In the combination of both experiments, separating
the polar fraction from the molecular beam decreases the
observed amount of clusters that show a Brillouin-like mag-
netic response. The two-field experiment demonstrates further
that not only two isomers but also rigid and non-rigid species
have to be considered to explain the amounts of the non-polar
and Brillouin-like fractions observed in the deflection experi-
ments quantitatively. Additionally, for the electric and mag-
netic beam deflection experiments we increased the nozzle
temperature stepwise from T2 = 16 to 100 K and observed
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that the magnetic response is more sensible to thermal excita-
tion than the electric behaviour.

We suggest a highly-symmetric, endohedral structure for the
non-polar isomer, similar to transition-metal doped tin
clusters.*>3* For the highly-polar, asymmetric species, many struc-
tural isomers are possible. In future works, quantum chemic al
calculations have to be carried out to ascertain the geometrical
structures of the isomers. Based on a molecular dynamics simula-
tion of the electric beam deflection profiles, the structur al isomers
that are present in the experiment can be discriminated. 35282

We showed that not only for organic molecules 2% but also
for clusters containing heavy elements, spatial isomer separa-
tion is possible which enables the adoption of isomer-selective
experiments on metal cluster beams. With this, a much more
targeted investigation of the physico-chemical properties of
metal clusters is possible.
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Appendix A
Electric beam profile of 2’AI*2°Sn,,

All data shown in the main text were generated with samples of
tin with its natural isotope distribution. As tin is the elem ent with
the most stable isotopes, the Al-doped species cannot be com
pletely separated from the pure tin cluster in the mass spectrum.
To make sure that the polar fraction does not originate from p ure
Sny, for which a high dipole moment was observed or other
contaminants like oxides,X° we carried out electric beam deflec-
tion for 27A*?%Sn,, (99.7% enrichment). The resulting mass
spectrum and beam profiles are shown in Fig. 5. Here, two

Fig. 5 (a) Experimental data of the electric beam deflection for 2’Al**°Sn,,
at Thozzie = 16 K. The same color code as in Fig. 1 is used. (b) Mass spectrum
close to the signal of 2°Sny,. Signals marked with a star can be assigned to
the corresponding mono oxide species.

This journal is € the Owner Societies 2021
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fractions are visible as well. Therefore, the observation of two
distinguishable fractions is not due to contamination. The polar
fraction is somewhat smaller than in Fig. 1 which is attribut ed to
small fluctuations in cluster thermalization.

Appendix B
Temperature dependent beam deflection

The close connection between thermal excitation and both
electric dipole moment quenching and the loss of superatomic
response was investigated on AlSn, by a variation of the nozzle
temperature in the cluster source. Fig. 6 displays the results for
the electric beam deflection at Tpo,,-e = 25 K, 50 K, 70 K and
100 K. In comparison with the beam profile at Toz2e = 16 K, the
polar fraction does not change significantly up to 50 K. The
polar fraction shrinks with increasing nozzle temperature and
cannot be detected any more at 100 K. In Fig. 7 the results for
the magnetic beam deflection at Tyozze = 30 K, 50 K, 70 K and
100 K are shown. The beam profiles with and without the field
become broader because the velocity, increases and, thus, the
observed deflection is smaller (see eqn (1)). The superatomic
fraction decreases with increasing temperature.

At Thozz1e = 30 K, only 26% of the clusters in the beam show a
superatomic response, compared with 37% at 16 K. At about
70 K, no beam deflection or broadening in the magnetic field is
observed at all (Fig. 7).

Appendix C

Estimation of enrichment of the non-polar fraction in the two-
field experiment

To quantify the ratio of polar and non-polar fractions in the
two-field beam deflection experiment, we estimated the

Fig. 6 Experimental data of the electric beam deflection for AlSn i, at (a)
Thozze =25 K, (b) 50 K, (c) 70 K and (d) 100 K. The same color code as in Fg. 1 is
used. Note that for 100 K the area of the Gaussian fit (blue) is 9% smaller than
without the field (grey). This is probably due to intensity f luctuations during the
experiment. For all other graphs this deviation is about 3%.

Phys. Chem. Chem. Phys. , 2021, 23, 99719979 | 9977




w

Fig. 7 Experimental data of the magnetic beam deflection for AISn ;, at (a)
Thozzle = 30 K, (b) 50 K, (c) 70 K and (d) 100 K. The color code is as used in
Fig. 2.

intensity profile at the selector slit from the electric beam

deflection experiment show in Fig. 1. The calculated fraction
of 88% for non-polar clusters in the molecular beam is an

approximate value, since we assumed a Gaussian distribution
for the polar fraction. Nevertheless, it is shown that the

molecular beam is strongly enriched with the non-polar frac-

tion. As stated above, the polar fraction cannot be picked out
completely, so that an amount of about 12% is left in the

subsequent magnetic deflection experiments (Fig. 8).

Fig. 8 (a) Estimated molecular beam profile of AlSn 1, at Tpozze = 16 K at
the position of the selector slit for the two-field beam experiment. The
vertical dashed lines indicate the position of the selector slit. The non-
polar and polar fractions passing the slit are highlighted in light blue and
orange, respectively. (b) Relative amount of non-polar (li ght blue) and
polar (orange) fractions along the deflection axis. The dashed horizontal
lines display the ratio of these two fraction in the experiment in the
corresponding colours. 2
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MSny, clusters (M % Al, Ga, In) were studied in electric and magnetic beam de ection
experiments at temperatures of 16 K and 30 K. For all three species, the results of the
electric beam de ection experiments indicate the presence of two structural isomers of
which one is considerably polar. The magnetic beam de ection experiments show
atom-like beam splitting (superatomic behavior) with  g-factors of 2.6 —2.7 for a fraction
of the clusters in the molecular beam, indicating signi  cant spin—orbit coupling. On the
one hand, we investigate by several experiments combining electric and magnetic
de ectors how the superatomic and polar fractions are linked proving the correlation of
the Stark and Zeeman e ects. On the other hand, the magnetic de ection behavior is
examined more thoroughly by performing quantum chemical calculations. By
systematic distortion of an arti cial icosahedral tin cage towards the global minimum
structure, which has a pyritohedral geometry, the shifts in the magnitude of the  g-factor
are found to be mainly caused by a single dominant electronic excitation. This allows
one to develop a semi-quantitative understanding of the magnetic behavior. On the
basis of avoided crossings in the rotational Zeeman diagram, simulations of the
magnetic beam de ection comprising computed rotational constants, vibrational
modes, g-factors and spin —rotation coupling constants are performed which resemble
our experimental ndings in satisfactory agreement. With this, a better understanding of
the magnetic properties of nanoalloy clusters can be achieved. However, the geometric
structures of the polar isomers are still unknown.
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1 Introduction

Electric and magnetic beam de ection experiments are well established tools to
investigate the Stark and Zeeman e ects of isolated atoms and clusters*® In this
way, the dielectric and magnetic susceptibilities can be determined, in order to
systematically study the in uence of size;® geometry*** and chemical composi-
tion 24 on the dielectric and magnetic behavior of nanoalloy clusters.

In order to work out the interplay between geometric structure and magnetic
properties, single p-doped tetrel clusters are studied experimentally and quantum
chemically. Such doped clusters are ideal model systems to better understand the
interaction of an individual paramagnetic defect in a diamagnetic host on the
nanoscale. Group 13 elements (Al, Ga, In) act as dopant atoms, which form
endohedral complexes with tin clusters. *>*7 Taking the bimetallic species MSn,
with M ¥ Al, Ga, In as examples, we systematically investigate which structural
isomers are formed and how the geometric arrangement of the atoms a ects the
magnetic properties, the g-factor in particular. For this purpose, molecular beam
experiments are used together with theoretical methods for global optimization
as well as the description of the magnetic properties. On the one hand, the
experimental work focuses on measuring the Stark e ect in order to discriminate
the geometric structure of the isomers present. On the other hand, the magnetic
behavior is studied using Stern—-Gerlach experiments. The combination of electric
and magnetic de ection experiments proves the existence of a nonpolar and
a polar structural isomer and allows the correlation between the Stark and Zee-
man e ects of these two isomers to be studied. In a previous work on AlSny,, this
approach revealed not only the presence of two structural isomers in the molec-
ular beam experiments but also an interdependency of the nonpolar and
superatomic properties.*® With the help of a global optimization strategy, an
attempt is then made to clarify the spatial arrangement of the atoms in the two
isomers. Since the nonpolar isomers show superatomic behavior at low temper-
atures, they are ideally suited to reveal correlations between the geometric and the
electronic structure and thus also the magnetic behavior. In particular, the spin
density on the doping atoms and the g-factor of the bimetallic clusters depend
sensitively on the spatial arrangement of the atoms. The observed correlation can
be interpreted semi-quantitatively by considering spin —orbit e ects. Hence, the
impact of spin —orbit coupling on the analysis of the magnetic de ection behavior
of isolated nanoalloy clusters is considered for the rst time.

2 Experiment and theory
2.1 Experimental methods

The experimental setup is described in detail elsewhere’*° therefore only
a brief overview is given here. The molecular beam is generated in a pulsed laser
vaporization source (LVS) by focusing a frequency-doubled Nd:YAG laser onto
a rotating and translating alloyed target rod containing 5 at% aluminum, gallium

or indium in tin. Helium gas is fed to the emerging plasma through a pulsed valve
and clusters are formed in an aggregation chamber. The helium —cluster mixture
is thermalized in a cryogenic nozzle with a temperature T, 0f 16 K or 30 K and
expands through a double-skimmer into high vacuum. The molecular beam
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passes two collimating slits before going through two de ection units with either
an inhomogeneous electric eld &Gy=dz¥%4 10° V m 2P or magnetic eld
&Gnag=dz ¥4 349 Tm 'papplied. Both are generated by a two-wire geometry?°*
The clusters are ionized by an F, excimer laser and detected in a time-of- ight
mass spectrometer (TOF-MS). The deection is probed by a scanning slit unit
just before photoionization. The positions of the scanning slit are approached in
random order. First, a mass spectrum without eld is recorded. Then, at the same
position, the eld is applied and the de ected beam pro le is measured directly
a erwards. In order to compare several beam pro les from independent experi-
mental runs, the measured de ection d; , of a cluster species is converted to the
mean projection of the dipole moment m_on the eld direction

1)

with cluster mass m, eld length I; 1, dri length [; ,, electric or magnetic eld G
and i p {el, mag}. Note that m, is proportional to d;, but allows a depiction of
several de ection pro les together independent of the velocities v,. The latter is
measured with a mechanical shutter based on a hard drive disk. ??

2.2 Computational methods

The conducted calculations comprise the genetic algorithm for scanning the
coordination space in order to obtain suitable structural candidates, a reoptim-
ization and frequency analysis on a higher level of theory including the calcula-
tion of geometric and dielectric properties as well as the computation of magnetic
properties. Only a compact presentation of the applied methodology will be given
here and for extensive technical details readers are referred to the ESIt

The global optimization was performed using the German Improved Genetic
Algorithm (GIGA)* based on spin-restricted plane-wave density functional theory
(DFT) using Quantum Espresso v6.4.1%*?% incorporating the PBE exchange-corre-
lation (xc) functional. 2" All identi ed structural candidates were then locally
reoptimized using spin-unrestricted Gaussian orbital DFT at the PBEO/def2-
TZVPP® |evel of theory in Gaussian163* as well as Orca v5.0.2>3* The choice of
the xc functional/basis set combination was justi ed by extensive previous studies
on bare tin,*® bare lead"®* and doped tin clusters.*“*? Energetically-relevant
isomers were considered for the calculation of electric dipole moment s, unre-
stricted spin densities and vibrational frequencies. DLPNO-CCSD(T)kEc-pVTZ-PP
single-point energies were additionally computed as implemented in Or ca. The
computation of the g-matrix and the hyper ne coupling constant were done within
the EPR/NMR module of Orca employing the scalar relativistically-parametrized
second-order DouglasKroll-Hess (DKH2)f° and zeroth-order regular approxima-
tion (ZORA) Hamiltonians.*° It was assured that geometry optimizations for all
structural isomers at the relativistic level yield insigni cant di erences to the
nonrelativistic PBEO/def2-TZVPP results. Furthermore, the spin-orbit coupling
operators are treated by the spin-orbit mean eld (SOMF) approach® The g
matrices were calculated both at the DKH-PBEO/(SARC-)DKH-def2-TZ\WPand ZORA-
PBEO/(SARC-)ZORA-def2-TZVPP level of thebty? yielding very similar results,
whereas hyper ne coupling constants were only obtained using the ZORA method.
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2.3 Theory of magnetic properties

Magnetic de ection experiments on superatomic clusters allow the cluster's
electronic g-factor to be determined.5+%8 Additionally, they shine light on the
hyper ne and (electron) spin—rotation coupling to some extent. 5>5%%* All three
guantities are of key importance in describing and interpreting the experimental
de ection data. In this study, an e ort was made to provide a computational
routine for accessing these properties with DFT calculations. Theoretically, these
properties are introduced in the phenomenological spin Hamiltonian Hspm with
ms being the Bohr magneton, B the magnetic ux density, g the g-matrix, Sthe

ctitious spin operator, A® the hyper ne coupling matrix of nucleus A 1™ the
nuclear spin operator of nucleus A DSR the (electron) spin—rotation coupling
matrix and J the total rotational angular momentum operator.

X
Heon amBgdp  SA®T™"p SDSRS )

A

The strategy is to rst construct a “true” Hamiltonian containing the nonrel-
ativistic Born—Oppenheimer (BO) contribution, the relativistic contribution,
composed of the scalar-relativistic part incorporating the DKH2 or ZORA method
as well as the e ective spin-orbit part, and the magnetic eld-dependent
contribution. By comparison of this Hamiltonian with the spin Hamiltonian of
egn (2), sum-over-states (SOS) expressions for the three properties can be
derived.®>*° Following this procedure, only the gmatrix and the hyper ne
coupling matrix A® are computed speci cally, whereas the spin—otation
coupling matrix DSRis estimated from Curl's perturbative treatment 7°7* which
links it to the g-matrix elements, once calculated, via

1 1 X SR| .
Qab ¥4 gedab > Dak Ivb; (3)
k

with ge being the free-electron g-factor and |, the elements of the inertial tensor
with a, b p {x, y, Z}. Since the hyper ne coupling constant is solely calculated to
give a precise measure of the atom-speci ¢ ground-state spin density, owing to the
Fermi-contact contribution becoming the dominant part, readers are referred to
the literature for computational details. ®7>Hence, the evaluation of the g-matrix
is the main focus of this study.

Spin—orbit coupling (SOC) e ects are crucial for the prediction of magnetic
properties and their treatment requires particular care. | n the case of the g-
matrix the magnetic- eld dependent contribution is given by the spin- and
orbital-Zeeman Hamiltonian. 872 It is well known that the g-matrix can be
subdivided into g ¥ gel + DgRM® + Dg(®® + Dg(CZ/SOCwith DgRM®) being the
relativistic mass correction, Dg(®® the gauge correction and Dg(®%S°) the
orbital-Zeeman—spin-orbit coupling cross term arising to second order ® and
making up >99% of the total Dg-shi for the studied clusters. It can be
shown®”®°that the SOS expression following the selection rule DS% S, S, %0,
with & referring to the spin quantum number of the electronic groun d state
(later on simply S) and S, to the spin quantum number of the nth excited
electronic state, is given by
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~ 1 X
Do % vs I Dn ldgg,
n
(* +* +

X X
j (S)OS0 r};aj EnSn J ﬁnsﬂ XaiA F‘?A;bs;oj SOSO
* ' e +)
X X
b ] g:oso XaiAd}A;as;Oj ﬁnsn J ﬁnsﬂ ﬂ;bj SOSO . (4)
;A i

Here,D,Y4E, Eyistheenergydi erence between the ground and excited states.
The electronic wavefunction j 7™ of state | is written for the standard state of the
magnetic spin quantum number Ms Y2 . Arising from the orbital-Zeeman
Hamiltonian, 1; Yar;  p; is the orbital angular momentum of electron i with
respect to the global origin (introducing a gauge dependence). As a consequence
of the approximated spin —orbit coupling, X(ria) is introduced as a spacial operator
depending on the internal coordinate ria ¥4 jr;  Ra with r; being the electronic
coordinate of electron i and R the nuclear coordinate of nucleus A Hence, 1;a is
the orbital angular momentum operator of electron i with respect to nucleus A
and § the spin angular momentum operator of electron i.%° It should be noted
that the relation only holds for cases where the ground state is energetically well
separated from the excited state manifold.®°"® Even though the form of eqn (4) is
suited for decoding the origin of the Dg-shi in terms of the energy level diagrams
taking unrestricted molecular orbitals (MOs) into account, the in  nite SOS and
the inaccessible complete BO eigenspectrum o0 en impede its direct
evaluation.®®"®

In Orca the orbital-Zeeman-spin—orbit coupling contribution to the g-matrix is
computed by applying the linear-response theory. From eqgn (2) it is clear that the
g-matrix can be written as the second derivative of the energy with respect to the
magnetic ux density B and the total spin S. Treating these quantities as
perturbations, a connection can be made between the SOS expression and the
spin density matrix P5,,cast in terms of the MO coe cients with s ¥4 {a, b}.™

1 X vpa bD SOMF E 5)
S "

Rather than using the approximated spin —orbit coupling that emerged in
egn (4), the SOMF theory is applied as indicated by hsomeSt The orbitals {f }
represent the atomic orbital (AO) basis set. Connecting the g-factor to the spin
density is arguably the most common way to interpret the calculated results in the
literature. "> However, while eqn (5) is well suited for a “black box” prediction of
the g-matrix, it is less ideal for a detailed analysis due to its rather technical
implementation. “ Thus, egn (4) constitutes the basis for a semi-quantitative
discussion of the origin of the Dg-shi experimentally observed in this study.

3 Results and discussion
3.1 Electric de ection experiments

Fig. 1c-e show the resulting beam pro les of the electric de ection experiments
on MSny, (M % Al, Ga, In) at a nozzle temperature of 16 K. A scheme of the
experimental setup is shown in Fig. 1a. The experiments with AlSn;, and GaSn»
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were carried out with collimators with a slit width of 400 nm, those with InSn 1,
with a slit width of 200 nm. Isotopically pure tin ( *2°Sn) was used for the experi-
ments on InSn,, such that the mass signal of In *2°Sn,, is well separated from the
signal of 2°Sn,5 in the recorded mass spectra. Note that it was shown for AlSn;
that the electric beam de ection is independent of the use of native or isotopically
pure tin.*® To interpret the experimental data, it is important to note that the
de ection of the clusters depends on the electronic polarizability and the
permanent electric dipole moment, the latter being the structure-sensitive
property.>® For rigid clusters, the presence of a permanent dipole moment
leads to a broadening of the molecular beam, since the de ecting force depends
on the orientation of the dipole moment relative to the electric  eld. In contrast,
the polarizability causes only a single-sided shi  of the molecular beam, because
the induced dipole moment aligns with the direction of the  eld.>" In the case of
polar clusters (nonvanishing permanent electric dipole moment), which are,
additionally, vibrationally excited and therefore the electric dipole moment starts
to uctuate with respect to the body- xed coordinate system, the broadening of
the molecular beam can partially or even completely disappear. This means that
the observed mean permanent electric dipole moment is partially or completely
guenched due to the oppiness of the clusters.>” Conversely, the detection of
a molecular beam broadening always indicates the presence of a polar structural
isomer.

Fig.1 (a) Scheme of the experimental setup for electric beam de  ection experiments with
an indicated separation of the molecular beam into a nonpolar (blue) and polar (orange)
fraction. Here, the numbers above the collimator slits refer to the slit width. The asterisk
indicates that another slit width is used for InSn 1. (c)}-(e) Experimental data of the electric
beam de ection given as intensity | as a function of the projection of the observed electric
dipole momentonthe eld direction averaged over the length of the de  ection unitand all
quantum states m,, for MSny, (M %Al Ga, In) atThezz1e Y416 K and a de ection voltage of
U ¥4 24 kV. The gray squares represent the cluster intensity without applied eld whereas
blue open circles represent the intensity with applied electric  eld. Gaussians are tted to
the experimental data (solid lines in the corresponding colors). The nonpolar fraction in the
beam pro le with applied eld is indicated by a shaded blue Gaussian with the same width
as the gray one and the polar fraction is shown as a shaded orange area. In (b) the cor-
responding legend to the graphs is shown.
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The beam pro les shown in Fig. 1c—e can be interpreted by the presence of
a nonpolar main component, which accounts for 76% to 83% of the total cluster
intensity. This component only leads to a shi of the molecular beam. The
remaining part comes from a polar fraction, whose beam pro le is shi ed and
broadened and is therefore also responsible for the tailing of the molecular beam.
The total de ection can be described quantitatively by approximating the
amounts of the polar and nonpolar components using two Gaussian functions.
Although this procedure is only valid within the framework of rst-order
perturbation theory, ® it was shown that this is an appropriate way to analyze
the electric beam pro les.*® Here, the Gaussian function associated with the polar
component is shi ed and broadened. This analysis results in a proportion of the
polar fraction of 24% for AlSn ;,, which decreases to 17% in the case of InSn».
Note that on the one hand these percentages serve only as a lower bound, since
some part of the polar cluster's de ection can be quenched due to thermal
excitation (rotational and vibrational). This will be further discussed in Sec. 3.3. In
addition, the permanent dipole moment of the polar fraction appears to be
slightly smaller for GaSn, and InSn,, than for AlSn 5, since the broadening of the
polar fraction is less evident. In summary, the electric beam pro les indicate the
presence of a nonpolar and a polar structural isomer as shown recently for
A|Sn12.15

3.2 Magnetic de ection experiments

Fig. 2c-e show the results of the magnetic de ection experiments of MSni, (M Y4
Al, Ga, In) at a nozzle temperature of 16 K. The molecular beam was collimated to
200 mm before de ection for a better separation of the components. Cluster
de ection in an inhomogeneous magnetic eld depends on both molecular
symmetry and vibrational excitation. *23 If clusters are thermally excited, the
vibrational modes act like an internal heat bath enabling fast spin transitions.
Then only a single-sided de ection of the molecular beam is observed, which is
guantitatively described by the high-temperature limit of the Brillouin function.
For a total spin quantum number S¥:1=2, taking typical velocities in the

ight direction of about 420 m s * and reasonable vibrational temperatures of
Tuib ¥2 45 K*" into account, only a shi  of d;j ; ¥4 0.035 mm (Mpag,- ¥4 0.035 ) is
expected under the present experimental conditions, which is signi cantly
smaller than the collimating slit and, therefore, hardly detectable with this
apparatus. If the clusters are rigid and highly symmetrical, the molecular beam
can split symmetrically into 2 S+ 1 beamlets,i.e. superatomic magnetic behavior
can be observed and the z-component of the magnetic dipole moment is
a constant of motion. The beam pro le can then be described by 25+ 1 Gaussians
of the same width as the beam pro le without applied eld. The positions of their
centers are then given by

Mhagz Ya gM g, (6)

with the magnetic spin quantum number Ms% S S+ 1,. , Sand the
(isotropic) g-factor. With decreasing molecular symmetry, the beam splitting is
reduced and can vanish even for rigid clusters. This is related to an increased
density of rotational states and thus an increased number of avoided crossings in
the rotational Zeeman diagram, since the spin state can change at each of these
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Fig. 2 (a) Scheme of the experimental setup for magnetic beam de ection experiments
with an indicated separation of the molecular beam into a Brillouin (red) and superatomic
(green) component. (c) —(e) Experimental data of the magnetic beam de ection given as
intensity | as a function of the projection of the observed magnetic dipole moment on the

eld direction averaged over the length of the de  ection unit and all quantum states Myag .,
for MSny, (M Y4 Al Ga, In) at Thozze ¥4 16 K and an applied magnetic  ux density of
B% 1.3 T. The gray squares represent the cluster intensity without applied eld whereas red
open circles represent the intensity with applied magnetic  eld. Gaussians are tted to the
experimental data (solid lines in the corresponding colors). The Brillouin component in the
beam pro le with applied eld is indicated by a shaded red Gaussian and the superatomic
components are shown as shaded green areas. The vibrationally-excited nonpolar clusters
with quenched superatomic behavior are also depicted in green and referred to as the hot
superatomic fraction. In (b) the corresponding legend to the graphs is shown.

avoided crossings while the total angular momentum is conserved. The results in
Fig. 2ce show that the molecular beam splits into three beamlets, with the
central part showing almost no de ection and accounting for 56 -63% of the total
beam intensity. The two outer beamlets at Mpag,z  1.35m account for 37-44%.
This fraction of clusters behaves magnetically like an atom with Mg¥s 1=2.
Thus, the superatomic clusters represent a spin-1=2 system with values for the g-
factor of 2.6-2.7, roughly independent of the doping atom. The strong deviation
of the g-factor from the value of the free electron indicates an additional orbital
moment in the clusters. ® In contrast to the splitting of an atomic beam, the
beamlets are slightly broadened towards the central peak. This is probably due to
rigid clusters changing their spin state within the magnetic  eld. This occurs
because even if the magnetic eld is perfectly aligned, the de ection of the
clusters covers a range of magnetic ux density of about 30 mT, so that an avoided
crossing can be passed through and a spin transition occurs. Because of this, the
outer beam components are smeared towards the central peak. This e ect seems
to be more pronounced for GaSn;, and InSnq,. Whether this is related to the fact
that in these experiments the magnet was less optimally aligned than with AISn 1,
is still unclear. Additionally, it should be mentioned that the magnetic beam
de ection of the AlSny, cluster is independent of the use of native or isotopically
pure tin. 54

The central beam component consists of two parts: on the one hand the
polar,*® less symmetrical clusters whose magnetic behavior is described by the
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Brillouin function and on the other hand vibrationally-excited nonpolar clusters.
This latter fraction is labelled as the hot superatomic fraction in Fig. 2. Here, the
vibrational excitation leads to an increased number of avoided crossings such
that Brillouin-like behavior also results. It is assumed in each case that the spin
state changes at most of the avoided crossings, so that there is only a barely
measurable average de ection over the entire ight path in the magnet. ¢ The
discussion of the g-factors in connection with the electronic structure of the
clusters in Sec. 3.4 shows that this requirement is very well met in the clusters
examined here.

Thus, the hypothesis of two isomers with di erent polarity allows a coherent
explanation of the magnetic de ection results for all cluster species discussed
here. As will be shown later, the highly symmetrical structure of the nonpolar
isomers consists of a dopant atom (Al, Ga or In) that is endohedrally encapsulated
in a Sny, cage €f. Sec. 3.4). Quantum chemical calculations suggesfT;, symmetry,
i.e. the presence of a spherical rotor with low-density (degenerate) rotational
states. Hence, the experimentally-observed majority of the nonpolar, vibrationally
not excited clusters can y through the magnet without passing even a single
avoided crossing and superatomic behavior is observed. The fractions of vibra-
tionally excited clusters given in Fig. 2 are plausible taking vibrational tempera-
tures around 45 K and wavenumbers for the lowest-lying vibrational modes of 30—
50 cm ! into account. With GaSn,,, for example, one would expect that the
amount of vibrationally not excited clusters is about as large as that of the
vibrationally excited ones, so that the central beam component in the Stern—
Gerlach experiment consists of about 33% polar clusters (regardless of their
vibrational state) and about 67% vibrationally excited nonpolar clusters. The
magnetic de ection pro les are further discussed in Sec. 3.5 with regard to the
avoided-crossing model.

3.3 Double-de ection experiments

To further support the hypothesis that there are two structural isomers present in
the molecular beam and to nd out how the Stark and Zeeman e ects are related
for the two isomers, double-de ection experiments were performed.

Fig. 3c and d show how the electric de ection changes for AlSn;, when either
the superatomic (Fig. 3c) or the Brillouin fraction (Fig. 3d) is  Itered out with the
help of the Stern—-Gerlach magnet. For the investigation of the electric de ection
of the Brillouin component, the electric  eld is permanently applied while the
magnetic eld is switched on and o . In order to transmit the superatomic
fraction, the electric de ector must be shi ed slightly as indicated in the scheme
of the experiment in Fig. 3b. Additionally, the de ection voltage is increased in
both experiments compared to the pure electric de ection experiments, since the

eld-free path is shorter and a similar de ection can be achieved this way. For the
sake of the stability of the cluster intensities the experiments are carried out at
Thozzte Y430 K, in contrast to Tpezz1e Y416 Kin Sec. 3.1 and 3.2. It was shown before
that at this nozzle temperature the electric and magnetic de ection is comparable
to the experiments at Tyo,,1e ¥4 16 K, however, the superatomic fraction is reduced
by about 30% for the AlSn,, cluster.*®*’ Fig. 3d shows how the beam pro le of
a superatomic beamlet changes, if the electric eld is switched on. Only
a displacement of the molecular beam is observed, i.e. the tailing has completely
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Fig. 3 Schemes of the experimental setup for the combined de ection experiments in
which (a) the Brillouin and (b) a superatomic component is further de  ected in the electric

eld. The fractions are indicated in the same color as in the previous gures. Here, too, an
additional collimating slit is installed directly in front of the electric de  ector to lter out
the corresponding fraction. (c) and (d) Experimental data of the combined de ection
experiments given as intensity | as a function of the projection of the observed electric
dipole momentonthe eld direction averaged over the length of the de  ection unitand all
guantum states m, , for AISn;, at Trozz1e ¥430 K. Note that the designation of the axis in (d) is
changed to a relative projection of the mean electric dipole moment on the direction of
the eld axis ‘?,'Z. A magnetic uxdensity of B¥1.3 T and a de ection voltage of U %229 kV
are applied. The blue open circles represent the intensity with only the applied electric  eld
whereas the violet upside down triangles show the beam pro le with both magnetic and
electric eld switched on. For the other setup, the red open circles indicate the intensity
with only the magnetic  eld switched on and the violet upright triangles show the intensity
with both elds applied. Gaussians are tted to the experimental data (solid lines in the
corresponding colors). The polar and nonpolar fractions are indicated by a shaded blue
and orange area, analogous to the color scheme in Fig. 1 while an arrow indicates the
reduction of the nonpolar fraction. In (e) and (f) the corresponding legends for the graphs
are shown.

disappeared. This observation demonstrates that the superatomic fraction
consists exclusively of nonpolar clusters. Since the reference beam pro le has
been measured with the magnetic eld switched on, the designation of the axis is
changed to a relative projection of the mean electric dipole moment on the
direction ofthe eld axis '“T,'z. In contrast, if the Brillouin fraction is selected by an
aperture, then one can clearly see in Fig. 3c that the nonpolar component
decreases while the polar component,i.e. the tailing, remains constant. However,
the nonpolar fraction does not disappear completely which is due to the fact that
this component also consists of polar isomers which are thermally excited and,
therefore, show a quenched electric dipole moment. From the degree of the
decrease of the nonpolar component or the relative increase of the amount of
polar clusters, it follows that the number of vibrationally not excited nonpolar
clusters is approximately the same as the number of clusters that are vibrationally
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excited. Note that the shi and width of the Gaussians for both the polar and
nonpolar fraction is the same as in Fig. 1. Therefore, the results of these double-
de ection experiments are consistent with the analysis of the Stern-Gerlach
experiments in Fig. 2.

Conversely, an enrichment of the nonpolar fraction in the molecular beam by
using the electric de ector causes the Brillouin contribution to decrease in the
magnetic de ection experiment, as shown in Fig. 4c—e, while the superatomic
fraction remains constant. The remaining Brillouin fraction consists of vibra-
tionally excited nonpolar clusters and also of some polar clusters because the
electric beam pro les of the two structural isomers partially overlap. It has to be
mentioned that the percentage of the superatomic fractions for each cluster
species here di ers slightly from the ones determined in Sec. 3.2. The deviation is
attributed to slight changes in the cluster source settings. *® However, the trend is
the same for all nanoalloy clusters investigated as shown in Fig. 2. The fact that
the decrease in the Brillouin component is the smallest for InSn ;, is due to the
fact that the amount of the polar component is lowest for this cluster species. The
double-de ection experiments not only support the hypothesis that there are two
structural isomers, but also prove that the vibrationally not excited nonpolar
clusters behave superatomically, while the polar fraction shows exclusively
Brillouin-like behavior.

Fig. 4 (a) Scheme of the experimental setup for the combined electric and magnetic
beam de ection experiments with the corresponding indicated components in the same
color as in the previous gures. Here, an additional collimating slit is installed directly in
front of the magnet to increase the separation of the beamlets. (c) —(e) Experimental data
of the combined de ection experiments given as intensity | as a function of the projection
of the observed magnetic dipole moment on the  eld direction averaged over the length
of the de ection unit and all quantum states Myag,, for MSn;, (M Y2 AL Ga, In) atTrozzie Ya
16 K. A de ection voltage of U %224 kV and a magnetic ux density of B%21.3 T are applied.
The red open circles represent the intensity with only the applied magnetic ~ eld whereas
the violet upright triangles show the beam pro  le with both electric and magnetic  eld on.
Gaussians are tted to the experimental data (solid lines in the corresponding colors). The
intensity Itered out by the electric  eld originating from the polar fraction is indicated by

a shaded orange area, analogous to the color scheme in Fig. 1. Note that the overall shift in
the beam pro le with both elds applied originates from the electric polarizability of the
cluster species (cf. Fig. 1c-e). In (b) the corresponding legend to the graphs is shown.
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3.4 Quantum chemical results

In order to interpret the magnetic behavior quantitatively, a global structure
optimization was performed. It turned out that the lowest-lying isomers with
S¥% 1=2 are predicted to be those with pyritohedral T,, symmetry (cf. Table 1).

In addition, other nonpolar structural isomers with D3y symmetry are also
observed, which, however, are higher in energy at the CCSD(T) level of theory.
Based on the electric de ection experiments it is not possible to distinguish
between these structural isomers, which all have an inversion center and are
therefore nonpolar. However, the predicted magnetic properties are sometimes
very di erent. Since the Dsq molecular point group corresponds to a symmetrical
rotor, the degeneracy of the rotational states is li ed up to a factor of 2 for
di erent values of the magnetic rotational quantum number. Hence, the number
of rotational states increases substantially compared to the T}, structure” which
results in a signi cantly increased number of avoided crossings in the rotational
Zeeman diagram, such that clusters with Dsg symmetries are not expected to show
superatomic behavior (cf. Sec. 3.5). In order to better understand the impact of the
symmetry on the electronic structure and the magnetic properties, the transition
from an arti cial I, symmetry (not a local minimum) to the T,, symmetry of the
GM was systematically investigated taking a“hypothetical” reaction coordinate X
into account, i.e. X% +1.00 at the T, symmetry of the GM and X % 0.00 at the
arti cial I, symmetry. This is shown in Fig. 5.

Starting with the GM structure of AISn 1, in T, symmetry (X ¥ +1.00), one sees
that the singly-occupied a-MO (A, a-SOMO) consists essentially of 5p-AOs of the
Sn atoms. This SOMO is closely related to the triply-degenerate lowest-lying
unoccupied MOs (T4 a-LUMO). For the hypothetical case of a singly ionized
cluster with I;, symmetry (X ¥ 0.00), i.e. for 1,-AlSn;,", these four MOs would be
degenerate. As can be understood from the SOS expression in eqn (4), the ener-
getic di erence DE % E ymo  Esomo between the A; a-SOMO and the triply-
degenerate Ty a-LUMO and their similar orbital shapes (due to originating
from the same set of orbitals in I, symmetry) are crucial to the value of the
gfactor. The impact of other “transitions”, especially those involving the Aq
a-LUMO+2 with spin density solely on the Al atom, is found to be insigni cant.
The energy di erenceDE in particular increases with the magnitude of distortion
X with respect to I,, symmetry and with it the g-factor decreases,i.e. the g-factor
depicts the correlation between geometric and electronic structure. In other
words, the dependence of the g-factor on the distortion X can be captured as
a consequence of the spin-orbit interaction. The calculated g-factors for the Ty
symmetry (X ¥ +1.00) agree reasonably well with the experimentally detemined
value. This also excludes the possibility that the nonpolar clusters in the experiment
possessl,, symmetry. However, the calculation of the gfactor for the I, symmetry
should be treated with caution, since the unpaired electron distorts the geometric
structure of the degenerate ground state due to Jahn-Teller stabilization and the SOS
expression breaks down for nearly degenerate ground stateq(cf. the ESIt for detalils).

The energy level diagram of InSn,, is very similar to that of AlSn 1. Also for
GaSn, the predicted g-factors of the T,, structure agree reasonably well with the
experiment. It is interesting, however, that the orbital character of the SOMO
changes when the transition to I, symmetry occurs. For small values of the
distortion X, the a-SOMO is now entirely composed of the 4s-AQO of the central Ga
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Fig. 5 Spin-unrestricted MO energy diagrams of (a) AlSn 1, (qualitatively similar to InSn,)
and (b) GaSn, as a function of the cluster's distortion from I, towards T,, symmetry. The X-
parameter is a measure of the linearly-scaled distortion based on the perfect icosahedron
(X% 0.00) and the GM structure ( X% +1.00) as is illustrated for AlSn;, in (c). At X¥2+2.00
one set of 6 Sn—Sn bond lengths is compressed by 0.31 A and another set of the remaining
24 Sn—Sn bonds is elongated by 0.08 A with respect to the icosahedral Sn —Sn bond length
of 3.17 &. Computed isotropic giso-factors and hyper ne coupling constants A% of the
central atoms at the DKH-PBEO/(SARC-)DKH-def2-TZVPP and ZORA-PBEO/(SARC-)
ZORA-def2-TZVPP level of theory are shown. MOs with spin density solely distributed over
the Sn cage are highlighted in blue and those with spin density bounded on the central
atom are highlighted in red. Their shape is displayed for GaSn 1, in (d).
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atom. Thisa ects the hyper ne coupling constant A of the central atom, which
is now increased by 3 orders of magnitude because the Fermi contact term
becomes dominant and the spin density is now localized almost exclusively on the
Ga atom. In addition, the g-factor is now much closer to the value of the free
electron, i.e. SOC e ects have almost completely disappeared. Due to the corre-
lation between geometric and electronic structure, a T,, symmetry can also be
clearly assigned to the nonpolar isomer of GaSn,,.

In conclusion, the large magnitude of the Dg-shi is a consequence of several
factors. First, the spin densities of the SOMO and LUMO are very similar, because
they stem from the same degenerate set of orbitals in I, symmetry, and thus the
MO coe cients entering eqn (4) (roughly representing the spin densities) are
rather large. Second, the LUMO is triply degenerate and adds a factor of three in
the SOS expression. Third, the Sn cage contributes with a highly spin-orbit
relevant set of atomic orbitals entailing a large SOC constant. Fourth, least
signi cant but still important is the SOMO —LUMO energy di erence which is not
too large overall.

The SOC which determines the value of the g-factor in T,, symmetry of the
nonpolar structural isomers is also of great importance for the spin dynamics of
the clusters in the Stern—Gerlach magnet. This is because the SOC makes an
additional contribution to the spin —rotation coupling. Based on eqgn (3), it is
possible to take the isotropic value of the g-factor into account in order to estimate
the contribution to the isotropic spin —rotational coupling constant DER that stems
from spin —orbit coupling.

i Dgiso

D3Rz
I iso

ISO

(7)

With the experimentally determined g-factor of 2.7 for, e.g, AlSn;, and the
calculated rotational constant of 0.19 m %, a value with the magnitude of at least 1

10 eV results for DER}. The impact of this value on the spin dynamics of the
nanoalloy clusters will be discussed in the next section.

3.5 Avoided-crossing model

To gain a further insight into the magnetic properties of the MSn 1, (M % Al, Ga,
In) clusters, the data given by quantum chemical calculations discussed above
can be used to apply a microscopic model based on avoided-crossings in the
rotational Zeeman diagram. ¢*¢* The simulation routine is described elsewhere in
detail®>®3 and, therefore, only a brief explanation will be given here. For the
nozzle temperatures in the experiments shown in this work, the rotational
and spin-Zeeman energies are dominating. For a system with S¥ 1=2, every
rotational state splits up in the magnetic eld into two di erent spin-Zeeman
levels with Ms¥: 1=2. Due to the manifold of thermally accessible rotational
levels, crossings of states with di erent spin quantum numbers occur. These
crossings are avoided if the total angular momentum quantum number in the
eld direction is conserved.5*%3#18 The spin—rotational coupling constant
DR and the rate of change of the magnetic ux density dB=dt determine if the
cluster changes its spin state a er passing the crossing. In the case of a diabatic
traverse which is favored for small DR and high values of dB=dt the spin state
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remains unchanged, whereas in the case of an adiabatic traverse the spin state
changes. If a change of spin state occurs within the magnetic eld, the de ection
changes accordingly, i.e. superatomic behavior is quenched and only an average
de ectionis observed. The probability of such a spin- ip is quantitatively given by

the Landau—Zener formula in egn (8).
0 1

D3R 2
P ¥l exp® oK (8)
[SIAL Ms M &L a

With a magnitude of atleast 1 10 ’ eV for D5 and a rate of approximately
dB=dt ¥4100 Ts?! avalue ofp,gz 100% is obtained. This means that a spin- ip
occurs on practically every avoided crossing. However, since the deection of the
clusters is very small within the Stern—-Gerlach magnet ( 100 nm), the average
number of crossings is less than one for clusters with T,, symmetry. For the
simulation of the magnetic de ection pro les, 5000 particles are generated with
randomly chosen magnetic spin quantum numbers Mg as well as Boltzmann-
weighted rotational angular momentum and vibrational quantum numbers.
This is valid since no magnetic eld is presentin the cluster source. The rotational
and vibrational degrees of freedom characterized by the rotational constant B and
the vibrational frequencies fare then populated using a Boltzmann distribution.
This approach might not be exactly true, ® but is a reasonable assumption for the
source used in this work because the clusters are thermalized by the helium
carrier gas in the cryogenic nozzle and, therefore, represent a canonical ensemble
in the molecular beam de ection experiments.># However, it was shown that the
rotational and vibrational degrees of freedom are cooled with di erent e -
ciency?®*°# such that two di erent temperatures must be assumed.

Fig. 6 The simulation of the experimentally measured magnetic de ection based on the
avoided-crossing model for both Ty, (red solid line) and D34 (red dashed line) symmetry for
(a) AlSn,, (b) GaSn,and (c) InSny,. The intensity | is given as a function of the projection of

the observed magnetic dipole moment on the  eld direction averaged over the length of

the de ection unit and all quantum states Fnag.. The rotational and vibrational temper-

ature T,; and T,;, were estimated on the basis of the cluster source parameters whereas

the velocity in ight direction v, is measured directly after the de ection experiments.
The values of Bjs, and p,q are given by results from quantum chemical calculations

(cf. Sec. 3.4). The rest of the color code and the symbols are analogous to the ones in

Fig. 2.
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Fig. 6 shows the resulting simulations based on the avoided-crossing model for
the MSn, cluster with M %4 Al, Ga and In. Here, the simulation is carried out for
both isomers with T,, symmetry (nonpolar, spherical rotor) and with Dz4 symmetry
(nonpolar, symmetrical rotor) taking a vibrational temperature of T,;, ¥4 45 K and
a rotational temperature of T, ¥ 20 K into account, which were shown to be
reasonable for this cluster source,”” and considering the quantum chemical
parameters presented in Table 1. Additionally, a polar fraction with Brillouin-like
behavior was considered. Note that neither the geometrical structure nor the
ratio of both isomers in the molecular beam change with applying the magnetic

eld. The beam pro le without applied magnetic eld cannot be simulated with
respect to the ratio of the isomers, since it is described by a simple Gaussian
function independent of the number of isomers present in the molecular beam and
their magnetic properties. For the g-factors a value of about 2.7 (AlSn, and InSn,»)
and 2.6 (GaSn») is chosen in close agreement with the calculated g, values. The
simulations con rm that the magnetic de ection pro les for all three cluster
species show both superatomic and Brillouin-like behavior taking the considered
rotational and vibrational temperatures as well as the parameters given by quantum
chemical calculations into account. Note that the smearing of the superatomic
beamlets towards the central beam component originates from clusters changing
their spin state on the path through the magnet and therefore already showing
a reduced magnetic moment. Clusters that change their spin state several times
within the magnetic eld result in the central beamlet and show Brillouin-like
behavior. This is already the case for rigid clusters with Dzq symmetry as well as
for all polar isomers and clusters which are vibrationally excited. These results also
demonstrate how crucial the alignment of the Stern —Gerlach magnet is in order to
prevent any avoided crossing for at least the majority of the nonpolar clusters.

4 Conclusion and open questions

In this work, electric and magnetic beam de ection experiments were performed
on MSny, (M % Al, Ga, In) clusters. Also the magnetic de ection of a molecular
beam enriched with nonpolar isomers of MSn ;, was performed. Additionally,
electric beam de ection experiments were carried out separately on the
superatomic and Brillouin-like component of the AlSn 1, cluster for the rst time.
Not only was the presence of two isomers observed for all cluster species, with one
being highly and one less symmetrical, but also the correlation between the
superatomic and nonpolar behavior was con rmed. The magnetic properties of
these clusters were investigated more thoroughly and a simple semi-quantitative
picture could be drawn explaining the abnormally large g-factors taking into
account the dominant electronic excitation in a SOS treatment. With results ob-
tained by the quantum chemical calculations, the magnetic de ection pro les
were simulated on the basis of the avoided-crossing model. The simulations
match the experimental results in very good agreement for all cluster species.
Here, the quantum chemical calculations give important complementary insight
into the magnetic properties of the p-doped tetrel nanoalloy clusters.

A number of polar structural isomers are predicted in the global optimization
as well. However, all of these isomers are at least 0.3 eV higher in energy than the
global minimum with T, symmetry. Their presence in the molecular beam
experiments is therefore highly improbable ( cf. the ESIt).2*# 8" An open question
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is therefore what is the geometric structure of the polar fraction? A second
question is concerned with the magnitude of the electric dipole moment of the
polar isomers and why the corresponding fraction decreases from Al to Ga and In.
A methodology that combines de ection experiments with electronic or vibra-
tional spectroscopy might be useful here. With the help of a Stern—-Gerlach
magnet for example, only the superatomic component could be transmitted via
an aperture and then examined spectroscopically. The resulting changes in the
photodepletion spectra could be directly related to the absorption behavior of the
two structural isomers calculated with quantum chemical methods. %% On the
one hand, this would then allow an independent con rmation that the nonpolar
isomer has T,, symmetry and, on the other hand, the polar isomer could possibly
be identi ed in this way. Hence, by using electric or magnetic de ectors, an
isomer-selective spectroscopic investigation of nanoscale bimetal clusters would
be conceivable in principle. It is also not yet understood why, for GaSn ;,, the Aq
MO solely built from the 4s-AO contribution, as predicted by quantum chemistry,
is energetically stabilized to a much larger degree than in AlSny, and InSni,. In
this context, it would also be interesting to study how the replacement of Sn by Ge
and Pb a ects the magnetic behavior. Are structures with T,, symmetry also
formed that are superatomic? Or is the Dsq symmetry preferred so that only
a Brillouin-like behavior is observed for these symmetrical rotors? Does the
increase in spin—orbit coupling in substituting Sn by Pb result in even larger ¢
factor deviations from the free-electron value? Overall, combined electric/
magnetic de ection measurements o er a highly capable tool to uncover corre-
lations in the geometric and electronic structure and thus help to better under-
stand the magnetic behavior of nanoalloy clusters.
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YMRYYWW ERHIVIV (SXMIVY&REWEXSQI QMX

"VDI G°S EJF TQI¢SJTDIFO NJUS5SIFMBUPNFSO EPQOBFUSPUPEFS HFSJO!
JN 3PUBUJPOT ;FENBO %JBHSBNN OVS UFJMXFJTF TVQFSBUPNBSFT 7FSIE
IPIFQ 'BLUPST KFEF EFS XFOJHFO WFSCPUFOFO ,SFV[VOHFO BEJBCBUJTL
XVSEF ERS, ¢9H BVDI NJU BOEFSFO &MFNFOUFO NJU FIJOFN FIJO[FMOFO C
BVG TVQFSBUPNBSFT 7FSIBMUFO VOUFSTVDIU %JFFYQFSIJNFOUFMMFO
499 $SMVTUFSNJU9 /B , 4D $V "HVOE"VTJOEJO"CCIJMEVOH NJU JIS
TDIF 3FDIOVOHFO WPSIFSHFTBHUFO HFPNFUSJTDIFO 4USVLUVSFO 4ZNN
g 'BLUPSFO VOE OJFESJHTUFO 4D | X HEHNIHHTN PE FCBJEUB . SNJUUMVOHFO E
4USVLUVSFO XVSEF LFJOF HMPCBMF 0QUJNJFSVOH EVSDIHFG®°ISU TPOEF
NJUEFO 4ZNNFOSTFQD gD ¢ VOE ; MPLBM OBDIPQUJNJFSU 4JNVMJFSUF
BVG #BTJT EFS & JHFOTDIBGUFO EFS WPSIFSHFTBHUFO 4USVLUVSJTPNF
,BQJUFM HFOFSJFSU VOE EFSFO 3CFSFJOTUJNNVOH NJUEFO FYQFSJN
&T NVTTEBCFJEBSBVG IJOHFXJFTFO XFSEFO EBTT EJF RVBOUFODIFNJTE
HFG°ISU XVSEFO 8JF CFSFJUT NFISGBDIJO EJFTFS "SCFJU HF[FJHU CFT
NBHOFUJTDIFO &JHFOTDIBGUFO BVTSFJDIFOE HVU

'S EFO NJU /B EP WhJ FISSH®JIJBSE FJOF (FRNFUBNRNUBSJF BMTP FJO QSPMBUF
3PUPS NJWFBOBRJYWPDWPSIFSHFTBHU *N &YQFSJNFOU XJSE FIJOF "VG
OFOUFO CFPCBDIUFU TPEBTT EFS $MVTUFS BMT %VCMFUU WPSMJFHU
JTU JTUEJF;VTUBOETEJDIUF JN 3PUBUJPOT ;FFNBO %JBHSBNN IPDI %
TVQFSBUPNBSF 7FSIBMUFO LBOO BMTP FJHFOUMJDI OVS CEFPCBDIUFU XF
4QJOTJQ HFSJOHJTU %FS §RSEDIOBCFSEFWMBUIW TUBSL WPN 8FSU EFT
FJOF IPIF 4QJOTJQXBISTDIFJOMJDILFJU SFTVMUJESFO TPMMUF %BT T
RVBOUFODIFNJTDIFO 3FDIOVOHFO FSIBMUFOFO 8FSUF CJMEFU EFNFO!
/¢IESVOH BC XFOO FJOF 4DIXJOHVQ@EIUFBQHEESBGRNSFOPOISE EJF FUXBT C
EJF [VWPS BOHFOPNNFOF < >JTU 8BSVNEJF 'SFJIFJUTHSBEF JO EJFTFE
JTUOJDIULMBS [VNBM SFMBUJW |PLF E00 BTX COELbH k&) UEOSWERG TFO $M V"
FSNJUUFMU XVSEFO %BTJTU JN (FHFOUFJM FIFS FJO)JOXFJT EBSBVG
< > OCEJFTF %JTLSFQBO[EBNJU [VTgBBNB®G B OHI UEBJDNIBEEB WPSIFSHF
OPDI OJDIU HFLM¢SU XFSEFO &T NVTT KFEPDIBVDIEBSBVG IJOHFXJFTF
UFSTDIJFET WPO OVS V VOE EFS CSFJUFO *TPUPQFOWFSUFJMVOH EF
EPUJFSURBMYTUFST IN .BTTFOTQFLUSVN °CFSMBQQFO %BNJU XJSE CF.
[VS &SNJUUMVOH EFS $MVTUFSJOUFOTJUGCU JN 4USBIMQ:8 RIM BOYDF A SO
%B EFS SFJOF 5FUSFMDMVTUFS BCFS EJBNBHOFUJTDIJTU USC¢HU EJFTE"
EFS4USBIMNJUUF CFJ TPEBTT EFS SFMBUJWF TVQFSBUPNBSF "OUFJM CF
%FS IJFS CFPCBDIUFUF TVQFSBUPNBSF "OUFJM LBOO BMTP BMT FJOF VO
"VGHSVOE EFS FIFS TDIMFDIUFO .BTTFOBVT TVOH,XVOEFEBEBW JOBHF,§
CFTJU[UFCFOGBMMT FJO §2PJBWEBMPEUSIDFE BBEPBEPQQFMU TP HSP«F .E
4JHOBMF EFS EPUJFSUFO¥ OB VDEPICFSUFO BOGHFUSFOOU XFSEFO %BT
[FJHU FCFOGBMMT FJOF UFJMXFJTF TVQFSBUPNBSF "VGTQBMUVOH JO [XF
CFPCBDIUFUFO "CMF@IB) SFFSMTWRESIDUPNBSF "OUFJM JTU IJFS KFEPDI H
TDIFO 3FDIOVOHFO [VS HFPNFUSJTDIFO 4USVLUVS FG i MCFOHREF SFBNF
Dg4ZNNFUSJF EJF OBIF[V FOFSHFUJTDI FOUBSUFU TJOE -FU[UFSF CF
HVOHTNPEF WR&1OWN! XPCFJEJF WPSI§SBIFUBSHRFOFJEFS *TPNFSF VO
%FNFOUTQSFDIFOE FSHJCU TJDIVOBCI¢OHJH WPO EFS FYBLUFO 4USVL
FYQFSINFOUFMM CFPCBDIUFUFO NBHOFUJTDIFO "CMFOLVOH VOE EFO RV




%FFMPHYRK WIUYERXIRGLIQMWGLIR 6IGLRYRKIRIVQMXXIPXI KISQpXVMW
QMX <! 2E / 'Y %K %Y YRH 7G (EAY WMRH HMI -WSQIVFI*"IMGLRYRK (
IRIVKIXMWGLIR 6IMLIRJSPKI EPW VIQMWGLI >MJJIV HMI4YROXKVYTTI
+1 MR I: HIVMWSK®SZSV YRH HMI RMIHVMKW X1 7 GL KMRM WK KXV QESWHY RIRI G §
NTIVMQIRXIPP IVQMXXIPXIR QEKR I XVRWAGIER/ % F/P NRIOXT \( BIx MM QW P M IV X IR %
ERLERHHIV FIVIGLRIXIR)MKIRWGLEJXIRHIV'PYWXIVYRHHIVNI[IMPW P
WMRHEPW VSXI OMRMI HEVKIWXIPP X
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EFS TZNNFUSJTDIFO 4USVLUVS WIJFMF WFSCPUFOF , §FBL\UPISF RIS F H
CBUJTDIEVSDIMBVGFO XFSEFO %BEVSDINVTTBVDIIJFS FOUTQSFDIFOE
W PTQ 730 , BOHFOPNNFO VN EBTFYQFSIJNFOUFMMF "CMFOLQSPSM JO HVL
%JF SCFSHBOHTNFUBMMF $V "H VOE "V CFTJU[FO FCFOGBMMT GVADFB® FF JC
TPEBTT JN 'PMbPONER®M4GY "HVOE"VCFUSBDIUFU XFSEFO )JFSCFJJTU EE
HSVOE EFS ¢IOMJDIFO .BTTFO WPO "HXOE WO IXNPOUPROFRESEGFPS BMMF ES
RVBOUFODIFNJTDI FJ OF44ZNNFWSHFBUIDEP SFO JN #FSFJDIWPO  CJT  WF
7EFSHMEFJDI [VEFO /B VOB, BESBFESUFDEIDIF FYQFSINFOUFMMEO "CMFOLC
[FIHFO JO 3JDIUVOHEFT (SBEJFOUFO FUXBT HS  *F S FOWEID BYJ ¢ Q6 IHIUF
TPEBTTEBT TINVMJFSUF 4USBIMQSPSM BVG #BTJT EFS WPSIFSHFTBHU
'MBOLF FUXBT VOUFSTDI¢U[U %FOOPDI HJCU EBT TINVMJFSUF 1SPSM
HVUFS §CFSFJOTUJNNVOH XJFEFS #FJEFO CFJEFO BOEFSFO 4QF[JFT I
EBT FYQFSIJNFOUFMM CFPCBDIUFUF "CMFOLQSPSM JO HVUFS /¢IFSVOH
EJTLVUJRS/BRMENCFUXBT OJFESJHFSF 4DIXJOHVOHTUFNQFSBUVSFO HF
"CTDIMJF*FOE TPMM EJF1% PUSHTS N OB EFOFNO4D "UPN CFUSBDIUFU XFSE
7BMFO[FMFLUWSPMIBOEESTIU[U %BTFYQFSIJNFOUFMMF 4USBIMQSPSM [FJ}
"VGTQBMUVOH TPOEFSO OVS FJOF $VSJF ,PNQPOFOUF XBTEBSBVG IJ(
EFT .BHOFUGFMET 4QJOTJQT EVSDIMBVGFO 2VBOUFODIENJTDIF 3FDIO
FOUBSUFUF 4U®VE UACBR 04NN FUSJF WP S B WT' BRI EFISC §IEBFERYUMID |
VOUFS EFN 8FSUEFT GSFJFO &MFLUSPOT MJFHU %JF OJFESJHTUF 4DIXJO
CFL;56 DN! TPEBTTEJFTF IJN&YQFSJINFOU BVDI CFJ FJiQFi86% °H 6 BEF NQF
X¢SF %JF 4IJNVMBUJPOFO EFS NBHOFUJTDIFO "CMFOLVOH CFJEFS *TPNFS
JOHVUFS /¢CIFSVOH °CFSFJO

'VTBNNFOGBTTFOE LBOO HFTBHU XFSEFO EBTT LFJOFS EFSS3AR VOUF
CFWPS[VHU TVQFSBUPNBSFT 7FSIBMUFO [FJHU "VTEFO &SHFCOJTTFO
HFTDIMPTTFO XFSEFO EBTTEJF 6STBDIFIJFSG°S [VN FJOFO JO EFS WFES"
EJF4QJOTJQT CFH°OTUJHU VOE[VNBOEFSFO NJUEFS IPIFO %JDIUF BO W
EBLFJOFSEFS CFSFDIOFUFO 4USVLUVSFO FJOF TQI¢SJTDIF (FPNFUSJI
XFSEFO EBTTJO EFSFYQFSIJNFOUFMMFO NBHOFUJTDIFO "CMFOLVOH O
CFPCBDIUFU XFSEFO LBOO 0C EJF,QJEIFESORERRFBIUHF G®SFJOF [VGSJFEF(
UJPO TJOE EBSBVG [VS°DL[V@?BLAUP BFOE EBIUTSEIIAUJH WPSIFSHETBH
FWFOUVFMM OJDIU EJF SIJDIUJHFO 4USVLUVSJTPNFSF JEFOUJS[JFSU X
BCFS VNHFLFISU EBTT G°S EJFTF FJOGBDIFO NPMFLVMBSFO NBHOFUJ"
TDIFO ,¢SH VOE OVS FJOFN QBSBNBHOFUJTDIFO "UPN NJU FJOFN FJOI[F
EJF NBHOFUJTDIF"CMFOLVOH OPDI OJDIU H¢O[MJIJDI WFSTUBOEFO JTU )
RVBOUFODIFNJTDIF 3FDIOVOHFO BVG I'IFSFN 5IFPSJFOJWFBYV VN EJF FI
EBNJUEFSFO NBHOFUJTDIF & HFOTDIBGUFO HFOBVFS WPSIFSTBHFO [
BVDlI EBTTEVSDIEJF. HMJDILFJU EBT FJO[FMOF QBSBNBHOFUJTDIF ;FO!I
EPUJFSUFO EJBNBHOFUJTDIFO 5FUSFMDMVTUFS TJDI PQUJNBM EB[V FJH
[VWFES¢OEFSO VOE EBNJU FJO UJFGFSFT 7EFSTUCOEOJT EBG°S [V FOU X.
4ZTUFNF G°S [VL°OGUJHF UFDIOJTDIF "OXFOEVOH FOUXJDLFMU XEFSEFO

ITYTIVEXSQEVIW IIVLEPK IR 5 7R

"CTDIMJFe.FOETPMMFJO CFTPOEFSFS 'PLVT BVG EBT NBHOFUJTDIF "CMI
HFMFHU XFSEFO '°SEJFTFT 4ZTUFN XJSE O¢NMJIJDI CFPCBDIUFU EBTT EJI
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CFPCBDIUCBSFO (S +RODEFSERIDO WBPNFO TVQFSBUPNBSF 4USBIMLPNQ!
%BT CFEFVUFU EBTT EJFTF $MVTUFS FOUXFEFS FJOF IPIF 4ZNNFUSJF BV
OVS EJBCBUJTDI EVSDIMBVGFO XFSEFO VOEFT CFJEFO NFJTUFO $MVTL
EFT .BHOFUGFMET LPNNU 6N EJFTF CFJEFO 6STBDIFO VOUFSTDIFJEFO
EJTLVUJFSFO [VL OOFO N°TTFO EJFHFPNFUSJTDIFO 4USVLUVSFO EFS
HFPNFUSJTDIFO 4U SV (BUNBUEQ EESFSNJUUFMU VOE EBT FMFLUSJTDIF "C
EJFLMBTTJTDIF #FTDISFJCVOH EFS 3PUBUJPOTEZOBNJL JN FMFLUSJTDI]
UFODIFNJTDIF #FSFDIOVOH EFS 4USVLUVSFO XYSEX BOBIFOONONROM®BID
XBISTDIFJOMJDITUFO JN &YQFSJNFOU WP SMJEH PQAER SUFSNBLUIWS [WNNHE SF 3
CFTUJNNUF $MVTUFSHS «F LBOO EVSDIEFO 7FSHMFJDI NJU EFN FYQFSJNF
EFSGPMHFOEFO "CCJMEVOH TJOE EBG°S[VNFJOFOEJFOBDIEFS JO,BC
4USVLUVSJTPNFSF NJUEFS 1VOLUHSVD Q¥NEFSOSFM EFNMFMF&OESHDFFO
NFOU JO %FCZF EFS OJFESJHTUFO 4DIGEEHFNBHIMNPEFN OTUFU ;VN BOEF
FYQFSIJNFOUFMMFO FMFLUSTER|FB 4V OEI MITEFSNMEPL WD QVON WP
7FSHMFJDI NJU EFO 4JNVMBUJPOFO VO UF O, @CHFIIUMSEFEUF @ B ESBIIN \B
EJTLVUJFSUJTU XJSEFS JN'PMHFOEFO OJDIUNFIS CFUSBDIUFU

'S EJF IJFS HF[FJHUFO $MVTUFS TJOE BMMF BVT EFO RVBOUFODIFNJTDIF
BTZNNFUSJTDI 4FMCTU EBT Fg (@[ BHFVTTPAEHES E BO4IF (FPNFY SINEFT 4
C wAZNNFUSJF FSJOOFSU < > JTUTP TUBSL WFS[FSS WC,EBNNFUGVYE |
BVGXFJTU VOE BMTBTZNNFUSJTDIFS 3PUPS WPSMJFHU #FJEFO FYQFES
$MVTUFS FJOF 7TFSCSFJUFSVOH EVSDI EBT FMFLUSJTDIF 'FME [FIHFO ¢
TJOE %FS 7FSHMFJDIEJFTFS FYQFSJNFOUFMMFO 1SPS Mo Bl FUERFDMBS
4USVLUVSEJTLSIJNJOJFSVOH XPCFJIJFSNJUIPIFS 8BISTDIFJOMJDILFJU
%JQPMNPNFEINU&YQFSJIJNFOU WPSME&RB UBO/® FGOE BQU JH EB{IVHIPANTEO F L
XFSEFO EBFTEJF *OUFOTJUCGCU JO EFS 4USBIMNJUUF BNNCETIUHATLFTDI
LBOO EJF FJO[JHF JN SFMFWBOUFO &0FSHJFCFSFJDI WPSIFSHFTBHUF
%BUFO JO TFIS HVUFS §CFSFJOTUJNNVOH BCCIJMEFO &JOF LMBSFB%JITL
JTUEBHFHFO OJDIUN HMJDI EBTJDIBMMF ESFJ*TPNFSF JO 4USVLUVS \
TJOE %FOOPDI TUJNNFO EJF TINVMJFSUFO 4USBIMQSPSMF BMMFS EJF
°CFSFJO *N 'BNMMBEFOHIHFO °CFSTDICU[FO EJF TINVMJFSUFO 1SPSMF CF.
CFPCBDIUFUF "CMFOLVOH %JF 6STBDIF IJFSG°S MJFHU FOUXFEFS EBSJO
JTU EVSDIEJF RVBOUFODIFNJTDIFO 3FDIOVOHFO OJDIU HFGVOEFO XVSE
SVOH CFJ FJOHFTDIBMUFUFN 'FME WFSNJOEFSU XJSE VOE FJO HFRVFOTL
XJSE %JFTFT 2VFODIFO LBOO FJOFSTFJUT EVSDI FJOF 4DIXJOHVOHTBOS
NJU EFN )JOUFSHSVOEHBT JO EFS "CMFOLLBNNFS < > WFSVSTBDIU XF
4@ (B $MVTUFST OJDIUWJFM HFSJOHFS TJOEBMT CFJEFO BOEFSFO IJFS H
VN FJO 2VFODIFO EVSDI MBOHSFJDIXFJUJHF 4U «F NJUEFN )JOUFHSVOEH]
BVTHFQS¢HU EB EJF CFJEF® ' OPNFSERSF@PBIBS TIOE &JOF FIOEFVUJHF
FMFLUSJTDIFO"CMFOLEBUFO BMMFJOF OJDIUN HMJDI EBFTOPDILFJOF.
BC[VCIJMEFO &T NVTT KFEPDI EBSBVG IJOHFXJFTFO XFSEFO EBTT VOUFS
4@ (B EJF *TPNPYPOE **0OJDIU H¢CO[MJIJDI BVTHFTDIMPTTFO XFSEFO L' 00
HSP<F 7FSCSFJUFSVOH CFPCBDIUFW X8I EBVPEGRSENFEBD UFMMOCFPCBDI U
HFRVFODIU TFJOL OOUF &TLBOO USPU[EFN BVT EFN FNFB $SMTDUF S NC
N=9 16HFTDIMPTTFO XFSEFO EBTT BMMF EJFTF $MVTUFS BMT OJDIU °
4USBIMQSPSMF FJOF BVTHFQS¢HUF 7FSCSFJUFSVOH JN FMFLUSJTDIFO
*O"CCIJMEVOH TJOE EJF NBHOFUJTR (BOS'N\WMIFUFL.SPSPE K FEHGA®, HF
[FIJHUVOE XFSEFO JN'PMHFOEFOBVG #BTJTEFS JEFOUJS[JFSUFO 4USVLU
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%FFMPHYRWI ESY WUYERXIRGLIQMWGLIRG6IGLRYRKIRIVLEPXIRIK+E@MXMYV
N=9 16WMRHQMXHIV4YROXKVYTTI HIVVIPEXMZIR)RIVKMI*YQ +1 MR I:
(IF]I HIVRMIHVMKWXIR 7GL[MRKVYRKMW QMW B REEIXKRY SFIR KIMNMKX >Y
WMRHHMIINNTIVMQIRXIPPIRYRHWMQYPMIVXIRIPIOXVMWGLIR %FPIROTYV
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%FFMPHYRKRIMMQIRXIPPI QEKRIXMWGLI %QFREIRNEYS xiB IFABR /~R16 /
>YWSX"PMGLWMRHHMIWMQYPMIVXIR QEKRIXMHE®XNIMHRH6E R SRADW M BXR/I
KIWXVMGLIPXI OMRMI EFKIFMPHIX (MILMIVI¢{V ZIVIIRHIXIR)MRKEFITEVI
"PYWXIV KIPMW XX

"CMFOLWFSIBMUFO °CFS EJF OVNFSJTDIF 8WFNMBEJ PG E ®MMBB, BNG DUEMT
BMMF $MVTUFSHS «FO EVSDIHFG°ISU XJSE 8JF CFSFJUT FSX¢IOU [FJIJHFC
TVQFSBUPNBSFT"CMFOLWFSIBMUFO CFJ FIOHKBDIBMUBWEMNIFNVHE -FE.
[FIHFO OVS FIOF MFJDIUF 7TFSCSFJUFSVOH EFS [FOUSBMFO 4USBIMLPN(
(SBEJFOUFOSJDIUVOH

%B BVT EFOFMFLUSJTDIFO "CMFOLEBUFO IFSWPSHFIU EBTTFT TJDI CFJ I
SFOIBOEFMU NVTT G°NEIF, INRE[IFVONBUN 3BINFOBEWFIEFE DBEFMMIHE JF
8BISTDIFJOMJDILFJU GpgeHFGBOHMQFODIQPPEBTT G°S FJOFO 5FIJMEFS $MVT
EFT . BHOFUGFMET FSIBMUFO CMFJCU VOE EJF JN &YQFSJNFOU UFJMXF
[VTUBOEFLPNNU %JFTF8BISTDIFJOMJDILFJUJTY IBLMEPGTXWED EHFU GXBH
&MFLUSPO HFSJOHJTU VOE FT EFNFOUTQSFDIFOE OJDIUWFSTU¢SLU [V
LPNNU %B EJF#FSFDIOVOH EFS 4QJ0O 3P UBydYPETHRPBB/BBIVHTC B DJRISE®
HBOHTXBISTDIpgeMBIDIIEF$SWVSM (MFJDIVOH VOE -BOEBV ;FOFS 'PSN
JO ,BQJUFM CFTDISJFCFO TUBSLF %JTLSFQBO[FO[VEFNJN NBHOFU.
TVQFSBUPNBSFO 7FSIBMUF OB NUSHEHBBEBNBUFS CFIBOEFMU VOE EVSDI
EFT TINVMIJFSUFO 1SPSMT NJUEFO FYQFSINFOUFMMFO %YBUFO FSNJUUF
'°SEJF*TPNFSF EFS CFJHBO/OPMMI®B AFSIFQAFJO TVQFSBUPNBSFT 7FSIBMUFC
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HFO XFBEBOUPSFE>>WEPOFSFDIOFU TPEBTT FJOF WFSTUC¢SLUF 4QJO 3PUB
&OUTQSFDIFOE XFSEFO G°S EJF 4JNVMBUJPOFO EFS NBHOFRMZETIODOFO "CM
BOHFOPNNFO #FJEF SFTVMUJFSFOEFO 4USBIMQSPSMF CFTDISFJCFO E
HVUFS /¢IFSVOH

*N (FHFOTBU[ EB[V N°TTFO G°S EJRB; $MYOBHASNEBTDISFICVOH EFS TVQF
,PNQPOFOUFO 8BISTDIFIJPpKIDILFOBERN WBMMF EFS CFJEFO -FU[UFSFO TP
BOHFOPNNFO XFSEFO %JFTF HFSJOHFO 8BISTDIFJOMJDILFJUFO G°S FJOF
EBT TVQFSBUPNBSF 7FSIBMUFO EJFTFS $SMVTUFS BMTBTZNNFUSJTDIF 3PL
3PUBUJPOT ;FFNBO %JBHSBNNBOTPOTUFO JN &YQFSIJNFOU HFRVFODIU .
WIFS $SMVTUFSTQHRSED BHFOWRNFO "VeFS CFINFIBRPXFSDWP@ BIO-F NJUIJIM
%'5 WPSIFSHFTBHUFOQ8BEUPGSKXKFEPOI TIHOJSLBOU EBWPOBC TPEBTT BVE
NVTT EBTT EJFTF WPO EFS RVBOUFODIFNJTDIFO #FSFDIOVOH OJDIU SJD
TVQFSBUPNBSFO "VGEQBNMUNVO®GBAMA BBSIBMUFO CMFJCU LBOO TPHBSF
EVSDIHFG®°ISU XFSEFO XFOO EJFBVT EFS RVBOUFQD'BINIADHPCOITFBDIOOCGIA
SJDIUJH WPSIFSHFTBHU XFSEFO "MT BTZNNFUSJTDIFS 3PUPS NVTT EJF 8
TFJO TPEBTTEBT*TPNFS NJUFJOFSLMFJOBOBLCYFIDIWPN EFIJUWCHERSTF G BIFBE
WPSMIJFHFO NVTT *O EJFTEN 'BMM X*BENFXEEMIPEIFTOMRIMFABUFO JN &YQF S
EBFTEJFLMFIJOTUF "¢xXFWMOBVOGKANIJW &TJTU KFEPDIEBSBVG IJO[VXFJ
SIJDIUJHFO 7PSI¢ SBNIBHFSEFRXIFJUFSG°ISFOEF RVBOUFODIFNJTDIF 3FDIOY
EVSDIHFG?°ISU XFSEFO N°TTFO VNEJFFMFLUSPOJTDIF4USVLUVS BVTSF
'°SEJF#FTDISFJCVOH EFT FYQFSJNFOUEBIXMFSE"EWIFICAI@F PSRBT O/ IR ©S4FO04
TDIFIJOMIDpgEIB WBPFADHFOPNNFO %JF "VGTQBMUVOH EFS CFJEFO TVQFS
KFEPDIHFSJOHFS TPEBTT EJF FYQF&INGE OO HMMF O 6B SFQ OVSIMNNNOH CF
EFOLBOO "VDIXFOOFTTJDIEBCFJVNFJOFHFSJOHF"CXFJDIVOH WPN 8FS
TJFEFOOPDIBVG FJOF FSI'IUF 4QJO 3PUBUJPOT 8FDITFMXJSLVOH VOE E
WPO FUXB 1JO %BT CFEFVUFU EBTTEJF IJFS HF[FJBHWWBFOIDYQ B 8 I3\BA N B(
EFBWPJEFE DBEFMMIMHFSLM¢SU XFSEFOL " OOFO 6N EJFTF #FPCBDIUVOH +
CJFUFUFTTJDIBO G°SEJFTFO $MVTUFS UFNQFSBUVSBCI¢COHJHF NBHOF
EJF FIJOTFJUJHF 7FSTDIJFCVOH EFS $VSJF ,PNQPOFOUF NJUIJMGF EFT .
$MVTUFS NJU IPIFS 8BISTDIFJOMJDILFJUBMT %VCMFUU WPSMJFHU JTU |
[VT¢CU[MIDIF #FTU NENWVUWWBPH B EFBGPMHFO %FT 8FJUFSFO X°SEFO BVDI JO
RVBOUFODIFNJTDIF #FSFDIOVOHFO IFMGFO EJF NBHOFUJTDIFO &JHFOTD
EFOIJFSEJTLVUJFSUFO 8JBMSPIXEFEDDBREBEMNBIV G[VLME¢SFO

%JIJF TZTUFNBUJTDIF 60UFSTVDIVOH EFS NBH®GFM Y DURG-OCNVIFEQ) IOVORH WHP O
BVG EJF $SMVTUFSHS F VOE EBTTVQFSBUPNBSF 7FSIBMUFO [FJHU EBTT
TUBSL WPO EFS"O[BIMEFS EJBNBHOFUJTDIFO 40 "UPNFJN ,¢SHBCI¢OH
CMFJCU ;VEFNLPOOUFOJN 7FSHMFJDI[VBOEFSFO FJOGBDI EPUJFSUFO
XFSEFO CFJEFOFOEBTTVQFSBUPNBSF 7FSIBMUFO JN .BHOFUGFME USPU
IPIFO ;VTUBOETEJDIUF UFJMXFJTF FSIBMUFO CMFJCU %BEVSDIL OOFC
G°S [VL°OGUJHF "OXFOEVOH BMT /BOPNBUFSJBMJFO JO EFS 4FOTPSJL

>
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f %YWFPMGO

%JFJIJN WPSIFSJHFO ,BQJUFM WPSHFTUFMMUFO &SHFCOJTTF IBCFO HF[FJ
WPO EFS "O[BIM EFS 5FUSFMBUPNF BCICOHFO XPCFJ G°S 4J VOE (F $M
XJFEFSIPMFOEF 4USVLUVSCBVTUFJOF TUBUUSOEFU CFWPS RVBTJ TQIC¢S
FIO FMFLUSJTDIFT %JQPMNPNFOU BVGXFJTFO VOEBV*FSJN 'BMM WPO 1C
QPMBSJTIJFSCBS TIJOE %BEVSDITJOE EJF $MVTUFS TFISJOUFSFTTBOU
4FOTPSFO [VS .JOJBUVSJTJFSVOH WPO JOUFHSJFSUFO 4DIBMUVOHFO P
%JF 60UFSTVDIVOHFO EFS NBHOFUJTDIFO &JHFOTDIBGUFO WPO FJOGBD
EBT "CMFOLWFSIBMUFO TPXPIM TUBSL WPO EFS "O[BIMEFS EJBNBHOFU
QBSBNBHOFUJTDIFO %PUJFSVOHTBUPN BCI¢COHU "VDI XFOO G°S WIFMF E
$MVTUFS UFIJMXFJTF TVQFSBUPNBSFT 7FSIBMUFO VOE EBNJU IPIF 4QJ0O %
TIOEBVTEFOFYQFSINFOUFMMFO &SHFCOJTTFOEFOOPDI[XFJQSJO[JQJF
N"HMJDIF "OXFOEVOH EJFTFS4ZTUFNFJO EFS4QJOUSPOJLJO 'SBHPTUFM
LFIJOBOEFSFT4ZTUFN CFPCBDIUFU XFSEFO EBT°CFSN¢eJH TVQFSBUPI
BMMF $MVTUFS 4QJOTJQTJN .BHOFUGFME FSGBISFO VOE EBNJU EJF 4QJO
BOEFSFOFYJTUJFSFO G°S NBODIF4QF[JFTWFSTDIJFEFOF4USVLUVSJTPN
&JHFOTDIBGUFO HMFJDI[FJUJH JN .PMFLVMBSTUSBIM XPEVSDI OJDIU
&SHFCOJTTF TPOEFSO BVDI EJF )FSTUFMMVOH WPO "OPSEOVOHFO BU
"OXFOEVOHFO FSTDIXFSU XJSE %FTIBMC TPMM JO EJFTFN ,BQJUFM KFXF
EJFTF &RFLUF HFOBVFS VOUFSTVDIU VOE WFSTUBOEFO XFSEFO L "OOFO

f @ ;IMXIVI{LVIRHI9ORXIVWYGLYRKIRHIVQEKRIXMWGL

2VBOUFODIFNJTDIF #FSFDTBNRHEGEGBTTFOE LBOO BVT EFO JO EJFTFS "&
UJTDIFO "CMFOLFYQFSINFOUFO HFTDIMPTTFO XFSEFO EBTT EBTCFPC
IBMUFOT JO FJOGBDI EPUJFSUFO 40 $MVTUFSO BVG 4QJOTJQT JN .BH
BVGHSVOE EFSIPIFO "O[BIMBO WFSCPUFOFO ,SFV[VOHFO PEFS EVSDI EB"
8FDITFMXJSLVOHFO TUBUUSOEFO %JF 8BISTDIFJOMJDILFJU G°S EBT "VG
G°S TQI¢SJIJTDIF FIOGBPMERPUFBSSNINIEMGF WPO .VMUJSFGFSFO[NFUIPEFC
< > "VTEFO &SHFCOJTTFO EJFTFS 3BFDIOVOHFO LPOOUF HFTDIMPTTEFC
HFPNFUSJTDIFO VOE FMFLUSPOJTDIFO 4USYLBVSFESFTWYE EBR3U EFP 85
MJDILFJU G°S BEJBCBUJTDIF SCFSH¢OHF BO EFO WFSCPUFOFO ,SFV[VOHF
#FSFDIOVOHFO LPOOUFO G°S EJFTF4ZTUFNF EVSDIHFG®°ISU XFSEFO EB B
0SCJUBMF FOUBSUFU TJOE VOE TPNJU EFS 3FDIFOBVGXBOE NJOJNJFSL
#FSFDIOVOH EFVUMJDI [FJU VOE SFTTPVSDFOJOUFOTJWFS XPEVSDIFTN
WFSG°HCBSFO 3FDIFOMFJTUVOHFO UFIJMXFJTF HBS OJDIU N"HMJDI JTL
HFOBV BC[VCIJMEFO %VSDIEJF &SXFJUFSVOHEFT )PDIMFJTUVOHTSFD
FT KFEPDIJO[XJTDIFO N"HMJDI EJF NBHOFUJTDIFO &JHFOTDIBGUFO G
$"44%' 3FDIOVOHFO HFOBVFS [VTUVEJFSFO XPCFJEJF 3FDIFO[FJU JNNI
EBTT G°S EJF NBHOFUJTDIFO &JHFOTDIBGUFO WPO .FUBMMDMVTUFSO
NBSLSFDIOVOHFO FYJTUJFSFO N°TTFO IJFSCFJ HSPF WFSTDIJFEFOF
FYQFSINFOUFMMFO %BUFO FWBMVJFSU XFSEFO XBT FCFOGBMMT TFIS |
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UJFGFSHFIFOEFT 7TFSTUCOEOJT G°S EJF FMFLUSPOJT® IBDUSPIFHE OF B OBEC
QBSBNBHOFUJTDI EPUJFSUF 5FUSFMDMVTUFS FSN"HMJDIU

&NFLUJWFSF "CL°IMVOH EFS 3PUBUJFPOTBAWRFS BWFSEPUFOFO ,SFV[VO!
,FFNBO %JBHSBNN FJOFT $MVTUFSJTU RVBMJUBUJW BVDI PIOF RVBOUFO
WPO EFS .FOHF EFSBOHFSFHUFO 3PUBUJPOTOJWFBVTBCI¢OHU %JFTF LB
EJF BPUBUJPOTUFNQFSBUVS JIN &YQFSJIJNFOU NJOJIJNJFSU XJSE CFJTQJI
XJSE VOE EJF 7TFSXFIM[FJUJO EFS HFL°IMUFO %°TF EVSDI FJOF BMUFSO
[VN1SPCFOTUBC FSI'IU XJSE &JOF TPMDIF L°S[MJDI WPSHFTUFMMUF -
WPO .FUBMMDMVTUFSO JO EFS CFJEF EJFTF "OTC¢U[F VNHFTFU[U TJOE
NJU (FTDIXJOEJHLFJUFO WO VOWXBS BVISTFJOF TFIS FRFLUJWF "CL°IMVO
VOE 3PUBUJPOTGSFJIFJUTHSBEF < >1JOEFVUFU &TNVTT EBCFJKFEPDI
CFJFJOFS 3FEVLUJPO EFS3PUBUJPOTUFNQFSBUVS BVG ,JO EPUJFSU
WIFMF EJFTFS $MVTUFS NJOEFTUFOT FJOF WFSCPUFOF ,SFV[VOH EVSDI|
7TFSIBMUFOTHFRVFODIU XJSE < >

1BSBNBHOFUJTDIF %PUJFSVOHWE® ARBFURBFBUBRIBU[ VN WFSTUC¢SLU TVQ
[VCFPCBDIUFO X¢SFFT MFJDIUFSF5FUSFMDMVTUFS XJF [VN #FJTQJFM (
SFO %VSDIEJF LMFJOFSF .BTTF WPO (FJN7FSHMFJDI [V40O TJOE EJF 3
HMFJDIFS (S"F VOE ¢IOMJDIFS HFPNFUSJTDIFS 4USVLUVS EFVUMJDI HS «|
TIDIEFS"CTUBOE EFS 3PUBUJPOTOJWFBVT VOE EJF ,SFV[VOHTEJDIUF J|
"VeFSEFNIBU (FEFO 7PSUFJM EBTTFTOVSIBMC TP WIJFMF TUBCJMF *TPUT
OVOHJN'MVH[FJUNBTTFOTQFLUSPNFUFS FSMFJDIUFSUJTU ;VEFNTJOE B
NJULMFJOFSFS .BTTF QSJO[JQJFMMI'IFS TPEBTT &YQFSJNFOUF FIFS JN
XFSEFOL"OOFO "VTEJFTFN (SVOETJOE FSTUF NBHQFOQ BIMVF UE B G GISNE
%B KFEPDI EJF 1SPCFOTZOUIFTF TFISIFSBVTGPSEFSOE JTU JTU EJF 2
FTLPOOUFO OVS ENN$SMWIOEB SNEYQFSINFOU TUVEJFSU XFSEFO ;VEFN
WFSVOSFJOJHU

%JF SFTVMUJFSFOEF QT4 &) SiEL6M, QABFPCH D YJE 16FO NJUUJH TJOE EFO FOUTQ
"CMFOLQSPSMFO BWVEEMIOD $MVTUFS VOUFO JO "CCJMEVOH HFHFO°CF
'JUGVOLUJPO TDIXBS[FHFTUSJDIFMUF -JOJF CFTUFIFOEBVT NFISFSFO
(F $MVTUFS FJO FYQFBUNF® CFMMIASNU EFS FCFOGBMMT BVGHFG°ISU JT
3FDIOVOHFO FSNJUUFMUFO HFPNFUSJTDIFO 4USVLUVSFO PCFO TJOE NJI
JO ,MBNNFSO EFS SFMBUJWFO &OFSHJF [VN (.JOF7 EFS4QJONVMUJQM
%FCZF VOE EFS OJFESJHTUFO 4D HeIOHRVCIKMTENFRE EMTEDEMI B I B TYGY S BHOV
EFSUFNQFSBUVSBCI¢OHJHFO 7FSTDIJFCVOH EFS $VSJF ,PNQPOFOUF EE
*N'BMMF EFT $SMMOXNEFSHE FFBLU EJFTFMCRyAZSIWIFUNGS NYOE FJOFS .VMUJ
S=12 XJF CFRJAOOFSIBMUFO %FOOPDI XJSEJNFYQFSINFOUFMMFO 4USBIMC
EFS$MVTUFS WPO FUXB JN7FSHMBEFIDVOQWFSBICFNBO BCHFMFOLU %JF
LBOO EBEVSDIFSLM¢SU XFSEFO EBTT EFS BYTHIRNPSYWFC NNRUCRJBFN SBBJ
WRG&G1;73TUBSL WPO [XFIJBCXFJDIU VOE EBNJU FJOF FSI'IUF 4QJO 3PUBUJF
8BISTDIFJOMJIDILFJU FJOFT 4QJ0O4.JRQRF=IN WFRSHEBFIBPS WVIAW %VSDI EJF B
4USVLUVSJTU EJF %JDIUF BO WFSCPUFOFO ,SFV[VOHFO EFNOBDI TFMCTL
OJWFBVTJN EPUJFSUFO (F $SMVTUFS TP IPDI EBTTHFO°HFOE 4QJOTJQT TI
TUCSLFS HFRVFODIU XJSEBMTCFJEFNBOBMPH EPUJFSUFO# @B ISWMR/T T F
°CFSIBVQU OPDIFJOFTVQFSBUPNBSF "VGTQBMUYV O H1J ONBRHPCBWIUF IFRFE

uw



%FFMPHYRKW BYERXIRGLIQMWGLIR 6IGLRYRKIRIVQMXXIPXI KISQIDR MW G
YRH#ZLR QMX MLVIV -WSQIVFINIMGLRYRK HIV4YROXKVYTTIR MR/PEQQIV
lI: HIV7TMRQYPXMTPMAMX8X HIQIPIOXVMWGLIR (MTSPQSQIRX MR (IF]JI'Y
GQ! IMXXMKWMRHHMIINTIVMQIRXIPP IVQMXXIPXTRQEBRR I X B R/ELRROWIKP | R
N=14 YR KI"IMKX >YW8§XAPMGL [MVHLMIV NI[IMPW IMRI *MXJYROXMSR W
EYWQILVIVIR+EY¢ *YROXMSRIR ERKITEW\YW XEOQX §WHRY TV X WELR KM RPHRI| | F1
KIPMWXIX WMRH 9RXIRWMRHHMINTIVMQIRXIPPIR QEKRIXMWGLIR %FP
KI"NIMKX -Q)MRWGLR MMIXI™RWEXAPMGL HMI XIQTIVEXYVEFLS§RKMKI:IVWGL
HEVKIWXIPPX HE HEVEYW IMRS Z5/2 R @ ¥ R FETCPXVEWMZZSR/ @ MIK X IP X [IVHIR C
(MI QEKRIXMWGLIR )MKIRWER. WMRR ESRVIBLVPMGL MR 2U0rA HMWOYXMIV

LBOO EFVUFUEBSBVGIJO EBTTEFSHS *FSF"CTUBOE EFS 3PUBUJPOTO
,SFV[VOHFO TUBSL WFSSJOHFSU ;VEFN [FJHU Ejgf SOEMSGE 44U 7HEHMEIMD
NBHOFUJTDIFO &JHFOTDIBGUFO CFJ EFSTFMCFO HFPNFUSJTDIFO 4US)\
TPOEFSOBVDITUBSL WPN EJBNBHOFUJTDIFO ,¢SHFMFEFNFOU BCI¢OHFO
TFJO EJF 3FEYLBUPOGINIU XFIJUFSG°ISFOEFO RVBOUFODIFNJTDIFO .FUI
#FIN $MV U BSXASEFO ESFJ*TPNFSFJIJN SFMFWBOUFO &0OFSHJFCFSFJDI
BMT %VEMEFYDUE =009 F7 VOE EJF BOEFSFO CFJEF®RB/BMTEZ2Z\WE8 BF VWO E

0,03F7 WPSMJFHFO "VG EFO FSTUFO #MJDL TDIFJOU FT BMT X°SEF EBT %\
EFS .PMFLVMBSTUSBIMJO [XFITVQFSBUPNBSg 8U8PISMIVIP KR FRCXBO U BY/ N
+FEPDIL"OOFO [VT¢U[MJIDIF4USBIMLPNQPOFOUFO NJU4sIBMFHORFNEBSUHKBESE




XEMDIF OVS WPO $MVTUFSO JO I'IFSFO 4QJO[VTUCOEFO WFSVSTBDIU XF
,PNQPOFOUFO EBCFJ TP TUBSL WFSNJOEFSU TJOE L"OOUF[VNFJOFO EB
NJUI'IFSFS 4QJONVMUJQMJI[JUCU WPSMJFHU EBT FOFSHFUJTDILOBQQ °C
NJOJNBM QPQVMJFSU JTU ;VNBOEFSFO L OOUFEFS $MVTUFS HFOFSFMM
VOE /VMMGFMEFRFLUF G°ISFO EB[V EBTT EJFI'IFSFO 4QJO[VTU¢OEF C
NJOJNBM QPQVMJFSU TJOE %JFTF &RFLUF USFUFO KFEPDIWEFSTU¢SLU
EFSIJFS CFPCBDIUFUFO HFSJOHFO "CXFJDUVPS EFORFSBF IS &EVPLUSH
FSXBSUFU XFSEFO '°SFJOF FJOEFVUJHF %JTLSJNJOJESVOHEFS 4QJONVM
N°TTFO EFOOPDIUFNQFSBUVSBCI¢OHJHF .FTTVOHFO [VS #FTUJNNVOH E
,PNQPOFOUF VOE FMFLUSJTDIF "CMFOLFYQFSJNFOUF EVSDIHFG®°ISU XFS
KFEPDIEFVUMJIDD ERFLYBW FJOF OJFESJHFSF .VMUJ@NMI [$M YV T BNSS EFSBT
EFS #BTJT EFS UFNQFSBUVSBCI¢OHJHFO 7FSTDIJFCV B EES WSO B JPNG
XFSEFO LBOO %FS FYQBSURBTEFEMMIFU CFJ CFJEFO $SMVTUFSTQF[JFT FU
XJSE EBTTFTLBVNI[V 4QJO #BIO 8FDITEFMXJSLVOHFO LPNNU VOE EJF N
OF 4QJOTJQ EVSDIMBVGFO XRS.EOFIN ¢FBIFIOAFBOFPV (¥ 40 "OBMPHPO [VS T
"VGTQBMUVOHLPNNU MJFHUNJU IPIFS 8BISTDIFJOMJDILFJU EBSBO E|
WP O;{FO EJF 3PUBUJPOTOJWFEBVT JN .BHOFUGFME JO XFOJHFS FOFSHFUJT
%JDIUF BO WFSCPUFOFO ,SFV[VOHF.® IJNAFBHAEFWE SIVNOEF SU JTU %FOOP
EVSDIEJF BTZNNFUSJTDIF 4USVLUVS OPDI IPDIHFOVH EBTT FJO 5FJM EF
JTU *N (FHFOTBU[[VS "OBMZTFERLT@UBBIMIQEBBWTWEGREBDIUFU XFSEF
"VTUBVTDIFO EFT ,¢SHBUPNT [VT¢U[MJIDI[VS 7TFSSJOHFSVOH EFS ;VTUBOE
EJF4QJONVMUJQMJI[JUCU WFSSJOHFSU XJSE

%VSDIEJFTFWFSSJOHFSUF ;VTUBOETEJDIUFLBOO WFSNVUFU;XESEGD EB
(F2"M G°S EJFTQI¢SITDIF (FRNOFUSZREMUSIF WPSIFSHFTBHU XFSEFO < >
JISFS 4QJONVMUJQMJI[JUCU GBTUBVTTDIMJF*MJDI TVQFSBUPNBSF "VGTQ
XFSEFOLBOO &TJTUEFNOBDIFNQGFIMFOTXFSU EJETF $MVTUFS BVG ]
"CMFOLFYQFSJNFOUFO [VVOUFSTVDIFO EB TJFJN 'BMM FJOFS BVTTDIMJ
UVOH CFTPOEFST JOUFSFTTBOU G°S UFDIOJTDIF "OXFOEVOHFO JO CFJT
X¢SFO ;VTC¢U[MJIDI[FJHU EJF NBHOFUJTDIF "C Mg OLNOM & AW BJTZ N[NVMNUSQ B
40 $SMVTUFS BCFS BVDI EBTTEFS EJBNBHOFUJTDIF ,¢SHFJOFO TUBSLFO
$MVTUFS IBU &T CJFUFU TJDIBMTP FCFOGBMMTBO FJOFTZTUFNBUJTD
QBSBNBHOFUJTDIFO (F $MVTUFSO EVSDI[VG°ISFO EJF[VS 7FSUJFGVOH
EFS FMFLUSPOJTDIFO 4USVLUVS VOE EFS NBHOFUJTDIFO &JHFOTDIBGUF

f 9 1IIWWYRKIRERMWSQIVWIPIOXMIVXIR'PYWXIVWXVE

#FJEFS6OUFSTVDIVOHWPO FJOJHFOFJOGBDIEPUJFSUFO 40 $MVTUFSO L
JTPNFSFHMFJDI[FJUJHJN .PMFLVMBSTUSBIM FYJTUJFSFO EJF VOUFSTDI
XPEVSDI OJDIU OVS EJF *OUFSQSFUBUJPO EFS FYQFSINFOUFMMFO &S
"OPSEOVOHFO BUPNQSC¢[JTFS $MVTUFS G°S N"HMJDIF "OXFOEVOHFO JC
LPOOUF CFSFJUT HF[FJHU XFSEFO EBTT EJF CFJEFO *TPNFSFBVGHSVOE
HOFUJTDIFO &JHFOTDIBGUFO S¢VNMIDI WPOFJOBOEFS TFQBSJFSU XFSEI
CFJEFO [VWPS WPSHFTUFM WUFNDV5TSIF S0 EFRPICBLNIRGEWOTPOEFSO BVDI CFJ
WPO4AP *N FMFLUSJTDIFO "CMFOLFYQFSJNFOU [FIJHU EJFTFS $MVTUFS
WFSCSFJUFSUF QPMBSF ,PNQPOFOUF EJF FUXB EFSHFTBNUFO *OUFO
NFUSJTDIBVGHFTQBMUFOFO NBHOFUJTDIFO "CMFOLQSPSM G¢MMU OFC|
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FIOTFJUJH WFSTDIPCFOF ,PNQPOFOUF JO EFS 4USBIMNJUUF BNMsGOEJF FC
BVGUIFSNJTDIBOHFSFHUF $MVTUFS PEFS FJO EJBNBHOFUJTDIFT *TPNFS
4USBIMQSPSM PCFO TJOEJO "CCJMEVOH BCHFCJMEFU ;;VT¢U[MJIDI :
NJUVOQPMBSFS 'SBLUJPO BOHFSFJDIFSUFO .PMFLVMBSTUSBIM TJFIF
4USBIMQSPSMJTU FCFOGBMMT JO EFS"CCIJMEVOH VOUFO EBSHFTUF
%JF 60UFSTVDIVOH NJU CFJEFO JOIPNPHFOFO 'FMEFSO JO ,PNCJOBUJ

%FFMPHYRKPIROTVSXBFEBIRHRAF16 / QMX IPIOXVMWGLIQ *IPH SFIRPMRO!
*IPH SFIRVIGLXW YRHIMRIV/SQFMREXMSREYW FIMHIR *IPHIVR YRXIR
QEVOMIVX [ELVIRHHMITSPEVI/SQTSRIRXIR MR SVERKIHEVKIWXIPPX I
HMIWYTIVEXSQEVIR/SQTSRIRXIR MR KV¢({R YRH HMI QEKRIXMWGL RELI
TXVELPQMXXI MR VSX HEVKIWXIPPX (MIWI/SQTSRIRXIVIWYPXMIV X IRX]|
ZSR XLIVQMWGL ERKIVIKXIR'PYWXIVR SHIVIMRIQHMEQEKRIXMWGLIR -WS
EYWHIVOSQFMRMIVXIR %FPIROQIWWYRKMWXHMIGIHYOXMSR HIVQMXXP
HE HMIWI -RXIRWMXS8XWEFRELQIEYJHMITSPEVI*VEOXMSR "YV¢{GOKIJ¢lL

QPMBSFO ,PNQPOFOUF OVS EJF*OUFOTJUCU JO EFS 4USBIMNJUUF VN FU
BVT LBOO HFTDIMPTTFO XFSEFO EBTT BVDI IJFS [XFJ 4USVLUVSJTPNF
&JHFOTDIBGUFO WPSMJFHFO %JF VOUFSTDIJFEMJDIFO ;BIMFOXFSUF G
CFJEFO &YQFSJIJNFOUFO TJOE EBSBVG [VS°DL[VG°?°ISFO EBTT EJF 2VFMMEFC
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VOUFSTDIJFEMJDI XBSFO %FS 60OUFSTDIJFEJN "OUFJM EFS QPMBSFO 'Sl
XJFEFSVN EBSBVT EBTT [VS *OUFOTJUC¢U JO EFS 4USBIMNJUUF BVDI UIFSI
EBNJUWFSNFJOUMJIDI NBHOFUJTDIFO *TPNFST GRS B¥DUSBMFORSQQH
%BT 1SPCMFN CFJ EFSLPNCJOJFSUFO "CMFOLNFTTVOH NJU EFN FMFLU
EJF4USVLUVS EFT [XFJUFO *TPNFST CJTIFS OJDIU FIOEFVUJH HFLM¢ S
NFSTFMFLUJFSUF &YQFSIJNFOUF OPUXFOEJH EVSDIEJF EBOO OJDIU OVS
TPOEFSO XPN"HMJDI BVDI FJOCFTTFSFT7FSTUC¢OEOJT G°S EBT $MVTUFS.
"MMHFNFJOFO FSMBOHU XFSEFOL"OOUF )JFSG°SJTUFT[VOC¢DITUEFOLCI
EVSDI[VG°ISFO CFJEFSEVSDIEBTFSTUFJOIPNPHFOF FMFLUSJTDIF 'FME
EBSBVYWJIO JN [XFJUFO 'FME EJF FMFLUSJTDIF "CMFOLVOHEFT VOQPMBS
XFSEFO LBOO ;FJHUEBT [XFJUF FMFLUSJTDIF"CMFOLQSPSMEFT NJU VO
TUSBIMT XJFEFS FJO "VTTDINJFSFO EFT 4USBIMQSPSMT JO (SBEJFOUFOS
*TPNFSF WPS EBEBT QPMBSF *TPNFS CFSFIJUTIFSBVTHFSMUFSU XVSEF
FIJOEFVUJH HFLM¢SU XFSEFO PCCFJFJOFSCFTUIJNNUFO $MVTUFSTQF[J
LVMBSTUSBIM QS¢TFOU TJOE BVDI XFOO EFS $MVTUFS OJDIU TVQFSBU
OFVBSUJHF &MFLUSPEFOBOPSEOVOH EJFOU FOUTQSFDIFOE OVS [VS SCF
$MVTUFSHS «FJN .PMFLVMBSTUSBIM QS¢TFOU TIOE FSMFJDIUFSU EJF
N°TTFO BOEFSF &YQFSJIJNFOUF PEFS XFJUFSF .PEJSLBUJPOFO EFT "CMFC
;' VN FJOFOJTUFT N HMJDI EJF $MVTUFS CFJEFOFO [XFJ4USVLUVSJTP
TLPQJTDI [VVOUFSTVDIFO 4P LPOOUFE@IFAXFIJUNIAMBMWWIPIIBO "CMF
CFPCBDIUFUFO 'SBLUJPOFO FIJOFSTFJUT EVSDI QIPUPJOEV[JFSUF %JT
EJF . FTTVOH WPO *POFOBVTCFVUFLVSWFO < >FJOEFVUJH [XFJ WPSIFS
XFSEFO )JFSG°S N°TTFO TJDI KFEPDIEJF"CTPSQUJPOT VOE *POJTBUJI
HFOVH WPOFJOBOEFS VOUFSTDIFJEFO *TYVEBHKSF [¥ D H#FUJ Q B 5MBG/H NL-
EJFCFJEFO *TPNFSF [VO¢DITU NJU FJOFN JOIPNPHFOFO FMFLUSJTDIFO |
BOEFS HFUSFOOU VOE NJUIJMGF FIJIOFT XFJUFSFO ,PMMJIJNBUPST IFSBV
"CTPSQUJPOTRVFSTDIOJUUF PEFS *POJTBUJPOTQPUFOUJBMF BN JTPNF!
HFOTDIBGUFO BCXFDITFMOEBN HFTBNUFO VOEJTPNFSTFMFLUJFSUFO 4U
JTUFTEFOLCBS FJOF 4USVLUVSBVUM¢SVOH EFS FJO[FMOFO *TPNFSF E
EJF [VWPS CFPCBDIUFUFO NBHOFUJTDIFO &JHFOTDIBGUFO CFTTFS WF
7TFSHMFJDI EFS FMFLUSPOJTDIFO VOE HFPNFUSJTDIFO 4USVLUVS [XFJFS *
TFU[VOH IBU ;VNBOEFSFO XJSE EBEVSDIEBT 7FSTU¢OEOJT EFT $MVTUFS
WFSUJFGU
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