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5PQPMPHJDBM 1IFOPNFOB JO 5XP�%JNFOTJPOBM &MFČSPO 4ZĞFNT

"ĶňŉŇĵķŉ

ĉF TFBSDI GPS GBVMU�UPMFSBOU RVBOUVN DPNQVUJOH JT B NBKPS UISVTU JO NPEFSO QIZTJDT� .BKPSBOB

[FSP NPEFT BSF RVBTJQBSUJDMFT XJUI OPO�BCFMJBO FYDIBOHF TUBUJTUJDT UIBU DBO CF VTFE BT B CBTJT GPS UPQP�

MPHJDBM RVBOUVN DPNQVUJOH XIJDI JT NVDI NPSF SPCVTU BHBJOTU EJTPSEFS UIBO TUBOEBSE RVBOUVN

DPNQVUJOH� 5XP�EJNFOTJPOBM TFNJDPOEVDUPS TZTUFNT XJUI TUSPOH 3BTICB TQJO�PSCJU DPVQMJOH BOE

JOEVDFE TVQFSDPOEVDUJWJUZ JO UIF QSFTFODF PG JO�QMBOF NBHOFUJD ėFMET BSF QSFEJDUFE UP IPTU .BKPSBOB

[FSP NPEFT�

*O UIJT UIFTJT XF EFTDSJCF TFWFSBM FYQFSJNFOUT DFOUFSFE BSPVOE JOEVDFE TVQFSDPOEVDUJWJUZ JO UXP

UZQFT PG TFNJDPOEVDUPS TZTUFNT )H5F BOE *O"T� ĉF ėSTU UXP FYQFSJNFOUT EFTDSJCF PVS NFBTVSF�

NFOUT PO )H5F� #Z NFBTVSJOH 'SBVOIPGFS JOUFSGFSFODF JO B +PTFQITPO KVODUJPO BT B NBHOFUJD ėFME

JT BQQMJFE QBSBMMFM UP UIF RVBOUVN XFMM XF ėOE UIBU $PPQFS QBJST BDRVJSF B UVOBCMF NPNFOUVN UIBU

JODSFBTFT XJUI UIF BQQMJFE JO�QMBOF ėFME MFBEJOH UP UIF BQQFBSBODF PG TVQFSDPOEVDUJWJUZ XJUI USJQMFU�

QBJSJOH� 0VS BOBMZTJT MFBET UP B NFUIPE GPS TUVEZJOH UIF TQJO�PSCJU DPVQMJOH BOE 'FSNJ TVSGBDF QSPQ�

FSUJFT PG UXP�EJNFOTJPOBM NBUFSJBMT� ĉFTF FYQFSJNFOUBM PCTFSWBUJPOT JOTQJSFE B UIFPSFUJDBM QSPQPTBM

UP DPOTUSVDU .BKPSBOB CPVOE TUBUFT PO UIF FEHF PG B UXP�EJNFOTJPOBM JOEVDFE TVQFSDPOEVDUPS XJUI

TQJO�PSCJU DPVQMJOH� 8F JOWFTUJHBUF UIJT UIFPSFUJDBM QSPQPTBM CZ NFBTVSJOH UIF MPDBM UVOOFMJOH EFO�

TJUZ PG TUBUFT PO UIF FEHFT PG B +PTFQITPO KVODUJPO� 8F PCTFSWF B DPOUJOVVN PG "OESFFW MFWFMT XIJDI
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EJTQFSTF DPIFSFOUMZ XJUI UIF QIBTF EJĎFSFODF� "U IJHI WBMVFT PG BQQMJFE JO�QMBOF NBHOFUJD ėFME XF

PCTFSWF BO FOIBODFE [FSP�FOFSHZ DPOEVDUBODF FYUFOEJOH PWFS B SBOHF PG QIBTF EJĎFSFODF XIJDI SBOHF

HSPXT XJUI UIF NBHOJUVEF PG UIF JO�QMBOF ėFME JO BDDPSEBODF XJUI UIF UIFPSFUJDBM QSFEJDUJPO�

8F UIFO EFTDSJCF PVS FYQFSJNFOUT PO *O"T TZTUFNT� ĉF ėSTU *O"T RVBOUVN XFMM XF TUVEZ JT B TVS�

GBDF XFMM XJUI FQJUBYJBM BMVNJOVN HSPXO PO JU JO UIF NPMFDVMBS CFBN FQJUBYZ DIBNCFS XIJDI MFBET UP

B WFSZ TUSPOH JOEVDFE TVQFSDPOEVDUJOH HBQ� 8F EJTDVTT PVS BĨFNQUT UP SFQFBU PVS )H5F FYQFSJNFOUT

PO UIJT TZTUFN BT XFMM BT PVS JOWFTUJHBUJPO PG B SFDFOU UIFPSFUJDBM QSFEJDUJPO GPS VOHBQQFE TVQFSDPO�

EVDUJOH TUBUFT BU IJHI WBMVFT PG JO�QMBOF ėFME� ĉF TFDPOE *O"T FYQFSJNFOU EJTDVTTFT B TZTUFN XJUI B

EFFQFS *O"T RVBOUVN XFMM XIJDI ZJFMET NPCJMJUJFT NVDI IJHIFS UIBO JO UIF TVSGBDF DBTF� 8F TIPX

PVS JOJUJBM NFBTVSFNFOUT PO UIJT TZTUFN BT XFMM BT PVS JOJUJBM BĨFNQU BU NFBTVSJOH B [JH[BH KVODUJPO

XIJDI JT QSFEJDUFE UP EJTQMBZ B NVDI MBSHFS UPQPMPHJDBM HBQ UIBO UIBU PG B QMBOBS KVODUJPO�
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3ĹĺĹŇĹłķĹň ǊǋǊ
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-JĞJOH PG ėHVSFT

ǉ�ǉ 4DIFNBUJD PG CSBJEJOH PQFSBUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � ǌ
ǉ�Ǌ ,JUBFW DIBJO ėSTU DPOėHVSBUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǎ
ǉ�ǋ ,JUBFW DIBJO TFDPOE DPOėHVSBUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � Ǐ

Ǌ�ǉ &YQFSJNFOUBM DPOUSPM PG UIF PSEFS QBSBNFUFS BOE PG QBJSJOH NPNFOUVN � � � � � � � ǉǏ
Ǌ�Ǌ ĉFPSFUJDBM QSFEJDUJPO GPS UIF TQBUJBMMZ WBSZJOH PSEFS QBSBNFUFS � � � � � � � � � � � ǊǊ
Ǌ�ǋ .PEFMJOH +PTFQITPO JOUFSGFSFODF CFUXFFO UXP TVQFSDPOEVDUJOH MFBET � � � � � � � � ǊǍ
Ǌ�ǌ ĉF FWPMVUJPO PG NJOJNVN EJĎFSFOUJBM SFTJTUBODF BT EFOTJUZ BOE QBSBMMFM NBHOFUJD ėFME

#Y WBSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǊǑ
Ǌ�Ǎ $PNQPTJUJPO PG UIF IFUFSPTUSVDUVSFT VTFE JO UIF FYQFSJNFOU � � � � � � � � � � � � � ǋǉ
Ǌ�ǎ 3FTJTUBODFT PG KVODUJPO MFBET BT UIF QBSBMMFM NBHOFUJD ėFME JT JODSFBTFE � � � � � � � � ǋǋ
Ǌ�Ǐ ĉF DSJUJDBM DVSSFOU BT B GVODUJPO PG UIF QFSQFOEJDVMBS NBHOFUJD ėFME � � � � � � � � ǋǌ
Ǌ�ǐ +PTFQITPO JOUFSGFSFODF BT UIF NBHOFUJD ėFME #Y JT JODSFBTFE � � � � � � � � � � � � � ǋǏ
Ǌ�Ǒ +PTFQITPO JOUFSGFSFODF BT UIF NBHOFUJD ėFME #Z JT JODSFBTFE � � � � � � � � � � � � � ǋǐ
Ǌ�ǉǈ &WPMVUJPO PG DSJUJDBM DVSSFOUT BOE FYUSBDUFE NBYJNB � � � � � � � � � � � � � � � � � � ǌǈ
Ǌ�ǉǉ .PEFMJOH PG UIF DPOEVDUJPO CBOE TUSVDUVSF VOEFS WBSJPVT TQJO�PSCJU BOE QBSBMMFM NBH�

OFUJD ėFME DPOEJUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǌǋ
Ǌ�ǉǊ .PEFMJOH PG UIF DSJUJDBM DVSSFOU BT UIF QFSQFOEJDVMBS NBHOFUJD ėFME #[ 	HFOFSBUJOH ĚVY

RVBOUB
 BOE UIF QBSBMMFM NBHOFUJD ėFME #Z 	HFOFSBUJOH $PPQFS QBJS NPNFOUVN
 BSF WBS�
JFE � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǎǈ

Ǌ�ǉǋ &WJEFODF GPS UIF USBOTJUJPO UP B Ӎ�KVODUJPO � � � � � � � � � � � � � � � � � � � � � � ǎǍ

ǋ�ǉ 5PQPMPHJDBM USBOTJUJPO JO B QIBTF�DPOUSPMMFE +PTFQITPO KVODUJPO � � � � � � � � � � � Ǐǈ
ǋ�Ǌ "OESFFW TQFDUSB JO B QIBTF�DPOUSPMMFE +PTFQITPO KVODUJPO � � � � � � � � � � � � � � Ǐǉ
ǋ�ǋ 1IBTF NPEVMBUJPOT PG UIF UVOOFMJOH DPOEVDUBODF BU MPX WFSTVT IJHI ėFMET � � � � � � Ǐǌ
ǋ�ǌ %FWFMPQNFOU PG [FSP�CJBT QFBL BOE UIF SFDPOTUSVDUFE QIBTF EJBHSBN � � � � � � � � Ǐǎ
ǋ�Ǎ /VNFSJD TJNVMBUJPOT GPS UIF UVOOFMJOH DPOEVDUBODF VTJOH B UJHIU�CJOEJOH NPEFM � � ǏǑ
ǋ�ǎ $IBSBDUFSJ[BUJPO PG UIF )H5F RVBOUVN XFMM � � � � � � � � � � � � � � � � � � � � � � ǐǉ
ǋ�Ǐ 5FNQFSBUVSF EFQFOEFODF PG UIF EJĎFSFOUJBM DPOEVDUBODF � � � � � � � � � � � � � � � ǐǋ
ǋ�ǐ $PNQFOTBUJPO GPS UIF TBNQMF�NBHOFU NJTBMJHONFOU � � � � � � � � � � � � � � � � � ǐǎ
ǋ�Ǒ 6OQSPDFTTFE DPOEVDUBODF EBUB XJUI JO�QMBOF NBHOFUJD ėFMET QBSU ǉ � � � � � � � � � ǐǏ
ǋ�ǉǈ 6OQSPDFTTFE DPOEVDUBODF EBUB XJUI JO�QMBOF NBHOFUJD ėFMET QBSU Ǌ � � � � � � � � � ǐǐ
ǋ�ǉǉ %FWFMPQNFOU PG UIF FMFDUSPO�IPMF BTZNNFUSZ XJUI UIF JO�QMBOF ėFME � � � � � � � � � Ǒǈ
ǋ�ǉǊ 4MPQF PG UIF FMFDUSPO�IPMF BTZNNFUSZ WFSTVT JO�QMBOF ėFME � � � � � � � � � � � � � � Ǒǉ
ǋ�ǉǋ %JĎFSFOUJBM DPOEVDUBODF DPMPSNBQ BT #Y WBSJFT DPOUJOVPVTMZ � � � � � � � � � � � � � ǑǊ
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ǋ�ǉǌ &YUSBDUJOH UIF DVSWBUVSF PG [FSP�FOFSHZ QFBLT VTJOH QBSBCPMJD ėUT � � � � � � � � � � Ǒǌ
ǋ�ǉǍ &YUSBDUFE [FSP�FOFSHZ DVSWBUVSFT GSPN SBX EBUB WFSTVT TZNNFUSJ[FE EBUBT � � � � � � ǑǍ
ǋ�ǉǎ &YUSBDUFE [FSP�FOFSHZ DVSWBUVSFT GSPN SBX EBUB WFSTVT TZNNFUSJ[FE EBUB � � � � � � Ǒǎ
ǋ�ǉǏ %JĎFSFOUJBM DPOEVDUBODF DPMPSNBQT PG EFWJDF ,BQQB BU WBSJPVT #Y WBMVFT � � � � � � Ǒǐ
ǋ�ǉǐ 4ZNNFUSJ[FE EJĎFSFOUJBM DPOEVDUBODF DPMPSNBQT PG EFWJDF ,BQQB BU WBSJPVT #Y WBMVFT ǑǑ
ǋ�ǉǑ %JĎFSFOUJBM DPOEVDUBODF DPMPSNBQT PG EFWJDF ;FUB BU WBSJPVT #Y WBMVFT � � � � � � � ǉǈǈ
ǋ�Ǌǈ 4ZNNFUSJ[FE EJĎFSFOUJBM DPOEVDUBODF DPMPSNBQT PG EFWJDF ;FUB BU WBSJPVT #Y WBMVFT ǉǈǉ
ǋ�Ǌǉ 4FUVQ NPEFMFE JO UIF OVNFSJDBM DBMDVMBUJPOT � � � � � � � � � � � � � � � � � � � � � ǉǈǋ
ǋ�ǊǊ %FMPDBMJ[BUJPO PG UIF.BKPSBOB CPVOE TUBUF � � � � � � � � � � � � � � � � � � � � � � ǉǈǐ
ǋ�Ǌǋ $BMDVMBUFE EFOTJUZ PG TUBUFT PG UIF "OESFFW CBOE � � � � � � � � � � � � � � � � � � � ǉǉǊ
ǋ�Ǌǌ 4FUVQ DPOTJEFSFE GPS UIF DPNQMFNFOUBSZ ėOJUF�EJĎFSFODF FJHFOTUBUF DBMDVMBUJPOT � � ǉǉǍ
ǋ�ǊǍ 1SFEJDUFE [FSP�CJBT DVSWBUVSF GPS B ǎǈǈ�ON KVODUJPO � � � � � � � � � � � � � � � � � ǉǉǐ
ǋ�Ǌǎ 8BWFGVODUJPO PG UIF MPX�FOFSHZ TUBUF GPS B ǎǈǈ�ON KVODUJPO � � � � � � � � � � � � � ǉǊǈ
ǋ�ǊǏ 1SFEJDUFE [FSP�CJBT DVSWBUVSF GPS B ǌǈǈ�ON KVODUJPO � � � � � � � � � � � � � � � � � ǉǊǉ
ǋ�Ǌǐ 8BWFGVODUJPO PG UIF MPX�FOFSHZ TUBUF GPS B ǌǈǈ�ON KVODUJPO � � � � � � � � � � � � � ǉǊǋ

ǌ�ǉ $IBSBDUFSJ[BUJPO PG BO *O"T RVBOUVN XFMM QBSU ǉ � � � � � � � � � � � � � � � � � � � ǉǋǊ
ǌ�Ǌ $IBSBDUFSJ[BUJPO PG BO *O"T RVBOUVN XFMM QBSU Ǌ � � � � � � � � � � � � � � � � � � � ǉǋǊ
ǌ�ǋ .JDSPTDPQF JNBHF PG B +PTFQITPO KVODUJPO PO *O"T � � � � � � � � � � � � � � � � � � ǉǋǋ
ǌ�ǌ 4&. JNBHF PG B +PTFQITPO KVODUJPO PO *O"T � � � � � � � � � � � � � � � � � � � � � ǉǋǌ
ǌ�Ǎ 'SBVOIPGFS QBĨFSO JO BO *O"T +PTFQITPO KVODUJPO � � � � � � � � � � � � � � � � � � ǉǋǎ
ǌ�ǎ 'SBVOIPGFS QBĨFSO JO BO *O"T +PTFQITPO KVODUJPO � � � � � � � � � � � � � � � � � � ǉǋǏ
ǌ�Ǐ 4XFFQJOH JO�QMBOF ėFME JO BO *O"T +PTFQITPO KVODUJPO QBSU ǉ � � � � � � � � � � � � ǉǋǐ
ǌ�ǐ 4XFFQJOH JO�QMBOF ėFME JO BO *O"T +PTFQITPO KVODUJPO QBSU Ǌ � � � � � � � � � � � � ǉǋǑ
ǌ�Ǒ .FBTVSJOH SFTJTUBODF BDSPTT KVODUJPO MFBET JO UIF QSFTFODF PG JO�QMBOF ėFMET � � � � � ǉǌǈ
ǌ�ǉǈ 2VBOUVN QPJOU DPOUBDU UFTU EFWJDF � � � � � � � � � � � � � � � � � � � � � � � � � � ǉǌǊ
ǌ�ǉǉ 4DIFNBUJD PG CFTU RVBOUVN QPJOU DPOUBDU EFWJDF � � � � � � � � � � � � � � � � � � � ǉǌǋ
ǌ�ǉǊ .FBTVSFNFOU PG RVBOUVN QPJOU DPOUBDU EFWJDF � � � � � � � � � � � � � � � � � � � � ǉǌǌ
ǌ�ǉǋ &NFSHFODF PG QBSUJBM 'FSNJ TVSGBDFT � � � � � � � � � � � � � � � � � � � � � � � � � � ǉǌǍ
ǌ�ǉǌ %FOTJUZ PG TUBUFT BT ;FFNBO ėFME JT JODSFBTFE � � � � � � � � � � � � � � � � � � � � � ǉǌǎ
ǌ�ǉǍ "MVNJOVN � Ǌ%&( JOUFSGBDF QSPCJOH EFWJDF � � � � � � � � � � � � � � � � � � � � � ǉǌǏ
ǌ�ǉǎ %FOTJUZ PG TUBUFT NFBTVSFNFOUT BU UIF BMVNJOVN � OPSNBM JOUFSGBDF � � � � � � � � � ǉǌǑ

Ǎ�ǉ 5SBOTQPSU NFBTVSFNFOUT PG PVS CVSJFE *O"T XFMM TBNQMF � � � � � � � � � � � � � � � ǉǍǋ
Ǎ�Ǌ "MVNJOVN +PTFQITPO KVODUJPO PO CVSJFE *O"T RVBOUVN XFMM � � � � � � � � � � � � � ǉǍǍ
Ǎ�ǋ 4IVCOJLPW�EF )BBT PTDJMMBUJPOT JO KVODUJPO SFTJTUBODFT BU ǌ , � � � � � � � � � � � � � ǉǍǎ
Ǎ�ǌ &ĎFDU PG B UPQ HBUF PO KVODUJPO SFTJTUBODFT BU ǌ , � � � � � � � � � � � � � � � � � � � ǉǍǏ
Ǎ�Ǎ 4JOHMF�TMJU JOUFSGFSFODF QBĨFSO PO B ǌ ӉN× ǐǈǈ ON BMVNJOVN KVODUJPO � � � � � � � ǉǍǐ
Ǎ�ǎ 4JOHMF�TMJU JOUFSGFSFODF QBĨFSO PO BO ǐ ӉN× ǐǈǈ ON BMVNJOVN KVODUJPO � � � � � � ǉǍǑ
Ǎ�Ǐ $SJUJDBM DVSSFOU EFOTJUZ JO UIF ǐ ӉN× ǐǈǈ ON BMVNJOVN KVODUJPO � � � � � � � � � � ǉǎǈ
Ǎ�ǐ 4XFFQJOH JO�QMBOF ėFME JO B ǌ ӉN× ǐǈǈ ON +PTFQITPO KVODUJPO � � � � � � � � � � � ǉǎǉ
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Ǎ�Ǒ 4JOHMF�TMJU JOUFSGFSFODF QBĨFSO PO BO ǐ ӉN× ǐǈǈ ON UIJO BMVNJOVN KVODUJPO � � � � ǉǎǊ
Ǎ�ǉǈ *O�QMBOF ėFME NFBTVSFNFOU JO BO ǐ ӉN× ǐǈǈ ON UIJO BMVNJOVN KVODUJPO � � � � � � ǉǎǋ
Ǎ�ǉǉ 4JOHMF�TMJU JOUFSGFSFODF QBĨFSO PO B ǌ ӉN× Ǎǈǈ ON BMVNJOVN KVODUJPO XJUI QPTJUJWF

UPQ HBUF WPMUBHF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǉǎǌ
Ǎ�ǉǊ 4JOHMF�TMJU JOUFSGFSFODF QBĨFSO PO B ǌ ӉN× Ǎǈǈ ON BMVNJOVN KVODUJPO XJUI OFHBUJWF

UPQ HBUF WPMUBHF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǉǎǍ
Ǎ�ǉǋ *O�QMBOF ėFME NFBTVSFNFOU JO BO ǌ ӉN× Ǎǈǈ ON UIJO BMVNJOVN KVODUJPO � � � � � � ǉǎǎ
Ǎ�ǉǌ ;JH[BH KVODUJPO TDIFNBUJD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ǉǎǏ
Ǎ�ǉǍ "MVNJOVN [JH[BH KVODUJPO PO CVSJFE *O"T RVBOUVN XFMM � � � � � � � � � � � � � � � ǉǎǐ
Ǎ�ǉǎ ;JH[BH KVODUJPO JO UIF QSFTFODF PG BO PVU�PG�QMBOF NBHOFUJD ėFME � � � � � � � � � � � ǉǎǑ
Ǎ�ǉǏ ;JH[BH KVODUJPO JO UIF QSFTFODF PG BO JO�QMBOF NBHOFUJD ėFME � � � � � � � � � � � � � ǉǏǈ

"�ǉ "O 4&. PG BO BSSBZ PG UVOOFM QSPCF EFWJDFT XJUI ėOFMZ WBSZJOH PWFSMBQQJOH EJNFOTJPOT ǉǏǎ
"�Ǌ "O 4&. PG BO FYBNQMF PG UVOOFM QSPCFT EFTUSPZFE EVSJOH XJSFCPOEJOH � � � � � � � ǉǏǏ

#�ǉ +PTFQITPO KVODUJPO BěFS UIF CPOEQBE EFQPTJUJPO TUFQ � � � � � � � � � � � � � � � � ǉǐǐ
#�Ǌ +PTFQITPO KVODUJPO BěFS UIF NFTB FUDI TUFQ � � � � � � � � � � � � � � � � � � � � � � ǉǐǑ
#�ǋ +PTFQITPO KVODUJPO BěFS UIF BMVNJOVN FUDI TUFQ � � � � � � � � � � � � � � � � � � � ǉǑǉ
#�ǌ +PTFQITPO KVODUJPO BěFS UIF UPQ HBUF EFQPTJUJPO TUFQ � � � � � � � � � � � � � � � � � ǉǑǊ

$�ǉ +PTFQITPO KVODUJPO BěFS UIF CPOEQBE EFQPTJUJPO TUFQ � � � � � � � � � � � � � � � � ǉǑǎ
$�Ǌ +PTFQITPO KVODUJPO BěFS UIF NFTB FUDI TUFQ � � � � � � � � � � � � � � � � � � � � � � ǉǑǏ
$�ǋ +PTFQITPO KVODUJPO BěFS UIF TVQFSDPOEVDUPS EFQPTJUJPO TUFQ � � � � � � � � � � � � � Ǌǈǈ
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5ŃŁŏŌĽĺĹ 5Ńŋĵ ĵłĸ Łŏ ķļĽŀĸŇĹł 4ļĵłĽ ĵłĸ ,ŃĶŏ�
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"DLOPXMFEHNFOUT

*O NZ PQJOJPO UIF TFWFSBM QBSBHSBQIT UIBU GPMMPX UIJT TFOUFODF BSF UIF NPTU JNQPSUBOU POFT JO NZ

FOUJSF EJTTFSUBUJPO� ĉF SFTFBSDI EFTDSJCFE JO UIJT UIFTJT XPVME OPU CF QPTTJCMF XJUIPVU UIF DPOUSJCV�

UJPOT PG UIF NBOZ QFPQMF XIP IBWF CFFO JODSFEJCMZ JNQPSUBOU UP NZ 1I�%� TUVEJFT PWFS UIF QBTU TJY

ZFBST�

* XPVME MJLF UP CFHJO NZ UIBOLJOH NZ BEWJTPS "NJS :BDPCZ� %VSJOH UIF CFHJOOJOH PG NZ UJNF JO

HSBEVBUF TDIPPM CFGPSF * IBE KPJOFE B SFTFBSDI HSPVQ * IFBSE "NJS HJWF B UBML PO UPQPMPHJDBM RVBOUVN

TZTUFNT BOE XBT JNNFEJBUFMZ FOUISBMMFE CZ IJT QBTTJPO GPS UIF TVCKFDU� ĉSPVHIPVU NZ UJNF JO IJT MBC

IF IBT CFFO B DPOTUBOU TPVSDF PG JEFBT BOE BMXBZT LOPXT XIFO BOE IPX UP QJWPU B QSPKFDU� 8IBU JN�

QSFTTFT NF NPTU BCPVU "NJS JT UIBU IJT QBTTJPO FYUFOET UP NBOZ BSFBT PG QIZTJDT BOE IPX IF NBOBHFT

UP SVO B MBC UIBU TUVEJFT NBOZ EJTQBSBUF SFTFBSDI BSFBT�

* XPVME BMTP MJLF UP UIBOL UIF PUIFS NFNCFST PG NZ DPNNJĨFF #FSUSBOE )BMQFSJO BOE 1IJMJQ ,JN�

#PUI #FSU BOE 1IJMJQ XFSF UIFSF GPS NF XIFO * IJU DSPTTSPBET JO NZ TUVEJFT BOE HBWF NF WFSZ IFMQGVM

BEWJDF XJUI IPX UP QSPDFFE� *O BEEJUJPO #FSU�T CSJMMJBOU UIFPSZ XPSL XBT JOTUSVNFOUBM JO IFMQJOH VT

XJUI UIF QVCMJDBUJPOT PG PVS FYQFSJNFOUT JO )H5F� ĉF CJXFFLMZ NFFUJOHT XJUI 1IJMJQ BOE NFNCFST PG

IJT HSPVQ QSPWJEFE WFSZ VTFGVM BEWJDF BT XF QSPHSFTTFE XJUI PVS *O"T FYQFSJNFOUT�

* OFYU XPVME MJLF UP UIBOL UIPTF XIP XPSLFE XJUI NF PO 5FBN 5PQPMPHZ PWFS UIF QBTU TJY ZFBST�

'JSTU BOE GPSFNPTU 4FBO )BSU BOE )FDIFO 3FO XIP XFSF UIF TFOJPS NFNCFST PG UIF UFBN XIFO *
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KPJOFE "NJS�T MBC BOE UBVHIU NF NVDI BCPVU UPQPMPHJDBM QIZTJDT BT XFMM BT IPX UP GBCSJDBUF BOE NFB�

TVSF EFWJDFT� 4FBO�T TUZMF PG UFBDIJOH XBT JOTUSVNFOUBM UP NZ HSPXUI BT B QIZTJDJTU� * BMTP FOKPZFE PVS

#FFS 0�$MPDL NFBMT DPPLPVUT BOE UFOOJT UPVSOBNFOU XBUDIJOH� )FDIFO NFOUPSFE NF PO NZ ėSTU

QSPKFDU BOE XBT BMXBZT B HSFBU GSJFOE UP UBML XJUI�

0OF ZFBS BěFS NZ BSSJWBM JO "NJS�T MBC * XBT KPJOFE PO 5FBN 5PQPMPHZ CZ "OESFX 1JFSDF� "M�

UIPVHI * JOJUJBMMZ IFMQFE USBJO "OESFX * XJMM TBZ UIBU CZ UIF FOE PG NZ UJNF BU )BSWBSE "OESFX IBT

UBVHIU NF BT MFBTU BT NVDI BT * IBWF UBVHIU IJN� )F JT BMXBZT B HSFBU QFSTPO UP EJTDVTT QIZTJDT XJUI

BOE IBT IBE NBOZ IFMQGVM TVHHFTUJPOT UIBU IBWF HVJEFE NZ FYQFSJNFOUT� "OESFX IBT CFFO POF PG NZ

DMPTFTU GSJFOET BU )BSWBSE BOE * XJMM HSFBUMZ NJTT IJT TFOTF PG IVNPS BOE PVS EBJMZ DPĎFF SVOT�

"OESFX 4BZEKBSJ KPJOFE 5FBN 5PQPMPHZ JO NZ QFOVMUJNBUF ZFBS BOE JNNFEJBUFMZ TIPXDBTUFE IJT

QBTTJPO BOE FYDJUFNFOU GPS PVS FYQFSJNFOUT� )F IBT CFFO B IFMQGVM NFNCFS PG UIF UFBN BOE IBT EPOF

B HSFBU KPC GVSUIFSJOH PVS XPSL�

* BMTP XBOU UP BDLOPXMFEHF UIF DPOUSJCVUJPOT UP 5FBN 5PQPMPHZ PG 'PLLP EF 7SJFT B WJTJUJOH TUV�

EFOU JO PVS MBC EVSJOH UIF CFHJOOJOH PG NZ UJNF JO HSBEVBUF TDIPPM XIP IFMQFE USBJO NF JO GBCSJDB�

UJPO BT XFMM BT UIPTF PG /JYJB $IFO BOE 4VOJM -BNJDIIBOF UXP VOEFSHSBEVBUF TVNNFS TUVEFOUT XIP

IFMQFE XJUI PVS SFTFBSDI�

%VSJOH NZ 1I�%� * XBT MVDLZ UP DPMMBCPSBUF XJUI BO BNB[JOH BTTPSUNFOU PG CSJMMJBOU TDJFOUJTUT�

0VS DPMMBCPSBUPST BU 6OJWFSTJUÅU 8ÛS[CVSH NBEF PVS )H5F XPSL QPTTJCMF� -BVSFOT .PMFOLBNQ

&XFMJOB )BOLJFXJD[ #FOFEJLU 4DIBSG $ISJTUPQI #SÛOF )BSUNVU #VINBOO .BUIJBT .ÛIMCBVFS

1IJMJQQ -FVCOFS BOE.BSUJO 4UFIOP XFSF FTTFOUJBM UP UIFTF QSPKFDUT BOE JU XBT B HSFBU QMFBTVSF ĚZJOH

UP (FSNBOZ UP NFFU UIFN BT XFMM BT IPTUJOH UIFN BU )BSWBSE�

YJJJ



" OFXFS DPMMBCPSBUJPO XJUI8FSOFS 8FHTDIFJEFS�T HSPVQ JO &5) ;VSJDI IBT ZJFMEFE TPNF QSPNJT�

JOH SFTVMUT BOE * IBWF FOKPZFE XPSLJOH XJUI IJT TUVEFOUT 3ÛEJHFS 4DIPĨ BOE &SJL $IFBI� 6OGPSUV�

OBUFMZ UIF FOE PG NZ UJNF XJUI UIF DPMMBCPSBUJPO XBT DVU TIPSU CZ UIF $07*%�ǉǑ PVUCSFBL BOE GPSDFE

DBODFMBUJPO PG BMM GBCSJDBUJPO CVU * BN WFSZ FYDJUFE UP TFF XIBU IBQQFOT PO UIJT QSPKFDU JO UIF GVUVSF

XIFO MBCT SFPQFO�

4PNF PG PVS *O"T XPSL XBT JO DPMMBCPSBUJPO XJUI +BWBE 4IBCBOJ�T HSPVQ BU /:6� * MFBSOFE B OVN�

CFS PG JNQPSUBOU MFTTPOT GSPN +BWBE BOE JU XBT WFSZ OJDF UP XPSL XJUI IJT TUVEFOUT ,BVTIJOJ 8JDLSB�

NBTJOHIF #JMMZ .BZFS BOE +PF :VBO�

* XPVME BMTP MJLF UP BDLOPXMFEHF $ISJT 1BMNTUS�N BOE IJT TUVEFOU #P 4IPKBFJ GPS TFOEJOH NF UIF

*O"T�(B4C NBUFSJBM UIBU * XPSLFE PO GPS NZ ėSTU QSPKFDU JO "NJS�T MBC�

'BMLP 1JFOULB JT B GBOUBTUJD UIFPSJTU XIPTF XPSL XBT FTTFOUJBM UP PVS )H5F QBQFST� * BMTP XPVME

MJLF UP UIBOL UIF NBOZ PUIFS QIZTJDJTUT XJUI XIPN * DPOTVMUFE EVSJOH NZ UJNF BU )BWBSE� "OUPO

"LINFSPW &VHFOF %FNMFS -JBOH 'V "EZ 4UFSO BOE "OESFJ #FSOFWJH BMM HBWF JNQPSUBOU JEFBT BOE

DPNNFOUT PO PVS FYQFSJNFOUT BU WBSJPVT UJNFT� $MBVEJB 'FMTFS CPUI HBWF JNQPSUBOU JOTJHIU BT XFMM BT

QSPWJEFE TFWFSBM TBNQMFT UIBU XFSF GVO UP FYQFSJNFOU XJUI GPS TIPSU QFSJPET PG UJNF�

ĉFSF BSF NBOZ NFNCFST PG UIF :BDPCZ -BC XIP DPOUSJCVUFE TJHOJėDBOUMZ UP NZ 1I�%� BMUIPVHI

* EJE OPU EJSFDUMZ XPSL XJUI UIFN� *O QBSUJDVMBS 4IBOOPO )BSWFZ IFMQFE NF FOPSNPVTMZ UISPVHIPVU

NZ ėSTU ėWF ZFBST� 4IF UBVHIU NF NVDI BCPVU DSZPTUBUT NFBTVSFNFOUT BOE GBCSJDBUJPO BOE XBT BM�

XBZT POF PG NZ ėSTU SFTPVSDFT XIFO * IBE RVFTUJPOT� 4IF BOE $IBSMPĨF #�ĨDIFS XFSF BMXBZT UIFSF UP

IFMQ NBJOUBJO UIF.9ǌǈǈ XIFO OFFEFE BOE UIFZ NBEF NZ FYQFSJNFOUT QPTTJCMF CZ MFOEJOH NF UIFJS

.9Ǎǈ GSJEHF XIFO.9ǌǈǈ XBT EPXO GPS UXP ZFBST�

YJW



%JEJ 8FJ 4FVOH )XBO -FF -VDBT 0SPOB BOE :VMJZB %PW[IFOLP XFSF JODSFEJCMZ TVQQPSUJWF PG NF

EVSJOH UIF SPVHI TUSFUDIFT PG NZ 1I�%� BOE * XJMM HSFBUMZ NJTT IBOHJOH PVU XJUI UIFN�

1BU (VNBOO JT B XFBMUI PG LOPXMFEHF BCPVU DSZPHFOJD TZTUFNT BOE IFMQFE USBJO NF JOJUJBMMZ�

.JLFZ 4IVMNBO BOE +PIO /JDIPM XFSF BMTP HSFBU SFTPVSDFT� *�E BMTP MJLF UP UIBOL :JOZV -JV 6SJ 7PPM

'SBODFTDP $BTPMB 5POZ ;IPV "OESFJ -FWJO "TTBG )BNP -PSFO "MFHSJB ;JXFJ 2JV BOE 3VPMBO 9VF

GPS JOUFSFTUJOH EJTDVTTJPOT�

*�E BMTP MJLF UP BDLOPXMFEHF NFNCFST PG UIF ,JN HSPVQ XIP IFMQFE NF JO QBSUJDVMBS :VWBM 3POFO

BOE 0OEFS (VM XIP DPOUSJCVUFE NVDI JOTJHIU UP NZ *O"T QSPKFDUT BT XFMM BT ,BUJF )VBOH "OEZ +PF

(JM�)P -FF +POBI8BJTTNBO BOE 'SBOL ;IBP�

ĉF)BSWBSE DMFBOSPPN XBT XIFSF * TQFOU NPTU PG UIF QBTU TJY ZFBST BOE * XPVME MJLF UP UIBOL UIF

TUBĎ NFNCFST XIP IFMQFE NF BMPOH UIF XBZ BOE NBJOUBJOFE UIF UPPMT UIBU * OFFEFE� "NFIB (FCSFZ�

PIBOOFT "EBN(SBIBN :VBO -V BOE +BTPO 5SFTCBDL BMM IFMQFE NF BOE XFSF NPSF MJLF GSJFOET UIBO

DPMMFBHVFT� * BMTP XBOU UP UIBOL UIF PUIFS $/4 TUBĎ XIPTF UPPMT * VTFE OBNFMZ +VMFT (BSEFOFS .BD

)BUIBXBZ ,FOMJO )VBOH &E.BDPNCFS 4UFWF 1BPMJOJ +PIO 5TBLJSHJT .BMDPMN 5TF BOE (VJYJPOH

;IPOH�

8IJMF UFDIOJDBMMZ OPU B GPSNBM TUBĎ NFNCFS PG $/4 "SUIVS 4BėSB XBT B WFSZ IFMQGVM SFTPVSDF GPS

GBCSJDBUJPO BT XFMM EVSJOH IJT UJNF JO UIF -VLJO MBC BOE USBJOFE NF PO NBOZ DMFBOSPPN UPPMT�

0VS MBC BENJOJTUSBUPS )BOOBI #FMDIFS XBT BO BNB[JOH SFTPVSDF EVSJOH NZ UJNF BU )BSWBSE� 4IF

TFBNMFTTMZ IBOEMFE BOZ BENJOJTUSBUJWF JTTVFT * IBE BOE XBT B HSFBU GSJFOE UP UBML UP� * TQFOU NVDI

UJNF JO IFS PđDF UBMLJOH BCPVU UIF MBC BOE MJGF JO HFOFSBM BOE XJMM EFėOJUFMZ NJTT UIFTF DPOWFSTBUJPOT�

)BOOBI�T QSFEFDFTTPS $BSPMZO.PPSF XBT WFSZ IFMQGVM BT XFMM EVSJOH NZ ėSTU ZFBS BU )BSWBSE�

YW



5XPNFNCFST PG UIF QIZTJDT BENJOJTUSBUJPO IFMQFE NF UISPVHIPVU NZ 1I�%� #PUI +BDPC #BSBOEFT

BOE -JTB $BDDJBCBVEP XFSF BMXBZT UIFSF UP UBML UP BOE * BN HSBUFGVM GPS FWFSZUIJOH UIFZ EJE GPS NF

BOE GPS BMM PG UIF BEWJDF UIFZ HBWF�

0VUTJEF PG )BSWBSE * XPVME MJLF UP UIBOL /JDL %FOU GSPN0YGPSE *OTUSVNFOUT XIP JT QSPCBCMZ

IBQQZ UIBU * BN HSBEVBUJOH BOE XJMM OP MPOHFS CF CMPXJOH VQ IJT QIPOF BOE FNBJM XJUI DPOTUBOU RVFT�

UJPOT BOE NBJOUBJOFODF JTTVFT PO UIF.9ǌǈǈ� /JDL JT B DSZPHFOJD TZTUFNT HVSV BOE JT UIF CFTU QFSTPO

UP DBMM JG UIFSF BSF BOZ GSJEHF JTTVFT�

4UFWF )BSWFMM GSPN)BSUFDI .JLF (PMBS[ GSPN 4IBSPO 7BDDVVN BOE $ISJT (SJđUI GSPN ,3* XFSF

BMM JNQPSUBOU SFTPVSDFT XIFO * ėYFE BOE NBJOUBJOFE UIF :BDPCZ -BC�T UIFSNBM FWBQPSBUPS�

* XPVME OPU IBWF NBEF JU UISPVHI HSBEVBUF TDIPPM XJUIPVU UIF TVQQPSU PG NZ GBNJMZ BOE GSJFOET�

"WJ (FMMFS BOE +PTI :BSNVTI NZ CFTU GSJFOET TJODF DIJMEIPPE XFSF UIFSF GPS NF FWFSZ TUFQ PG UIF

XBZ� * BN WFSZ HSBUFGVM UIBU UIFZ XFSF JO #PTUPO XJUI NF UISPVHIPVU NZ UJNF BU )BSWBSE� -FTMJF #MBDL

)BSSZ $IJFM BOE -FBI /BHIJ XFSF BMTP GSFRVFOU SFDJQJFOUT PG NZ QIPOF DBMMT BOE * HSFBUMZ BQQSFDJBUF

UIFJS GSJFOETIJQ BMPOH XJUI UIBU PG #SBE #BTLJS .JDIBFM ,BIOPXJU[ %BWJE -FINBOO "BSPO 4DIBDIU

:PFZ 4DIBDIU BOE 4IBOJ 8FJOFS�

ĉF.BJNP �ǈǑ 'BOUBTZ 'PPUCBMM BOE.BEEFO MFBHVFT QSPWJEFE HSFBU XBZT UP MFU PĎ TUFBN� .Z POMZ

DPNQMBJOU JT UIBU UIF DIBUT XFSF UPP BDUJWF BU QPJOUT CVU UIJT JT EVF UP UIF HSFBU QFPQMF JO UIFTF MFBHVFT

BMM PG XIPN QBSUJDJQBUFE JO HSFBU EJTDVTTJPOT BOE EFCBUFT BCPVU BOZUIJOH BOE FWFSZUIJOH�

:BLPW BOE +FO 4BM[CFSH +PF *ULJT BOE "CCZ 1IJMMJQT "EJS 'FJGFM BOE "EJ (PMECFSH BOE "TIFS -JO�

EFOCBVN BOE.JSJBN 4FJENBO XFSF HSFBU GSJFOET JO #SJHIUPO BMPOH XJUI UIF FOUJSF /FX "TILFOB[

.JOZBO DPNNVOJUZ� 3BCCJ "IBSPO #FONFSHVJ XBT B DPOTUBOU TPVSDF PG HVJEBODF BOE TVQQPSU�

YWJ



.Z VOEFSHSBEVBUF BEWJTPS %BWF 3PCFSUT XBT BMXBZT UIFSF GPS NF XJUI HPPE BEWJDF BT XBT ,BUJF

8FJM XJUI XIPN * TQFOU NBOZ IPVST XPSLJOH JO VOEFSHSBE BOE NBOZ IPVST EJTDVTTJOH PVS 1I�%�T

XIJMF XF XFSF JO HSBEVBUF TDIPPM� *�E BMTP MJLF UP UIBOL "NBOEB $IFO BOE.BĨ -JN GSJFOET BOE SF�

TPVSDFT EVSJOH UIF KPC TFBSDI QSPDFTT BT XFMM BT "OEZ +PF "BSPO ,BCDFOFMM BOE %PVH.FOEP[B XIP

XFSF (ǉT XJUI NF BOE GSJFOET UISPVHIPVU HSBEVBUF TDIPPM�

/P BDLOPXMFEHFNFOU XPVME CF DPNQMFUF XJUIPVU JODMVEJOH NZ XPOEFSGVM XJGF 5PWB XIP FODPVS�

BHFE BOE TVQQPSUFE NF UISPVHIPVU UIF FOUJSF QSPDFTT� 8F XFOU UISPVHI UIJDL BOE UIJO UPHFUIFS BOE *

BN FYDJUFE UP CFHJO UIF OFYU TUBHF PG MJGF XJUI IFS�

* FOFUFSFE HSBEVBUF TDIPPM BT B OFXMZXFE BOE OPX MFBWF XJUI UXP BNB[JOH DIJMESFO 4IBOJ BOE

,PCZ XIP HJWF NF TPNFUIJOH UP MPPL GPSXBSE UP FWFSZ EBZ XIFO * HFU IPNF� * MPWF BOE DIFSJTI FWFSZ

TFDPOE UIBU * HFU UP TQFOE XJUI UIFN�

* BN TJODFSFMZ HSBUFGVM UP NZ QBSFOUT GPS BMXBZT CFJOH UIFSF GPS NF XIFO * OFFEFE BEWJDF PS KVTU BO

PVUMFU UP WFOU� .Z QBSFOUT BOE JO�MBXT NBEF HSBEVBUF TDIPPM QPTTJCMF CZ XBUDIJOH NZ DIJMESFO TFWFSBM

EBZT B XFFL� ĉF WBMVF PG MJWJOH OFBS GBNJMZ JT TPNFUIJOH UIBU DBOOPU CF PWFSTUBUFE� * FTQFDJBMMZ BN

UIBOLGVM UP NZ NPN XIP BMXBZT XBT XJMMJOH UP IFMQ PO B NPNFOU�T OPUJDF�

.Z TJTUFST XFSF BMXBZT UIFSF UP TVQQPSU NF UISPVHIPVU NZ UJNF JO HSBEVBUF TDIPPM� .Z TJTUFST BOE

NZ TJCMJOHT�JO�MBX XFSF BMTP BMXBZT XJMMJOH UP IFMQ PVU XJUI DIJMEDBSF TVQQPSU XIFOFWFS QPTTJCMF BOE

EFėOJUFMZ IFMQFE NBLF HSBEVBUF TDIPPM QPTTJCMF�

.Z DPVTJOT XFSF BMXBZT UIFSF GPS NF BT XFMM� 8IJMF NBOZ PG UIFNNPWFE UP WBSJPVT QBSUT PG UIF

DPVOUSZ UISPVHIPVU UIF QBTU TJY ZFBST * BN IBQQZ UP IBWF LFQU JO UPVDI XJUI BMM ǉǊ PG UIFN� *O QBSUJDV�

MBS %BIMJB (SVFO 4BN.JDIBFMTPO BOE +POBUIBO.JDIBFMTPO XFSF BMNPTU EBJMZ DPOUBDUT�
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.Z HSBOEQBSFOUT XFSF DPOTUBOU TPVSDFT PG JOTQJSBUJPO GPS NF� "MUIPVHI * TBEMZ MPTU UISFF HSBOEQBS�

FOUT JO NZ ėSTU GFX ZFBST JO HSBEVBUF TDIPPM * XBT MVDLZ UP IBWF UIFN JO NZ MJGF GPS BT MPOH BT * EJE� *

BMTP BN HSBUFGVM UP IBWF MJWFE KVTU NJOVUFT GSPNNZ QBUFSOBM HSBOENPUIFS GPS NZ FOUJSF UJNF BU )BS�

WBSE�

-BTUMZ * XPVME MJLF UP UIBOL UIF /BUJPOBM 4DJFODF 'PVOEBUJPO GPS BXBSEJOH NF UIFJS HSBEVBUF SF�

TFBSDI GFMMPXTIJQ UIBU GVOEFE NZ ėSTU GFX ZFBST PG SFTFBSDI�

YWJJJ
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*OUSPEVČJPO

ǉ�ǉ 5ļĹ ňĹĵŇķļ ĺŃŇ.ĵľŃŇĵłĵ ;ĹŇŃ.ŃĸĹň

ǉ�ǉ�ǉ 1ŇŃĶŀĹŁň ŌĽŉļ ňŉĵłĸĵŇĸ ŅŊĵłŉŊŁ ķŃŁńŊŉĽłĻ

" RVBOUVN DPNQVUFS JT POF UIBU QFSGPSNT DPNQVUBUJPOT VTJOH RVBOUVNNFDIBOJDBM QSJODJQMFT� 'PS

FYBNQMF B RVBOUVN CJU PS iRVCJUu JT BCMF UP CF JO B TVQFSQPTJUJPO PG TUBUFT JOTUFBE PG B EFėOJUJWF ǈ PS

ǉ TUBUF MJLF B CJU JO B DMBTTJDBM DPNQVUFS BOE UXP 	PS NPSF
 RVCJUT BSF BCMF UP CF RVBOUVNNFDIBOJDBMMZ

ǉ



FOUBOHMFE�

.BOZ DMBTTJDBMMZ EJđDVMU DPNQVUJOH QSPCMFNT CFDPNF FBTJFS UP TPMWF VTJOH B RVBOUVN DPNQVUFS�

0OF PG UIF NPTU GBNPVT FYBNQMFT JT 34" FODSZQUJPO XIJDI JT VTFE CZ BMNPTU BMM NPEFSO DPNQVUFST

UP FODSZQU BOE EFDSZQU JOGPSNBUJPO� 34" FODSZQUJPO SFMJFT PO UIF GBDU UIBU QSJNF GBDUPSJ[BUJPO PG WFSZ

MBSHF OVNCFST JT BMNPTU JNQPTTJCMZ IBSE FWFO GPS B QPXFSGVM DPNQVUFS� )PXFWFS JO ǉǑǑǌ 1FUFS 4IPS

TIPXFE UIBU B RVBOUVN DPNQVUFS XPVME CF BCMF UP GBDUPS OVNCFST JO QPMZOPNJBM UJNF JOTUFBE PG UIF

FYQPOFOUJBM UJNF SFRVJSFE CZ DMBTTJDBM DPNQVUFST BOE UIVT CF BCMF UP CSFBL NPEFSO FODSZQUJPOǎǎ�

0UIFS DMBTTJDBMMZ IBSE QSPCMFNT UIBU RVBOUVN DPNQVUFST DBO TPMWF JODMVEF NBOZ PQUJNJ[BUJPO BOE

NPEFMJOH QSPCMFNT�

ĉFNBKPS JTTVFT XJUI JNQMFNFOUJOH B RVBOUVN DPNQVUFS MJF JO UIF QIZTJDBM EFTJHO OPU UIF UIFP�

SFUJDBM NPEFM� %FDPIFSFODF JT B CJH QSPCMFN JO XIJDI RVBOUVN FOUBOHMFNFOU JT MPTU PWFS UJNF EVF UP

FOWJSPONFOUBM FOUBOHMFNFOU XJUI UIF TZTUFN� " TFDPOE JTTVF JT TZTUFNBUJD FSSPST JO XIJDI B RVBOUVN

HBUF PQFSBUJPO BQQMJFT B TMJHIUMZ EJĎFSFOU PQFSBUJPO UIBO EFTJHOFE� 'PS FYBNQMF B Ǒǈ�ǈǉ◦ SPUBUJPO JO�

TUFBE PG B Ǒǈ◦ POF� 8IJMF UIFSF BSF NFUIPET GPS GBVMU�UPMFSBOU RVBOUVN DPNQVUJOH UIFZ TUJMM SFRVJSF

UIF JNQFSGFDU TZTUFNT UP CF DMPTF UP JEFBM POFTǎǏ�

ǉ�ǉ�Ǌ #ŇĵĽĸĽłĻ

"MFYFJ ,JUBFW EFNPOTUSBUFE UIBU B UXP�EJNFOTJPOBM TZTUFN XJUI OPO�BCFMJBO BOZPOJD FYDJUBUJPOT

XPVME JOUSJOTJDBMMZ CF GBVMU�UPMFSBOUǋǍ� 4UBOEBSE BOZPOT BSF QBSUJDMFT UIBU XIFO FYDIBOHFE XJUI POF

Ǌ



BOPUIFS UIFJS PWFSBMM XBWFGVODUJPO DIBOHFT CZ BO BSCJUSBSZ QIBTF 	IFODF iBOZu�PO
�

Ӗ(Sƥ, SƦ) → FJӓӖ(Sƥ, SƦ) 	ǉ�ǉ


ĉF UXP�EJNFOTJPOBM OBUVSF PG UIF JOUFSDIBOHF JT OFDFTTBSZ BT B XJOEJOH PG POF QBSUJDMF BSPVOE UIF

PUIFS JT POMZ XFMM�EFėOFE JO UXP EJNFOTJPOT� ĉFNPTU XFMM�LOPXO UZQFT PG BOZPOT BSF UIPTF XJUI

UIF QIBTF ӂ = Ӎ BOE ӂ = Ƥ SFTQFDUJWFMZ LOPXO BT GFSNJPOT BOE CPTPOT� *O UIFTF TQFDJBM DBTFT

JOUFSDIBOHJOH UIF QBSUJDMFT UXJDF SFUVSOT UIF PSJHJOBM TUBUF�

*G XF FYQBOE UP TPNF OVNCFS/ JOEJTUJOHVJTIBCMF QBSUJDMFT XF ėOE UIBU UIF UPQPMPHJDBM DMBTTFT

PG USBKFDUPSJFT JO XIJDI UIF/ QBSUJDMFT TUBSU BU TPNF JOJUJBM QPTJUJPO PSEFS XJOE BSPVOE FBDI PUIFS

BOE UIFO FOE VQ JO TPNF ėOBM QPTJUJPO PSEFS DPSSFTQPOE UP UIF FMFNFOUT PG UIF CSBJE HSPVQB/� 8F

DBO QIZTJDBMMZ ESBX B SFQSFTFOUBUJPO PG CSBJEJOH PQFSBUJPOT BT TIPXO JO 'JHVSF ǉ�ǉǍǋ� 1BSUJDMF USB�

KFDUPSJFT BSF SFQSFTFOUFE BT XPSMEMJOFT XJUI UJNF NPWJOH WFSUJDBMMZ PO UIF QBHF� 8IFO UXP QBSUJDMFT

JOUFSDIBOHF XF ESBX UIFJS TUSBOET QBTTJOH PWFS FBDI PUIFS� 8IFUIFS UIF MFě PS SJHIU QBSUJDMF JO UIF

JOUFSDIBOHF JT UIF POF QBTTJOH PWFS UIF PUIFS TQFDJėFT UIF EJSFDUJPO PG UIF FYDIBOHF DMPDLXJTF PS

DPVOUFS�DMPDLXJTF�

ĉFTF CSBJEJOH PQFSBUJPOT DBVTF OPO�USJWJBM SPUBUJPOT JO UIF EFHFOFSBUF )JMCFSU TQBDF PG UIF QBS�

UJDMFT� "U MPX FOFSHJFT UIF POMZ OPO�USJWJBM VOJUBSZ PQFSBUJPOT JO UIF )JMCFSU TQBDF BSF UIF CSBJEJOH

PQFSBUJPOT QSPUFDUJOH UIF TZTUFN GSPN FSSPST DBVTFE CZ FOWJSPONFOUBM FOUBOHMFNFOUǍǋ�

ǋ



Figure 1.1: Schematic of braiding operations, from53. Worldlines of three particles are shown. In the top of the figure,
the Ӑƥ and ӐƦ operations are shown respectively on the left and right. Ӑƥ interchanges particles 1 and 2, when counting
from the left, and ӐƦ interchanges particles 2 and 3. In the bottom of the figure, we see the non-abelian property of the
braid, that ӐƥӐƦ ̸= ӐƦӐƥ.

ǉ�ǉ�ǋ 5ļĹ.ĵľŃŇĵłĵ ĺĹŇŁĽŃł

"MNPTU ǉǈǈ ZFBST BHP 1BVM %JSBD QVCMJTIFE IJT SFMBUJWJTUJD XBWF FRVBUJPO UIBU EFTDSJCFE TQJO� ƥƦ QBS�

UJDMFTǉǐ� +VTU VOEFS B EFDBEF MBUFS &ĨPSF.BKPSBOB EFNPOTUSBUFE UIBU JU XBT QPTTJCMF GPS TQJO� ƥƦ QBS�

UJDMFT UP CF UIFJS PXO BOUJQBSUJDMFTǌǍ� ĉFTF QBSUJDMFT UIBU TBUJTėFE.BKPSBOB�T TPMVUJPO UP UIF %JSBD

FRVBUJPO HBJOFE UIF OBNF.BKPSBOB GFSNJPOT� *NQPSUBOUMZ .BKPSBOB GFSNJPOT QPTTFTT UIF OPO�

BCFMJBO CSBJEJOH TUBUJTUJDT UIBU XPVME BMMPX GPS JOUSJOTJD GBVMU�UPMFSBOU RVBOUVN DPNQVUJOH�

6TJOH TFDPOE RVBOUJ[BUJPO OPUBUJPO B %JSBD GFSNJPO DBO CF EFTDSJCFE CZ PQFSBUPS DJ XIJDI TBUJT�

ėFT UIF GFSNJPOJD SFMBUJPOT�

DJDK + DKDJ = D†J D
†
K + D†K D

†
J = Ƥ, DJD†K + D†K DJ = ҾJK 	ǉ�Ǌ


ǌ



.BKPSBOB GFSNJPOT DBO CF EFTDSJCFE CZ UIF PQFSBUPS ҽJ� %VF UP UIF DPOEJUJPO UIBU UIFZ BSF UIFJS

PXO BOUJQBSUJDMF ҽJ = ҽ†J � *U JT QPTTJCMF UP XSJUF B .BKPSBOB PQFSBUPS JO UFSNT PG UIF BOOJIJMBUJPO BOE

DSFBUJPO PQFSBUPST PG B TUBOEBSE %JSBD GFSNJPO�

ҽƦK−ƥ = DK + D†K , ҽƦK =
DK − D†K

J
	ǉ�ǋ


8F DBO BMTP XSJUF B %JSBD PQFSBUPS OPX JO UFSNT PG .BKPSBOB PQFSBUPST�

DK =
ƥ
Ʀ
(ҽK − Jҽ̄K) 	ǉ�ǌ


ǉ�ǉ�ǌ ,ĽŉĵĹŋ�ň .ŃĸĹŀ

*O BOPUIFS JNQPSUBOU QBQFS UIF BGPSFNFOUJPOFE "MFYFJ ,JUBFW EJTDVTTFE B UPZ NPEFM GPS SFBMJ[JOH

.BKPSBOB GFSNJPOTǋǌ��

,JUBFW EJTDVTTFE B GFSNJPO DIBJO DPOTJTUJOH PG TPNF MBSHF OVNCFS - TJUFT FBDI PDDVQJFE CZ BO

FMFDUSPO PS FNQUZ� ĉF)BNJMUPOJBO GPS TVDI B TZTUFN DBO CF XSJĨFO BT

) =
∑

K

[
−X(D†K DK+ƥ + D†K+ƥDK − Ӊ

(
D†K DK −

ƥ
Ʀ

)
+ ρDKDK+ƥ + ρ∗D†K+ƥD

†
K

]
	ǉ�Ǎ


XIFSF X JT B IPQQJOH BNQMJUVEF GSPN TJUF UP TJUF Ӊ B DIFNJDBM QPUFOUJBM BOE ρ = |ρ|FJӂ UIF JOEVDFE

�ĉF DBSFGVM SFBEFS NBZ OPUJDF UIBU UIJT QBQFS BDUVBMMZ QSFDFEFE IJT PUIFS QBQFS NFOUJPOFE BCPWF JO 4FDUJPO
ǉ�ǉ�Ǌ� ĉF Ǌǈǈǋ QBQFS BDUVBMMZ XBT QPTUFE UP BS9JW JO ǉǑǑǏ CFGPSF UIF Ǌǈǈǉ QBQFS XBT QPTUFE CVU XBT QVCMJTIFE
BěFS�

Ǎ



Figure 1.2: Kitaev chain, first configuration. We show the Kitaev chain in the configuration described by Equation 1.8.
The green ovals are electron sites, and the black filled circles the Majoranas. Solid black lines connect two Majoranas
that are paired.

TVQFSDPOEVDUJOH HBQ� "CTPSCJOH UIF QIBTF GBDUPST JOUP UIF.BKPSBOB PQFSBUPST

ҽƦK−ƥ = FJӂ/ƦDK + F−Jӂ/ƦD†K , ҽƦK = −JFJӂ/ƦDK + JF−Jӂ/ƦD†K , 	ǉ�ǎ


XF DBO SFXSJUF UIF )BNJMUPOJBO BT

) =
J
Ʀ
∑

K

[
−ӉҽƦK−ƥҽƦK + (X+ |ρ|)ҽƦKҽƦK+ƥ + (−X+ |ρ|)ҽƦK−ƥҽƦK+Ʀ

]
. 	ǉ�Ǐ


*G XF UBLF UIF DBTF PG |ρ| = X = Ƥ BOE Ӊ < Ƥ XF TFF UIBU UIF )BNJMUPOJBO JT XSJĨFO BT

) =
−ӉJ
Ʀ

∑

K
ҽƦK−ƥҽƦK, 	ǉ�ǐ


XIJDI NFBOT UIF.BKPSBOB PQFSBUPST GSPN UIF TBNF FMFDUSPO TJUF K BSF QBJSFE UPHFUIFS BT XF TFF JO

'JHVSF ǉ�Ǌ�

)PXFWFS JG XF UBLF B EJĎFSFOU TQFDJBM DBTF JO XIJDI |ρ| = X > Ƥ BOE Ӊ = Ƥ XF TFF UIBU UIF

ǎ



Figure 1.3: Kitaev chain, second configuration. We show the Kitaev chain in the configuration described by Equation
1.9. The green ovals are electron sites, and the black filled circles the Majoranas. Solid black lines connect two Majo-
ranas that are paired. We see the two Majoranas at the edges, colored in red, are unpaired with a neighboring Majorana.

)BNJMUPOJBO DBO CF XSJĨFO BT

) = JX
∑

K
ҽƦKҽƦK+ƥ 	ǉ�Ǒ


*O XIJDI OPX.BKPSBOB PQFSBUPST GSPN EJĎFSFOU TJUFT BSF QBJSFE UPHFUIFS� 8IJMF CPUI DBTFT IBWF UIF

TBNF CVML QSPQFSUJFT UIFZ IBWF WFSZ EJĎFSFOU CPVOEBSZ QSPQFSUJFT� JO UIF TFDPOE DBTF UIFSF FYJTU

VOQBJSFE.BKPSBOB GFSNJPOT BU CPUI FOET PG UIF DIBJO BT XF TFF JO 'JHVSF ǉ�ǋ� *G UIF .BKPSBOBT BSF

TVđDJFOUMZ TQBUJBMMZ TFQBSBUFE CZ B EJTUBODF MBSHFS UIBO UIF TVQFSDPOEVDUJOH DPIFSFODF MFOHUI UIFZ

TVQQPSU OPO�MPDBM FOUBOHMFNFOU�

"T UIF.BKPSBOBT BSF UIFJS PXO BOUJQBSUJDMFT BOE IBWF [FSP FOFSHZ UIFZ BSF GSFRVFOUMZ SFGFSSFE UP BT

.BKPSBOB [FSP NPEFT JO UIJT DPOUFYU�

ĉFTF UXP TQFDJBM DBTFT JO ,JUBFW�T DIBJO BSF UXP EFHFOFSBUF HSPVOE TUBUFT PG UIF TZTUFN XJUI EJĎFS�

FOU QBSJUZ� "TTVNJOH UIF )BNJMUPOJBO DPOTFSWFT QBSJUZ UIJT EFHFOFSBDZ JT WFSZ EJđDVMU UP CSFBL� *G XF

UPPL B MJOFBS TVQFSQPTJUJPO PG UIF UXP HSPVOE TUBUFT BOE TVCKFDUFE UIFN UP UIF )BNJMUPOJBO PG UIF TZT�

UFN UIF QIBTF EJĎFSFODF PG UIF XBWF GVODUJPO XPVME QSFDFTT PWFS B WFSZ MBSHF BNPVOU PG UJNF EVF UP

UIF OFHMJHJCMF FOFSHZ EJĎFSFODF CFUXFFO UIF UXP QBSJUZ TUBUFT� .PSFPWFS B TJOHMF .BKPSBOB PQFSBUPS

Ǐ



EPFT OPU DPOTFSWF GFSNJPO QBSJUZ TP JU XPVME OPU BQQFBS BT B UFSN JO B SFBTPOBCMF )BNJMUPOJBO� 8F

UIVT TFF UIBU BO JOEJWJEVBM JTPMBUFE.BKPSBOB TJUF TIPVME CF FOUJSFMZ JNNVOF UP FSSPSǋǌ�

,JUBFW�T NPEFM SFQSFTFOUT B TQJOMFTT ǉ% Q�XBWF TVQFSDPOEVDUPS PS B Q + JQ TVQFSDPOEVDUPS JO

Ǌ% OFJUIFS PG XIJDI JT BO FBTJMZ SFBMJ[BCMF QIZTJDBM TUBUF� ĉFPSZ IBT TIPXO UIBU ,JUBFW�T NPEFM JT

SFBMJ[BCMF JO B TZTUFN XJUI JOEVDFE TVQFSDPOEVDUJWJUZ BOE TUSPOH 3BTICB TQJO�PSCJU DPVQMJOH JO UIF

QSFTFODF PG NBHOFUJD ėFMETǌǋ ǍǍ�

ĉF TFBSDI GPS .BKPSBOB [FSP NPEFT IBT CFFO B NBKPS GPDVT JO DPOEFOTFE NBĨFS QIZTJDT GPS PWFS B

EFDBEF BOE JT UIF NPUJWBUJPO GPS UIF XPSL UIBU GPMMPXT JO UIJT UIFTJT XIFSF XF BĨFNQU UP ėOE.BKP�

SBOBT JO TFWFSBM TZTUFNT�

ǉ�Ǌ 0ŊŉŀĽłĹ Ńĺ ŉļĽň ŉļĹňĽň

$IBQUFS Ǌn EFTDSJCFT FYQFSJNFOUT PO +PTFQITPO KVODUJPOT CBTFE PO )H5F RVBOUVN XFMMT XJUI UIF

DIFNJDBM QPUFOUJBM UVOFE JOUP UIF DPOEVDUJPO CBOE� 8F TIPX UIBU BQQMZJOH B NBHOFUJD ėFME JO UIF

QMBOF PG UIF UXP EJNFOTJPOBM KVODUJPOT DBVTFT TVSQSJTJOH DIBOHFT UP UIF NFBTVSFE JOUFSGFSFODF QBU�

UFSOT� 8F ėOE UIBU $PPQFS QBJST JO UIF RVBOUVN XFMM BDRVJSF B UVOBCMF ėOJUF NPNFOUVN UIBU HSPXT

XJUI UIF NBHOFUJD ėFME TUSFOHUI XIJDI MFBET UP USJQMFU QBJSJOH PG FMFDUSPOT BU DFSUBJO MPDBUJPOT XJUIJO

UIF KVODUJPO� ĉF EFUBJMT PG UIF JOUFSGFSFODF CFIBWJPS QSPWJEF B NFBOT UP QSPCF UIF OBUVSF PG TQJO�

PSCJU DPVQMJOH XJUIJO UIF RVBOUVN XFMM BT XFMM BT B NFBTVSF PG HFPNFUSJD QSPQFSUJFT PG UIF KVODUJPO�

ĉF EFOTJUZ EFQFOEFODF PG PVS NFBTVSFNFOUT BMTP BMMPXT VT UP FYUSBDU UIF WBMVF PG H̃�W'  XIFSF H̃ JT

UIF FĎFDUJWF H�GBDUPS BOE W' JT UIF 'FSNJ WFMPDJUZ�

n$IBQUFS Ǌ JT BEBQUFE GSPN SFGFSFODFǋǉ

ǐ



$IBQUFS ǋo EFUBJMT BO FYQFSJNFOUBM QVSTVJU CBTFE PO B UIFPSFUJDBM QSPQPTBM GPS .BKPSBOB [FSP

NPEFT JO B QMBOBS +PTFQITPO KVODUJPO� 8F GBCSJDBUF MPDBM UVOOFM QSPCFT PO UIF FEHF PG QMBOBS +PTFQI�

TPO KVODUJPOT NBEF XJUI )H5F RVBOUVN XFMMT BOE QFSGPSN MPDBM UVOOFMJOH TQFDUSPTDPQZ CZ NFBTVSJOH

UIF EJĎFSFOUJBM DPOEVDUBODF UP NFBTVSF UIF MPDBM EFOTJUZ PG TUBUFT� 8F DPOUSPM UIF QIBTF EJĎFSFODF

BDSPTT UIF KVODUJPO VTJOH B QFSQFOEJDVMBS NBHOFUJD ėFME UP HFOFSBUF ĚVY JO B MPPQ HFPNFUSZ BOE BQ�

QMZ BO JO�QMBOF NBHOFUJD ėFME UP DPOUSPM UIF TUSFOHUI PG UIF ;FFNBO FĎFDU� 8F PCTFSWF B EJĎFSFOUJBM

DPOEVDUBODF QSPėMF BTTPDJBUFE XJUI B DPOUJOVVN PG TVC�HBQ TUBUFT XIJDI PTDJMMBUF DPIFSFOUMZ XJUI

UIF QIBTF EJĎFSFODF� "U IJHI ;FFNBO ėFMET XF ėOE UIBU UIF EJĎFSFOUJBM DPOEVDUBODF EFWFMPQT B [FSP�

CJBT QFBL PWFS B SBOHF PG UIF QIBTF EJĎFSFODF XIJDI HSPXT XJUI UIF ;FFNBO ėFME DPOTJTUFOU XJUI UIF

BGPSFNFOUJPOFE UIFPSFUJDBM QSPQPTBM EFTDSJCJOH UIF FNFSHFODF PG .BKPSBOB NPEFT BU UIF FEHFT PG

+PTFQITPO KVODUJPO JO B UPQPMPHJDBM TVQFSDPOEVDUPS QIBTF�

$IBQUFS ǌ EJTDVTTFT PVS BĨFNQU UP SFQFBU UIF NFBTVSFNFOUT GSPN $IBQUFS Ǌ PO B OFX TZTUFN *O"T

RVBOUVN XFMMT XJUI FQJUBYJBM BMVNJOVN� 8F EJTDVTT PVS GBCSJDBUJPO BOE NFBTVSFNFOUT PO EFWJDFT

XIJDI IBE NVDI TUSPOHFS JOEVDFE TVQFSDPOEVDUJWJUZ JO PVS RVBOUVN XFMMT UIBO JO )H5F CVU NVDI

MPXFS NPCJMJUZ� 6MUJNBUFMZ UIJT NPCJMJUZ JTTVF QSFWFOUFE VT GSPN TFFJOH UIF JOUFSGFSFODF QBĨFSOT GSPN

$IBQUFS Ǌ BU IJHI JO�QMBOF ėFMET� 8F BMTP QSFTFOU EFTJHOT BOE NFBTVSFNFOUT PO HBUF�EFėOFE RVBO�

UVN QPJOU DPOUBDUT BOE PVS JOJUJBM BĨFNQUT UP QVSTVF B OPWFM UIFPSFUJDBM QSPQPTBM UIBU XPVME MFBE UP

HBQMFTT TVQFSDPOEVDUJOH TUBUFT XJUI QBSUJBM 'FSNJ TVSGBDFT�

$IBQUFS Ǎ EFTDSJCFT PVS SFDFOU BĨFNQU UP SFQFBU UIF NFBTVSFNFOUT GSPN $IBQUFS Ǌ PO B EJĎFSFOU

*O"T TZTUFN POF XJUI IJHI�NPCJMJUZ CVSJFE RVBOUVN XFMMT� 8F TVDDFTTGVMMZ JOEVDF TVQFSDPOEVD�

o$IBQUFS ǋ JT BEBQUFE GSPN SFGFSFODFǎǈ

Ǒ



UJWJUZ XJUI B TUSPOH JOEVDFE HBQ JO UIFTF TZTUFNT TPNFUIJOH UIBU IBT CFFO B NBKPS TUSVHHMF GPS NBOZ

SFTFBSDIFST� 6OGPSUVOBUFMZ PVS JOJUJBM NFBTVSFNFOUT BMTP GBJM UP SFQMJDBUF UIF SFTVMUT GSPN $IBQUFST Ǌ�

8F BMTP TIPX B ėSTU BĨFNQU UP JODSFBTF UIF UPQPMPHJDBM HBQ PG UIF TZTUFN CZ GPMMPXJOH UIF QSPDFEVSF

PG B SFDFOU UIFPSFUJDBM QSPQPTBM�

ǉǈ



2

ǉǉ



$POUSPMMFE ėOJUFNPNFOUVN QBJSJOH BOE

ĝBUJBMMZ WBSZJOH PSEFS QBSBNFUFS JO)H5F

RVBOUVNXFMMT

$ŃłŋĹłŉĽŃłĵŀ ň�ŌĵŋĹ ňŊńĹŇķŃłĸŊķŉĽŋĽŉŏ JT VOEFSTUPPE UP BSJTF GSPN TJOHMFU QBJSJOH PG FMFD�

USPOT XJUI PQQPTJUF 'FSNJ NPNFOUB GPSNJOH $PPQFS QBJST XIPTF OFU NPNFOUVN JT [FSPǍ� 4FWFSBM

SFDFOU TUVEJFT IBWF GPDVTFE PO TUSVDUVSFT XIFSF TVDI DPOWFOUJPOBM T�XBWF TVQFSDPOEVDUPST BSF DPV�

QMFE UP TZTUFNT XJUI BO VOVTVBM DPOėHVSBUJPO PG FMFDUSPOJD TQJO BOE NPNFOUVN BU UIF 'FSNJ TVSGBDF�

6OEFS UIFTF DPOEJUJPOT UIF OBUVSF PG UIF QBJSFE TUBUF DBO CF NPEJėFE BOE UIF TZTUFNNBZ FWFO VO�

EFSHP B UPQPMPHJDBM QIBTF USBOTJUJPOǊǍǎǋ� )FSF XF QSFTFOU NFBTVSFNFOUT BOE UIFPSFUJDBM DBMDVMBUJPOT

PG TFWFSBM )H5F RVBOUVN XFMMT DPVQMFE UP FJUIFS BMVNJOVN PS OJPCJVN TVQFSDPOEVDUPST BOE TVCKFDU

UP B NBHOFUJD ėFME JO UIF QMBOF PG UIF RVBOUVN XFMM� #Z TUVEZJOH UIF PTDJMMBUPSZ SFTQPOTF PG +PTFQITPO

JOUFSGFSFODF UP UIF NBHOJUVEF PG UIF JO�QMBOF NBHOFUJD ėFME XF ėOE UIBU UIF JOEVDFE QBJSJOH XJUIJO

UIF RVBOUVN XFMM JT TQBUJBMMZ WBSZJOH� $PPQFS QBJST BDRVJSF B UVOBCMF NPNFOUVN UIBU HSPXT XJUI

NBHOFUJD ėFME TUSFOHUI EJSFDUMZ SFĚFDUJOH UIF SFTQPOTF PG UIF TQJO�EFQFOEFOU 'FSNJ TVSGBDFT UP UIF JO�

ǉǊ



QMBOF NBHOFUJD ėFME� *O BEEJUJPO JO UIF SFHJNF PG IJHI FMFDUSPO EFOTJUZ OPEFT JO UIF JOEVDFE TVQFS�

DPOEVDUJWJUZ FWPMWF XJUI UIF FMFDUSPO EFOTJUZ JO BHSFFNFOU XJUI PVS NPEFM CBTFE PO UIF )BNJMUPOJBO

PG #FSOFWJH )VHIFT BOE ;IBOHǐ� ĉJT BHSFFNFOU BMMPXT VT UP RVBOUJUBUJWFMZ FYUSBDU UIF WBMVF PG H̃/W'

XIFSF H̃ JT UIF FĎFDUJWF H�GBDUPS BOE W' JT UIF 'FSNJ WFMPDJUZ� )PXFWFS BU MPX EFOTJUZ PVS NFBTVSF�

NFOUT EP OPU BHSFF XJUI PVS NPEFM JO EFUBJM� 0VS OFX VOEFSTUBOEJOH PG UIF JOUFSQMBZ CFUXFFO TQJO

QIZTJDT BOE TVQFSDPOEVDUJWJUZ JOUSPEVDFT B XBZ UP TQBUJBMMZ FOHJOFFS UIF PSEFS QBSBNFUFS BT XFMM BT B

HFOFSBM GSBNFXPSL XJUIJO XIJDI UP JOWFTUJHBUF FMFDUSPOJD TQJO UFYUVSF BU UIF 'FSNJ TVSGBDF PG NBUFSJBMT�

Ǌ�ǉ *łŉŇŃĸŊķŉĽŃł

#FMPX B DSJUJDBM UFNQFSBUVSF BOE NBHOFUJD ėFME DFSUBJO NBUFSJBMT VOEFSHP B QIBTF USBOTJUJPO UP UIF

TVQFSDPOEVDUJOH TUBUF� .BDSPTDPQJDBMMZ JEFOUJėFE UISPVHI FĎFDUT TVDI BT [FSP SFTJTUJWJUZ BOE UIF

.FJTTOFS FĎFDUǌǐ  TVQFSDPOEVDUPST NBZ GVSUIFS CF VOEFSTUPPE NJDSPTDPQJDBMMZ BT BSJTJOH EVF UP QBJS�

JOH PG FMFDUSPOT PDDVQZJOH PQQPTJUF QPJOUT PO UIF 'FSNJ TVSGBDF BOE IBWJOH PQQPTJUF TQJO� 8JUIJO

B DPOWFOUJPOBM TFĨJOH UIJT JOUFSBDUJPO SFTVMUT JO $PPQFS QBJST XJUI [FSP OFU NPNFOUVN� )PXFWFS

JO DFSUBJO NBUFSJBMT UIF QSFTFODF PG CPUI NBHOFUJD PSEFS BOE TVQFSDPOEVDUJWJUZ DBO MFBE UP JOUSJOTJ�

DBMMZ OPO[FSP QBJSJOH NPNFOUVN BT UIF TZTUFN FOUFST UIF 'VMEF�'FSSFMM�-BSLJO�0WDIJOOJLPW 	''-0


TUBUFǊǎǌǉ� 4UVEJFT PG CPUI $F$P*O Ʃ BOE Ӆ�	#&%5�Ĉ'
 Ʀ$V	/$4
Ʀ VOEFS MBSHF FYUFSOBM NBHOFUJD

ėFMET GPVOE FWJEFODF GPS DPVQMFE NBHOFUJD PSEFS BOE TVQFSDPOEVDUJWJUZ BMUIPVHI JO FBDI NBUFSJBM

UIF ėFME TUSFOHUI OFFEFE XBT JO FYDFTT PG ǉǈ 5ǋǋǌǎ�

&YPUJD TVQFSDPOEVDUJWJUZ IBT SFDFOUMZ DPNF VOEFS BEEJUJPOBM JOWFTUJHBUJPO UISPVHI UIF HPBM PG

ǉǋ



DPNCJOJOH T�XBWF TVQFSDPOEVDUPST XJUI NBUFSJBMT XIPTF QSPQFSUJFT BSF SBSFMZ GPVOE BNPOH UIF DPO�

WFOUJPOBM TVQFSDPOEVDUPST� 'PS FYBNQMF JOEVDJOH UIF TJOHMFU QBJSJOH PG BO T�XBWF TVQFSDPOEVDUPS

JOUP B NBUFSJBM XJUI TUSPOH TQJO�PSCJU DPVQMJOH BOE SFEVDFE EJNFOTJPOBMJUZ IBT CFFO SFDFOUMZ DPO�

TJEFSFE BT B WJBCMF QMBUGPSN XJUIJO XIJDI UP BDIJFWF USJQMFU QBJSJOHǍǐ BOE UPQPMPHJDBM TVQFSDPOEVD�

UJWJUZǊǌǎǋ PS UP FOHJOFFS B +PTFQITPO ӓƤ�KVODUJPO
ǏǊǉǑ� .PSFPWFS XIFO B GFSSPNBHOFUJD MBZFS JT

TBOEXJDIFE CZ UXP TVQFSDPOEVDUPST QBJST USBWFSTJOH UIF KVODUJPO BDRVJSF NPNFOUVN EVF UP UIF

FYDIBOHF ėFME XJUIJO UIF GFSSPNBHOFUǉǈǉǎ� .FBTVSFNFOUT PG DSJUJDBM DVSSFOU PTDJMMBUJPOT JO TVDI

TVQFSDPOEVDUPS�GFSSPNBHOFU�TVQFSDPOEVDUPS 	4'4
 KVODUJPOT IBWF QSPWJEFE FWJEFODF GPS UIJT OPO[FSP

QBJSJOH NPNFOUVNǋǑǎǌǊǋ BMUIPVHI UIF NBHOJUVEF PG UIF NPNFOUVN XBT FĎFDUJWFMZ VOUVOBCMF EVF

UP UIF UZQJDBMMZ MBSHF FYDIBOHF ėFMET�

)FSF XF SFQPSU PO DPVQMJOH CFUXFFO TVQFSDPOEVDUJOH MFBET BOE B UXP�EJNFOTJPOBM FMFDUSPO TZT�

UFN SFBMJ[FE XJUIJO )H5F�)H$E5F IFUFSPTUSVDUVSFT JO UIF JOWFSUFE SFHJNF� %VF UP UIF JOUFSQMBZ

CFUXFFO TVQFSDPOEVDUJWJUZ CBOE TUSVDUVSF BOE UIF BQQMJFE NBHOFUJD ėFME XF ėOE UIBU UIF PSEFS QB�

SBNFUFS IBT BO PTDJMMBUPSZ DPNQPOFOU EFSJWFE GSPN UIF ėOJUF NPNFOUVN PG QBJSFE FMFDUSPOT BOE UIBU

UIJT NPNFOUVN DBO CF DPOUJOVPVTMZ UVOFE CFUXFFO DPOWFOUJPOBM BOE VODPOWFOUJPOBM SFHJNFT� 0VS

VTF PG POMZ SFMBUJWFMZ TNBMM FYUFSOBM NBHOFUJD ėFMET 	≤ ƨ5 PWFSBMM BOE≤ ƥ.Ƭ5 GPS BMVNJOVN KVOD�

UJPOT
 BOE NJDSPO�TDBMF EFWJDF EJNFOTJPOT JOUSPEVDFT B OFX SFHJNF JO UIF FYQMPSBUJPO PG UIF JOUFSQMBZ

CFUXFFO TVQFSDPOEVDUJWJUZ BOE TQJO QIZTJDT�

ǉǌ



Ǌ�Ǌ *łŉĹŇĺĹŇĹłķĹ.ĹĵňŊŇĹŁĹłŉň8Ľŉļ ĵ 'ĽłĽŉĹ 1ĵŇĵŀŀĹŀ.ĵĻłĹŉĽķ 'ĽĹŀĸ #Y

5P TUVEZ UIF FĎFDU PG NBHOFUJD ėFME BOE CBOE TUSVDUVSF PO FMFDUSPO QBJSJOH XF QMBDF UXP TVQFSDPO�

EVDUJOH MFBET PO PQQPTJUF CPVOEBSJFT PG B SFDUBOHVMBS TFDUJPO PG RVBOUVN XFMM� %FWJDFT XFSF GBCSJ�

DBUFE BU WBSZJOH BOHMFT XJUI SFTQFDU UP UIF DMFBWBHF FEHFT PG UIF DSZTUBM 	UIF [ƥƥƤ] BOE [ƥ̄ƥƤ] BYFT
� ĉF

BOHVMBS BMJHONFOU DPSSFTQPOET UP B SPUBUJPO BOHMF ӂ XJUI SFTQFDU UP UIF QSJODJQBM DSZTUBM BYJT [ƥƤƤ]

XJUI ӂ EFėOFE NPEVMP Ӎ/Ʀ 	'JHVSF Ǌ�ǉ" TFF 4FDUJPO Ǌ�ǎ�ǉ
� ĉF XJEUI8 CFUXFFO UIF UXP MFBET JT

ǐǈǈ ON BOE UIF MFOHUI - PG UIF SFTVMUJOH +PTFQITPO KVODUJPO JT ǌ ӉN� 8F TUVEZ UIF JOĚVFODF PG FJUIFS

OJPCJVN PS BMVNJOVN TVQFSDPOEVDUPST CZ BQQMZJOH B TNBMM "$ DVSSFOU CJBT CFUXFFO UIF UXP MFBET

XIJMF NFBTVSJOH UIF SFTVMUBOU "$ WPMUBHFǍǌ� ĉF BMVNJOVN UIJDLOFTT JT ǉǍ ON JO PSEFS UP TVTUBJO

TVQFSDPOEVDUJWJUZ JO NPEFSBUF QBSBMMFM NBHOFUJD ėFMET 	4FDUJPO Ǌ�ǎ�Ǌ
ǌǑ XIJMF UIF OJPCJVN UIJDL�

OFTT JT ǉǋǈ ON� +PTFQITPO JOUFSGFSFODF JT HFOFSBUFE CZ BQQMJDBUJPO PG TNBMM 	VQ UP∼ ƥƤN5
NBH�

OFUJD ėFMET JO UIF [�EJSFDUJPOǍǈ� ĉSPVHIPVU UIJT DIBQUFS UIF JO�QMBOF DPPSEJOBUF BYFT BSF SFGFSSFE

UP BT Y BOE Z SFTQFDUJWFMZ PSJFOUFE QFSQFOEJDVMBS BOE QBSBMMFM UP UIF TVQFSDVSSFOU ĚPX CFUXFFO MFBET�

ĉF BEEJUJPO PG B OPSNBM NFUBM UPQ HBUF BMMPXT VT UP UVOF UIF FMFDUSPO EFOTJUZ XJUIJO UIF KVODUJPO

UIFSFCZ QSPWJEJOH B NFBOT UP TUVEZ TVQFSDPOEVDUJWJUZ GSPN UIF RVBOUVN TQJO )BMM SFHJNFǋǐǋǉ JOUP

UIF FMFDUSPO�EPQFE SFHJNF� *O UIF SFHJNF PG IJHI FMFDUSPO EFOTJUZ BOE XJUI OP QBSBMMFM NBHOFUJD ėFME

PVS KVODUJPOT EJTQMBZ +PTFQITPO JOUFSGFSFODF DPOTJTUFOU XJUI VOJGPSN TVQFSDVSSFOU USBOTQPSU UISPVHI

UIF CVML PG UIF RVBOUVN XFMM TIPXO JO Ǌ�ǉ# GPS B EFWJDF XJUI BMVNJOVN MFBET�

8F QSJNBSJMZ TUVEZ EJĎFSFOUJBM SFTJTUBODF XJUI [FSP BQQMJFE %$ DVSSFOU EVF UP UIF FđDJFODZ PG

TVDI NFBTVSFNFOUT JO JMMVNJOBUJOH UIF TUSVDUVSF PG UIF JOUFSGFSFODF QBĨFSO� -PXFS SFTJTUBODF SFMBUJWF

ǉǍ



UP UIF OPSNBM EFWJDF SFTJTUBODF UZQJDBMMZ DPSSFTQPOET UP FMFWBUFE DSJUJDBM DVSSFOU 	4FDUJPO Ǌ�Ǐ�ǉ
� *O

BO BMVNJOVN�CBTFE KVODUJPO JO UIF FMFDUSPO�EPQFE SFHJNF BOE XJUI BOHMF ӂ = Ӎ/ƨ JODSFBTJOH UIF

NBHOFUJD ėFME JO UIF Y EJSFDUJPO TUSPOHMZ NPEVMBUFT UIF +PTFQITPO JOUFSGFSFODF 	'JHVSF Ǌ�ǉ$
� 5XP

EJTUJODU SFHJPOT PG EFDSFBTFE SFTJTUBODF BSF TFQBSBUFE CZ B OPEBM ėFME PG BQQSPYJNBUFMZ #Y = ƥ.ƥ5

DPSSFTQPOEJOH UP UIF TVQQSFTTJPO PG JOEVDFE TVQFSDPOEVDUJWJUZ� "U FBDI WBMVF PG UIF QBSBMMFM ėFME XF

FYUSBDU UIF NJOJNVN KVODUJPO SFTJTUBODF BT B NFBTVSF PG UIF TUSFOHUI PG TVQFSDPOEVDUJWJUZ BU UIBU QBS�

UJDVMBS ėFME� 1MPĨJOH UIFTF NJOJNVN KVODUJPO SFTJTUBODFT IJHIMJHIUT UIF PTDJMMBUPSZ FĎFDU PG QBSBMMFM

ėFME PO TVQFSDPOEVDUJWJUZ XJUI UIF OPEBM ėFME NBSLFE CZ BO BSSPX 	'JHVSF Ǌ�ǉ%
�ĉF TVQQSFTTJPO

PG TVQFSDPOEVDUJWJUZ BU UIF OPEBM ėFME EJSFDUMZ SFTVMUT GSPN UIF ėOJUF NPNFOUVN PG JOEVDFE $PPQFS

QBJST�

*O BO BMVNJOVN�CBTFE KVODUJPO PSJFOUFE XJUI ӂ = Ӎ/Ʀ B TJNJMBS NPEVMBUJPO PG TVQFSDPOEVD�

UJWJUZ PDDVST BT UIF QBSBMMFM ėFME #Y HSPXT 	'JHVSF Ǌ�ǉ& TFF 4FDUJPOT Ǌ�Ǐ�Ǌ BOE Ǌ�Ǐ�ǋ
� "MUIPVHI UIF

BMVNJOVN MFBET DBO TVTUBJO TVQFSDPOEVDUJWJUZ VQ UP ǉ�ǏǍ 5 XF POMZ NFBTVSF UIJT EFWJDF VQ UP #Y = ƥ

5 EVF UP DPOTUSBJOUT PO UIF SBOHF PG PVS WFDUPS NBHOFU 	TFF 4FDUJPO Ǌ�ǎ�ǉ
�

ĉF SFTJTUBODF PG B EFWJDF XJUI OJPCJVN MFBET BOE ӂ = Ӎ/ƨ JT TJNJMBSMZ NPEVMBUFE VQPO BQQMJDBUJPO

PG B QBSBMMFM ėFME XJUI NVMUJQMF OPEFT WJTJCMF BT #Y JODSFBTFT UP ǌ 5 	'JHVSF Ǌ�ǉ'
� " NPSF EFUBJMFE

NFBTVSFNFOU IJHIMJHIUT UIF QSFTFODF PG UISFF EJTUJODU SFHJPOT PG EFDSFBTFE SFTJTUBODF TFQBSBUFE CZ

CBOET PG IJHI SFTJTUBODF PDDVSSJOH OFBS #Y = Ƥ.ƭ5 BOE #Y = Ʀ.ƫ5 	'JHVSF Ǌ�ǉ(
� 8F BHBJO FYUSBDU

UIF NJOJNVN KVODUJPO SFTJTUBODF BU FBDI QBSUJDVMBS QBSBMMFM ėFME WBMVF EFNPOTUSBUJOH UIF PTDJMMBUPSZ

FĎFDU PG UIF QBSBMMFM ėFME PO TVQFSDPOEVDUJWJUZ 	'JHVSF Ǌ�ǉ)
� /PEFT PG UIF PTDJMMBUJPO NBSLFE CZ

BSSPXT DPSSFTQPOE UP MPDBM NBYJNB JO UIF PWFSBMM KVODUJPO SFTJTUBODF�
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f. Niobium Leads, θ = π/4
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b. Josephson Interference at Bx = 0 T

Figure 2.1: Experimental control of the order parameter and of pairing momentum. (A) Two superconducting leads,
composed of either aluminum or niobium, couple to a rectangular section of HgTe quantum well to form a Josephson
junction. The width8 separating the leads is always 800 nm, while the length - of the junction is always 4 Ӊm. The re-
sistance of the junction is monitored by applying a small AC current bias (typically∼ ƥ nA) and concurrently measuring
the resulting AC voltage. Further sourcing DC current allows measurement of critical currents and normal device resis-
tance. The external magnetic field #⃗ contains a small z component to generate Josephson interference, while here the
larger x component couples significantly to the spin-degree of freedom. Junctions may be oriented at an angle ӂ with
respect to the [100] principal crystal axis, modulo Ӎ/2. (B) In the electron-doped regime, the devices show Josephson
interference consistent with transport through a doped bulk. In all subsequent measurements, zero DC current is ap-
plied. (C) The differential resistance of a junction with aluminum leads oscillates due to Josephson interference as the
perpendicular field varies. Increasing the parallel field modulates the strength of induced superconductivity. (D) Plotting
the minimum resistance at each value of #Y demonstrates the presence of a nodal resistance maximum near #Y = 1.1
T. (E) In an aluminum-based device oriented with ӂ = Ӎ/2, increasing the parallel field similarly modifies the resistance.
(F) In a junction with niobium leads, a similar modulation of the resistance occurs. (G) A more detailed study of the space
outlined in red in (F) highlights three regions of decreased resistance separated by bands of high resistance near #Y = 0.9
T and #Y = 2.7 T. In both (F) and (G), the decreased resistance above 2.5 T is highlighted via a stretched color scale. (H)
The minimum resistance at each value of #Y further shows the oscillatory nature of the superconductivity as the parallel
field increases. Successively higher nodes (marked by arrows) occupy broader regions of parallel field, while supercon-
ductivity also weakens as the parallel field increases.
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%FTQJUF UIF EJĎFSFODFT JO UIF GBCSJDBUJPO PG PVS EFWJDFT UIF OPEBM TUSVDUVSF JT CPUI SPCVTU BOE PD�

DVST BU OFBSMZ UIF TBNF QBSBMMFM ėFME NBHOJUVEFT� ĉFTF PCTFSWBUJPOT TVHHFTU UIBU UIF JOEVDFE QBJSJOH

NPNFOUVN PSJHJOBUFT JO UIF IFUFSPTUSVDUVSFT BOE OPU UIF CVML TVQFSDPOEVDUPST BOE JT JOTFOTJUJWF UP

EFUBJMT PG UIF DSZTUBM PSJFOUBUJPO� 4JODF TVQFSDPOEVDUJWJUZ BSJTFT GSPN UIF QBJSJOH PG FMFDUSPOT XJUI PQ�

QPTJOH TQJOT BOE NPNFOUB JU JT UIFSFGPSF OFDFTTBSZ UP FYBNJOF UIF OBUVSF PG CPUI ;FFNBO DPVQMJOH

BOE TQJO�PSCJU DPVQMJOH XJUIJO UIF RVBOUVN XFMM�

Ǌ�ǋ 5ļĹŃŇĹŉĽķĵŀ.ŃĸĹŀ Ńĺ ŉļĹ *łĸŊķĹĸ 4ŊńĹŇķŃłĸŊķŉĽŋĽŉŏ

8FNPEFM PVS EFWJDFT CZ DPOTJEFSJOH ėSTU UIF RVBOUVN XFMM SFHJPO JO UIF BCTFODF PG UIF TVQFSDPOEVD�

UPST GPS XIJDI B GPVS�CBOE UIFPSFUJDBM )BNJMUPOJBO)ƥ XBT QSPQPTFE BT B XBZ UP EFTDSJCF UIF UPQPMPHZ

PG UIF CBOE TUSVDUVSFǐ� 8F BEPQU B WFSTJPO PG UIJT NPEFM UP JODMVEF CPUI UIF FYUFSOBM NBHOFUJD ėFME

BOE QPTTJCMF DPOUSJCVUJPOT GSPN TQJO�PSCJU DPVQMJOHǎǊǏǈǋǏ� ĉF LFZ QSFEJDUJPO PG UIF CBOE TUSVDUVSF

NPEFMJOH JT UIBU UIF ;FFNBO DPVQMJOH GSPN UIF FYUFSOBM ėFME #Y NPEJėFT UIF 'FSNJ TVSGBDFT JO B NBO�

OFS XIJDI EFQFOET PO UIF OBUVSF PG UIF TQJO�PSCJU DPVQMJOH 	4FF 4FDUJPO Ǌ�ǐ�ǉ
� "T B DPOTFRVFODF

UIF JOEVDFE TVQFSDPOEVDUJOH PSEFS QBSBNFUFS JT FYQFDUFE UP PTDJMMBUF JO TQBDF EVF UP B QBJSJOH NP�

NFOUVN TIJě XJUI B NBHOJUVEF PG PSEFS !ρL ≈ H̃Ӊ##Y/W' XIPTF PSJFOUBUJPO BMTP EFQFOET PO UIF

TQJO�PSCJU DPVQMJOH� )FSF H̃ JT UIF JO�QMBOF H�GBDUPS BOE W' JT UIF 'FSNJ WFMPDJUZ�

5P UIFPSFUJDBMMZ JOWFTUJHBUF UIF QSPYJNJUZ FĎFDU JO PVS RVBOUVN XFMMT XF DPOTJEFS B HFPNFUSZ

JO XIJDI UIF UXP�EJNFOTJPOBM FMFDUSPO HBT 	Ǌ%&(
 BTTVNFE UP IBWF VOJGPSN FMFDUSPO EFOTJUZ JT

DPOUBDUFE CZ B QBJS PG TVQFSDPOEVDUJOH MFBET XJUI B DPOUSPMMFE QIBTF EJĎFSFODF CFUXFFO UIFN BOE XF

ǉǐ



TFFL UP DBMDVMBUF UIF NBYJNVN TVQFSDVSSFOU UIBU DBO CF DBSSJFE CFUXFFO UIF TUSJQT 	'JHVSF Ǌ�ǋ" TFF

4FDUJPOT Ǌ�ǐ�Ǌ�Ǌ�ǐ�Ǎ
� 8F BTTVNF B )BNJMUPOJBO) = )ƥ + )Ʀ XIFSF)Ʀ JT UIF DPVQMJOH CFUXFFO UIF

TVQFSDPOEVDUPST BOE UIF Ǌ%&( EFTDSJCFE CZ B QBJSJOH )BNJMUPOJBO PG UIF GPSN

)Ʀ = −
∫

EYEZ
[
ρ(Y, Z)ϔ†(Y, Z) + ρ∗(Y, Z)ϔ(Y, Z)

]
. 	Ǌ�ǉ


)FSFϔ(Y, Z) ≡ Ӗ↑(Y, Z)Ӗ↓(Y, Z) JT BO PQFSBUPS XIJDI BOOJIJMBUFT B TJOHMFU QBJS PG FMFDUSPOT JO UIF

Ǌ%&( BU UIF QPJOU (Y, Z) XIJMF UIF QBJS QPUFOUJBM ρ(Y, Z) JT B DPNQMFY OVNCFS UIBU EFQFOET PO UIF

QIBTF PG UIF TVQFSDPOEVDUPS BOE UIF UVOOFMJOH BNQMJUVEF BU UIBU QPJOU�

8F BTTVNF UIBU UIF DPOUBDUT CFUXFFO UIF Ǌ%&( BOE UIF TVQFSDPOEVDUPST PDDVS BU UIF FEHFT PG UIF

TVQFSDPOEVDUPST MPDBUFE BU Z = Ƥ BOE Z = 8 TP UIBU XF NBZ XSJUF

ρ(Y, Z) = Ӈƥ(Y)Ҿ(Z) + ӇƦ(Y)Ҿ(Z−8) ≡ ρƥ(Y, Z) + ρƦ(Y, Z), 	Ǌ�Ǌ


XJUI−-/Ʀ < Y < -/Ʀ� 8F BTTVNF UIBU UIF NBHOJUVEF PG UIF DPVQMJOH JT DPOTUBOU BMPOH FBDI MFBE

CVU UIF QIBTF XJMM WBSZ JG UIFSF JT B QFSQFOEJDVMBS NBHOFUJD ėFME #[ ̸= Ƥ.8F DIPPTF B HBVHF XIFSF

UIF WFDUPS QPUFOUJBM QPJOUT JO UIF Y EJSFDUJPO XJUI "Y = −#[(Z − 8/Ʀ) TP UIBU UIF WFDUPS QPUFOUJBM

WBOJTIFT BMPOH UIF NJEMJOF PG UIF Ǌ%&(� *G UIF TVQFSDPOEVDUJOH TUSJQT IBWF JEFOUJDBM XJEUIT84$ UIFO

UIF DPVQMJOHT ӇK XJMM IBWF UIF GPSN

ӇK(Y) =
∣∣ӇK
∣∣FƦӍJӓK(Y), 	Ǌ�ǋ


ǉǑ



ӓK(Y) = ӓK(Ƥ) +
(−ƥ)K−ƥY#[(8+8TD)

ƦϒƤ
, 	Ǌ�ǌ


XJUI K = ƥ, Ʀ�

5P MPXFTU PSEFS JO UIF QBJSJOH )BNJMUPOJBO)Ʀ UIF QPSUJPO PG UIF UPUBM FOFSHZ UIBU EFQFOET PO UIF

QIBTF EJĎFSFODF CFUXFFO UIF UXP TVQFSDPOEVDUJOH MFBET DBO CF XSJĨFO JO UIF GPSN�

& = −
∫

EYƦ [Ӈ∗Ʀ (YƦ) ⟨ϔ(YƦ,8)⟩ƥ + D.D.] , 	Ǌ�Ǎ


XIFSF ⟨ϔ(Y, Z)⟩ƥ JT UIF PSEFS QBSBNFUFS BU QPJOU (Y, Z) JOEVDFE CZ UIF TVQFSDPOEVDUPS K = ƥ� *O UVSO

UIJT NBZ CF XSJĨFO JO UIF GPSN�

⟨ϔ(Y, Z)⟩ƥ =
∫

EYƥӇƥ(Yƥ)'(Y, Yƥ, Z), 	Ǌ�ǎ


XIFSF ' JT UIF QSPQBHBUPS GSPN QPJOU (Yƥ, Ƥ) UP QPJOU (Y, Z) GPS BO JOEVDFE $PPQFS QBJS� %FQFOEJOH

VQPO UIF SFMBUJWF NBHOJUVEFT PG TQJO�PSCJU DPVQMJOH BOE UIF ;FFNBO DPVQMJOH UIF QSPQBHBUPS 'NBZ

UBLF WBSJPVT GPSNT 	TFF 4FDUJPO Ǌ�ǐ�ǌ
� *O UIF MJNJU XIFSF FJUIFS TUSVDUVSBM JOWFSTJPO BTZNNFUSZ 	4*"


PS CVML JOWFSTJPO BTZNNFUSZ 	#*"
 JT TUSPOH DPNQBSFE UP UIF ;FFNBO DPVQMJOH UIF QBJS NPNFOUVN

TIJě PSJFOUBUJPO JT JOEFQFOEFOU PG QPTJUJPO PO UIF 'FSNJ TVSGBDF� ĉF TIJě PDDVST BMPOH BO BOHMF һ

XJUI SFTQFDU UP UIF Y BYJT BOE UIF QSPQBHBUPS JT

'(Y, Yƥ, Z) =
L'

ƬӍƦW'
· FJҽ + F−Jҽ

(Y− Yƥ)Ʀ + ZƦ
, ҽ = ρL (TJO(һ)Z+ DPT(һ)(Y− Yƥ)) . 	Ǌ�Ǐ


Ǌǈ



8IFO 4*" EPNJOBUFT UIF TQJO�PSCJU DPVQMJOH B NBHOFUJD ėFME #Y JOEVDFT QBJSJOH NPNFOUVN JO

UIF Z EJSFDUJPO BOE UIF PSEFS QBSBNFUFS BMTP PTDJMMBUFT JO UIF Z EJSFDUJPO 	'JHVSF Ǌ�Ǌ"
� 8IFO ρL8 =

Ӎ/Ʀ UIF ėSTU OPEF PG UIF PTDJMMBUJPO DPJODJEFT XJUI UIF MJOF Z = 8 DPSSFTQPOEJOH UP UIF XJEUI PG UIF

KVODUJPO� *ODSFBTJOH UIF QBSBMMFM ėFME TP UIBU ρL8 = ƧӍ/Ʀ MFBET UP DPJODJEFODF PG UIF TFDPOE OPEF

BOE UIF KVODUJPO XJEUI 	'JHVSF Ǌ�Ǌ#
�

*G #*" JOTUFBE EPNJOBUFT UIF TQJO�PSCJU DPVQMJOH XIFO ӂ = Ƥ UIF QBSBMMFM NBHOFUJD ėFME JOEVDFT

PSEFS QBSBNFUFS PTDJMMBUJPOT JO UIF Y EJSFDUJPO 	'JHVSF Ǌ�Ǌ$
�ĉFTF PTDJMMBUJPOT BSJTF EVF UP UIF ėOJUF

MFOHUI PG UIF +PTFQITPO KVODUJPO XJUI BNQMJUVEFT UIBU BSF MBSHFTU OFBS UIF FOET PG UIF NFTB� *O DPO�

USBTU UP UIF MJNJU PG MBSHF 4*" XJUI EPNJOBOU #*" UIF OPEFT PG UIF PSEFS QBSBNFUFS OFWFS DPJODJEF

XJUI UIF KVODUJPO XJEUI� 0TDJMMBUJPOT JO UIF PSEFS QBSBNFUFS JOTUFBE PDDVS XJUI HSFBUFS GSFRVFODZ

BMPOH UIF Y EJSFDUJPO BT UIF NBHOFUJD ėFME JODSFBTFT�

'JOBMMZ XIFO UIF ;FFNBO DPVQMJOH EPNJOBUFT UIF TQJO�PSCJU DPVQMJOH UIF QBJS NPNFOUVN TIJě

NBHOJUVEF JT JTPUSPQJD JO�QMBOF CVU UIF PSJFOUBUJPO MJFT QBSBMMFM UP UIF EJSFDUJPO PG $PPQFS QBJS QSPQB�

HBUJPO� *O UIJT MJNJU UIF QSPQBHBUPS JT

'(Y, Yƥ, Z) =
L'

ƬӍƦW'
· FJҽ + F−Jҽ

(Y− Yƥ)Ʀ + ZƦ
, ҽ = ρL

√
(Y− Yƥ)Ʀ + ZƦ. 	Ǌ�ǐ


)FSF UIF JOEVDFE PSEFS QBSBNFUFS PTDJMMBUFT BMPOH CPUI UIF Y BOE Z EJSFDUJPOT 	'JHVSF Ǌ�Ǌ%
� "M�

UIPVHI UIF TIBQF PG UIF PSEFS QBSBNFUFS SFTFNCMFT UIF MJNJU PG TUSPOH 4*" UIF QPTTJCJMJUZ UP PTDJMMBUF

JO BMM JO�QMBOF EJSFDUJPOT QSFWFOUT B OPEF GSPN GPSNJOH BMPOH B MJOF PG DPOTUBOU Z�

Ǌǉ



a. Dominant SIA. b. Dominant SIA.

c. Dominant BIA. d. Dominant Zeeman.   gμBBxW/ħvF = 3π/2

gμBBxW/ħvF = 3π/2gμBBxW/ħvF = π/2
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Figure 2.2: Theoretical prediction for the spatially varying order parameter
〈
ϔ(Y, Z)ƥ

〉
near a single superconduct-

ing lead, with #[ = 0. (A) With dominant SIA, application of an in-plane magnetic field #Y induces oscillations of the order
parameter in the Z direction, with wavelength IW'/H̃Ӊ##Y. When H̃Ӊ##Y8/!W' = Ӎ/Ʀ, the first node of the order pa-
rameter occurs a distance8 from the superconductor. (B) As the magnitude of magnetic field increases, the wavelength
of order parameter oscillations decreases. When H̃Ӊ##Y8/!W' = ƧӍ/Ʀ, the second order parameter node lies a dis-
tance8 from the superconductor. (C) If instead BIA dominates, the order parameter oscillations occur in the Y direction.
As the magnetic field increases, the frequency of oscillations increases. In the inset, a linecut of the order parameter a
distance8 from the superconductor demonstrates that oscillations are an end effect, with amplitudes which decay into
the bulk of the 2DEG. (D) With weak spin-orbit coupling, the parallel field #Y introduces order parameter oscillations in
both directions.
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Ǌ�ǌ .ŃĸĹŀĽłĻ *łŉĹŇĺĹŇĹłķĹ 1ĵŔĹŇłň

8F DBO MJOL UIF PSEFS QBSBNFUFS PTDJMMBUJPOT UP UIF +PTFQITPO FOFSHZ & CZ JOUFHSBUJOH PWFS UIF TFDPOE

TVQFSDPOEVDUJOH MFBE BU QPTJUJPO Z = 8 BT JO FRVBUJPO 	Ǌ�Ǎ
� #Z UIFO EJĎFSFOUJBUJOH XJUI SFTQFDU UP

UIF QIBTF EJĎFSFODF ӓƦ(Ƥ) − ӓƥ(Ƥ)XF ėOE UIF DVSSFOU�QIBTF SFMBUJPO PG UIF KVODUJPO XIJDI JT UIFO

NBYJNJ[FE XJUI SFTQFDU UP UIF QIBTF EJĎFSFODF UP PCUBJO UIF DSJUJDBM DVSSFOU�

8IFO 4*" EPNJOBUFT UIF TQJO�PSCJU DPVQMJOH UIF DSJUJDBM DVSSFOU QFSJPEJDBMMZ EJTBQQFBST XIFO

UIF OPEBM DPOEJUJPO ρL8 = (ƦO + ƥ)Ӎ/Ʀ JT TBUJTėFE 	'JHVSF Ǌ�ǋ#
�ĉJT TVQQSFTTJPO PG UIF DSJUJDBM

DVSSFOU BSJTFT XIFO TJOHMFU QBJST JOKFDUFE BU POF MFBE FWPMWF UP CFDPNF USJQMFU QBJST BU UIF MPDBUJPO PG

UIF TFDPOE MFBE� ĉF DPOWFSTJPO UP USJQMFU QBJSJOH DPSSFTQPOET UP OPEFT PG UIF JOEVDFE TJOHMFU PSEFS

QBSBNFUFS� XIFO UIFTF OPEFT DPJODJEF XJUI UIF QPTJUJPOT PG UIF MFBET UIF TVQFSDVSSFOU JT DPNQMFUFMZ

TVQQSFTTFE� .JDSPTDPQJDBMMZ UIFTF PTDJMMBUJPOT PG UIF PSEFS QBSBNFUFS DPSSFTQPOE UP ėOJUF NPNFO�

UVN QBJSJOH PG FMFDUSPOT BT EJBHSBNNFE JO UIF JOTFU PG 'JHVSF Ǌ�ǋ#� *O UIF MJNJU PG TUSPOH 4*" UIF

'FSNJ TVSGBDFT PQQPTJUFMZ TIJě JO UIF Z EJSFDUJPO TP UIBU $PPQFS QBJST GPSN JOUFSOBMMZ UP FBDI TVSGBDF

XJUI ėOJUF XBWFWFDUPS ρLẐ� 'VSUIFSNPSF BT UIF QBSBMMFM NBHOFUJD ėFME #Y JODSFBTFT CFZPOE UIF OPEBM

ėFME #OPEF = Ӎ
Ʀ

!W'
HӉ#8  XF PCTFSWF FWJEFODF UIBU UIF KVODUJPO USBOTJUJPOT JOUP B Ӎ�KVODUJPO 	4FDUJPO

Ǌ�Ǒ
�

ĉF QSFEJDUFE JOUFSGFSFODF XJUI TUSPOH 4*" SFTFNCMFT UIF OPEBM QBĨFSO XF PCTFSWF FYQFSJNFOUBMMZ�

)PXFWFS JO OJPCJVN�CBTFE EFWJDFT XF BMTP PCTFSWF UIBU TVQFSDPOEVDUJWJUZ XFBLFOT BOE UIBU OPEFT

PDDVS PWFS BO JODSFBTJOHMZ MBSHF SBOHF PG QBSBMMFM ėFME TUSFOHUIT BT UIF QBSBMMFM ėFME JODSFBTFT� 5P NPEFM

UIJT CFIBWJPS XF DPOTJEFS UIF FĎFDU PG TUSVDUVSBM JNQFSGFDUJPOT JO UIF JOUFSGBDF CFUXFFO UIF TVQFSDPO�

Ǌǋ



EVDUJOH MFBET BOE UIF RVBOUVN XFMM� ĉFTF XPVME JOUSPEVDF SBOEPN ĚVDUVBUJPOT JO UIF EJSFDUJPO PG

UIF JO�QMBOF NBHOFUJD ėFME BU FBDI JOUFSGBDF MFBEJOH UP B SBOEPN DPNQPOFOU PG UIF QBJSJOH NPNFO�

UVN JO UIF Y EJSFDUJPO UIBU HSPXT MJOFBSMZ XJUI UIF JO�QMBOF ėFME� )FODF XF JOUSPEVDF B SBOEPN QIBTF

ӕ ∝ (3ƥ(Yƥ)− 3Ʀ(YƦ))#Y XIFSF UIF SBOEPN WBSJBCMFT 3ƥ(Yƥ) BOE 3Ʀ(YƦ) DPSSFTQPOE UP ĚVDUVBUJPOT

JO UIF EJSFDUJPO PG UIF QBSBMMFM ėFME BU FBDI JOUFSGBDF 	TFF 4FDUJPO Ǌ�ǐ�ǎ GPS EFUBJMT
� 8JUI UIJT SBOEPN�

OFTT UIF DBMDVMBUFE DSJUJDBM DVSSFOUT EJNJOJTI JO NBHOJUVEF BT UIF JO�QMBOF ėFME JODSFBTFT BOE OPEFT

PDDVS PWFS B MBSHFS SBOHF PG JO�QMBOF ėFME JO BHSFFNFOU XJUI PVS FYQFSJNFOUBM PCTFSWBUJPO 	'JHVSF

Ǌ�ǋ$
�

$POTJEFSJOH JOTUFBE #*" BT UIF EPNJOBOU TPVSDF PG TQJO�PSCJU DPVQMJOH XIFO UIF KVODUJPO JT

BMJHOFE UP UIF [ƥƤƤ] PS [ƤƥƤ] DSZTUBM EJSFDUJPO UIF PSEFS QBSBNFUFS PTDJMMBUFT JO UIF Y EJSFDUJPO� ĉJT PT�

DJMMBUJPO DPSSFTQPOET UP TIJěJOH PG UIF 'FSNJ TVSGBDFT PQQPTJUFMZ BMPOH Y TP UIBU $PPQFS QBJST GPSN JO�

UFSOBMMZ UP FBDI TVSGBDF XJUI XBWFWFDUPS ρLŶ 	'JHVSF Ǌ�ǋ%
� 4JODF UIF SFBM�TQBDF TVQFSDVSSFOU EFOTJUZ

BOE UIF +PTFQITPO DSJUJDBM DVSSFOU DBO CF SFHBSEFE BT 'PVSJFS DPOKVHBUFTǊǈ UIJT QBJSJOH NPNFOUVN

SFTVMUT JO UIF ėOJUF XFJHIU PG UIF JOUFSGFSFODF BU B QBSUJDVMBS NBHOJUVEF PG #[ UIBU HSPXT MJOFBSMZ XJUI

UIF QBSBMMFM ėFME GPSNJOH B A7� TIBQF�

*O PVS NFBTVSFNFOUT PG UIF EFWJDF PSJFOUFE XJUI ӂ = Ӎ/Ʀ UIJT TQMJĨJOH XPVME CF TFFO JO UIF MJNJU

PG TUSPOH #*" CVU JT OPU PCTFSWFE FYQFSJNFOUBMMZ 	'JHVSF Ǌ�ǋ& TFF 4FDUJPO Ǌ�Ǐ�ǋ
� "EEJUJPOBMMZ XIFO

KVODUJPOT BSF GBCSJDBUFE BU BO BOHMF ӂ = Ӎ/ƨ XJUI TUSPOH #*" UIF CFIBWJPS JT FYQFDUFE UP TIJě GSPN

UIBU TIPXO JO 'JHVSF Ǌ�ǋ% UP UIF OPEBM TUSVDUVSF JO 'JHVSF Ǌ�ǋ#� 4JODF XF JOTUFBE PCTFSWF CFIBWJPS

UIBU EPFT OPU EFQFOE PO UIF DSZTUBM PSJFOUBUJPO XF DPODMVEF UIBU #*" JO PVS IFUFSPTUSVDUVSF JT SFMB�

UJWFMZ XFBL� ĉJT DPODMVTJPO BHSFFT XJUI B QSFWJPVT NFBTVSFNFOU PG 4IVCOJLPW�EF )BBT PTDJMMBUJPOT JO
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Figure 2.3: Modeling Josephson interference between two superconducting leads. (A) With two leads, paired elec-
trons may traverse the junction beginning at a point Yƥ in the lower superconducting lead (SC 1). The pairing amplitude
at the point YƦ in the upper lead (SC 2) takes account of the phase accumulated due to finite pairing momentum within
the HgTe quantum well. (B) With SIA dominant, the external magnetic field #Y increases the pairing wavevector ρL only
in the Z direction. At certain values ρL = (ƦO + ƥ)Ӎ/(Ʀ8), where O is an integer, the superconducting interference
disappears. A diagram schematically depicts the expected Fermi surfaces and Cooper pairing, where arrows denote
spin direction and pairs are each colored blue or red. Similar diagrams throughout this figure indicate the expectation
for pairing and Fermi surfaces as the model parameters change. (C) Randomness at the interface between the quantum
well and superconductors may arise due to structural imperfections. The random phase causes superconductivity to
weaken as the parallel field increases. (D) For junctions aligned to a principal crystal axis, dominant BIA leads to a pairing
wavevector ρL that grows in the Y direction as #Y increases. The critical current maxima then occur at increasingly large
values of |#[| as #Y grows. Fabricating devices at varying angles with respect to the crystal is expected to modify the in-
terference when BIA dominates. The region outlined in dashed white corresponds to the measured region in Figure 2.1E.
(E) With dominant Zeeman coupling, the pairing magnitude is isotropic in-plane and the interference grows as a hybrid
of the SIA and BIA cases. Characteristically, interference fringes repeatedly combine to form the central fringe at each
successive node in the parallel field. Additionally, with zero perpendicular field, superconductivity disappears at values of
the parallel field that are smaller than the nodal magnetic field in the case with dominant SIA. (F) Including randomness
leads to a similar picture to (C), while retaining the combining of fringes characteristic of dominant Zeeman coupling.
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B )H5F RVBOUVN XFMM XIJDI XBT GPVOE UP CF DPOTJTUFOU XJUI TUSPOH 4*" BOE XFBL #*"Ǌǐ�

*O UIF MJNJU PG PWFSBMM XFBL TQJO�PSCJU DPVQMJOH UIF PSEFS QBSBNFUFS PTDJMMBUFT JO CPUI JO�QMBOF EJ�

SFDUJPOT� ;FFNBO DPVQMJOH BU ėOJUF WBMVFT PG #Y MFBET UP UXP DPODFOUSJD 'FSNJ TVSGBDFT XJUI PQQPTJUF

TQJO QPMBSJ[BUJPO TP UIBU QBJSJOH PDDVST CFUXFFO TVSGBDFT XJUI NPNFOUVN JO BMM JO�QMBOF EJSFDUJPOT

	'JHVSF Ǌ�ǋ&
� *ODSFBTJOH UIF QBSBMMFM NBHOFUJD ėFME DBVTFT UIF JOUFSGFSFODF UP CPUI TQSFBE JO #[ BOE

QFSJPEJDBMMZ PTDJMMBUF B IZCSJE PG UIF UXP BCPWF DBTFT� $IBSBDUFSJTUJDBMMZ BU FBDI OPEF UIF UXP JOUFS�

GFSFODF GSJOHFT BEKBDFOU UP UIF DFOUSBM GSJOHF DPNCJOF UP GPSN UIF TVCTFRVFOU DFOUSBM GSJOHF B EJSFDU

SFTVMU PG UIF JOBCJMJUZ UP GPSN OPEFT JO UIF PSEFS QBSBNFUFS BMPOH MJOFT PG DPOTUBOU Z� "MUIPVHI JU JT

QPTTJCMF UIBU UIJT CFIBWJPS JT QSFTFOU JO UIF EFWJDF XJUI OJPCJVN MFBET UIF OPEBM QBĨFSO JT NPSF DPO�

TJTUFOU XJUI TUSPOH 4*" XJUI BMVNJOVN MFBET BU IJHI EFOTJUZ� *O UIF MJNJU PG PWFSBMM XFBL TQJO�PSCJU

DPVQMJOH XJUI UIF SBOEPN QIBTF ӕ UIF NPEFMFE JOUFSGFSFODF TVDDFTTGVMMZ SFQSPEVDFT NBOZ BTQFDUT

PG UIF CFIBWJPS PCTFSWFE JO UIF OJPCJVN EFWJDF CVU JT TUJMM JODPOTJTUFOU XJUI UIF BMVNJOVN EFWJDFT

	'JHVSF Ǌ�ǋ'
�

Ǌ�Ǎ %ĹńĹłĸĹłķĹ Ńł $ĵŇŇĽĹŇ %ĹłňĽŉŏ

"T BO BEEJUJPOBM TUVEZ JOUP UIF OBUVSF PG FMFDUSPO QBJSJOH NPNFOUVN XF FYQMPSF UIF FWPMVUJPO PG

UIF NJOJNVN KVODUJPO SFTJTUBODF BU EJĎFSFOU QBSBMMFM ėFME #Y WBMVFT XIJMF FOFSHJ[JOH UIF HMPCBM UPQ

HBUF UP NPEJGZ UIF CVML FMFDUSPO EFOTJUZ� %FWJDFT VTFE GPS UIFTF NFBTVSFNFOUT XFSF BMJHOFE TVDI UIBU

ӂ = Ӎ/ƨ DPSSFTQPOEJOH UP UIF EFWJDFT PG 'JHVSF Ǌ�ǉ$%'�)� "U UIF NPTU QPTJUJWF HBUF WPMUBHF BT UIF

NBHOFUJD ėFME JT JODSFBTFE UIF OJPCJVN EFWJDF EJTQMBZT UIF OBSSPX OPEF PG JODSFBTFE SFTJTUBODF OFBS

Ǌǎ



#Y = Ƥ.ƭ5 	'JHVSF Ǌ�ǌ"
� "T CFGPSF BO BEEJUJPOBM XJEFS OPEF JT QSFTFOU OFBS #Y = Ʀ.ƫ5�8IFO UIF

UPQ HBUF WPMUBHF JT MPXFSFE UP−Ʃ 7 UIF ėFME NBHOJUVEF PG UIF MPXFS OPEF JODSFBTFT ėSTU TMPXMZ BOE

UIFO NPSF SBQJEMZ� *O UIF EFWJDF XJUI BMVNJOVN MFBET B TJNJMBS OPEBM TUSVDUVSF JT PCTFSWFE XJUI UIF

NBHOJUVEF PG UIF OPEF XFBLMZ JODSFBTJOH BT UIF UPQ HBUF WPMUBHF JT MPXFSFE GSPN Ƥ.Ʃ 7 UP Ƥ 7 	'JHVSF

Ǌ�ǌ#
�

ĉF EFQFOEFODF PG UIF OPEF NBHOJUVEF PO EFOTJUZ DBO CF DBMDVMBUFE XJUIJO UIF GSBNFXPSL PG

PVS NPEFM CBTFE PO #); UIFPSZ IFSF BTTVNJOH UIF QSFTFODF PG 4*" EVF UP B QFSQFOEJDVMBS FMFD�

USJD ėFME FRVBM UP ǉǈ N7�ON 	TFF 4FDUJPO Ǌ�ǐ�ǉ
� 4JODF UIF NBHOJUVEF PG UIF JOEVDFE $PPQFS QBJS

NPNFOUVN JT BQQSPYJNBUFMZ !ρL ≈ H̃Ӊ##Y/W' UIF EFQFOEFODF PG CPUI H̃ BOE W' PO UIF FMFDUSPO

EFOTJUZ XJMM EJSFDUMZ JOĚVFODF UIF NBHOJUVEF PG UIF QBSBMMFM ėFME OFFEFE UP TBUJTGZ UIF OPEBM DPOEJ�

UJPO ρL8 = (ƦO + ƥ)Ӎ/Ʀ� %VF UP UIF JOWFSUFE OBUVSF PG UIF CBOET UIF H�GBDUPST JO UIF DPOEVDUJPO

CBOET BSF FYQFDUFE UP FWPMWF GSPN−ƦƤ.Ʃ UPXBSE [FSP BT UIF 'FSNJ XBWFWFDUPS EFDSFBTFTǋǏ XIJMF

UIF FYQFDUFE NBHOJUVEFT PG UIF 'FSNJ WFMPDJUJFT ėSTU EFDSFBTF TMJHIUMZ BOE UIFO NPSF SBQJEMZ GBMM UP

[FSP 	'JHVSF Ǌ�ǌ$ %
� 8JUI UIFTF DPOTJEFSBUJPOT XF FYQFDU UIF NBHOJUVEFT PG UIF JOEVDFE QBJSJOH

XBWFWFDUPST BU ǉ 5 UP GBMM UP [FSP GSPN WBMVFT OFBS ǉ�Ǌ� ӉN BT UIF 'FSNJ XBWFWFDUPS EFDSFBTFT 	'JHVSF

Ǌ�ǌ&
� "T B SFTVMU UIF NBHOFUJD ėFME OFFEFE UP TBUJTGZ UIF OPEBM DPOEJUJPO JODSFBTFT BT UIF FMFDUSPO

EFOTJUZ EFDSFBTFT ėOBMMZ EJWFSHJOH BU [FSP FMFDUSPO EFOTJUZ 	DBMDVMBUFE JO CMBDL EPĨFE MJOFT JO 'JHVSF

Ǌ�ǌ"�#
� "MUIPVHI UIF PWFSBMM FWPMVUJPO BHSFFT XFMM XJUI UIF FYQFDUBUJPO GSPN #); UIFPSZ XF ėOE

UIBU PVS NFBTVSFNFOUT PO OJPCJVN BOE BMVNJOVN EFWJDFT SFTQFDUJWFMZ ZJFME WBMVFT PG H̃/W' UIBU BSF

BQQSPYJNBUFMZ ǉ�Ǒ BOE ǉ�ǌ UJNFT HSFBUFS UIBO UIPTF FYQFDUFE UIFPSFUJDBMMZ 	TFF 4FDUJPO Ǌ�ǐ�ǉ
�

4FWFSBM BTQFDUT PG UIF EFOTJUZ�EFQFOEFOU EBUB EP OPU GBMM JOUP UIF NPEFMJOH GSBNFXPSL EJTDVTTFE

ǊǏ



BCPWF BOE BSF JOUFSFTUJOH GPS GVSUIFS DPOTJEFSBUJPO� 'JSTU XF FYQFDU UIBU UIF QPTJUJPO PG UIF OPEF BT�

TPDJBUFE XJUI JOEVDFE $PPQFS QBJS NPNFOUVN TIPVME PDDVS BU IJHIFS QBSBMMFM NBHOFUJD ėFMET BT UIF

EFOTJUZ JT SFEVDFE B CFIBWJPS UIBU XF PCTFSWF POMZ BU IJHI EFOTJUZ� "T UIF EFOTJUZ JT GVSUIFS SFEVDFE

UIF NBHOJUVEF PG UIF OPEBM ėFME FWFOUVBMMZ CFHJOT UP EFDSFBTF BO FMFNFOU PG PVS NPEFM UIBU JT OPU

QSFTFOU BOE SFNBJOT UP CF VOEFSTUPPE CVU DPVME QPTTJCMZ CF FYQMBJOFE CZ B ėOJUF H�GBDUPS BU [FSP EFO�

TJUZ� 4FDPOE JO UIF BMVNJOVN EFWJDF UIF SFHJPO PG SFEVDFE SFTJTUBODF PDDVSSJOH BCPWF UIF ėSTU OPEF

BQQFBST UP CF TUSPOHFTU OFBS UPQ HBUF WPMUBHFT FRVBM UP−Ƥ.ƭ 7 BOE Ƥ.Ʃ 7�8F PCTFSWF UIBU UIFTF UXP SF�

HJPOT PG SFEVDFE SFTJTUBODF BSF DPOOFDUFE CZ B SFHJPO JO XIJDI UIF SFTJTUBODF JT NPSF XFBLMZ SFEVDFE

CVU XF IBWF OP SFBTPO UP FYQFDU UIBU UIF SFEVDUJPO JO SFTJTUBODF BCPWF UIF ėSTU OPEF TIPVME WBSZ BT UIF

EFOTJUZ EFDSFBTFT�

0VS NFBTVSFNFOUT EFNPOTUSBUF UIBU B QBSBMMFM NBHOFUJD ėFME DBO CF VTFE CPUI UP UVOF UIF NPNFO�

UVN PG $PPQFS QBJST JO B NBUFSJBM BOE UP DMBSJGZ UIF OBUVSF PG TQJO�PSCJU DPVQMJOH JO UIBU NBUFSJBM� "

NBKPS DVSSFOU HPBM PG DPOEFOTFE NBĨFS QIZTJDT JT UP VOEFSTUBOE UIF OBUVSF PG UIF TVQFSDPOEVDUJWJUZ

UIBU SFTVMUT XIFO FMFDUSPO QBJSJOH JT DPNCJOFE XJUI NBUFSJBMT QPTTFTTJOH FYPUJD TQJO UFYUVSFT� ĉFSF�

GPSF PVS OFX VOEFSTUBOEJOH UIBU UIF TVQFSDPOEVDUJOH PSEFS QBSBNFUFS DBO CF FOHJOFFSFE JO TQBDF

NBZ CF VUJMJ[FE UP JOWFTUJHBUF TQJO QIZTJDT XJUIJO B CSPBE SBOHF PG NBUFSJBMT JODMVEJOH *O"T�CBTFE

RVBOUVN XFMMT PS UIF TVSGBDFT PG UISFF�EJNFOTJPOBM UPQPMPHJDBM JOTVMBUPSTǎǍ� 0VS NFUIPE UP UVOF UIF

+PTFQITPO FOFSHZ DPVME ėOE BEEJUJPOBM BQQMJDBUJPO JO UIF ėFME PG RVBOUVN JOGPSNBUJPO QSPDFTTJOH

XIFSF EJSFDU DPOUSPM PG UIF FOFSHZ MFWFMT JO B TJOHMF TVQFSDPOEVDUJOH RVCJU DPVME QSPWJEF B QPXFSGVM

UPPM GPS UIF JOWFTUJHBUJPO BOE PQUJNJ[BUJPO PG RVCJU DPIFSFODF�
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Figure 2.4: The evolution of minimum differential resistance as density and parallel magnetic field #Y vary. Differ-
ential resistance measurements are normalized at each point by the normal junction resistance. (A) At the highest gate
voltage in the niobium junction, increasing the magnetic field leads to periodic high-resistance nodes separating regions
of decreased resistance. As the gate voltage is decreased, the magnetic field at the first node rises to larger values of
#Y. (B) The aluminum junction behaves similarly to the niobium junction, although the measurement is limited to a smaller
region outlined in red in (A). At low density, the magnitude of the nodal magnetic field begins to decrease as the density
is lowered, a feature which remains to be understood. (C) The values of #Y at which we expect nodes to appear are sen-
sitive to the density dependence of both the in-plane g-factors and the Fermi velocities, calculated here assuming that
SIA is due to an electric field of 10 mV/nm. Blue and red curves correspond to the inner and outer Fermi surfaces, re-
spectively. As the magnitude of the Fermi wavevector L' decreases, the in-plane g-factors shift from−ƦƤ.Ʃ toward zero.
(D) Meanwhile, the magnitudes of the Fermi velocities decrease to zero. (E) The pairing momenta induced at 1 T con-
sequently decrease to zero from approximately 1.2/ӉN. Since there can be no induced momentum at zero density, the
nodal magnetic field diverges as the density is lowered. The nodal magnetic field averaged over the two Fermi surfaces is
calculated using BHZ theory and plotted as dashed black lines in (A) and (B).
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Ǌ�ǎ %ĹŋĽķĹ $ļĵŇĵķŉĹŇĽňŉĽķň ĵłĸ.ĹĵňŊŇĹŁĹłŉ %ĹŉĵĽŀň

Ǌ�ǎ�ǉ 8ĵĺĹŇ ķļĵŇĵķŉĹŇĽňŉĽķň ĵłĸ ĻĹłĹŇĵŀ ŁĹĵňŊŇĹŁĹłŉň

+VODUJPOT XFSF GBCSJDBUFE VTJOH )H5F�)H$E5F IFUFSPTUSVDUVSFT HSPXO JO UIF [ƤƤƥ] DSZTUBM EJSFDUJPO

	UIF [ EJSFDUJPO
 DPNQPTFE BT TIPXO JO 'JHVSF Ǌ�Ǎ� 8BGFS * DPOUBJOFE BO ǐ ON RVBOUVN XFMM XJUI

BO FMFDUSPO EFOTJUZ PG ƥƧ.Ʃ × ƥƤƥƥ/DNƦ BOE B NPCJMJUZ PG ƧƭƤ, ƤƤƤ DNƦ/7T� 8BGFS ** DPOUBJOFE B Ǐ�ǐ

ON RVBOUVN XFMM XJUI BO FMFDUSPO EFOTJUZ PG Ʀ.ƭ × ƥƤƥƥ/DNƦ BOE B NPCJMJUZ PG ƫƭƤ, ƤƤƤ DNƦ/7T�

+PTFQITPO KVODUJPOT GBCSJDBUFE PO UIFTF XBGFST XFSF BMJHOFE BU WBSZJOH BOHMFT XJUI SFTQFDU UP UIF [ƥƥƤ]

BOE [ƥ̄ƥƤ] DMFBWBHF FEHFT PG UIF DSZTUBM CVU XF EP OPU LOPX XIJDI JT XIJDI JO PVS TBNQMFT� ĉFSFGPSF

XF DBO POMZ TQFDJGZ UIBU UIF BOHVMBS BMJHONFOU DPSSFTQPOET UP B SPUBUJPO BOHMF ӂ XJUI SFTQFDU UP UIF

<ǉǈǈ> DSZTUBM BYJT NPEVMP Ӎ/Ʀ� "MUIPVHI XF EP OPU LOPX XIJDI QSJODJQBM BYJT ӂ JT SFGFSFODFE UP

FYQFSJNFOUBMMZ PVS NPEFM QSFEJDUT UIF TBNF SFTVMUT XIFO ӂ JT SFGFSFODFE UP FJUIFS� ĉF Y BOE Z�BYFT

BMXBZT MJF SFTQFDUJWFMZ QFSQFOEJDVMBS BOE QBSBMMFM UP UIF EJSFDUJPO PG DVSSFOU ĚPX JO EFWJDFT 	TFF 'JHVSF

Ǌ�Ǎ
�

ĉSPVHIPVU UIF SFNBJOEFS PG UIJT DIBQUFS EFWJDFT BSF SFGFSSFE UP JO UIF GPMMPXJOH NBOOFS� %FWJDF

" XBT GBCSJDBUFE CZ EFQPTJUJOH BMVNJOVN MFBET POUP B NFTB FUDIFE JOUP8BGFS * BOE XBT PSJFOUFE

BU BO BOHMF ӂ = Ӎ/ƨ� %FWJDFT # $ BOE % XFSF DPODVSSFOUMZ GBCSJDBUFE CZ EFQPTJUJOH BMVNJOVN

MFBET PO8BGFS ** BOE XFSF SFTQFDUJWFMZ PSJFOUFE BU EJĎFSFOU BOHMFT ӂ = Ƥ, Ӎ/Ʀ, BOE Ӎ/ƨ� %FWJDF &

XBT GBCSJDBUFE VTJOH8BGFS * DPOUBJOFE OJPCJVN MFBET BOE XBT PSJFOUFE BU ӂ = Ӎ/ƨ� %FWJDF ' XBT

GBCSJDBUFE VTJOH8BGFS * DPOUBJOFE BMVNJOVN MFBET BOE XBT PSJFOUFE BU ӂ = Ӎ/ƨ�
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Figure 2.5: Composition of the heterostructures used in the experiment, labeled Wafer I and Wafer II. Both wafers
consist of a HgTe quantum well surrounded by barriers of HgƤ.ƧCdƤ.ƫTe. In Wafer I, a layer containing iodine dopants lies
70 nm below the quantum well. Both wafers were grown on CdTe substrates, in the [001] crystal direction
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TQVĨFSJOH� /FYU B Ǎǈ ON MBZFS PG BMVNJOVN PYJEF XBT HSPXO VTJOH BUPNJD MBZFS EFQPTJUJPO UP JTPMBUF
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Figure 2.6: Resistances of junction leads as the parallel magnetic field is increased in the Y and Z directions, for
junctions with aluminum leads. The critical field in the plane of the leads is consistently above 1.5 T.
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Figure 2.7: The critical current as a function of perpendicular magnetic field #[, as parallel components of the
magnetic field are varied. The data presented here were taken using the device with aluminum leads presented earlier
in the chapter (device D). (A, B) As the parallel magnetic field in either the Y or Z direction is increased, the magnitude
of the maximum critical current decreases. This decrease occurs more rapidly in Z direction than in the Y direction. (C)
Normalizing the Fraunhofer interference at each value of #Y shows that the shape of the interference pattern remains
essentially unaffected until it becomes immeasurably small. (D) In the #Z direction, normalization reveals a dramatically
different behavior of the Fraunhofer interference, where critical current maxima occur at higher values of #[ as #Z is
increased. Concurrently, the weight of the critical current at #[ = Ƥ mT decreases to 0. These observations match
those deduced through measurements of the differential resistance as the parallel magnetic field varies in either the Y or Z
direction. Therefore, both differential resistance and critical current measurements reflect the same basic phenomenon.
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6QPO OPSNBMJ[BUJPO PG UIF JOUFSGFSFODF QBĨFSO BU FBDI TFQBSBUF WBMVF PG UIF QBSBMMFM ėFME UIF BTZN�

NFUSZ CFUXFFO UIF UXP EJSFDUJPOT CFDPNFT NPSF QSPOPVODFE 	'JHVSF Ǌ�Ǐ$ %
� "U BMM WBMVFT PG #Y

UIF TIBQF PG UIF +PTFQITPO JOUFSGFSFODF SFNBJOT FTTFOUJBMMZ VOBĎFDUFE� #Z DPOUSBTU BT #Z JODSFBTFT

UIF DSJUJDBM DVSSFOU TQMJUT JOUP UXP TFQBSBUF NBYJNB XIJDI PDDVS BU MBSHFS WBMVFT PG |#[|� *O 4FDUJPO

Ǌ�ǐ�ǎ XF NPEFM UIF FĎFDU PG UIF JO�QMBOF ėFME #Z XIJDI XF FYQFDU UP JOEVDF B ėOJUF Y DPNQPOFOU PG

UIF QBJSJOH XBWFWFDUPS UIBU HSPXT MJOFBSMZ XJUI #Z� *O KVODUJPOT XJUI ėOJUF MFOHUI BOE XJUI #[ = Ƥ

UIJT QBJSJOH NPNFOUVN JO UIF Y EJSFDUJPO MFBET UP PTDJMMBUJPOT JO UIF PSEFS QBSBNFUFS XIJDI BSF NPTU

QSPOPVODFE OFBS UIF FOET PG UIF KVODUJPO� "T B DPOTFRVFODF XF FYQFDU UIBU BT #Z JODSFBTFT UIF NBY�

JNVN DSJUJDBM DVSSFOUT JO PVS KVODUJPOT XJMM PDDVS BU WBMVFT PG |#[| UIBU HSPX MJOFBSMZ XJUI #Z� 8JUI

POMZ UIF QBSBMMFM ėFME #Y QSFTFOU IPXFWFS UIF JOEVDFE QBJS NPNFOUVN JT FYQFDUFE UP MJF BMPOH UIF Z

EJSFDUJPO� *O UIJT DBTF OP TVDI XBWFWFDUPS JO UIF Y EJSFDUJPO JT PCTFSWFE�
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XJUI SFTQFDU UP UIF DSZTUBM MBĨJDF JO PSEFS UP EFUFSNJOF XIFUIFS CVML JOWFSTJPO BTZNNFUSZ 	#*"


QMBZT B TJHOJėDBOU SPMF JO UIF NPNFOUVN BDRVJSFE CZ $PPQFS QBJST� "T QSFWJPVTMZ NFOUJPOFE UIFTF

EFWJDFT "�& IBWF PSJFOUBUJPO ӂ = Ӎ/ƨ, Ƥ, Ӎ/Ʀ, Ӎ/ƨ, BOE Ӎ/ƨ SFTQFDUJWFMZ� %FWJDFT "�% VTF BMVNJOVN

MFBET XIJMF EFWJDF & VTFT OJPCJVN MFBET� 'PS FBDI TFU PG UIF EFWJDFT XF FYQMPSFE CFIBWJPST SFTVMUJOH

GSPN B QBSBMMFM NBHOFUJD ėFME BQQMJFE JO UIF Y EJSFDUJPO PS JO UIF Z EJSFDUJPO XIJDI JO UIF QSFWJPVT

TFDUJPO XFSF TIPXO GPS EFWJDF % UP EJĎFS�

&WFO BT UIF BOHMF ӂ WBSJFT BNPOH EFWJDFT UIF NBOOFS JO XIJDI TVQFSDPOEVDUJWJUZ FWPMWFT EVF UP
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UIF BQQMJFE ėFME #Y SFNBJOT RVBMJUBUJWFMZ VODIBOHFE BU IJHI EFOTJUZ 	'JHVSF Ǌ�ǐ
� %FWJDFT #�% GBCSJ�

DBUFE PO B TJOHMF QJFDF PG XBGFS TIPX RVBOUJUBUJWF BHSFFNFOU JO UIF WBMVF PG #Y BU XIJDI B TVQFSDPO�

EVDUJOH OPEF BQQFBST� %FWJDFT " BOE & XFSF TFQBSBUFMZ GBCSJDBUFE PO8BGFS * BOE TIPX TMJHIU RVBOUJ�

UBUJWF EJĎFSFODFT CVU OFWFSUIFMFTT UIF TBNF TIBQF� ĉF BQQFBSBODF PG UIFTF OPEFT JO UIF JOUFSGFSFODF

FWPMVUJPO XJUI OP EFQFOEFODF PO UIF DSZTUBM PSJFOUBUJPO TJHOBMT UIBU TUSVDUVSBM JOWFSTJPO BTZNNF�
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 EPNJOBUFT UIF CFIBWJPS PG PVS RVBOUVN XFMMT JO UIF FMFDUSPO�EPQFE SFHJNF 	TFF 4FDUJPOT

Ǌ�ǐ�ǉ�Ǌ�ǐ�ǌ
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8JUI UIF QBSBMMFM ėFME BQQMJFE JO UIF Z EJSFDUJPO BOE BU IJHI EFOTJUZ UIF JOUFSGFSFODF QBĨFSO TQMJUT

GPSNJOH B A7� TIBQF BT #Z JODSFBTFT UIBU JT RVBMJUBUJWFMZ JEFOUJDBM GPS BMM WBMVFT PG ӂ 	'JHVSF Ǌ�Ǒ
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TMPQF PG UIF UXP BSNT PG UIF A7� WBSJFT BNPOH EFWJDFT CVU JU JT TJNJMBS BNPOH EFWJDFT #�% XIJDI XFSF

GBCSJDBUFE DPODVSSFOUMZ� ĉFNPTU ESBNBUJD FĎFDU JT TFFO GPS EFWJDF & XJUI ǉǋǈ ON UIJDL OJPCJVN

MFBET JO XIJDI UIF TMPQF JT BQQSPYJNBUFMZ Ǐ UJNFT TNBMMFS UIBO UIF PUIFS EFWJDFT�

'SPN UIF BCPWF NFBTVSFNFOUT POF DBO DPODMVEF UIBU UIF CBTJD EJĎFSFODFT JO JOUFSGFSFODF BT #Y PS

#Z JT JODSFBTFE IBWF MJĨMF UP EP XJUI UIF PSJFOUBUJPO PG UIF DSZTUBM MBĨJDF� ĉFNPTU TUSJLJOH EJĎFSFODF

JT GPVOE BNPOH UIF EBUB XJUI UIF NBHOFUJD ėFME PSJFOUFE BMPOH UIF Z EJSFDUJPO JO XIJDI UIF UIJDLOFTT
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Figure 2.8: Josephson interference as the magnetic field #Y is increased. (A) Junctions were oriented at an angle ӂ,
modulo Ӎ/2, with respect to the [100] axis of the crystal. Devices generating data in (C-E) were concurrently fabricated
with respect to the same crystal cleavage edge. Devices in (B) and (F) were separately fabricated. All junctions had alu-
minum leads except for in (F), where niobium leads were used. (B) For a junction oriented at ӂ = Ӎ/ƨ with respect to
the crystal, the differential resistance is monitored as both the perpendicular field #[ and the parallel field Bx is altered.
As #Y increases, the position of nodes in the interference pattern does not change, but the interference gradually dis-
appears. (C) A junction oriented at ӂ = Ƥ and (D) a junction oriented at ӂ = Ӎ/2 with respect to the crystal shows
qualitatively identical behavior. (E) A further junction aligned at ӂ = Ӎ/4 shows the same behavior, as previously pre-
sented. (F) The junction with niobium leads is oriented with ӂ = Ӎ/4 and shows interference which remains strongly
weighted at #[ = Ƥ T. The observations on aluminum devices are all consistent with dominant SIA in the quantum well.
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a. b.  Device A: Aluminum, θ = π/4

c.  Device B: Aluminum, θ = 0 d.  Device C: Aluminum, θ = π/2

e.  Device D: Aluminum, θ = π/4 f.  Device E: Niobium, θ = π/4

Figure 2.9: Josephson interference as the magnetic field #Z is increased. (A) Junctions were oriented at an angle ӂ,
modulo Ӎ/2, with respect to the [100] axis of the crystal. As in Figure 2.8, devices generating data in (C-E) were concur-
rently fabricated with respect to the same crystal cleavage edge, and devices in (B) and (F) were separately fabricated.
(B) With the junction aligned such that ӂ = Ӎ/4, the differential resistance is monitored as a function of the perpendic-
ular field #[ and the parallel field #Z. Increasing #Z rapidly causes the weight of interference fringes to shift to larger #[
values, forming a ‘V’ shape. The interference evolves more rapidly due to a parallel field in the Z direction than in the Y
direction due to the fact that leads are spatially displaced in [ with respect to the quantum well. (C) Orienting a junction
at ӂ = 0 introduces no qualitative change to the behavior, as is also the case with (D) a junction oriented at ӂ = Ӎ/2.
Junctions with (E) aluminum and (F) niobium leads are presented, also displaying similar behavior. The enhanced scale of
#[ in the niobium-based junction is due to the increased thickness of the leads.
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Ľł ĵ %ĹŋĽķĹ ŌĽŉļ ӂ = Ӎ/Ʀ

*O UIF QSFWJPVT TFDUJPO JU XBT PCTFSWFE UIBU BU QBSUJDVMBS WBMVFT PG UIF QBSBMMFM NBHOFUJD ėFME #Y OPEFT

PG TVQQSFTTFE TVQFSDPOEVDUJWJUZ PDDVS JO PVS +PTFQITPO KVODUJPOT� "EEJUJPOBMMZ UIJT FWPMVUJPO PG

UIF +PTFQITPO JOUFSGFSFODF XJUI UIF QBSBMMFM ėFME #Y EPFT OPU EFQFOE PO UIF EFWJDF PSJFOUBUJPO XJUI

SFTQFDU UP UIF DSZTUBM� ĉF BQQFBSBODF PG OPEFT XJUI MBDL PG ӂ EFQFOEFODF BMSFBEZ TVHHFTUT UIBU UIF

FĎFDU PG CVML JOWFSTJPO BTZNNFUSZ 	#*"
 JO PVS EFWJDFT JT TNBMM BOE UIBU TUSVDUVSBM JOWFSTJPO BTZN�

NFUSZ 	4*"
 EPNJOBUFT 	4FDUJPOT Ǌ�ǐ�ǉ�Ǌ�ǐ�ǌ
� 4UJMM UIF FWPMVUJPO PG DSJUJDBM DVSSFOUT JO QBSUJDVMBS UIF

NBYJNVN DSJUJDBM DVSSFOU PG JOUFSGFSFODF MPCFT PDDVSSJOH BU OPO[FSP QFSQFOEJDVMBS ėFMET DBO QSPWJEF

GVSUIFS FWJEFODF UIBU #*" JT XFBL� 8IFO ӂ = Ӎ/Ʀ JO UIF MJNJU PG TUSPOH #*" UIFTF TJEF MPCF NBYJ�

NVN DSJUJDBM DVSSFOUT BSF FYQFDUFE UP HSPX BT UIF QBSBMMFM ėFME #Y JT JODSFBTFE GSPN [FSP 	'JHVSF Ǌ�ǋ%
�

)PXFWFS JG 4*" JT TUSPOH UIFTF DSJUJDBM DVSSFOUT BSF FYQFDUFE UP NPOPUPOPVTMZ EFDBZ BT UIF QBSBMMFM

ėFME JODSFBTFT VQ UP UIF ėSTU OPEF�

*O %FWJDF $ PSJFOUFE BU ӂ = Ӎ/Ʀ XF TUVEZ UIF FWPMVUJPO PG UIF ėSTU UISFF TJEFMPCFT BEKBDFOU UP

UIF DFOUSBM MPCF 	'JHVSF Ǌ�ǉǈ"
� " NFBTVSFNFOU PG UIF DSJUJDBM DVSSFOUT PG UIFTF MPCFT JOEJDBUFT UIBU

BMM MPCFT BSF MBSHFTU XIFO #Y = Ƥ5 	'JHVSF Ǌ�ǉǈ#
� 8F FYUSBDU UIF NBYJNVN DSJUJDBM DVSSFOU GPS FBDI

TJEF MPCF QMPĨFE JO 'JHVSF Ǌ�ǉǈ$ GPS FBDI MPCF� "MM DSJUJDBM DVSSFOUT BSF MBSHFTU XIFO #Y = Ƥ5 BOE

BMM EFDBZ NPOPUPOPVTMZ VOUJM CFDPNJOH JOEJTUJOHVJTIBCMF GSPN [FSP� ĉJT FWPMVUJPO PG UIF TJEF MPCF

DSJUJDBM DVSSFOUT QSPWJEFT BEEJUJPOBM FWJEFODF DPOTJTUFOU XJUI XFBL #*" JO PVS EFWJDFT�
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Figure 2.10: Evolution of critical currents, in Device C, oriented such that ӂ = Ӎ/2. Data was taken with the top gate
voltage set to 0 V. (A) The differential junction resistance, measured with no applied DC current, evolves consistently with
the absence of BIA in the device. (B) The critical currents in the interference side lobes adjacent to the central lobe decay
as the parallel field #Y increases from zero. The region of the critical current measurement is outlined in red in (A). Each
side lobe is labeled in white. (C) The extracted maximum critical current for each side lobe. Within each lobe, the critical
current decreases from its maximum value at #Y = Ƥ5.
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Ǌ�ǐ 5ļĹŃŇĹŉĽķĵŀ.ŃĸĹŀ Ńĺ ŉļĹ &ĺĺĹķŉň Ńĺ 4ńĽł�0ŇĶĽŉ $ŃŊńŀĽłĻ Ńł ŉļĹ 1ĵĽŇ 1ŇŃń�

ĵĻĵŉŃŇ

Ǌ�ǐ�ǉ 'ŃŊŇ�#ĵłĸ.ŃĸĹŀ ĵłĸ 4ńĽł�0ŇĶĽŉ &ĺĺĹķŉň Ľł ŉļĹ 2ŊĵłŉŊŁ8Ĺŀŀ

" GPVS�CBOE NPEFM IBT CFFO EFWFMPQFE TUBSUJOH GSPN L·Q UIFPSZ BOE TVCTFRVFOUMZ VTFE UP EFTDSJCF

UIF UPQPMPHZ PG )H5F RVBOUVN XFMMTǐ� )FSF XF BEPQU BO FMBCPSBUJPO PO UIJT NPEFM XIFSF CVML JO�

WFSTJPO BTZNNFUSZ 	#*"
 TUSVDUVSBM JOWFSTJPO BTZNNFUSZ 	4*"
 BOE DPVQMJOH UP BO FYUFSOBM NBH�

OFUJD ėFME BSF JODMVEFE� ĉF GPVS CBOET PSJHJOBUF JO UIF T� BOE Q�MJLF CBOET PG UIF VOEFSMZJOH DSZT�

UBMT TP UIBU UIF CBTJT TUBUFT BSF XSJĨFO BT
∣∣&ƥ,N+ = +ƥ/Ʀ

〉

∣∣)ƥ,N+ = +Ƨ/Ʀ

〉

∣∣&ƥ,N+ = −ƥ/Ʀ

〉


BOE
∣∣)ƥ,N+ = −Ƨ/Ʀ

〉
� *O UIJT OPUBUJPO &ƥ SFGFST UP FMFDUSPO�MJLF TUBUFT XJUI BOHVMBS NPNFOUVN ǉ�Ǌ

XIJMF)ƥ SFGFST UP IPMF�MJLF TUBUFT XJUI BOHVMBS NPNFOUVN ǋ�Ǌ� ĉF)BNJMUPOJBO EFTDSJCJOH UIF TZT�

UFN JT UIFOǎǊǏǈǋǏ�

)ƥ = Ϭ
(
L̂Ʀ
)
+.

(
L̂Ʀ
)
T[ + "L̂YTYӐ[ − "L̂ZTZ + I

(
DPT(ƦӂUI)ӐZ + TJO(ƦӂUI)ӐY

)
TZ

+3Ƥ
T[+ƥ
Ʀ

(
L̂YӐZ − L̂ZӐY

)
− Ӊ# · #⃗ · .⃗

	Ǌ�Ǒ


XIFSF

Ϭ
(
L̂Ʀ
)
= $− %

(
L̂ƦY + L̂ƦZ

)
,.

(
L̂Ʀ
)
= .− #

(
L̂ƦY + L̂ƦZ

)
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ĉF ėSTU GPVS UFSNT BSF UIPTF QSFTFOU JO UIF PSJHJOBM UIFPSZ PG #FSOFWJH )VHIFT BOE ;IBOH� ĉF

ėěI UFSN EFTDSJCFT UIF NBHOJUVEF I PG UIF #*" BOE UIF BOHMF ӂUI CFUXFFO UIF Y BYJT BOE UIF [ƥƤƤ]

DSZTUBM EJSFDUJPO� ĉF TJYUI UFSN JODMVEFT 4*" XJUI TUSFOHUI 3Ƥ/(FE) XIFSF E JT UIF NBHOJUVEF PG BO

FMFDUSJD ėFME PSJFOUFE BMPOH UIF [ BYJT� $PVQMJOH UP UIF FYUFSOBM NBHOFUJD ėFME PDDVST BOJTPUSPQJDBMMZ

BOE JT EJĎFSFOU GPS &ƥ BOE)ƥ TUBUFT EVF UP UIF JOBCJMJUZ PG UIF NBHOFUJD ėFME UP DPVQMFN+ = ±Ƨ/Ʀ UP

ėSTU PSEFS� ĉF WBMVF PG UIF QBSBMMFM H�GBDUPS H|| BOE QFSQFOEJDVMBS H�GBDUPST H&⊥ BOE H)⊥ BMPOH XJUI BMM

PUIFS QBSBNFUFS WBMVFT BSF MJTUFE JO 5BCMF Ǌ�ǉ� ĉF JO�QMBOF XBWFWFDUPST BSF L̂Y = J∂Y BOE L̂Z = J∂Z�

ĉF CBSF FĎFDU PG B QBSBMMFM NBHOFUJD ėFME JT WJTVBMJ[FE CZ TFĨJOH I = Ƥ BOE 3Ƥ = Ƥ BOE DBMDVMBUJOH

UIF DPOEVDUJPO CBOE TQFDUSVN VOEFS WBSJPVT WBMVFT PG #⃗ 	'JHVSF Ǌ�ǉǉ"�$
� *O FBDI QMPU UIF CBOET

BSF QMPĨFE VQ UP UIF 'FSNJ FOFSHZ XIJDI WBSJFT JO PSEFS UP EFNPOTUSBUF WBSJPVT MJNJUJOH DBTFT PG XFBL

PS TUSPOH TQJO�PSCJU DPVQMJOH� ĉF 'FSNJ TVSGBDFT BSF QSPKFDUFE POUP B QMBOF CFMPX UIF CBOET XJUI

UIF TQJO UFYUVSF QMPĨFE BU WBSJPVT QPJOUT PO UIF 'FSNJ TVSGBDFT� ĉF Y BOE Z DPNQPOFOUT PG UIF TQJO

WFDUPST BSF FRVBM SFTQFDUJWFMZ UP ⟨ӐY (ƥ+ T[) /Ʀ⟩ BOE
〈
ӐZ (ƥ+ T[) /Ʀ

〉
 UIF TQJO FYQFDUBUJPO WBMVFT

QSPKFDUFE POUP UIF &ƥ CBOET�

8JUI OP FYUFSOBM NBHOFUJD ėFME UIF DPOEVDUJPO CBOE JT EPVCMZ EFHFOFSBUF EVF UP UIF QSFTFODF
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Figure 2.11: Modeling of the conduction band structure under various spin-orbit and parallel magnetic field
conditions. (A-C) When the spin-orbit coupling is absent, the addition of a 3 T parallel magnetic field simply polarizes
spins in a direction determined by the sign of the in-plane g-factor, H||. With no external magnetic field, the two spin
bands are degenerate (B). (D-F) Dominant structural inversion asymmetry causes axially symmetric spin-splitting to occur
at finite momentum (E). This type of spin-orbit coupling causes the bands to shift orthogonally to the external magnetic
field (D, F), leading to nonzero Cooper pair momentum in the shift direction. (G-I) Dominant bulk inversion asymmetry
with ӂUI = Ƥ, Ӎ/2 acts oppositely to structural inversion asymmetry so that external magnetic fields cause bands to shift
parallel to the external magnetic field. This type of shift is not observed experimentally in our devices.
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PG UIF TQJO EFHSFF PG GSFFEPN NPEFMFE IFSF VQ UP B 'FSNJ FOFSHZ FRVBM UP Ǌǈ NF7� $IBOHJOH UIF

NBHOFUJD ėFME UP ǋ 5 JO UIF Y EJSFDUJPO MJěT UIJT EFHFOFSBDZ EVF UP UIF ;FFNBO FĎFDU SFTVMUJOH JO UXP

DPODFOUSJD 'FSNJ TVSGBDFT DFOUFSFE BU L⃗ = Ƥ� 8JUIJO UIF PVUFS 'FSNJ TVSGBDF TQJOT QPJOU UPXBSE

−Y EVF UP UIF OFHBUJWF WBMVF PG H||� 8JUIJO UIF JOOFS 'FSNJ TVSGBDF TQJOT BSF PQQPTJUFMZ PSJFOUFE�

"QQMJDBUJPO PG B ǋ 5NBHOFUJD ėFME JO UIF Z EJSFDUJPO JEFOUJDBMMZ TQMJUT UIF CBOET BMUIPVHI UIF TQJOT

JO UIJT DBTF PSJFOU BMPOH±Z� *U DBO CF TFFO UIBU XJUI OP TQJO�PSCJU DPVQMJOH BOE BO BQQMJFE JO�QMBOF

NBHOFUJD ėFME QBJST NBZ GPSN XJUI OPO[FSP XBWFWFDUPS JO BOZ JO�QMBOF EJSFDUJPO�

"(F7 · ") #(F7 · "Ʀ) %(F7 · "Ʀ) .(F7) I(F7) ӂUI 3Ƥ/(FE)(ONƦ) E 	N7�ON
 H&⊥ H)⊥ H||

Ƨ.ƪƨƩ −ƪƬ.ƪ −Ʃƥ.Ʀ −Ƥ.ƤƥƤ Ƥ, Ƥ.ƤƤƥƪ Ƥ −ƥƩ.ƪ Ƥ, ƥƤ ƦƦ.ƫ −ƥ.Ʀƥ −ƦƤ.Ʃ

Table 2.1: List of parameters used to model the band structure. Parameters correspond to a quantum well in the inverted
regime, with a well width of 70 Å.

*ODMVEJOH EPNJOBOU 4*" 	FRVJWBMFOU UP B QFSQFOEJDVMBS FMFDUSJD ėFME PG ƥƤN7�ON
 XJUI OP #*"

NPEJėFT UIF FYQFDUBUJPO GPS UIF CBOE TUSVDUVSF 	'JHVSF Ǌ�ǉǉ%�'
� &WFO XJUIPVU BOZ FYUFSOBM NBH�

OFUJD ėFME JO UIJT DBTF UIF CBOET BSF TQJO�TQMJU GPS BMM OPO[FSP XBWFWFDUPST� ĉF BYJBM TZNNFUSZ PG UIF

TQJO�PSCJU DPVQMJOH SFTVMUT JO UIF TQJO UFYUVSF TIPXO JO 'JHVSF Ǌ�ǉǉ& NPEFMFE VQ UP B IJHIFS 'FSNJ

FOFSHZ PG Ǎǈ NF7 UP IJHIMJHIU UIF SFHJNF PG TUSPOH 4*"� /PX DPVQMFE XJUI BO FYUFSOBM NBHOFUJD ėFME

UIFTF GBDUPST SFTVMU JO B CFIBWJPS UIBU JT EJĎFSFOU GSPN UIF DBTF XJUI OP TQJO�PSCJU DPVQMJOH� 8IFO

B NBHOFUJD ėFME JT BQQMJFE JO UIF Y 	 Z
 EJSFDUJPO UIF UXP 'FSNJ TVSGBDFT TIJě PQQPTJUFMZ JO UIF Z 	

Y
 EJSFDUJPO� $POTJTUFOU XJUI PVS PCTFSWBUJPOT PO BMVNJOVN�CBTFE KVODUJPOT JO UIF FMFDUSPO�EPQFE

SFHJNF UIJT TIJě JNQMJFT UIBU B NBHOFUJD ėFME JO UIF Y EJSFDUJPO JOUSPEVDFT B QBJSJOH XBWFWFDUPS JO UIF

Z EJSFDUJPO� "MTP TVQFSėDJBMMZ DPOTJTUFOU XJUI PVS EBUB B NBHOFUJD ėFME JO UIF Z EJSFDUJPO MFBET UP B
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QBJSJOH XBWFWFDUPS JO UIF Y EJSFDUJPO� )PXFWFS UIF NBHOJUVEF PG UIJT XBWFWFDUPS BMPOF JT UPP TNBMM UP

FYQMBJO UIF FYQFSJNFOUBM FWPMVUJPO PG JOUFSGFSFODF BT #Z JT JODSFBTFE� " GVMM FYQMBOBUJPO PG UIJT FĎFDU

JT QSFTFOUFE JO 4FDUJPO Ǌ�ǐ�ǎ� 'JOBMMZ UIF MBDL PG EFQFOEFODF PG 4*" PO UIF BOHMF ӂUI JT DPOTJTUFOU XJUI

PVS NFBTVSFNFOUT 	'JHVSFT Ǌ�ǐ BOE Ǌ�Ǒ
�

*O UIF SFNBJOJOH DBTF UIF FĎFDU PG EPNJOBOU #*" XJUI OP 4*" JT JOWFTUJHBUFE JO 'JHVSF Ǌ�ǉǉ(�* GPS

BO BOHMF ӂUI = Ƥ BOE VQ UP B 'FSNJ FOFSHZ PG Ǌǈ NF7� 4JNJMBSMZ UP UIF DBTF PG TUSPOH 4*" XJUI OP

FYUFSOBM NBHOFUJD ėFME QSFTFOU UIF CBOET BSF TQJO�TQMJU BU OPO[FSP XBWFWFDUPST� )PXFWFS UIF UFYUVSF

PG TQJOT BU UIF 'FSNJ TVSGBDFT EJTQMBZT UFUSBIFESBM TZNNFUSZ JO UIJT DBTF� "T B SFTVMU XIFO B QBSBMMFM

NBHOFUJD ėFME JT QSFTFOU JO UIF Y 	 Z
 EJSFDUJPO UIF UXP 'FSNJ TVSGBDFT TIJě PQQPTJUFMZ JO UIF Y 	 Z


EJSFDUJPO� ĉJT TIJěJOH JT PSUIPHPOBM UP UIF TIJěT QSFTFOU XJUI TUSPOH 4*" BOE EPFT OPU BHSFF XJUI PVS

JOUFSGFSFODF NFBTVSFNFOUT PO EFWJDFT BMJHOFE XJUI ӂ = Ƥ PS Ӎ/Ʀ� 'VSUIFSNPSF UIF TIJě EJSFDUJPO

SPUBUFT CZ Ӎ/Ʀ BT UIF BOHMF ӂUI CFDPNFT Ӎ/ƨ� ĉJT QSFEJDUJPO UIBU UIF EJSFDUJPO PG JOEVDFE $PPQFS QBJS

NPNFOUVN TIPVME EFQFOE PO ӂUI JT BMTP JODPOTJTUFOU XJUI PVS SFTVMUT�

'JOBMMZ XF NPEFM UIF FWPMVUJPO XJUI EFOTJUZ PG UIF JO�QMBOF H�GBDUPS H̃ UIF 'FSNJ WFMPDJUZ W' BOE

UIF QBJS NPNFOUVN TIJě ρL ≈ H̃Ӊ##Y/!W' VOEFS UIF BTTVNQUJPO UIBU #*" JT BCTFOU BOE 4*" JT

EPNJOBOU 	FRVJWBMFOU UP B QFSQFOEJDVMBS FMFDUSJD ėFME PG ǉǈ N7�ON
� "U FBDI EFOTJUZ B QBSUJDVMBS

WBMVF PG UIF NBHOFUJD ėFME TBUJTėFT UIF DPOEJUJPO ρL8 = Ӎ/Ʀ MFBEJOH UP B OPEF JO UIF JOEVDFE

TVQFSDPOEVDUJWJUZ JO UIF KVODUJPO� 8F ėOE UIBU UIF FWPMVUJPO XJUI EFOTJUZ PG UIJT OPEBM NBHOFUJD ėFME

WBMVF BHSFFT XJUI PVS NPEFM BU IJHI EFOTJUJFT� *O OJPCJVN BOE BMVNJOVN EFWJDFT SFTQFDUJWFMZ UIF

WBMVF PG UIF OPEBM NBHOFUJD ėFME JT DPOTJTUFOU XJUI WBMVFT PG H̃/W' UIBU BSF BQQSPYJNBUFMZ ǉ�Ǒ BOE ǉ�ǌ

UJNFT HSFBUFS UIBO UIPTF FYQFDUFE UIFPSFUJDBMMZ� 6TJOH EJĎFSFOU WBMVFT GPS UIF FMFDUSJD ėFME POMZ XFBLMZ
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NPEJėFT UIJT DPODMVTJPO� 'PS FYBNQMF JG UIF 4*" XBT JOTUFBE FRVJWBMFOU UP B QFSQFOEJDVMBS FMFDUSJD

ėFME PG ǌǈ N7�ON XF XPVME ėOE WBMVFT PG H̃/W' BQQSPYJNBUFMZ Ǌ�ǉ BOE ǉ�Ǎ UJNFT HSFBUFS UIBO UIF

UIFPSFUJDBM FYQFDUBUJPO POMZ B∼ ƥƤ% EJĎFSFODF�

Ǌ�ǐ�Ǌ .ŃĸĹŀ Ńĺ ĵ 5ŌŃ�%ĽŁĹłňĽŃłĵŀ &ŀĹķŉŇŃł(ĵň $ŃłŉĵķŉĹĸ Ķŏ 4ŊńĹŇķŃłĸŊķŉĽłĻ

-Ĺĵĸň

*O UIF GPMMPXJOH TFDUJPOT XF NPEFM UIF DPVQMJOH PG TVQFSDPOEVDUJOH MFBET UP PVS RVBOUVN XFMM� 8F

DPOTJEFS B HFPNFUSZ JO XIJDI B UXP�EJNFOTJPOBM FMFDUSPO HBT 	Ǌ%&(
 JT DPOUBDUFE CZ B QBJS PG TVQFS�

DPOEVDUJOH MFBET XJUI B DPOUSPMMFE QIBTF EJĎFSFODF CFUXFFO UIFN BOE XF TFFL UP DBMDVMBUF UIF NBYJ�

NVN TVQFSDVSSFOU UIBU DBO CF DBSSJFE CFUXFFO UIF TUSJQT� ĉF GPMMPXJOH JT B NPSF EFUBJMFE EFSJWBUJPO

PG UIF QBJS QSPQBHBUPS ' VTFE FBSMJFS JO UIJT DIBQUFS UP DBSSZ PVU UIJT HPBM� 8F BTTVNF B )BNJMUPOJBO

) = )Ƥ + )Ʀ XIFSF)Ƥ JT UIF )BNJMUPOJBO GPS UIF Ǌ%&( JO UIF BCTFODF PG UIF TVQFSDPOEVDUPS BOE

)Ʀ JT UIF DPVQMJOH CFUXFFO UIF TVQFSDPOEVDUPST BOE UIF Ǌ%&( EFTDSJCFE CZ B QBJSJOH )BNJMUPOJBO

PG UIF GPSN

)Ʀ = −
∫

EYEZ
[
ρ(Y, Z)ϔ†(Y, Z) + ρ∗(Y, Z)ϔ(Y, Z)

]
. 	Ǌ�ǉǊ


)FSFϔ(Y, Z) ≡ Ӗ↑(Y, Z)Ӗ↓(Y, Z) JT BO PQFSBUPS XIJDI BOOJIJMBUFT B TJOHMFU QBJS PG FMFDUSPOT JO UIF

Ǌ%&( BU UIF QPJOU (Y, Z) XIJMF UIF QBJS QPUFOUJBM ρ(Y, Z) JT B DPNQMFY OVNCFS UIBU EFQFOET PO UIF

QIBTF PG UIF TVQFSDPOEVDUPS BOE UIF UVOOFMJOH BNQMJUVEF BU UIBU QPJOU�

8F BTTVNF UIBU UIF DPOUBDUT CFUXFFO UIF Ǌ%&( BOE UIF TVQFSDPOEVDUPST PDDVS BU UIF FEHFT PG UIF
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TVQFSDPOEVDUPST MPDBUFE BU Z = Ƥ BOE Z = 8 TP UIBU XF NBZ XSJUF

ρ(Y, Z) = Ӈƥ(Y)Ҿ(Z) + ӇƦ(Y)Ҿ(Z−8) ≡ ρƥ(Y, Z) + ρƦ(Y, Z), 	Ǌ�ǉǋ


XJUI−-/Ʀ < Y < -/Ʀ� 8F BTTVNF UIBU UIF NBHOJUVEF PG UIF DPVQMJOH JT DPOTUBOU BMPOH FBDI MFBE

CVU UIF QIBTF XJMM WBSZ JG UIFSF JT B QFSQFOEJDVMBS NBHOFUJD ėFME #[ ̸= Ƥ.8F DIPPTF B HBVHF XIFSF

UIF WFDUPS QPUFOUJBM QPJOUT JO UIF Y EJSFDUJPO XJUI "Y = −#[(Z − 8/Ʀ) TP UIBU UIF WFDUPS QPUFOUJBM

WBOJTIFT BMPOH UIF NJEMJOF PG UIF Ǌ%&(� *G UIF TVQFSDPOEVDUJOH TUSJQT IBWF JEFOUJDBM XJEUIT84$ UIFO

UIF DPVQMJOHT ӇK XJMM IBWF UIF GPSN

ӇK(Y) =
∣∣ӇK

∣∣FƦӍJӓK(Y), 	Ǌ�ǉǌ


ӓK(Y) = ӓK(Ƥ) +
(−ƥ)K−ƥY#[(8+8TD)

ƦϒƤ
, 	Ǌ�ǉǍ


XJUI K = ƥ, Ʀ� ĉF QIBTFT JO FRVBUJPO 	Ǌ�Ǐ
 BSF EFUFSNJOFE CZ UIF DPOEJUJPO UIBU UIFSF TIPVME CF OP

OFU DVSSFOU ĚPX BMPOH UIF MFOHUI PG UIF TVQFSDPOEVDUJOH TUSJQT TP UIF QIBTF HSBEJFOU JO FBDI TVQFS�

DPOEVDUPS TIPVME CF DBODFMFE CZ UIF WFDUPS QPUFOUJBM BMPOH UIF DFOUFS MJOF PG UIF TVQFSDPOEVDUPS�

8F BTTVNF UIBU #[ JT TVđDJFOUMZ XFBL UIBU UIF DZDMPUSPO SBEJVT 3D = !L'/F#[ JT MBSHF DPNQBSFE

UP8 	UZQJDBMMZ JO PVS EFWJDFT 3D ≈ ƥƤ ӉN XIJDI JT MBSHF DPNQBSFE UP8 = ƬƤƤ ON
� *O UIJT DBTF

XF NBZ JHOPSF UIF FĎFDU PG #[ PO UIF USBKFDUPSJFT PG FMFDUSPOT JO UIF Ǌ%&(�.PSFPWFS TJODF XF IBWF

DIPTFO UIF WFDUPS QPUFOUJBM UP WBOJTI BMPOH UIF NJEMJOF PG UIF Ǌ%&( BO FMFDUSPO DSPTTJOH GSPN Z = Ƥ
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UP Z = 8XJMM BDRVJSF OP OFU QIBTF EVF UP UIF WFDUPS QPUFOUJBM� 8F BMTP JHOPSF GPS UIF NPNFOU

BOZ PSCJUBM FĎFDUT PG UIF QBSBMMFM ėFME #||� ĉVT UIF Ǌ%&()BNJMUPOJBO)Ƥ XJMM JODMVEF UIF ;FFNBO

DPVQMJOH UP #|| BT XFMM BT UIF TQJO�PSCJU DPVQMJOH CVU XJMM OPU JODMVEF UFSNT EVF UP UIF NBHOFUJD ėFME

JO UIF LJOFUJD FOFSHZ�

5P MPXFTU PSEFS JO UIF QBJSJOH )BNJMUPOJBO)Ʀ UIF QPSUJPO PG UIF UPUBM FOFSHZ UIBU EFQFOET PO UIF

QIBTF EJĎFSFODF CFUXFFO UIF UXP TVQFSDPOEVDUJOH MFBET DBO CF XSJĨFO JO UIF GPSN�

& = −
∫

EYƦ [Ӈ∗Ʀ (YƦ) ⟨ϔ(YƦ,8)⟩ƥ + D.D.] , 	Ǌ�ǉǎ


XIFSF ⟨ϔ(Y, Z)⟩ƥ JT UIF PSEFS QBSBNFUFS BU QPJOU (Y, Z) JOEVDFE CZ UIF TVQFSDPOEVDUPS K = ƥ� *O UVSO

UIJT NBZ CF XSJĨFO JO UIF GPSN

⟨ϔ(Y, Z)⟩ƥ =
∫

EYƥӇƥ(Yƥ)'(Y, Yƥ, Z), 	Ǌ�ǉǏ


XIFSF ' JT UIF QSPQBHBUPS GSPN QPJOU (Yƥ, Ƥ) UP QPJOU (Y, Z) GPS BO JOEVDFE $PPQFS QBJS� 8F XJMM EFUFS�

NJOF UIF GPSN PG ' JO UIF GPMMPXJOH TFDUJPO�

"T B ėSTU BQQSPYJNBUJPO XF NBZ JHOPSF UIF GBDU UIBU UIFSF BSF CPVOEBSJFT PG UIF Ǌ%&( BU Y =

±-/Ʀ BOE UIBU FMFDUSPOT XJMM CF SFĚFDUFE BU UIFTF CPVOEBSJFT 	FJUIFS TQFDVMBSMZ PS EJĎVTFMZ BOE QPT�

TJCMZ XJUI B TQJO ĚJQ
� 4JNJMBSMZ XF JHOPSF UIF QPTTJCJMJUZ PG TJOHMF�QBSUJDMF SFĚFDUJPO BU Z = Ƥ PS

Z = 8 XIFSF UIF TVQFSDPOEVDUJOH MFBET UPVDI UIF Ǌ%&(� 'VSUIFSNPSF XF BTTVNF UIBU UIF FMFDUSPO

EFOTJUZ JT DPOTUBOU JO UIF Ǌ%&( BOE XF JHOPSF BOZ JOUFSBDUJPOT CFUXFFO FMFDUSPOT JO UIF Ǌ%&(�8F

BMTP JHOPSF TDBĨFSJOH CZ JNQVSJUJFT JOTJEF UIF Ǌ%&(�ĉFO UIF QSPQBHBUPS 'NBZ CF DBMDVMBUFE GPS BO

ǌǐ



JOėOJUF USBOTMBUJPOBMMZ JOWBSJBOU Ǌ%&( XIFSF UIF NPNFOUVN PG FBDI FMFDUSPO JT B HPPE RVBOUVN

OVNCFS� 8F CFMJFWF UIBU DPSSFDUJPOT EVF UP SFĚFDUJPOT BU UIF CPVOEBSJFT XJMM IBWF RVBOUJUBUJWF FĎFDUT

CVU XJMM OPU BĎFDU RVBMJUBUJWFMZ UIF GPSN PG PVS SFTVMUT� .PEFMJOH PG DSJUJDBM DVSSFOU JODMVEJOH TQFDVMBS

SFĚFDUJPOT BU NFTB FEHFT XJMM CF EJTDVTTFE JO 4FDUJPO Ǌ�ǐ�Ǎ BOE Ǌ�ǐ�Ǎ�

Ǌ�ǐ�ǋ %ĹŇĽŋĵŉĽŃł Ńĺ ĵ (ĹłĹŇĵŀ 'ŃŇŁŊŀĵ ĺŃŇ ŉļĹ 1ĵĽŇ 1ŇŃńĵĻĵŉŃŇ '

ĉF GPVS�CBOE NPEFM )BNJMUPOJBO)ƥ GPS PVS RVBOUVN XFMMT XBT QSFWJPVTMZ EJTDVTTFE� 4JODF XF

QSFTFOUMZ BSF JOUFSFTUFE JO CFIBWJPS OFBS UIF 'FSNJ FOFSHZ &' BOE XJUIJO UIF DPOEVDUJPO CBOET POMZ

JO UIF GPMMPXJOH XF BEPQU B TJNQMJėFE UXP�CBOE NPEFM )BNJMUPOJBO� ĉJT )BNJMUPOJBO GPS BO FMFD�

USPO JO UIF Ǌ%&(XJUI NPNFOUVN L⃗ JT HJWFO CZ UIF Ʀ× ƦNBUSJY

)Ƥ
L⃗ = W'(L− L') + Ҽ⃗(L̂) · Ӑ⃗, 	Ǌ�ǉǐ


ҼK = H̃Ӊ##K/Ʀ+ L̂J4JK, 	Ǌ�ǉǑ


XIFSF #K BSF UIF Y BOE Z DPNQPOFOUT PG UIF JO�QMBOF NBHOFUJD ėFME H̃ JT BO FĎFDUJWF H�GBDUPS L̂ ≡

L⃗/L BOE L̂J4JKӐK JT UIF TQJO�PSCJU DPVQMJOH UFSN XIJDI XF BTTVNF UP CF TNBMM DPNQBSFE UP UIF 'FSNJ

FOFSHZ� 8F IBWF IFSF BTTVNFE B TJOHMF FMFDUSPO CBOE BOE BTTVNFE UIBU CBOE TUSVDUVSF JT JTPUSPQJD JO

UIF BCTFODF PG TQJO�PSCJU DPVQMJOH� 8F DBO UIFO XSJUF

ǌǑ



)Ƥ
L⃗ =

∑

Ϯ
Ϭ⃗LϮ1

L̂Ϯ, 	Ǌ�Ǌǈ


XJUI Ϯ = ±ƥ� )FSF Ϭ⃗LϮ BSF UIF UXP FJHFOWBMVFT BOE 1
L̂Ϯ BSF QSPKFDUJPO NBUSJDFT HJWFO CZ

Ϭ⃗LϮ = W'(L− L') + Ϯ
∣∣∣⃗Ҽ
∣∣∣, 1L̂Ϯ = (ƥ+ ϮҼ̂ · Ӑ⃗)/Ʀ, 	Ǌ�Ǌǉ


XJUI Ҽ̂ ≡ Ҽ⃗/
∣∣∣⃗Ҽ
∣∣∣� 8F OFYU EFėOF B Ʀ× ƦNBUSJY GVODUJPO

H(⃗S, Ϭ) ≡ ƥ
(ƦӍ)Ʀ

∑

Ϯ

∫
EƦLFJ⃗L·⃗SҾ(Ϭ − Ϭ⃗LϮ)1

L̂Ϯ. 	Ǌ�ǊǊ


ĉFO MFĨJOH S⃗ = (Y− Yƥ, Z) UIF QBJS QSPQBHBUPS '(Y, Yƥ, Z)NBZ CF FYQSFTTFE BT

'(⃗S) =
∫ ∞

Ƥ
EϬ

∫ ∞

Ƥ
EϬ′

US
[
H(⃗S, Ϭ)ӐZH5(⃗S, Ϭ′)ӐZ + H(⃗S,−Ϭ)ӐZH5(⃗S,−Ϭ′)ӐZ

]

Ʀ(Ϭ + Ϭ′)
, 	Ǌ�Ǌǋ


XIFSF 5 JOEJDBUFT UIF NBUSJY USBOTQPTF�

8F BSF JOUFSFTUFE JO UIF TJUVBUJPO XIFSF L'S ≫ ƥ BOE |Ϭ| ≪ &'� ĉFO UIF JOUFHSBUJPO PWFS UIF

EJSFDUJPO PG L⃗ JT EPNJOBUFE CZ SFHJPOT DMPTF UP UIF FOE QPJOUT XIFSF L⃗ JT FJUIFS QBSBMMFM PS BOUJQBSBMMFM

UP S⃗ BOE UIF FYQSFTTJPO GPS H(⃗S, Ϭ)NBZ CF BQQSPYJNBUFE CZ

H(⃗S, Ϭ) ≈ Lƥ/Ʀ'
(ƦӍ)Ƨ/ƦW'Sƥ/Ʀ

∑

Ϯ

[
FJL'SFJϬS/W'F−JӍ/ƨF−JҾL+Ϯ S1Ϯ+ + F−JL'SF−JϬS/W'FJӍ/ƨFJҾL

−
Ϯ S1Ϯ−

]
	Ǌ�Ǌǌ


Ǎǈ



XIFSF 1Ϯ± JT FRVBM UP 1L̂Ϯ XJUI L̂ = ±Ŝ ≡ ±⃗S/S BOE

ҾL±Ϯ =
Ϯ
∣∣∣⃗Ҽ(±Ŝ)

∣∣∣
W'

. 	Ǌ�ǊǍ


8IFO XF TVCTUJUVUF UIF FYQSFTTJPO GPS H JO GPSNVMB 	Ǌ�Ǌǋ
 GPS '(⃗S) XF NBZ JHOPSF UIF UFSNT QSP�

QPSUJPOBM UP F±ƦJL'S BT UIFTF SBQJEMZ PTDJMMBUJOH UFSNT XJMM HJWF WBOJTIJOH DPOUSJCVUJPO UP UIF FOFSHZ JG

UIF XJEUI PG UIF DPOUBDUT CFUXFFO UIF Ǌ%&( BOE UIF TVQFSDPOEVDUJOH TUSJQT BSF MBSHF DPNQBSFE UP

ƥ/L'� 1FSGPSNJOH UIF JOUFHSBMT PWFS Ϭ BOE Ϭ′ JO UIF SFNBJOJOH UFSNT POF PCUBJOT UIF SFTVMU

'(⃗S) ≈ $
SƦ
∑

ϮϮ′
/ϮϮ′ (̂S)F

−J
(
ҾL+Ϯ −ҾL−Ϯ′

)
S
, 	Ǌ�Ǌǎ


XJUI $ = L'/(ƬӍƦW') BOE

/ϮϮ′ (̂S) = /ϮϮ′(−Ŝ) =
ƥ− ϮϮ′Ҽ̂(̂S) · Ҽ̂(−Ŝ)

Ʀ
. 	Ǌ�ǊǏ


Ǌ�ǐ�ǌ 4ńĹķĽĵŀ $ĵňĹň ĵłĸ -ĽŁĽŉĽłĻ 'ŃŇŁň Ńĺ ŉļĹ 1ĵĽŇ 1ŇŃńĵĻĵŉŃŇ

)FSF XF EJTDVTT TFWFSBM TQFDJBM DBTFT XIJDI MFBE UP MJNJUJOH GPSNT GPS UIF QBJS QSPQBHBUPS '(⃗S)� ĉF

BCPWF FYQSFTTJPOT 	Ǌ�Ǌǎ
 BOE 	Ǌ�ǊǏ
 NBZ CF TJNQMJėFE JO UIF MJNJU XIFSF UIF ;FFNBO FOFSHZ JT TNBMM

DPNQBSFE UP UIF TQJO�PSCJU FOFSHZ TQMJĨJOH� 8IFO #|| = Ƥ XF ėOE UIBU Ҽ̂(̂S) = −Ҽ̂(−Ŝ) TP UIBU

/ϮϮ′ = ҾϮϮ′ � 'VSUIFSNPSF XIFO Ϯ = Ϯ′ XF TFF UIBU UIF FYQPOFOU JO FRVBUJPO 	Ǌ�Ǌǎ
 JT FRVBM UP

[FSP TP 'XJMM IBWF OP PTDJMMBUJPOT BT B GVODUJPO PG S� *G #|| JT OPO[FSP CVU TUJMM TNBMM DPNQBSFE UP UIF

TQJO�PSCJU TQMJĨJOH JU SFNBJOT B HPPE BQQSPYJNBUJPO UP TFU/ϮϮ′ = ҾϮϮ′ � *O UIF FYQPOFOU IPXFWFS XF

Ǎǉ



IBWF

(
ҾL+Ϯ − ҾL−Ϯ

)
= ϮH̃Ӊ##⃗|| · Ҽ⃗(⃗S). 	Ǌ�Ǌǐ


"O JNQPSUBOU FYBNQMF JT UIF DBTF PG QVSF 4*" TQJO�PSCJU DPVQMJOH XIFSF UIF NBUSJY 4 IBT UIF

3BTICB GPSN 4 ∝ JӑZ XIFSF ӑZ JT B 1BVMJ NBUSJY� *O UIJT DBTF XF NBZ XSJUF

(
ҾL+Ϯ − ҾL−Ϯ

)
S = Ϯρ⃗L · S⃗ 	Ǌ�ǊǑ


XJUI

ρ⃗L = [̂× #⃗||H̃Ӊ#/W'. 	Ǌ�ǋǈ


ĉF PTDJMMBUJPOT JO '(⃗S) IBWF B TJNQMF JOUFSQSFUBUJPO JO UIJT DBTF� 8IFO # = Ƥ UIF 'FSNJ TVSGBDF

DPOTJTUT PG UXP DJSDMFT DFOUFSFE BCPVU UIF PSJHJO TQMJU CZ UIF TQJO�PSCJU DPVQMJOH XJUI TQJO PSJFOUB�

UJPOT TIPXO JO 'JHVSF Ǌ�ǋC� "QQMZJOH B XFBL JO�QMBOF NBHOFUJD ėFME XJMM TIJě UIF UXP 'FSNJ DJSDMFT JO

PQQPTJUF EJSFDUJPOT CZ BNPVOUT±ρ⃗L/Ʀ� ĉF GVODUJPO '(⃗S) EFTDSJCFT UIF QSPQBHBUPS XIFO B TJOHMFU

QBJS PG FMFDUSPOT JT JOKFDUFE BU POF QPJOU BOE SFNPWFE BU B TFDPOE QPJOU TFQBSBUFE CZ S⃗� 'PS MBSHF TFQ�

BSBUJPOT '(⃗S) JT EPNJOBUFE CZ QBJST PG FMFDUSPOT UIBU BSF DMPTF UP UIF 'FSNJ FOFSHZ XJUI XBWF WFDUPST

PQQPTJUF UP FBDI PUIFS BOE QBSBMMFM PS BOUJQBSBMMFM UP S⃗� #FDBVTF UIF UXP FMFDUSPOT NVTU IBWF PQQPTJUF

TQJOT UIFZ NVTU CFMPOH UP UIF TBNF CSBODI PG UIF 'FSNJ TVSGBDF� ĉVT UIF JOEVDFE QBJST XJMM IBWF

UPUBM NPNFOUB FRVBM UP±ρ⃗L EFQFOEJOH PO UIF CSBODI Ϯ� ĉFNPNFOUVN TIJěT BSF NBOJGFTU JO UIF

ǍǊ



QIBTF GBDUPST FJϮρ⃗L·⃗S XIJDI BQQFBS JO '(⃗S) JO UIJT DBTF�

*O UIF DBTF PG QVSF #*" DPVQMJOH UIF NBUSJY 4 JT∝ ӑ[ JO PVS DPPSEJOBUF TZTUFN� 8FNBZ BHBJO

XSJUF UIF QIBTF BDDVNVMBUJPO JO UIF GPSN 	Ǌ�ǊǑ
 CVU OPX UIF EJSFDUJPO PG ρ⃗L EFQFOET PO UIF EJSFD�

UJPOT PG #⃗|| SFMBUJWF UP UIF DSZTUBM BYFT�

ĉF GPSNVMB GPS '(⃗S) BMTP CFDPNFT TJNQMF JO UIF DBTF XIFSF UIF ;FFNBO FOFSHZ JT MBSHF DPNQBSFE

UP UIF TQJO�PSCJU TQMJĨJOH� *O UIJT DBTF UIF 'FSNJ TVSGBDF DPOTJTUT PG UXP DPODFOUSJD DJSDMFT XJUI TQJOT

UIBU BSF VOJGPSNMZ BMJHOFE PO FBDI DJSDMF FJUIFS QBSBMMFM PS BOUJQBSBMMFM UP #⃗||� *O PSEFS UP GPSN B TQJO

TJOHMFU XF NVTU DIPPTF POF FMFDUSPO GSPN FBDI 'FSNJ DJSDMF� *G XF BMTP SFRVJSF UIBU UIF NPNFOUB CF

QBSBMMFM PS BOUJQBSBMMFM UP S⃗ XF TFF UIBU UIF JOEVDFE FMFDUSPO QBJS XJMM IBWF B UPUBM NPNFOUVN FRVBM UP

±Ŝ̃HӉ##||/W'.ĉVT XF TIPVME ėOE UIBU UIF QIBTF TIJě JT JOEFQFOEFOU PG UIF EJSFDUJPO PG S⃗�

ĉFTF FYQFDUBUJPOT NBZ CF DPOėSNFE VTJOH UIF GPSNVMBT EFSJWFE BCPWF� *O UIF DBTF XIFSF UIF

;FFNBO FOFSHZ JT MBSHF DPNQBSFE UP UIF TQJO�PSCJU TQMJĨJOH XF ėOE UIBU Ҽ⃗(L̂) JT JOEFQFOEFOU PG L̂ BOE

UIVT/ϮϮ′ = ҾϮ,−Ϯ′ � 'VSUIFSNPSF ҾL+Ϯ − ҾL−−Ϯ = ϮH̃Ӊ##||/W', JOEFQFOEFOU PG S⃗�

Ǌ�ǐ�Ǎ 3ĹĺŀĹķŉĽŃłň ĺŇŃŁ ŉļĹ 4ĵŁńŀĹ &ĸĻĹň

5BLJOH JOUP BDDPVOU UIF FĎFDUT PG FMFDUSPO SFĚFDUJPOT GSPN UIF FOET PG UIF TBNQMF BU Y = ±-/Ʀ XF

TIPVME SFXSJUF UIF QSPQBHBUPS ' JO B NPSF HFOFSBM GPSN BT

'(YƦ, Yƥ,8) = 'Ƥ(⃗S) + 'ƥ
[(

YƦ +
-
Ʀ

)
,

(
Yƥ +

-
Ʀ

)
,8

]
+ 'Ʀ

[(
-
Ʀ
− YƦ

)
,

(
-
Ʀ
− Yƥ

)
,8

]
,

	Ǌ�ǋǉ


Ǎǋ



XIFSF 'Ƥ JT UIF GVODUJPO HJWFO CZ FRVBUJPO 	Ǌ�Ǌǎ
 GPS UIF JOėOJUF TZTUFN S⃗ = (YƦ − Yƥ,8), BT CF�

GPSF BOE 'ƥ BOE 'Ʀ EFTDSJCF UIF DPOUSJCVUJPOT PG FMFDUSPOT SFĚFDUFE GSPN UIF MFě CPVOEBSZ PS SJHIU

CPVOEBSZ SFTQFDUJWFMZ� 8F BTTVNF UIBU UIF MFOHUI - JT MPOH FOPVHI UIBU XF DBO OFHMFDU UIF FĎFDUT PG

FMFDUSPOT UIBU TDBĨFS NVMUJQMF UJNFT GSPN PQQPTJUF CPVOEBSJFT� )FSF XF XJMM BTTVNF UIBU UIF CPVOE�

BSJFT BU Y = ±-/Ʀ BSF SFQSFTFOUFE CZ JOėOJUF QPUFOUJBM CBSSJFST XIJDI BSF QFSGFDUMZ TNPPUI TP UIBU

FMFDUSPOT BSF TQFDVMBSMZ SFĚFDUFE XJUI OP DIBOHF JO TQJO� ĉF TZNNFUSZ PG PVS QSPCMFN XJMM UIFO CF

TVDI UIBU 'ƥ BOE 'Ʀ IBWF JEFOUJDBM GVODUJPOBM GPSNT TP XF OFFE POMZ ėOE UIF GPSN PG 'ƥ� 'PS DPOWF�

OJFODF XF NPWF UIF MFě CPVOEBSZ UP UIF MJOF Y = Ƥ BOE XF BTTVNF UIBU UIF SJHIU CPVOEBSZ JT MPDBUFE

BU Y = ∞� 6TJOH TJNJMBS SFBTPOJOH UP XIBU XF VTFE JO UIF USBOTMBUJPOBMMZ JOWBSJBOU DBTF XF NBZ XSJUF

'ƥ JO UIF GPSN

'ƥ(YƦ, Yƥ,8) =

∫ ∞

Ƥ
EϬ

∫ ∞

Ƥ
EϬ′

US
[
I(YƦ, Yƥ,8, Ϭ)ӐZI5(YƦ, Yƥ,8, Ϭ′)ӐZ + D.D.

]

Ʀ(Ϭ + Ϭ′)
	Ǌ�ǋǊ


XIFSF

I(YƦ, Yƥ,8, Ϭ) = − Lƥ/Ʀ'
(ƦӍ)Ƨ/ƦW'Tƥ/Ʀ

∑

Ϯƥ,ϮƦ

[FJL'TFJϬT/W'F−JӍ/ƨF−J(ҾL+ƥ,Ϯƥ Tƥ+ҾL+Ʀ,ϮƦ TƦ)1Ϯƥ+ƥ 1ϮƦ+Ʀ

+ F−JL'TF−JϬT/W'FJӍ/ƨFJ(ҾL
−
ƥ,Ϯƥ

Tƥ+ҾL−Ʀ,ϮƦ TƦ)1Ϯƥ−ƥ 1ϮƦ−Ʀ ],

	Ǌ�ǋǋ


XIFSF T = [(Yƥ + YƦ)Ʀ +8Ʀ]ƥ/Ʀ Tƥ = TYƥ/(Yƥ + YƦ) TƦ = T− Tƥ BOE

Ǎǌ



ҾL±K,Ϯ =
Ϯ
∣∣∣⃗Ҽ(±L̂K)

∣∣∣
W'

, 	Ǌ�ǋǌ


GPS K = ƥ, Ʀ,XJUI

L̂ƥ = − [(Yƥ + YƦ),−8]

T
, L̂Ʀ =

[(Yƥ + YƦ),8]

T
. 	Ǌ�ǋǍ


T

'VSUIFSNPSF XF IBWF

1Ϯ±K = (ƥ+ ϮҼ̂(±L̂K) · Ӑ⃗)/Ʀ. 	Ǌ�ǋǎ


8F OPX UVSO UP POF QBSUJDVMBS FYBNQMF� *O PSEFS UP FWBMVBUF UIF FYQSFTTJPO 	Ǌ�ǋǊ
 GPS 'ƥ XF NVTU

ėSTU FWBMVBUF UIF USBDF PWFS B QSPEVDU PG QSPKFDUJPO NBUSJDFT BOE ӐZ� *O UIF DBTF PG TUSPOH 4*" DPVQMJOH

BOE XFBL NBHOFUJD ėFME UIF USBDF TJNQMJėFT BOE XF PCUBJO UIF SFTVMU

US
[
1Ϯƥ+ƥ 1ϮƦ+Ʀ ӐZ

(
1
ϮƧ−
ƥ 1

Ϯƨ−
Ʀ

)5
ӐZ
]
= ҾϮƥϮƧҾϮƦϮƨ

[
TJOƦ ӂҾϮƥϮƦ + DPTƦ ӂҾϮƥ,−ϮƦ

]
, 	Ǌ�ǋǏ


XIFSF TJO ӂ = 8/T� 'VSUIFSNPSF GPS #|| JO UIF Z EJSFDUJPO XF ėOE

(ҾL+K,Ϯ − ҾL−K,Ϯ)TK = (−ƥ)KϮYK
H̃Ӊ##Z
W'

. 	Ǌ�ǋǐ


ĉVT JO UIF DBTF PG TUSPOH 4*" BOE #|| JO UIF Z EJSFDUJPO XF ėOE

ǍǍ



'ƥ(YƦ, Yƥ,8) =
Ʀ$ [TJOƦ ӂ DPT ρL(Yƥ − YƦ) + DPTƦ ӂ DPT ρL(Yƥ + YƦ)]

(Yƥ + YƦ)Ʀ +8Ʀ , 	Ǌ�ǋǑ


XIFSF ρL = H̃Ӊ##Z/W', BOE UIF DPOTUBOU $ JT UIF TBNF BT JO FRVBUJPO 	Ǌ�Ǌǎ
�

Ǌ�ǐ�ǎ .ŃĸĹŀĽłĻ +ŃňĹńļňŃł *łŉĹŇĺĹŇĹłķĹ

6TJOH UIF QBJS QSPQBHBUPS '(⃗S) BOE FRVBUJPO 	Ǌ�ǉǎ
 XF DBO DBMDVMBUF UIF +PTFQITPO FOFSHZ BOE DSJUJDBM

DVSSFOU GPS PVS KVODUJPOT� *O UIF MJNJU PG FJUIFS TUSPOH #*" PS TUSPOH 4*" UIF $PPQFS QBJS NPNFOUVN

TIJě PDDVST BU BO BOHMF һ XJUI SFTQFDU UP UIF Y BYJT BOE UIF QBJS QSPQBHBUPS JT

'(YƦ, Yƥ,8) =
L'

ƬӍƦW'
· FJҽ + F−Jҽ

(YƦ − Yƥ)Ʀ +8Ʀ , ҽ = ρL (TJO(һ)8+ DPT(һ)(YƦ − Yƥ)) . 	Ǌ�ǌǈ


"T QSFWJPVTMZ OPUFE JO UIJT DBTF QBJSJOH PDDVST JOUFSOBMMZ UP FBDI 'FSNJ TVSGBDF� *O UIF MJNJU PG XFBL

TQJO�PSCJU DPVQMJOH UIF QBJS QSPQBHBUPS JOTUFBE UBLFT UIF GPSN

'(YƦ, Yƥ,8) =
L'

ƬӍƦW'
· FJҽ + F−Jҽ

(YƦ − Yƥ)Ʀ +8Ʀ , ҽ = ρL
√

8Ʀ + (YƦ − Yƥ)Ʀ. 	Ǌ�ǌǉ


%VF UP UIF PQQPTJUF TQJO QPMBSJ[BUJPO PG UIF UXP 'FSNJ TVSGBDFT QBJSJOH JO UIJT MJNJU JT FYQFDUFE UP

PDDVS CFUXFFO 'FSNJ TVSGBDFT JO DPOUSBTU UP UIF MJNJU PG MBSHF TQJO�PSCJU DPVQMJOH�

ĉF +PTFQITPO FOFSHZ & JT PCUBJOFE JO FBDI MJNJU CZ FWBMVBUJOH FRVBUJPO 	Ǌ�ǉǎ
� #Z EJĎFSFOUJBUJOH

UIF +PTFQITPO FOFSHZ XJUI SFTQFDU UP UIF QIBTF EJĎFSFODF ӓƥ(Ƥ) − ӓƦ(Ƥ)XF ėOE UIF DVSSFOU�QIBTF

Ǎǎ



SFMBUJPO PG UIF KVODUJPO XIJDI JT UIFO NBYJNJ[FE XJUI SFTQFDU UP UIF QIBTF EJĎFSFODF UP PCUBJO UIF

DSJUJDBM DVSSFOU�

1SFWJPVTMZ XF DPOTJEFS POMZ B QBSBMMFM ėFME BMPOH UIF Y EJSFDUJPO BOE XF NPEFM UIF FĎFDU PG TUSVD�

UVSBM JNQFSGFDUJPOT JO UIF JOUFSGBDF CFUXFFO UIF TVQFSDPOEVDUJOH MFBET BOE UIF RVBOUVN XFMM� ĉFTF

XPVME JOUSPEVDF SBOEPN ĚVDUVBUJPOT JO UIF EJSFDUJPO PG UIF JO�QMBOF NBHOFUJD ėFME BU FBDI JOUFSGBDF

MFBEJOH UP B SBOEPN DPNQPOFOU PG UIF QBJSJOH NPNFOUVN JO UIF Y EJSFDUJPO UIBU HSPXT MJOFBSMZ XJUI

UIF JO�QMBOF ėFME� )FODF XF JOUSPEVDF B SBOEPN QIBTF ӕ ∝ (3ƥ(Yƥ)− 3Ʀ(YƦ))#Y XIFSF UIF SBOEPN

WBSJBCMFT 3ƥ(Yƥ) BOE 3Ʀ(YƦ) DPSSFTQPOE UP ĚVDUVBUJPOT JO UIF EJSFDUJPO PG UIF QBSBMMFM ėFME BU FBDI JO�

UFSGBDF� ĉFNPEFMFE TUFQ TJ[F JO Y JT ǌǈ ON XJUI OP DPSSFMBUJPOT CFUXFFO BEKBDFOU QPTJUJPOT� ĉF SBO�

EPN QIBTF ӕ JT VOJGPSNMZ EJTUSJCVUFE CFUXFFO [FSP BOE BO VQQFS CPVOE XIPTF BCTPMVUF NBHOJUVEF

JT FRVBM UP ǉǍ% PG UIF NBYJNVN QIBTF HFOFSBUFE CZ UIF JOUSJOTJD NPNFOUVN� 8JUI UIJT SBOEPNOFTT

UIF DBMDVMBUFE DSJUJDBM DVSSFOUT EJNJOJTI JO NBHOJUVEF BT UIF JO�QMBOF ėFME JODSFBTFT BOE OPEFT PDDVS

PWFS B MBSHFS SBOHF PG JO�QMBOF ėFME JO BHSFFNFOU XJUI UIF FYQFSJNFOUBM PCTFSWBUJPO 	TIPXO JO 'JHVSF

Ǌ�ǋ$ GPS UIF DBTF PG EPNJOBOU 4*"
�

*O HFOFSBM UIF QBSBMMFM ėFME #⃗|| DBO CF PSJFOUFE BOZXIFSF JO UIF QMBOF XIJDI NPEJėFT һ BDDPSEJOHMZ

JO UIF DBTF UIBU TQJO�PSCJU DPVQMJOH JT TUSPOH� "EEJUJPOBMMZ MPPTFOJOH UIF DPOTUSBJOU UIBU #⃗|| MJF QBSBMMFM

UP Y JOUSPEVDFT BO BSUJGBDU XBWFWFDUPS RY ≈ ƦӍ#|| TJO(Ҽ)E/ϒƤ XIFSF E JT UIF IFJHIU EJĎFSFODF CF�

UXFFO UIF DFOUFST PG UIF RVBOUVN XFMM BOE PG UIF TVQFSDPOEVDUJOH MFBET BOE Ҽ JT UIF BOHMF CFUXFFO

UIF QBSBMMFM NBHOFUJD ėFME BOE UIF Y BYJT� ĉJT BEEJUJPOBM QIBTF BSJTFT EVF UP UIF NBHOFUJD ĚVY QFO�

FUSBUJOH UIF BSFB E- GPSNFE CFUXFFO UIF MFBET BOE UIF RVBOUVN XFMM EVF UP UIJT IFJHIU EJĎFSFODF�

*NQPSUBOUMZ OP ĚVY QFOFUSBUFT UIJT BSFB XIFO UIF QBSBMMFM DPNQPOFOU PG UIF NBHOFUJD ėFME JT POMZ JO
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UIF Y EJSFDUJPO TP UIBU JO UIJT DBTF UIF QBJS NPNFOUVN JT TPMFMZ EFUFSNJOFE CZ UIF ;FFNBO DPVQMJOH

BOE UIF TQJO�PSCJU DPVQMJOH�

ĉF CFIBWJPS PG +PTFQITPO JOUFSGFSFODF JO PVS EFWJDFT FTTFOUJBMMZ JOWPMWFT EJĎFSFOU NFDIBOJTNT

XIFO UIF QBSBMMFM NBHOFUJD ėFME MJFT JO UIF Y PS Z EJSFDUJPO� 8JUI UIF BCPWF NPEFMJOH JU JT DMFBS UIBU

UIJT EJĎFSFODF JT EVF UP UIF EFQFOEFODF PG RY PO UIF NBHOFUJD ėFME BOHMF Ҽ TP UIBU UIF EBUB GPS UIF

NBHOFUJD ėFME #Z SFĚFDUT QSJNBSJMZ UIF EJĎFSFODF JO IFJHIU CFUXFFO UIF TVQFSDPOEVDUJOH MFBET BOE

UIF RVBOUVN XFMM� 4JODF XF DBOOPU FOUJSFMZ SVMF PVU FJUIFS EPNJOBOU ;FFNBO DPVQMJOH PS EPNJOBOU

4*" XF NPEFM CPUI QPTTJCJMJUJFT GPS UIJT ėFME EJSFDUJPO� 8JUI EPNJOBOU 4*" BOE UIF IFJHIU EJĎFSFODF

E TFU UP FJUIFS ǉǈ ON 	'JHVSF Ǌ�ǉǊ"
 PS Ǐǈ ON 	'JHVSF Ǌ�ǉǊ#
 UIF NPEFM BHSFFT XFMM XJUI UIF FYQFSJ�

NFOUBM PCTFSWBUJPO� ĉF DPSSFTQPOEJOH NPEFM XJUIPVU BOZ TQJO�PSCJU DPVQMJOH BMTP BHSFFT IPXFWFS

	'JHVSF Ǌ�ǉǊ$ %
�

/FWFSUIFMFTT JU JT DMFBS UIBU XJUI UIF QBSBMMFM NBHOFUJD ėFME JO UIF Z EJSFDUJPO UIF NPTU QSPNJOFOU

GFBUVSF JO UIF SFTQPOTF PG UIF EFWJDF JT ESJWFO CZ UIF QBSBMMFM NBHOFUJD ĚVY QFOFUSBUJOH UIF BSFB E-

BOE OPU CZ FĎFDUT JOUSJOTJD UP UIF IFUFSPTUSVDUVSF� "TTVNJOH UIBU POMZ UIJT QBSBMMFM NBHOFUJD ĚVY DPO�

USJCVUFT POF DBO FTUJNBUF UIF EJTUBODF E GPS FBDI EFWJDF BDDPVOUJOH GPS UIF TMJHIU EJĎFSFODF JO84$

GPS BMVNJOVN BOE OJPCJVN EFWJDFT 	ǉ ӉN BOE ǌǈǈ ON SFTQFDUJWFMZ
� 'PS EFWJDFT "�& UIF DPSSFTQPOE�

JOH EJTUBODF E ≈ Ʀƥ, ƥƤ, ƭ, ƫ, BOE ƫƤ ON JO BHSFFNFOU XJUI MJUIPHSBQIJD EJNFOTJPOT� ĉF TJNJMBS WBM�

VFT PG E GPS EFWJDFT #�% SFĚFDUT UIF GBDU UIBU UIFTF EFWJDFT XFSF BMM GBCSJDBUFE DPODVSSFOUMZ� %FWJDF &

JO XIJDI OJPCJVN XBT VTFE GPS UIF MFBET IBT B NVDI MBSHFS WBMVF PG E EVF UP UIF GBDU UIBU UIF OJPCJVN

UIJDLOFTT XBT MBSHFS UIBO UIF BMVNJOVN UIJDLOFTTFT�

"MUIPVHI UIF QBSBMMFM NBHOFUJD ĚVY EPNJOBUFT UIF SFTQPOTF PG EFWJDFT UP UIF ėFME #Z XJUI QVSFMZ
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4*" JU JT TUJMM JO QSJODJQMF QPTTJCMF JO UIJT EJSFDUJPO UP FYUSBDU UIF JOUSJOTJD OBUVSF PG TQJO�PSCJU DPVQMJOH�

4JODF UIF XBWFWFDUPST RY BOE ρL BEE BOE TVCUSBDU UIF A7� TIBQF PG TVQFSDVSSFOU FWPMVUJPO DPOUBJOT

UXP OFBSMZ JEFOUJDBM TMPQFT XIJDI JO PVS NFBTVSFNFOUT BSF VOPCTFSWBCMF EVF UP UIF DPODVSSFOU EFDBZ

PG TVQFSDPOEVDUJWJUZ� )PXFWFS OPSNBMJ[JOH UIF UIFPSFUJDBM DSJUJDBM DVSSFOU NBHOJUVEF TUJMM SFWFBMT UIF

QPTTJCJMJUZ UP EFUFSNJOF UIF OBUVSF PG TQJO�PSCJU DPVQMJOH VTJOH UIJT QBSBMMFM ėFME EJSFDUJPO 	'JHVSF

Ǌ�ǉǊ&
�

"O BEEJUJPOBM DIBSBDUFSJTUJD DPNNPO BNPOH UIF EBUB TFUT JT BO BTZNNFUSZ JO UIF JOUFSGFSFODF QBU�

UFSO VQPO JOWFSTJPO PG POF DPNQPOFOU PG UIF BQQMJFE NBHOFUJD ėFME� *O 'JHVSF Ǌ�ǉǊ' XF TIPX BO JOUFS�

GFSFODF QBĨFSO NFBTVSFE PO %FWJDF ' XJUI CPUI QPTJUJWF BOE OFHBUJWF DPNQPOFOUT #Z BOE #[� )FSF

UIF EBUB BQQFBST JOWBSJBOU VOEFS JOWFSTJPO PG CPUI DPNQPOFOUT PG UIF NBHOFUJD ėFME BT XF FYQFDU

GSPN UJNF�SFWFSTBM TZNNFUSZ� )PXFWFS UIF MBDL PG TZNNFUSZ VOEFS JOWFSTJPO PG B TJOHMF DPNQPOFOU

PG UIF NBHOFUJD ėFME TVHHFTUT UIBU EFWJDFT MBDL TUSVDUVSBM TZNNFUSZ VOEFS SPUBUJPO CZ ǉǐǈ EFHSFFT�

8F NBZ NPEFM UIJT BTZNNFUSZ BT BSJTJOH GSPN B EJĎFSFODF JO MFOHUIT PG UIF UXP MFBET PO FJUIFS TJEF

PG UIF KVODUJPO� "O FYBHHFSBUJPO PG UIJT FĎFDU XIFSF UIF JOUFSGBDF UP POF MFBE JT ǌ NJDSPOT BOE UP UIF

PUIFS JT ǌ�Ǎ NJDSPOT TIPXT JODSFBTFE JOUFOTJUZ PG JOUFSGFSFODF GPS QPTJUJWF QFSQFOEJDVMBS ėFMET BT DPN�

QBSFE UP OFHBUJWF QFSQFOEJDVMBS ėFMET 	'JHVSF Ǌ�ǉǊ(
 TJNJMBS UP XIBU JT PCTFSWFE FYQFSJNFOUBMMZ�

'JOBMMZ JO BMM PG UIF BCPWF NPEFMJOH XF IBWF JHOPSFE DPOUSJCVUJPOT EVF UP SFĚFDUJPOT BU UIF FOET

PG UIF NFTB� *O 'JHVSF Ǌ�ǉǊ) XF QMPU UIF FYQFDUFE FWPMVUJPO PG JOUFSGFSFODF VQPO JODSFBTJOH #Z BT�

TVNJOH EPNJOBOU 4*" BOE XJUI E = Ƥ JHOPSJOH UIF QPTTJCJMJUZ PG SFĚFDUJPOT BU NFTB CPVOEBSJFT� 8F

NBZ JODMVEF TQFDVMBS SFĚFDUJPOT BU UIF NFTB CPVOEBSJFT JO UIF NPEFM BT EJTDVTTFE JO Ǌ�ǐ�Ǎ� 8JUI UIFTF

DPOUSJCVUJPOT UIF JOUFSGFSFODF FWPMVUJPO JT RVBOUJUBUJWFMZ NPEJėFE 	'JHVSF Ǌ�ǉǊ*
� )PXFWFS UIF A7�
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a. Dominant SIA with d = 10 nm b. Dominant SIA with d = 70 nm c. Dominant Zeeman with d = 10 nm

d. Dominant Zeeman with d = 70 nm e. Dominant SIA with d = 10nm

g. Dominant SIA, d = 10 nm, asymmetry

Critical Current

B
z
 (mT)

-5 0 5

B
y
 (

T
)

0

1

2

3

4

0

0.2

0.4

0.6

0.8

1
Critical Current

B
z
 (mT)

-5 0 5

B
y
 (

T
)

0

1

2

3

4

0

0.2

0.4

0.6

0.8

1

Resistance (Ω)

B
z
 (mT)

-4 -2 0 2 4

B
y
 (

T
)

-0.15

-0.1

-0.05

0

0.05

0.1

0

50

100

f. Resistance Measured with By>0 and By<0

h. Dominant SIA, d = 0 nm, no reflections i. Dominant SIA, d = 0 nm, reflections

Figure 2.12: Modeling of the critical current as the perpendicular magnetic field #[ (generating flux quanta) and
the parallel magnetic field #Z (generating Cooper pair momentum) are varied. (A) With dominant SIA and the height
difference d between the leads and the quantum well set to 10 nm, the interference evolves consistently with measure-
ments of differential resistance on aluminum devices (devices A-D). (B) Increasing d to 70 nm decreases the slope of
each arm of the interference pattern, consistent with the measurement of a device with thicker niobium leads (device E).
(C, D) Eliminating spin-orbit coupling leads to a similar picture for both values of d, highlighting the overwhelming extrin-
sic nature of the pairing momentum induced when the parallel field is applied in the Z direction. E) Normalizing the critical
current at each value of #Z reveals additional features weakly present in the interference with SIA and d = 10 nm. Since
the extrinsic wavevector RZ adds and subtracts with the wavevector ρL induced due to SIA, two slopes are in principle
found in each arm of the interference pattern. However, superconductivity weakens to the extent that such splitting can-
not be conclusively observed in our devices. (F) The resistance of Device F, measured as both #Z and #[ are tuned to
positive and negative values. The measured resistance is observed to be symmetric under inversion of both #Z and #[,
as expected from time-reversal symmetry. Under inversion of either #Z or #[, however, the resistance is asymmetric. (G)
Modeling asymmetry in the lengths of superconducting electrodes leads to asymmetry in the interference with respect
to inversion of #[. Plotted here are the expected critical currents for a device with 4 microns and 4.5 microns as the in-
terfacial lengths. (H) The expected evolution of interference upon increasing By assuming dominant SIA and with d = 0.
(I) Including specular reflections at the mesa ends, assuming the presence of a steep confining potential which does not
flip spins upon reflection, quantitatively modifies the interference evolution. However, qualitatively the behavior remains
unchanged.
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TIBQF PG UIF JOUFSGFSFODF FWPMVUJPO JT TUJMM QSFTFOU XJUI FBDI BSN PG UIF A7� IBWJOH UIF TBNF TMPQF BT

XBT PCUBJOFE CZ JHOPSJOH FEHF SFĚFDUJPOT� )FODF XF DPODMVEF UIBU UIF DPOUSJCVUJPO PG TQFDVMBS SFĚFD�

UJPOT QSFTFSWJOH UIF TQJO EJSFDUJPO POMZ RVBOUJUBUJWFMZ NPEJėFT UIF FYQFDUFE EFWJDF CFIBWJPS� 8F IBWF

OPU DBSSJFE PVU DBMDVMBUJPOT GPS PUIFS CPVOEBSZ DPOEJUJPOT TVDI BT EJĎVTF SFĚFDUJPO CVU XF FYQFDU

UIBU SFTVMUT JO UIFTF DBTFT XPVME OPU CF RVBMJUBUJWFMZ EJĎFSFOU GSPN UIF DBTFT PG TQFDVMBS SFĚFDUJPO PS

OP SFĚFDUJPO BU BMM�

Ǌ�Ǒ &ŋĽĸĹłķĹ ĺŃŇ ŉļĹ 5ŇĵłňĽŉĽŃł ŉŃ ĵ Ӎ�+ŊłķŉĽŃł

*O B DPOWFOUJPOBM +PTFQITPO KVODUJPO XJUI OP FYUFSOBM NBHOFUJD ėFME UIF TVQFSDVSSFOU JT SFMBUFE UP

UIF QIBTF EJĎFSFODF ρӓ CFUXFFO UIF MFBET WJB UIF +PTFQITPO SFMBUJPO *4 = *$ TJO(ρӓ)� )FSF *$ JT UIF

DSJUJDBM DVSSFOU PG UIF KVODUJPO� 8IFO UIF JOEVDFE PSEFS QBSBNFUFS PTDJMMBUFT JO TQBDF JU JT QPTTJCMF

UIBU UIJT PSEFS QBSBNFUFS DBO IBWF B EJĎFSFOU TJHO BU UIF CPVOEBSZ PG FBDI TVQFSDPOEVDUJOH MFBE� ĉJT

NPEJėFT UIF DVSSFOU�QIBTF SFMBUJPO CZ B QIBTF TIJě PG Ӎ TP UIBU JO TVDI B KVODUJPO *4 = *$ TJO(Ӎ +

ρӓ)� ĉFTF KVODUJPOT BSF SFGFSSFE UP BT Ӎ�KVODUJPOT BOE XFSF ėSTU FYQMPSFE JO TZTUFNT DPNQPTFE PG

B GFSSPNBHOFUJD MBZFS TBOEXJDIFE CFUXFFO UXP TVQFSDPOEVDUPST <ǉǈǈ>� " TJNQMF FYQFSJNFOU XIJDI

QSPWJEFT FWJEFODF PG UIF Ӎ QIBTF TIJě DPOTJTUT PG UXP KVODUJPOT DPOOFDUFE JO QBSBMMFM BOE TIBSJOH UIF

TBNF TVQFSDPOEVDUJOH MFBET� *G POF PG UIF KVODUJPOT JT DPOWFOUJPOBM BOE UIF PUIFS JT B Ӎ�KVODUJPO UIFO

JG UIF KVODUJPOT BMTP IBWF FRVBM DSJUJDBM DVSSFOUT UIF UPUBM TVQFSDVSSFOU NVTU CF [FSP JO UIF BCTFODF PG

FYUFSOBM NBHOFUJD ĚVY #[� ĉJT DPOUSBTUT XJUI UIF TUBOEBSE SFTVMU GPS UXP DPOWFOUJPOBM KVODUJPOT JO

TFSJFT JO XIJDI UIF NBYJNVN TVQFSDVSSFOU JT FYQFDUFE XJUI #[ = Ƥ�
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*O PVS KVODUJPOT BQQMZJOH B ėOJUF NBHOFUJD ėFME #Y SFTVMUT JO ėOJUF NPNFOUVN QBJSJOH JO UIF Z

EJSFDUJPO� 'PS B KVODUJPO XJUI XJEUI8 XF FYQFDU UIBU B Ӎ�KVODUJPO TIPVME UIFO CF SFBMJ[FE XIFO

Ӎ
Ʀ

!W'
H̃Ӊ#8

< #Y < ƧӍ
Ʀ

!W'
H̃Ӊ#8

 DPSSFTQPOEJOH UP UIF TJUVBUJPO XIFSF UIF JOEVDFE PSEFS QBSBNFUFS IBT B

TJOHMF OPEF JOTJEF UIF KVODUJPO� 5P DBSSZ PVU UIF FYQFSJNFOU EFTDSJCFE BCPWF SFRVJSFT UIBU XF SFBMJ[F

CPUI B Ӎ�KVODUJPO BOE B DPOWFOUJPOBM KVODUJPO� 5P BDIJFWF UIJT HPBM XF IBWF GBCSJDBUFE B EFWJDF JO

XIJDI B KVODUJPO XJUI EJNFOTJPOT ǐǈǈ ON× ǌ ӉN JT XJSFE JO QBSBMMFM XJUI B KVODUJPO IBWJOH EJNFO�

TJPOT Ǌǈǈ ON× Ǌ ӉN 	'JHVSF Ǌ�ǉǋ"
� 8IFO UIF DPOEJUJPO Ӎ
Ʀ

!W'
H̃Ӊ#8

< #Y < ƧӍ
Ʀ

!W'
H̃Ӊ#8

JT TBUJTėFE GPS

UIF ǐǈǈ ON KVODUJPO UIF Ǌǈǈ ON KVODUJPO XJMM TUJMM CF JO UIF DPOWFOUJPOBM SFHJNF� ĉJT FYQFSJNFOU

UIFSFGPSF BMMPXT POF UP EFUFDU UIF Ӎ QIBTF TIJě BOE BMTP UP WFSJGZ UIBU UIF QBSBMMFM ėFME #Y OFDFTTBSZ UP

BDIJFWF UIF TIJě EFQFOET PO UIF KVODUJPO XJEUI8 � "MM EBUB QSFTFOUFE PO UIJT EFWJDF XFSF DPMMFDUFE BU

B UFNQFSBUVSF PG ǉǈ N, JO UIF TZTUFN EJTDVTTFE QSFWJPVTMZ 	4FDUJPO Ǌ�ǎ�ǉ
�

%VF UP UIF TDSFFOJOH PG UIF QBSBMMFM NBHOFUJD ėFME CZ UIF TVQFSDPOEVDUJOH MFBET 	EFTDSJCFE JO 4FD�

UJPO Ǌ�ǐ�ǎ
 XF IBWF GBCSJDBUFE PVS EFWJDF TVDI UIBU BMM FEHFT PG UIF MFBET XIJDI MJF BMPOH UIF Z EJSFD�

UJPO BSF GBS GSPN UIF BDUJWF BSFBT PG UIF EFWJDF XIJDI DPOUBJO UIF RVBOUVN XFMM� *G UIJT XFSF OPU UIF

DBTF UIF TDSFFOFE ėFME XPVME QFOFUSBUF UIF RVBOUVN XFMM JOIPNPHFOFPVTMZ MFBEJOH UP VOXBOUFE

JOUFSGFSFODF� *OTUFBE UIF RVBOUVN XFMM CFUXFFO UIF Ǌǈǈ ON BOE ǐǈǈ ON KVODUJPOT JT FUDIFE BXBZ

GPSNJOH B 426*% HFPNFUSZ� "OZ TDSFFOFE QBSBMMFM ėFME QFOFUSBUFT UISPVHI UIJT DFOUSBM IPMF MFBE�

JOH UP 426*%�MJLF JOUFSGFSFODF CFUXFFO UIF Ǌǈǈ ON KVODUJPO BOE UIF ǐǈǈ ON KVODUJPO� ĉF DSJUJDBM

DVSSFOU PG UIJT EFWJDF DBO CF TJNVMBUFE XJUI WBSZJOH BNPVOU PG TDSFFOFE ĚVY VTJOH UIF GPSNBMJTN EF�

WFMPQFE JO 4FDUJPO Ǌ�ǐ�Ǌ�Ǌ�ǐ�ǎ� 8JUI OP TDSFFOFE ĚVY UIF FYQFDUFE CFIBWJPS JT TJNVMBUFE JO 'JHVSF

Ǌ�ǉǋ#� *O 'JHVSF Ǌ�ǉǋ$ XF QMPU UIF TBNF TJNVMBUJPO CVU XJUI FYQFSJNFOUBMMZ SFMFWBOU ĚVY TDSFFOJOH�

ǎǊ



*O CPUI TJNVMBUJPOT UIF QFSQFOEJDVMBS ėFME #[ NPEVMBUFT UIF DSJUJDBM DVSSFOU� " MBSHF QFSJPE PG

≈ ǉ N5 DPSSFTQPOET UP UIF BSFB PG UIF Ǌǈǈ ON KVODUJPO XIJMF B TNBMMFS QFSJPE PG≈ ǈ�ǋ N5 DPSSF�

TQPOET UP UIF BSFB PG UIF ǐǈǈ ON KVODUJPO� *O UIF TJNVMBUJPO XJUI OP TDSFFOFE ĚVY XIFO UIF QBSBMMFM

ėFME #Y FYDFFET≈ ǉ�Ǌ 5 UIF DSJUJDBM DVSSFOU EFWFMPQT B TIBSQ NJOJNVN BU #[ � ǈ� ĉJT DSJUJDBM DVSSFOU

NJOJNVN SFTVMUT GSPN UIF GPSNBUJPO PG B Ӎ�KVODUJPO JO UIF ǐǈǈ ON TFDUJPO PG UIF EFWJDF� *O UIF TJNV�

MBUJPO XIJDI JODMVEFT TDSFFOFE ĚVY JODSFBTJOH UIF QBSBMMFM ėFME #Y MFBET UP PTDJMMBUJPOT JO UIF DSJUJDBM

DVSSFOU FWFO BU #[ � ǈ� ĉFTF PTDJMMBUJPOT BSJTF CFDBVTF UIF TDSFFOFE ĚVY QFOFUSBUFT UIF DFOUFS PG UIF

426*% MPPQ GPSNFE CZ FUDIJOH UIF IPMF CFUXFFO UIF UXP KVODUJPOT� )FSF XIFO UIF QBSBMMFM ėFME #Y

FYDFFET≈ ǉ�Ǌ 5 UIF GPSNBUJPO PG B Ӎ�KVODUJPO JO UIF ǐǈǈ ON KVODUJPO NBOJGFTUT BT B Ӎ QIBTF TIJě JO

UIF 426*% PTDJMMBUJPOT� ĉJT JT EVF UP UIF GBDU UIBU XIFO POF BSN PG UIF 426*% MPPQ JT B Ӎ�KVODUJPO

UIF DPOEJUJPO GPS UIF NBYJNVN TVQFSDVSSFOU TIJěT CZ ǉ�Ǌ ĚVY RVBOUVN� 5P JMMVTUSBUF UIJT FĎFDU B MJOF

USBDF PG UIF TJNVMBUFE DSJUJDBM DVSSFOU BU #[ � ǈ JT QMPĨFE JO 'JHVSF Ǌ�ǉǋ%�

5P EFUFSNJOF XIFUIFS UIF Ӎ QIBTF TIJě JT QSFTFOU JO PVS EFWJDF XF NFBTVSFE UIF EJĎFSFOUJBM SF�

TJTUBODF XJUI B TNBMM BNPVOU PG %$ DVSSFOU 	Ǌǈ O"
 BQQMJFE JO PSEFS UP IJHIMJHIU UIF QPTJUJPOT PG UIF

IJHI SFTJTUBODF OPEFT BTTPDJBUFE XJUI DSJUJDBM DVSSFOU NJOJNB� 6QPO JODSFBTJOH UIF QFSQFOEJDVMBS ėFME

#[ XF PCTFSWF UXP QFSJPET PG PTDJMMBUJPO DPSSFTQPOEJOH UP UIF BSFBT PG UIF Ǌǈǈ ON BOE ǐǈǈ ON KVOD�

UJPOT 	'JHVSF Ǌ�ǉǋ&
� 8JUI #[ � ǈ JODSFBTJOH #Y SFWFBMT B TFSJFT PG SFTJTUBODF QFBLT DPSSFTQPOEJOH UP

NJOJNB PG DSJUJDBM DVSSFOU CSPVHIU PO CZ UIF 426*% PTDJMMBUJPOT� "U #Y � ǉ�Ǌ 5 POMZ PTDJMMBUJPOT JO

#[ DPSSFTQPOEJOH UP UIF Ǌǈǈ ON BSFB BSF PCTFSWFE TVHHFTUJOH UIBU JO UIF ǐǈǈ ON EFWJDF TVQFSDVSSFOU

IBT CFFO DPNQMFUFMZ TVQQSFTTFE� "CPWF UIJT OPEBM WBMVF PG #Y XF FYQFDU UP PCTFSWF UIF QSFEJDUFE

QIBTF TIJě JO UIF 426*% PTDJMMBUJPOT XIJDI TJHOJėFT UIF BQQFBSBODF PG B Ӎ�KVODUJPO� 1MPĨJOH UIF EJG�
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GFSFOUJBM SFTJTUBODF BT B GVODUJPO PG #Y FYUSBDUFE XIFO #[ � ǈ XF ėOE UIBU UIF QPTJUJPO PG OPEFT EPFT

JOEFFE TIJě CZ ǉ�Ǌ ĚVY RVBOUVN 	'JHVSF Ǌ�ǉǋ'
�ĉFSFGPSF XF DPODMVEF UIBU B Ӎ�KVODUJPO JT SFBMJ[FE

JO UIF ǐǈǈ ON KVODUJPO BOE OPU JO UIF Ǌǈǈ ON KVODUJPO BOE UIBU UIF PSJHJO PG UIJT Ӎ�KVODUJPO MJFT JO

PTDJMMBUJPOT PG UIF JOEVDFE PSEFS QBSBNFUFS CSPVHIU PO CZ UIF BQQMJDBUJPO PG UIF QBSBMMFM ėFME #Y�

ǎǌ



e. Resistance Data f. Linecut of Data

c. Simulation with Screening d. Simulation of Linecut

a. Device Geometry b. Simulation without Screening

1 umx

y

Figure 2.13: Evidence for the transition to a Ӎ-junction. (A) The device used for these measurements consists of a
junction with dimensions 800 nm× 4 ӉN wired in parallel with a junction having dimensions 200 nm× 2 ӉN. A central
area with no quantum well, created by etching, separates the two junctions by 1 ӉN. (B) An external field in both the Y
and [ directions may be simulated, neglecting screening effects from the leads. In this case, application of the magnetic
field #Y leads to a pair momentum shift in the Z direction. At Bx = 1.2 T, the 800 nm junction transitions to a Ӎ-junction
state. Above this nodal field, the critical current develops a minimum at #[ = Ƥ due to the presence of both a con-
ventional and Ӎ-junction in the device. (C) Including the screening of the magnetic field #Y by the aluminum leads, the
simulation shows that increasing #Y while keeping #[ = Ƥ leads to oscillations in the critical current. These are due to
flux penetrating the central hole in the device and are essentially the critical current oscillations of a SQUID loop. (D) In
this situation, the transition of the 800 nm junction to a Ӎ-junction is then expected to manifest as a phase shift in these
SQUID oscillations. A linecut of the simulated critical current at #[ = Ƥ, as a function of #Y , displays this shift. (E) The
measured differential resistance of the device, with a DC current bias of 20 nA, shows a node structure which matches
the predicted interference. (F) Extracting the differential resistance at #[ = Ƥ shows a periodic dependence on #Y at low
fields, with the predicted phase shift above #Y = ƥ.Ʀ T.
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3
5PQPMPHJDBM 4VQFSDPOEVČJWJUZ JO B

1IBTF�$POUSPMMFE +PTFQITPO +VOČJPO

5ŃńŃŀŃĻĽķĵŀ ňŊńĹŇķŃłĸŊķŉŃŇň DBO TVQQPSU MPDBMJ[FE.BKPSBOB TUBUFT BU UIFJS CPVOEBSJFT� ĉFTF

RVBTJ�QBSUJDMF FYDJUBUJPOT IBWF OPO�"CFMJBO TUBUJTUJDT UIBU DBO CF VTFE UP FODPEF BOE NBOJQVMBUF RVBO�
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UVN JOGPSNBUJPO JO B UPQPMPHJDBMMZ QSPUFDUFE NBOOFS� 8IJMF TJHOBUVSFT PG .BKPSBOB CPVOE TUBUFT IBWF

CFFO PCTFSWFE JO POF�EJNFOTJPOBM TZTUFNT UIFSF JT BO POHPJOH FĎPSU UP ėOE BMUFSOBUJWF QMBUGPSNT UIBU

EP OPU SFRVJSF ėOF�UVOJOH PG QBSBNFUFST BOE DBO CF FBTJMZ TDBMBCMF UP MBSHF OVNCFST PG TUBUFT� )FSF

XF QSFTFOU B OPWFM FYQFSJNFOUBM BQQSPBDI UPXBSET B UXP�EJNFOTJPOBM BSDIJUFDUVSF JOTQJSFE CZ UIF FY�

QFSJNFOUBM PCTFSWBUJPOT PG UIF QSJPS DIBQUFS BOE UIFPSFUJDBM XPSL UIBU GPMMPXFE UIPTF PCTFSWBUJPOTǍǎ�

6TJOH B +PTFQITPO KVODUJPO NBEF PG )H5F RVBOUVN XFMM DPVQMFE UP UIJO�ėMN BMVNJOVN XF BSF BCMF

UP UVOF CFUXFFO B USJWJBM BOE B UPQPMPHJDBM TVQFSDPOEVDUJOH TUBUF CZ DPOUSPMMJOH UIF QIBTF EJĎFSFODF

ӓ BDSPTT UIF KVODUJPO BOE BQQMZJOH BO JO�QMBOF NBHOFUJD ėFME� 8F EFUFSNJOF UIF UPQPMPHJDBM TUBUF PG

UIF JOEVDFE TVQFSDPOEVDUPS CZ NFBTVSJOH UIF UVOOFMJOH DPOEVDUBODF BU UIF FEHF PG UIF KVODUJPO� "U

MPXNBHOFUJD ėFMET XF PCTFSWF B NJOJNVN JO UIF UVOOFMJOH TQFDUSB OFBS [FSP CJBT DPOTJTUFOU XJUI B

USJWJBM TVQFSDPOEVDUPS� )PXFWFS BT UIF NBHOFUJD ėFME JODSFBTFT UIF UVOOFMJOH DPOEVDUBODF EFWFMPQT

B [FSP�CJBT QFBL XIJDI QFSTJTUT PWFS B SBOHF PG ӓ UIBU FYQBOET TZTUFNBUJDBMMZ XJUI JODSFBTJOH NBHOFUJD

ėFMET� 0VS PCTFSWBUJPOT BSF DPOTJTUFOU XJUI UIFPSFUJDBM QSFEJDUJPOT GPS UIJT TZTUFN BOE XJUI GVMM RVBO�

UVNNFDIBOJDBM OVNFSJDBM TJNVMBUJPOT QFSGPSNFE PO NPEFM TZTUFNT XJUI TJNJMBS EJNFOTJPOT BOE

QBSBNFUFST� 0VS XPSL FTUBCMJTIFT UIJT TZTUFN BT B QSPNJTJOH QMBUGPSN GPS SFBMJ[JOH UPQPMPHJDBM TVQFS�

DPOEVDUJWJUZ BOE GPS DSFBUJOH BOE NBOJQVMBUJOH.BKPSBOB NPEFT BOE XJMM UIFSFGPSF PQFO OFX BWFOVFT

GPS QSPCJOH UPQPMPHJDBM TVQFSDPOEVDUJOH QIBTFT JO UXP�EJNFOTJPOBM TZTUFNT�

ǎǏ



ǋ�ǉ *łŉŇŃĸŊķŉĽŃł

.BKPSBOB CPVOE TUBUFT 	.#4
 BSF RVBTJQBSUJDMF FYDJUBUJPOT UIBU BSF UIFJS PXO BOUJQBSUJDMFT BOE IFODF

DBO TFSWF BT UIF CBTJT PG UPQPMPHJDBM RVBOUVN DPNQVUJOH XIFSF RVBOUVN JOGPSNBUJPO DBO CF TUPSFE

BOE NBOJQVMBUFE SPCVTUMZǌǍǋǌǋǍǌǋǍǍǍǋǎǎǐǊ� 4QFDUSPTDPQJD TUVEJFT IBWF CFFO DPOEVDUFE JO WBSJ�

PVT POF�EJNFOTJPOBM TZTUFNT TVDI BT QSPYJNJUJ[FE OBOPXJSFT BOE BUPNJD DIBJOT XIFSF [FSP�CJBT

QFBLT FYJTU JO UIF UVOOFMJOH TQFDUSPTDPQZ JO JOEJWJEVBM QBSUT PG UIF QBSBNFUFS TQBDF BTTPDJBUFE XJUI

.#4ǍǉǎǉǉǋǉǌǊǉǉǉǊǉǏǊǑǏǌǍǊǌǊ� %FTQJUF UIF HSPXJOH FWJEFODF TDBMBCMF OFUXPSLT PG .BKPSBOB

RVCJUT IBWF QSPWFO B DIBMMFOHF UP PCUBJO JO TVDI POF�EJNFOTJPOBM QMBUGPSNT EVF UP CPUI UIF JOUSJOTJD

JOTUBCJMJUJFT BTTPDJBUFE XJUI POF�EJNFOTJPOBM TZTUFNT BOE UIF UFDIOPMPHJDBM PCTUBDMFT JO UIFJS QIZT�

JDBM JNQMFNFOUBUJPOǎǍǋǊ� ĉFSFGPSF UP VOEFSTUBOE BOE IBSWFTU UIF GVMM QPXFS PG .#4 QIZTJDT UXP�

EJNFOTJPOBM QMBUGPSNT UIBU DBO SFBMJ[F UPQPMPHJDBM TVQFSDPOEVDUJWJUZ BSF JO EFNBOE GPS QBĨFSOJOH

MBSHF�TDBMF OFUXPSLT PG .BKPSBOB EFWJDFT BT XFMM BT JOUFHSBUJOH UIFN XJUI PUIFS RVBOUVN JOGPSNBUJPO

EFWJDFT BOE TZTUFNT JO B SFQSPEVDJCMF BOE DPOUSPMMFE GBTIJPOǉǍ�

ǋ�Ǌ 4ĹŉŊń Ńĺ ŉļĹ 4ŏňŉĹŁ

ǋ�Ǌ�ǉ 5ļĹŃŇĹŉĽķĵŀ 4ĹŉŊń

8F EFTJHO BOE JNQMFNFOU B DPOUSPMMBCMF UXP�EJNFOTJPOBM QMBUGPSN GPS SFBMJ[JOH UPQPMPHJDBM TVQFS�

DPOEVDUJWJUZ CBTFE PO B SFDFOU UIFPSFUJDBM QSPQPTBM GPS B QMBOBS +PTFQITPO KVODUJPO DSFBUFE PVU PG B

UXP�EJNFOTJPOBM FMFDUSPO HBT 	Ǌ%&(
 TVCKFDU UP B TUSPOH 3BTICB TQJO�PSCJU JOUFSBDUJPO TBOEXJDIFE
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CFUXFFO UXP BMVNJOVN TVQFSDPOEVDUJOH MFBET 	'JHVSF ǋ�ǉB
Ǎǎ� *O UIJT TZTUFN UIF QIBTF USBOTJUJPO

CFUXFFO USJWJBM BOE UPQPMPHJDBM TVQFSDPOEVDUJWJUZ DBO CF UVOFE VTJOH UXP JOEFQFOEFOU LOPCT � UIF

QIBTF EJĎFSFODF BDSPTT UIF KVODUJPO ӓ BOE UIF ;FFNBO FOFSHZ &; HPWFSOFE CZ BO FYUFSOBM NBHOFUJD

ėFME BQQMJFE JO UIF QMBOF PG UIF KVODUJPO� *O B MPOH +PTFQITPO KVODUJPO XIJDI JT USBOTMBUJPOBMMZ JOWBSJ�

BOU BMPOH Y UIF EJSFDUJPO QBSBMMFM UP UIF TVQFSDPOEVDUJOH FMFDUSPEFT TVQFSDVSSFOU JT DBSSJFE CZ CBOET

PG "OESFFW CPVOE TUBUFT JO UIF OPSNBM SFHJPO GPSNFE CZ TVDDFTTJWF "OESFFW SFĚFDUJPOT BU UIF OPSNBM�

TVQFSDPOEVDUPS JOUFSGBDFTǌǏ� ĉF FOFSHZ PG FBDI "OESFFW TUBUF UIVT EFQFOET CPUI PO ӓ BOE PO UIF

QIBTF BDDVNVMBUFE CZ UIF RVBTJQBSUJDMFT USBWFSTJOH UIF KVODUJPO BU WBSJPVT BOHMFT GSPN UIF Y�EJSFDUJPO�

ĉFSFGPSF UIF "OESFFW TUBUFT DBO IBWF B GVMM SBOHF PG XBWFWFDUPST XJUI UIF Y�DPNQPOFOUT PG UIFJS

XBWFOVNCFST LY WBSZJOH JO NBHOJUVEF GSPN Ƥ UP OFBSMZ UIF 'FSNJ XBWFOVNCFS L'� ĉFJS FOFSHJFT

IFODF EJTQFSTF UP GPSN B DPOUJOVPVT TVC�HBQ TQFDUSVN� *OUFSFTUJOHMZ XIFO OPSNBM SFĚFDUJPO BU UIF

OPSNBM�TVQFSDPOEVDUPS JOUFSGBDF JT XFBL UIFTF "OESFFW CBOET BSF SFMBUJWFMZ ĚBU BOE EJTQFSTF POMZ

XFBLMZ XJUI DIBOHJOH LY 	'JHVSF ǋ�ǊB
� ĉJT MFBET UP B TUSPOHMZ FOIBODFE EFOTJUZ PG TUBUFT OFBS [FSP FO�

FSHZ JO UIF WJDJOJUZ PG UIF UPQPMPHJDBM QIBTF USBOTJUJPO� 8IFO OPSNBM SFĚFDUJPO JT UBLFO JOUP BDDPVOU

UIF CBOET BDRVJSF B OPO[FSP XJEUI 	'JHVSF ǋ�ǊC
�

ǋ�Ǌ�Ǌ 1ļĵňĹ %ĽĵĻŇĵŁ Ńĺ ŉļĹ 5ŃńŃŀŃĻĽķĵŀ 1ļĵňĹ 5ŇĵłňĽŉĽŃł

" UPQPMPHJDBM QIBTF USBOTJUJPO JO B DMFBO KVODUJPO JT BDDPNQBOJFE CZ B [FSP�FOFSHZ DSPTTJOH BU LY = Ƥ

	'JHVSF ǋ�ǉC
� 8IFO UIF ;FFNBO FOFSHZ JT [FSP UIF LY = Ƥ "OESFFW TUBUFT BSF UXPGPME EFHFOFSBUF

BOE DSPTT BU ӓ = Ӎ JO UIF BCTFODF PG OPSNBM SFĚFDUJPOT� " ėOJUF NBHOFUJD ėFME QBSBMMFM UP UIF Y�BYJT

TFQBSBUFT UIF LY = Ƥ TUBUFT CZ B QIBTF EJĎFSFODF ρӓ = ƦӍ&;/&5 XIFSF &; JT UIF ;FFNBO FOFSHZ
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Figure 3.1: Topological transition in a phase-controlled Josephson junction. a, Device schematics for a planar
Josephson junction created out of a 2DEG (shown in cyan) sandwiched between two aluminum superconducting leads,
whose ends connect to form a flux loop (shown in steel blue).� The tip of the tunnel probe (shown in gold) overlaps the
HgTe quantum well, separated by a region of CdHgTe (shown in pastel colors). The perpendicular component of the
external magnetic field #[ is used to tune the phase difference across the junction, while its in-plane component #Y,
parallel to the superconducting-normal interface, is used to tune the Zeeman energy. b, The bound-state spectrum for
LY = Ƥ for a junction that is long in the Y-direction and symmetric in the Z-direction. It is twofold degenerate in the
absence of any external magnetic field (dashed lines), and spin-split in the presence of an external in-plane field (solid
lines in rose, blue, violet, and cyan for the spin-up and spin-down electrons and holes), accommodating a topological
phase to develop in the range of ӓ between the zero-bias crossings (shaded regions colored blue). c, Phase diagram
as a function of the Zeeman energy &; (given in units of the Thouless energy &5) and the phase difference ӓ across the
junction. The dashed lines correspond to the boundary between the topological and trivial phases of superconductivity
for a junction with perfect transparency, while the solid blue regions show the topological phase can deviate from the
diamond shapes when considering normal reflection at the superconducting-normal interface. The cyan ribbons highlight
the boundary between the two phases of superconductivity. d, False-color scanning electron micrograph of a device
with a narrow junction. Green region defines the mesa area which contains the HgTe quantum well. The superconducting
contact is Ti/Al (5 nm/15 nm) and colored in purple. The tunnel probe is Ti/Au (10 nm/100 nm) and colored in yellow. Data
presented in the main text is taken from a device with a wider junction (600 nm) and without the hole in the mesa.
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Figure 3.2: Andreev spectra in a phase-controlled Josephson junction. a, Dispersion of the Andreev band as a
function of LY, at three different values of the Zeeman energy. The circle, the star, and the triangle symbols indicate where
each band diagram corresponds in the phase diagram in Figure 3.1c. The Andreev bands become relatively flat during
the topological phase transition (middle panel). b, Similar Andreev spectra as calculated in d but including some normal
reflection, which results in a finite width of the bands.
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BOE &5 = (Ӎ/Ʀ)(!W'/8) JT UIFĉPVMFTT FOFSHZ� *O UIF SBOHF PG ӓ CFUXFFO UIFTF UXP DSPTTJOHT

UIF PDDVQBODZ PG GFSNJPOJD TUBUFT CFDPNFT PEE BOE UIF TZTUFN VOEFSHPFT B QIBTF USBOTJUJPO JOUP B

UPQPMPHJDBM TVQFSDPOEVDUJOH QIBTF� 8F DBO NBQ PVU UIJT QIBTF CPVOEBSZ JO UIF ӓ − &; TQBDF 	'JH�

VSF ǋ�ǉD
� "T &; JODSFBTFT GSPN Ƥ UP UIFĉPVMFTT FOFSHZ &5 UIF KVODUJPO CFDPNFT UPQPMPHJDBM JO B

HSPXJOH SBOHF PG ӓ XJUI QSFEJDUFE.#4 PO UIF FOE PG B TFNJ�JOėOJUF KVODUJPO� "T &; GVSUIFS JODSFBTFT

CFZPOE &5 UIJT SBOHF JO ӓ TUBSUT UP EFDSFBTF GPSNJOH PWFSBMM EJBNPOE TIBQFT 	EBTIFE MJOFT JO 'JHVSF

ǋ�ǉD
� *O B QIZTJDBM TZTUFN OPSNBM SFĚFDUJPO DBO PDDVS BU UIF JOUFSGBDFT XIJDI IZCSJEJ[F UIF MFě� BOE

SJHIU� NPWJOH NPEFT JO UIF KVODUJPO BOE TIJě UIF QIBTF CPVOEBSZ GSPN UIF JEFBM TDFOBSJP� *O UIJT DBTF

UIF UPQPMPHJDBM QIBTF PDDVQJFT SFHJPOT EFGPSNFE GSPN UIF EJBNPOE TIBQFT CVU JUT EFQFOEFODF PO

NBHOFUJD ėFME BOE QIBTF EJĎFSFODF BSF SPCVTU 	TPMJE DPMPS JO 'JHVSF ǋ�ǉD
 BOE MBSHFMZ JOTFOTJUJWF UP

DIBOHFT JO HFPNFUSZ BOE FMFDUSPO DIFNJDBM QPUFOUJBM� $POTFRVFOUMZ GPS B XJEF SBOHF PG NBHOFUJD

ėFMET UIF BQQMJDBUJPO PG B TNBMM QIBTF CJBT DBO FBTJMZ UVOF UIF TZTUFN JO BOE PVU PG UIF UPQPMPHJDBM

TVQFSDPOEVDUJOH QIBTF BOE JT IFODF B QPXFSGVM FYQFSJNFOUBM LOPC UIBU DBO CF DPOUSPMMFE JO B SBQJE

NBOOFS�

ǋ�Ǌ�ǋ &ŎńĹŇĽŁĹłŉĵŀ 4ĹŉŊń

0VS QMBOBS +PTFQITPO KVODUJPO DPOTJTUT PG BO ǐ�ON�XJEF )H5F RVBOUVN XFMM DPOUBDUFE CZ UIFSNBMMZ

FWBQPSBUFE BMVNJOVN MFBET BCPVU ǉǍ ON UIJDL XJUI Ǎ ON PG UJUBOJVN BT B TUJDLJOH MBZFS� ĉF KVODUJPO

SFHJPO JT ǎǈǈ ON XJEF BOE BCPVU ǉ NJDSPO MPOH XJUI POF FOE PG FBDI MFBE DPOOFDUFE UP GPSN B ĚVY

MPPQ� "T QSFWJPVTMZ FTUBCMJTIFE PVS )H5F RVBOUVN XFMM HSPXO CZ NPMFDVMBS CFBN FQJUBYZ QSPWJEFT

B Ǌ%&(XJUI IJHI NPCJMJUZ BOE EPNJOBOU 3BTICB TQJO�PSCJU DPVQMJOH BOE UIF UIJO BMVNJOVN MFBET
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DBO TVQFSDPOEVDU VQ UP ǉ�ǐ 5 PG JO�QMBOF NBHOFUJD ėFMETǋǉǋǈ� 6TJOH PVS WFDUPS NBHOFU XF BQQMZ B

NBHOFUJD ėFME #[ QFSQFOEJDVMBS UP UIF TBNQMF QMBOF UP HFOFSBUF UIF ĚVY UIBU DPOUSPMT UIF QIBTF EJĎFS�

FODF BDSPTT UIF KVODUJPO XIJMF XF BQQMZ BO JO�QMBOF NBHOFUJD ėFME #Y JO UIF Y�EJSFDUJPO UP UVOF UIF

;FFNBO FOFSHZ 	'JHVSFT ǋ�ǉB BOE ǋ�ǉE
� 0O UIF PVUFS FEHF PG UIF KVODUJPO XF GBCSJDBUF B XFBLMZ DPV�

QMFE FMFDUSPEF CZ FWBQPSBUJOH ǉǈ ON PG UJUBOJVN BOE ǉǈǈ ON PG HPME XJUI BQQSPYJNBUFMZ ǉǈ OBOPNF�

UFST PG $E)H5F BT B UVOOFM CBSSJFS XIJDI JT JNNFEJBUFMZ BCPWF UIF )H5F MBZFS JO UIF.#&�HSPXO

IFUFSPTUSVDUVSF� ĉF PWFSMBQQJOH BSFB JT BQQSPYJNBUFMZ ǉǈǈ ON CZ ǉǈǈ ON XIJDI HJWFT B UVOOFMJOH

SFTJTUBODF PG BSPVOE ǋǈǈ Lϕ�

#Z BQQMZJOH BO "$ FYDJUBUJPO JO BEEJUJPO UP B %$ WPMUBHF CJBT PO UIF UVOOFM QSPCF BOE NFBTVSJOH

UIF "$ DVSSFOU UISPVHI UIF TVQFSDPOEVDUJOH MFBE XF DBO PCUBJO B UXP�UFSNJOBM EJĎFSFOUJBM DPOEVD�

UBODF DVSWF BT XF WBSZ UIF %$ CJBT� ĉF PCTFSWFE TQFDUSVN PG UIF QSPYJNJUJ[FE Ǌ%&( UZQJDBMMZ FY�

IJCJUT UXP CSPBE DPIFSFODF QFBLT TFQBSBUFE CZ BCPVU ǉǊǈ Ӊ7 JO CJBT WPMUBHF BOE B WBMMFZ OFBS [FSP CJBT

	ǋ�ǋB
� 5P TFF IPX UIF TQFDUSVN EJTQFSTFT XJUI UIF QIBTF EJĎFSFODF ӓ XF TDBO #[ PWFS B GFX N5 OFBS

[FSP BOE SFDPSE UIF EJĎFSFOUJBM DPOEVDUBODF BT B GVODUJPO PG CPUI UIF CJBT WPMUBHF BOE #[�

ǋ�ǋ .ĹĵňŊŇĹŁĹłŉň ĵłĸ "łĵŀŏňĽň

ǋ�ǋ�ǉ 5ŊłłĹŀĽłĻ 4ńĹķŉŇĵ

4IPXO BT DPMPSNBQT JO 'JHVSFT ǋ�ǋB�ǋ�ǋD UIF UVOOFMJOH TQFDUSVN FYIJCJUT B TUSPOH QFSJPEJD NPE�

VMBUJPO XJUI #[ XIFSF UIF QFSJPE NBUDIFT UIF BSFB PG UIF ĚVY MPPQ DPOTJEFSJOH UIF NBHOFUJD ĚVY

SFQFMMFE CZ UIF TVQFSDPOEVDUJOH MFBE� ĉF JO�QMBOF ėFME BMTP HFOFSBUFT BO BTZNNFUSZ CFUXFFO QPT�
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Figure 3.3: Phase modulations of the tunneling conductance at low versus high fields. a-c, Differential conductance
color plots (in units of FƦ/I) as a function of both the bias voltage (Y-axis) and the phase difference (left Z-axis) offset
from the ρӓ = Ƥ point, identified by the value of ӓ at which the coherence peaks obtain a maximum. The right Z-axis
records the actual #[ field supplied by the magnet. d-f, Linecuts of a-c showing the differential conductance curves
as a function of the bias voltage on the tunnel probe at four representative values of phase differences, averaged over
repeating lines spaced integer periods apart. a and d present data taken at #Y = Ƥ T, where no zero-bias peak exists
for any phase difference. b and e present data taken at #Y = Ƥ.ƫ T, where a zero-bias peak exists for a range of phase
differences within each period. c and f present data taken at #Y = ƥ.Ƥ T, where a zero-bias peak persists through most
of the period.

JUJWF BOE OFHBUJWF WPMUBHF CJBTFT XIJDI XF BĨSJCVUF UP B QBSUJDMF�IPMF BTZNNFUSZ� 5P IJHIMJHIU UIF

DPOUSJCVUJPO UP UIF UVOOFMJOH DPOEVDUBODF OFBS [FSP FOFSHZ XF TZNNFUSJ[F UIF EBUB BU QPTJUJWF BOE

OFHBUJWF CJBTFT 	UIF SBX EBUB BOE GVSUIFS EJTDVTTJPO BSF QSFTFOUFE JO 4FDUJPO ǋ�Ǐ
�

"U MPX JO�QMBOF ėFMET UIF UVOOFMJOH TQFDUSB SFWFBM B DPOEVDUBODF NJOJNVN OFBS [FSP CJBT JSSF�

TQFDUJWF PG UIF BQQMJFE QIBTF EJĎFSFODF BDSPTT UIF KVODUJPO� ĉJT CFIBWJPS 	'JHVSFT ǋ�ǋB BOE ǋ�ǋC


SFTFNCMFT SFDFOU NFBTVSFNFOUT JO B HSBQIFOF +PTFQITPO KVODUJPO BOE JT JOUFSQSFUFE BT UIF CFIBWJPS

PG UIF CVML "OESFFW CPVOE TUBUFT BOE UIFJS EFQFOEFODF PO UIF QIBTF EJĎFSFODF BDSPTT UIF KVODUJPOǑ�
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8F BĨSJCVUF UIF NJTTJOH [FSP�CJBT DPOEVDUBODF QFBL BU MPX JO�QMBOF ėFMET OFBS B QIBTF EJĎFSFODF PG Ӎ

UP UIF QSFTFODF PG XFBL OPSNBM SFĚFDUJPOT BU UIF OPSNBM�TVQFSDPOEVDUJOH JOUFSGBDF� "U IJHI JO�QMBOF

ėFMET B DPOEVDUBODF QFBL EFWFMPQT OFBS [FSP�CJBT PWFS B SBOHF PG ӓ SFQFBUJOH QFSJPEJDBMMZ 	'JHVSFT

ǋ�ǋD BOE ǋ�ǋG
� ĉF FNFSHFODF PG B SPCVTU BOE FYUFOEFE [FSP�CJBT QFBL JO ӓ JOEJDBUFT UIF TQFDUSVN PG

UIF TVC�HBQ TUBUFT DPODFOUSBUJOH OFBS [FSP FOFSHZ BOE QFSTJTUJOH PWFS B XJEFS TQBO JO ӓ BT UIF JO�QMBOF

NBHOFUJD ėFME JODSFBTFT 	'JHVSFT ǋ�ǌB�I
�

ǋ�ǋ�Ǌ &ŎŉŇĵķŉĽłĻ ŉļĹ 1ļĵňĹ %ĽĵĻŇĵŁ ĺŇŃŁ ŉļĹ.ĹĵňŊŇĹŁĹłŉň

5P GVMMZ DBQUVSF IPX UIF SBOHF JO QIBTF DPOUBJOJOH UIF [FSP�CJBT QFBL 	;#1
 HSPXT XJUI NBHOFUJD

ėFME XF RVBOUJGZ UIF FNFSHFODF PG UIJT DPOEVDUBODF QFBL CZ FYUSBDUJOH UIF DVSWBUVSF PG UIF EJĎFSFO�

UJBM DPOEVDUBODF DVSWF BSPVOE [FSP�CJBT VTJOH B QBSBCPMJD ėU PO UIF TZNNFUSJ[FE EBUB XIJDI HJWFT

UIF TBNF DVSWBUVSF BT FYUSBDUFE GSPN UIF SBX EBUB 	'JHVSF ǋ�ǌJ
� 8F QFSGPSN UIJT BOBMZTJT BU BMM WBM�

VFT PG QIBTF EJĎFSFODF ӓ BOE JO�QMBOF ėFME #Y UP QSPEVDF B DPMPSNBQ WJTVBMJ[JOH UIF EFWFMPQNFOU

PG UIF [FSP�CJBT QFBL JO UIF ӓ − #Y QIBTF TQBDF 	'JHVSF ǋ�ǌJ
� "U MPX ėFMET NPTU WBMVFT PG UIF QIBTF

EJĎFSFODF HJWF B EJQ 	QPTJUJWF DVSWBUVSF
 JO UIF [FSP�CJBT DPOEVDUBODF TIPXO JO SFE JO 'JHVSF ǋ�ǌJ

JOEJDBUJWF PG B DPOWFOUJPOBM TVQFSDPOEVDUJOH QIBTF� "T #Y JODSFBTFT UIF EJĎFSFOUJBM DPOEVDUBODF CF�

DPNFT ĚBĨFS OFBS [FSP CJBT BOE UIF QBSBCPMJD ėU ZJFMET B TNBMM BCTPMVUF WBMVF HJWJOH SJTF UP B XIJUF

SFHJPO JO UIF DPMPS QMPU XIJDI FYQBOET UP PDDVQZ IJHIFS GSBDUJPOT PG FBDI QFSJPE JO ӓ� "T UIF NBH�

OFUJD ėFME DPOUJOVFT GSPN ǈ�ǎ 5 UP ǉ�Ǌ 5 B CMVF SFHJPO PG OFHBUJWF DVSWBUVSF FNFSHFT NBSLJOH UIF

[FSP�CJBT QFBL BOE FYQBOET UP ėMM UIF FOUJSF QFSJPE� 4JNJMBS CFIBWJPS PG FYQBOEJOH ;#1 SFHJPO SFQFBUT

GPS OFHBUJWF WBMVFT PG #Y HFOFSBUJOH B QIBTF EJBHSBN DPOTJTUFOU XJUI UIF QSFEJDUFE UPQPMPHJDBM QIBTF
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Figure 3.4: Development of zero-bias peak and the reconstructed phase diagram. a-h, Progression of tunneling
conductance colorplots (in units of FƦ/I) as the magnetic field #Y varies from−ƥ.Ƥ T to ƥ.Ʀ T, skipping field values
shown in Figure 2 except for #Y = Ƥ T which serves as a point of reference. All plots span over a range of Ƥ.Ƭ mT in
#[ except #Y = ƥ.Ʀ T. i, Colorplot showing the extracted zero-bias curvature as a function of both the in-plane magnetic
field #Y and phase difference offset ρӓ, shown in units of FƦ/I · ӉeV−Ʀ. The blue region in the phase diagram shows
where a well-defined zero-bias peak is present in the tunneling conductance. Its emergence and expansion with the
application of both positive and negative in-plane magnetic fields agrees with the predicted phase transition (Figure 3.1c).

Ǐǎ



USBOTJUJPO 	'JHVSF ǋ�ǉD
�

ǋ�ǌ .ŃĸĹŀĽłĻ ŉļĹ 4ŏňŉĹŁ

ǋ�ǌ�ǉ .ŃĸĹŀĽłĻ Ľł ,8"/5

5P TJNVMBUF USBOTQPSU UISPVHI UIF EFWJDF XF EFTDSJCF UIF TFNJDPOEVDUPS CZ B UJHIU�CJOEJOH NPEFM
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OPSNBM QBSU TBOEXJDIFE CFUXFFO UXP TFHNFOUT XJUI QSPYJNJUZ�JOEVDFE TVQFSDPOEVDUJWJUZ IFME BU

EJĎFSFOU QIBTFT 	'JHVSF ǋ�Ǌǉ TJNJMBS UP 'JHVSF ǋ�ǉB
� 8F FWBMVBUF UIF DPOEVDUBODF CFUXFFO B NFUBMMJD

UVOOFMJOH QSPCF BĨBDIFE UP UIF FEHF PG UIF OPSNBM SFHJPO BOE UXP HSPVOEFE TVQFSDPOEVDUJOH MFBET

UIBU DPOUBDU UIF TVQFSDPOEVDUJOH SFHJPOT PO CPUI TJEFT FNQMPZJOH B TDBĨFSJOH NBUSJY BQQSPBDI VTJOH

UIF ,8"/5 QBDLBHFǊǏ�

.PUJWBUFE CZ UIF FYQFSJNFOUBM PCTFSWBUJPO UIBU UIF TVQFSDPOEVDUJOH DPIFSFODF QFBLT EP OPU TIJě

JO FOFSHZ XJUI UIF JO�QMBOF NBHOFUJD ėFME XF BTTVNF B TVQQSFTTFE H�GBDUPS JO UIF QSPYJNJUJ[FE QBSUT

BOE OFHMFDU UIF ;FFNBO ėFME PVUTJEF UIF OPSNBM SFHJPO� 0VS NPEFM JODMVEFT EPQJOH PG UIF TFNJ�

DPOEVDUPS EVF UP UIF TVQFSDPOEVDUPS CZ BTTVNJOH B IJHIFS EFOTJUZ JO UIF QSPYJNJUJ[FE QBSUT PG UIF

TFNJDPOEVDUPS� 8F BDDPVOU GPS UIF FYQFSJNFOUBM SFTPMVUJPO BOE OPOVOJGPSN QIBTF EJĎFSFODFT BDSPTT

UIF KVODUJPO EVF UP ĚVY GPDVTJOH CZ BSUJėDJBMMZ CSPBEFOJOH UIF UIFPSFUJDBM EBUB JO FOFSHZ BOE QIBTF�

ĉF DBMDVMBUFE DPOEVDUBODF QMPĨFE BT B GVODUJPO PG CJBT WPMUBHF BOE QIBTF JO 'JHVSF ǋ�Ǎ"�' SFQSP�

EVDFT LFZ GFBUVSFT PG UIF FYQFSJNFOUBM EBUB� "U MPX ;FFNBO ėFMET UIF IFJHIUT PG UIF DPIFSFODF QFBLT

BU 7 ∼ ±ƫƤӉ7 BSF NPEVMBUFE JO QIBTF BOE UIF DPOEVDUBODF IBT B EJQ BU [FSP CJBT GPS BMM WBMVFT PG
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UIF QIBTF� "U ėFMET BCPWF #Y = Ƥ.Ʃ5 B QFBL BU [FSP CJBT EFWFMPQT XIJMF UIF DPIFSFODF QFBLT SFNBJO

WJTJCMF� *O B NJOPS EFWJBUJPO GSPN UIF FYQFSJNFOU UIF DPIFSFODF QFBLT TIJě UP TMJHIUMZ IJHIFS FOFSHJFT

7 ∼ ±ƥƤƤӉ7 JO UIF OVNFSJDT XIJDI DBO CF SFDPODJMFE CZ BDDPVOUJOH GPS B TNBMM HBQ TVQQSFTTJPO CZ

UIF ;FFNBO FĎFDU JO UIF TVQFSDPOEVDUPS�

ĉF FNFSHFODF PG UIF [FSP�CJBT QFBL BU ėOJUF ėFMET JT DMFBSMZ WJTJCMF JO 'JHVSF ǋ�ǍH XIFSF UIF DVS�

WBUVSF PG UIF [FSP�CJBT DPOEVDUBODF XJUI CJBT WPMUBHF JT QMPĨFE BT B GVODUJPO PG QIBTF EJĎFSFODF BOE

UIF NBHOFUJD ėFME� *O UIF FYQFSJNFOUBM ėFME SBOHF UIF OVNFSJDBM SFTVMUT JO 'JHVSF ǋ�ǍH BSF JO FYDFM�

MFOU BHSFFNFOU XJUI UIF FYQFSJNFOUBM EBUB JO 'JHVSF ǋ�ǌJ� 'PS BMM QIBTF EJĎFSFODFT UIF DVSWBUVSF

NPOPUPOPVTMZ EFDSFBTFT XJUI JO�QMBOF ėFME BOE FWFOUVBMMZ USBOTJUJPOT GSPN B EJQ UP B QFBL� "U #Y = ƥ

5 B [FSP�CJBT QFBL FYJTUT GPS BMM WBMVFT PG UIF QIBTF�
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$PNQBSJOH UIF UIFPSFUJDBM DVSWBUVSF QMPU JO 'JHVSF ǋ�ǍH XJUI UIF QIBTF EJBHSBN JO 'JHVSF ǋ�ǉD SFWFBMT

UIBU UIF NPTU QSPOPVODFE [FSP CJBT QFBLT PDDVS DMPTF UP UIF UPQPMPHJDBM QIBTF CPVOEBSJFT� "U UIF

TBNF UJNF B [FSP�CJBT EJQ FYJTUT EFFQ JOTJEF UIF UPQPMPHJDBM QIBTF� ĉJT JT DPOTJTUFOU XJUI PVS OVNFS�

JDBM ėOEJOHT UIBU UIF.BKPSBOB XBWFGVODUJPO JT BMNPTU DPNQMFUFMZ EFMPDBMJ[FE PWFS UIF KVODUJPO BSFB

GPS UIF FYQFSJNFOUBM TBNQMF EJNFOTJPOT 	TFF 4FDUJPO ǋ�ǉǉ
 QSFDMVEJOH B EPNJOBOU .BKPSBOB TJHOB�

UVSF JO UIF NFBTVSFNFOU� *OTUFBE UIF QFBL PSJHJOBUFT GSPN B CBOE PG RVBTJ�POF�EJNFOTJPOBM TVCHBQ

TUBUFT MJWJOH JOTJEF UIF KVODUJPO 	'JHVSF ǋ�ǊB
� ĉF EFOTJUZ PG TUBUFT JT FOIBODFE BU MPX FOFSHJFT BT UIF

CBOE DSPTTFT [FSP FOFSHZ JO UIF WJDJOJUZ PG UIF UPQPMPHJDBM QIBTF USBOTJUJPO XIJDI NBOJGFTUT JUTFMG BT B

[FSP�CJBT DPOEVDUBODF QFBL XIFO UIF FOFSHZ CSPBEFOJOH JT MBSHFS UIBO UIF JOEVDFE HBQ JO UIF RVBTJ�
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Figure 3.5: Numeric Simulation for the tunneling conductance using a tight-binding model. a-f, Calculated tun-
neling conductance between a metallic tunneling probe attached to the edge of the normal region and two grounded
superconducting leads. d-f, Linecuts at four representative values of phase differences, taken from the conductance
color plots a-c, at three #Y fields corresponding to those shown in Figure 2. The emergence of the zero-bias peak in finite
fields agrees with the experimental data. g, Predicted zero-bias curvature of the tunneling conductance as a function of
both the Zeeman energy &; and the phase difference ӓ, shown in units of FƦ/I · ӉeV−Ʀ. Indicative of a zero-bias peak,
the blue regions trace out the transition between the trivial and topological superconducting phases. Outlined in black
dashed lines is the regime corresponding to the experimental data.
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POF�EJNFOTJPOBM CBOE� *O UIF QSFTFODF PG OPSNBM SFĚFDUJPO UIF CBOE BDRVJSFT B ėOJUF XJEUI 	'JHVSF

ǋ�ǊC
 BOE UIF [FSP�CJBT DPOEVDUBODF QFBL DBO FYJTU JO B CSPBEFS QBSBNFUFS XJOEPX BSPVOE UIF QIBTF
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SFRVJSJOH IJHIFS NBHOFUJD ėFMET 	TFF 4FDUJPO ǋ�ǉǌ
�
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PG UIF DIFNJDBM QPUFOUJBM PS UIF JO�QMBOF NBHOFUJD ėFME BOE DBO CF FBTJMZ HFOFSBMJ[FE UP PUIFS UXP�

EJNFOTJPOBM NBUFSJBMT XIFSF UIF JOUFSQMBZ PG QIBTF CJBT TQJO�PSCJU DPVQMJOH BOE ;FFNBO FĎFDU DBO

DSFBUF FYDJUJOH PQQPSUVOJUJFT UP JOWFTUJHBUF UPQPMPHJDBM TVQFSDPOEVDUJWJUZ NBLJOH TVDI QMBUGPSNT

QSPNJTJOH DBOEJEBUFT GPS UIF EFUFDUJPO BOE NBOJQVMBUJPO PG .BKPSBOB CPVOE TUBUFT BOE IFODF GPS

SFBMJ[JOH UPQPMPHJDBMMZ QSPUFDUFE RVBOUVN DPNQVUBUJPO�
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Figure 3.6: Characterization of the HgTe quantum well. Shown here are the longitudinal and Hall resistances of a van
der Pauw device fabricated on wafer QC0261, as a function of the perpendicular magnetic field, at a top gate voltage of
0 V, measured at a temperature of 4 Kelvin.

UIF DIBQUFS FYDFQU SFQMBDJOH UIF BMVNJOVN DPOUBDUT XJUI HPME� #Z NFBTVSJOH UIF MPOHJUVEJOBM BOE )BMM

SFTJTUBODFT XF PCUBJO B Ǌ%&(NPCJMJUZ PG BSPVOE ǌǈǈǈǈǈ DNƦ�7T BU B EFOTJUZ PG ƥ.Ƥ× ƥƤƥƥ DN−Ʀ� ĉF

MPOHJUVEJOBM BOE )BMM SFTJTUBODFT BSF TIPXO SFTQFDUJWFMZ JO 'JHVSF ǋ�ǎB BOE C�

8F GBCSJDBUF IJHI�RVBMJUZ BMVNJOVN�)H5F JOUFSGBDF VTJOH JO�TJUV JPO NJMMJOH QSPDFEVSF EFTDSJCFE

JO UIF QSFWJPVT DIBQUFS BT XFMM BT JO "QQFOEJY "ǋǉǋǈ� )FSF XF QSPWJEF B CBDL PG UIF FOWFMPQF FTUJ�

NBUF GPS UIF USBOTQBSFODZ PG PVS +PTFQITPO KVODUJPOT VTJOH USBOTQPSU EBUB� 'PS BO ǐǈǈ ON XJEF ǌ NJ�

DSPO MPOH KVODUJPO XF NBEF VTJOH UIF TBNF GBCSJDBUJPO QSPDFEVSF BOE XJUI UIF TBNF UIJDLOFTT PG BMV�

NJOVN BOE TUJDLJOH MBZFS UIF OPSNBM SFTJTUBODF 3/ = ƦƤƤϕ� 6TJOH B GPSNVMB GPS B +PTFQITPO KVOD�

UJPO XJUI UXP FRVBM JOUFSGBDFT UIF SFTJTUBODF JT HJWFO CZ 3 = ƥ
.
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PG ƥ.ƫ × ƥƤƥƥ DN−Ʀ JOTJEF UIF KVODUJPO UIF 'FSNJ XBWFMFOHUI JT BCPVU ǎǈ ON XIJDI NFBOT XF IBWF
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BCPVU Ǒǐ�Ǎƻ� 3FBMJTUJDBMMZ UIF EPQJOH GSPN UIF BMVNJOVN MFBET DPVME NPEJGZ UIF DIFNJDBM QPUFOUJBM

JOTJEF UIF KVODUJPO BOE IFODF UIF USBOTQBSFODZ JT TMJHIUMZ MPXFS UIBO UIJT OVNCFS� 'PS FYBNQMF JG XF

BTTVNFE B EFOTJUZ PG ƨ.Ƥ × ƥƤƥƥ DN−Ʀ XF XPVME ėOE B USBOTQBSFODZ PG Ǐǐ�ǌƻ� (JWFO UIF VODFSUBJOUZ

JO PVS EFOTJUZ FTUJNBUF XF FYQFDU PVS JOUFSGBDF USBOTQBSFODZ UP GBMM JOTJEF UIJT SBOHF PG Ǐǐƻ UP ǉǈǈƻ�

5P JOWFTUJHBUF UIF TQFDUSVN BU UIF FOE PG UIF +PTFQITPO KVODUJPO XF QFSGPSN MPDBM UVOOFMJOH TQFD�

USPTDPQZ UISPVHI B XFBLMZ DPVQMFE FMFDUSPEF XIJDI PWFSMBQT UIF KVODUJPO PWFS BO BSFB PG BQQSPYJ�

NBUFMZ ǉǈǈ ON CZ ǉǈǈ ON OFBS JUT FEHF� 8F VTF JO�TJUV JPO NJMMJOH UP FUDI NPTU PG UIF $E)H5F CBSSJFS

MBZFS PO UPQ PG UIF RVBOUVN XFMM BOE TUPQ XIFO POMZ B GFX OBOPNFUFST PG $E)H5F SFNBJO� 8F UIFO

EFQPTJU ǉǈǈ ON PG HPME XJUI ǉǈ ON PG UJUBOJVN BT B TUJDLJOH MBZFS� #PUI NFUBMT FTQFDJBMMZ UIF UJUBOJVN

SFBDU DIFNJDBMMZ XJUI $E)H5F UP GPSN BMMPZTǉǉ� ĉFTF TFNJNFUBMMJD BMMPZT GBDJMJUBUF UIF UVOOFMJOH

PG FMFDUSPOT CFUXFFO UIF MPDBM FMFDUSPEF BOE UIF RVBOUVN XFMM QSPEVDJOH MPX�UFNQFSBUVSF UVOOFM

SFTJTUBODFT SBOHJOH GSPN ǉǍ Lϕ UP ǉǍ.ϕ EFQFOEJOH PO UIF UIJDLOFTT PG UIF CBSSJFS MBZFS BOE UIF

PWFSMBQQJOH BSFB PG UIF FMFDUSPEF XJUI UIF RVBOUVN XFMM�

4JODF UIF GFBUVSFT JO UIF UVOOFMJOH DPOEVDUBODF XF TUVEZ IFSF BSF JOEVDFE CZ UIF TVQFSDPOEVD�

UJWJUZ JO UIF BMVNJOVN XF FYQFDU UIFN UP POMZ EFWFMPQ XFMM CFMPX UIF DSJUJDBM UFNQFSBUVSF PG UIF

TVQFSDPOEVDUJOH BMVNJOVN ėMN XIJDI DBO SBOHF GSPN ǉ�Ǌ, UP ǉ�ǎ,ǌǑ� 'JHVSF ǋ�Ǐ TIPXT UIF UFNQFS�

BUVSF EFQFOEFODF PG UIF UVOOFMJOH DPOEVDUBODF DVSWFT EVSJOH B DPPM�EPXO QSPDFTT JO PVS EJMVUJPO

SFGSJHFSBUPS GPS UIF TBNF EFWJDF EJTDVTTFE FBSMJFS JO UIF DIBQUFS� "T XF DBO TFF UIF NBJO QFBLT JO UIF

DPOEVDUBODF POMZ TUBSU EFWFMPQJOH CFMPX ǈ�Ǎ ,FMWJO� ĉF TFQBSBUJPO PG UIF UXP DPOEVDUBODF QFBLT JT

UZQJDBMMZ BSPVOE ǉǊǈ ӉF7 BOE UIF XJEUI PG FBDI QFBL JT PO UIF PSEFS PG Ǎǈ ӉF7 JO FOFSHZ� "CPWF UIJT

UFNQFSBUVSF UIF UVOOFMJOH DPOEVDUBODF DVSWF JT NPTUMZ ĚBU GPS UIJT FOFSHZ SBOHF� "MUIPVHI UIJT EPFT
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Figure 3.7: Temperature dependence of the tunneling conductance. Shown here is the temperature dependence of
the tunneling conductance of device Beta, plotted against the DC bias across the tunnel probe and the superconduct-
ing lead. Different curves represent data taken at different averaged temperatures during its cool-down in our dilution
refrigerator, from 0.5 Kelvin (blue curve) down to 31 millikelvins (teal curve) over a range of 0.5 mV of DC bias.

OPU DPNQMFUFMZ SVMF PVU BMM QPTTJCMF DPOUSJCVUJPOT GSPN GFBUVSFT SFMBUFE UP UIF UVOOFM QSPCF UIBU POMZ

EFWFMPQ BU MPX UFNQFSBUVSFT JU EPFT TUSPOHMZ TVHHFTU UIBU UIFTF DPOEVDUBODF QFBLT PSJHJOBUF GSPN UIF

BMVNJOVN�JOEVDFE TVQFSDPOEVDUJOH HBQ JO UIF )H5F RVBOUVN XFMM�

%VSJOH PVS NFBTVSFNFOUT UIF QPJOU JO CJBT WPMUBHF BCPVU XIJDI UIF DPOEVDUBODF DVSWF JT BQQSPYJ�

NBUFMZ TZNNFUSJD JT DPOTUBOU GPS FBDI DPPM�EPXO PG UIF EFWJDF BOE XF JEFOUJGZ UIJT QPJOU BT UIF [FSP�

CJBT QPJOU� *U JT XPSUI QPJOUJOH PVU UIBU UIJT USVF [FSP�CJBT QPJOU UFOET UP CF PĎTFU CZ ǉǍ�ǊǍ ӉF7 GSPN
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[FSP SFBEJOH PO PVS %$ WPMUBHF TVQQMZ XIJDI XF BĨSJCVUF UP B DPOTUBOU WPMUBHF PĎTFU UIBU DPNFT

GSPN UIF WPMUBHF TPVSDF JO PVS NFBTVSFNFOU DJSDVJUSZ XIJDI TVQQMJFT UIF CJBT UP UIF UVOOFM QSPCF�

ĉJT JT B WFSZ DPNNPO FYQFSJNFOUBM GFBUVSF XIFSF UIF BQQMJFE [FSP WPMUBHF EPFT OPU USBOTMBUF UP SFBMMZ

[FSP WPMUBHF CFUXFFO UIF UVOOFM QSPCF BOE UIF TBNQMF CFDBVTF FMFDUSPOJD DPNQPOFOUT NBZ FYFSU ėOJUF

CJBT EVF UP WBSJPVT DJSDVJU BSUJGBDUT� 5P FMJNJOBUF UIJT BSUJGBDU BOE UIVT BWPJE VOOFDFTTBSZ DPOGVTJPO GPS

UIF SFBEFST XF IBWF TIJěFE UIF Y�BYJT JO BMM PG PVS UVOOFMJOH DPOEVDUBODF QMPUT TP UIBU UIF USVF [FSP�

CJBT QPJOU BMJHOT XJUI UIF [FSP�CJBT SFBEJOH JO UIF QMPUT� ĉFSFGPSF UIF QSFTFOUFE QMPUT BSF SFMBUJWF UP

UIF USVF WPMUBHF CJBT SBUIFS UIBO UIF JOTUSVNFOUBM SFBEJOH UIBU DPOUBJOT B TZTUFNBUJD FSSPS�
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%VF UP JNQFSGFDU TBNQMF�NBHOFU BMJHONFOU UIF JO�QMBOF ėFME #Y XJMM HFOFSBUF B TNBMM QFSQFOEJDVMBS

DPNQPOFOU #[ XIJDI PĎTFUT UIF #[ ėFME DPSSFTQPOEJOH UP [FSP�ĚVY JO UIF QIBTF MPPQ� 5P DPSSFDU

GPS UIJT FĎFDU BOE NBJOUBJO PVS NFBTVSFNFOU JO B SBOHF PG QIBTF EJĎFSFODF OFBS [FSP XF TDBO PWFS B

SBOHF PG #[ BU FBDI #Y ėFME BOE JEFOUJGZ B SBOHF XJUI NBYJNBM PTDJMMBUJPO BNQMJUVEF JO UIF UVOOFMJOH

DPOEVDUBODF�

4IPXO JO 'JHVSF ǋ�ǐB JT UIF DPOEVDUBODF JO UIF SBOHF PG B GFX N5 JO #[ OFBS [FSP GFBUVSJOH QFSJ�

PEJD PTDJMMBUJPOT BT UIF KVODUJPO�T QIBTF EJĎFSFODF JT NPEVMBUFE XIJDI HSBEVBMMZ EBNQFOT BT UIF #[

JODSFBTFT JO CPUI QPTJUJWF BOE OFHBUJWF EJSFDUJPOT� #BTFE PO UIJT FYQFSJNFOUBM PCTFSWBUJPO XF NBJO�

UBJO PVS NFBTVSFNFOUT JO UIF WJDJOJUZ PG [FSP QIBTF EJĎFSFODF CZ TDBOOJOH PWFS B SBOHF JO #[ BU FBDI

#Y ėFME BOE TFMFDUJOH B SFHJPO XJUI NBYJNBM PTDJMMBUJPOT JO UIF UVOOFMJOH DPOEVDUBODF 	'JHVSF ǋ�ǐB
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� "T UIF JO�QMBOF ėFME #Y JODSFBTFT UIJT PQUJNBM SBOHF ESJěT UPXBSET IJHIFS #[ WBMVFT GPMMPXJOH

B MJOFBS EFQFOEFODF UP ėSTU PSEFS 	'JHVSFT ǋ�ǐD�G
�

ĉF QIBTF TNFBSJOH FĎFDU JT ZFU BOPUIFS IJHI�ėFME FĎFDU UIBU JT OPU DPNQFOTBUFE CZ UIJT DPSSFD�

UJPO� #FDBVTF PG UIF NJDSPTDPQJD SPVHIOFTT BMPOH UIF FEHF PG UIF TVQFSDPOEVDUJOH FMFDUSPEFT EVS�

JOH UIF TBNQMF GBCSJDBUJPO UIF IJHI JO�QMBOF NBHOFUJD ėFMET DBO HFOFSBUF OPO�VOJGPSNJUZ BMPOH UIF

OPSNBM�TVQFSDPOEVDUJOH JOUFSGBDF XIJDI JO UVSO DBVTFT UIF QIBTF EJĎFSFODF BMPOH UIF Y�EJSFDUJPO PG

UIF KVODUJPO UP EJTQFSTFǋǈ� ĉJT DSFBUFT B TNFBSJOH FĎFDU PO UIF PCTFSWFE TQFDUSPTDPQZ�T EFQFOEFODF

PO QIBTF SFEVDJOH UIF TJHOBM�UP�OPJTF SBUJP PG UIF UVOOFMJOH DPOEVDUBODF� #FDBVTF UIJT FĎFDU XPST�

FOT BU IJHI JO�QMBOF ėFMET JU JT OFDFTTBSZ UP BEPQU B KVODUJPO HFPNFUSZ XIFSF UIF UPQPMPHJDBM QIBTF

USBOTJUJPO IBQQFOT BU MPX FOPVHI ėFMET CFGPSF UIF QIBTF TNFBSJOH FĎFDU NBTLT UIF FYQFSJNFOUBM TJH�

OBM FOUJSFMZ� *O PVS FYQFSJNFOU UIF ǎǈǈON KVODUJPO QMBDFT VT JO UIJT TJUVBUJPO BOE FOBCMFT VT UP TFF

UIF FNFSHFODF PG UIF [FSP�CJBT QFBLT BTTPDJBUFE XJUI UIF QIBTF USBOTJUJPO� 'VUVSF EFWFMPQNFOU UP JN�

QSPWF UIF MJUIPHSBQIZ BOE ėMN RVBMJUZ PG UIF TVQFSDPOEVDUJOH DPOUBDUT DPVME IFMQ SFEVDF TVDI QIBTF

TNFBSJOH FĎFDU BOE FOIBODF UIF NFBTVSFNFOU SFTPMVUJPO JO CPUI FOFSHZ BOE QIBTF BU IJHI JO�QMBOF

ėFMET�
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"U [FSP JO�QMBOF ėFME XF HFOFSBMMZ TFF B TZNNFUSJD EJĎFSFOUJBM DPOEVDUBODF CFUXFFO QPTJUJWF BOE

OFHBUJWF %$ WPMUBHFT FOEPSTJOH UIF QBSUJDMF�IPMF TZNNFUSZ JO UIF MPDBM TQFDUSVN PG "OESFFW CPVOE

TUBUFT 	TFF 'JHVSF ǋ�ǋ BT BO FYBNQMF
� )PXFWFS TVDI TZNNFUSZ JO UIF -%04 JT OPU QSFTFOU BU IJHI

ǐǍ



Figure 3.8: Compensation for the sample-magnet misalignment. a and b, The tunneling conductance near zero
bias as a function of the out-of-plane magnetic field, #[, at zero in-plane field #Y = Ƥ T in a) and a finite in-plane
field #Y = Ƥ.ƨƩ T in b). c-f, Colorplots of tunneling conductance near zero bias as a function of both the out-of-plane
magnetic field #[ and the in-plane field #Y. At incremental ranges of #[, these uncompensated plots show the linear
offset of #[ growing with increasing #Y.
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Figure 3.9: Unprocessed conductance data with in-plane magnetic fields, part 1. The raw conductance data (in
units of FƦ/I) at in-plane fields ranging from -1.0 T to 0 T, with an electron-hole asymmetry which grows as the magni-
tude of the in-plane field increase from 0 to 1.0 T. All plots show tunneling conductance in units of FƦ/I as a function of
both bias voltage and the span over a range of 0.8 mT in #[.

JO�QMBOF NBHOFUJD ėFMET� ĉJT JT SFĚFDUFE CZ BO BTZNNFUSZ JO UIF EJĎFSFOUJBM DPOEVDUBODF BCPVU [FSP

CJBT WPMUBHFn XIJDI HSPXT XJUI UIF JO�QMBOF NBHOFUJD ėFME BQQMJFE� 'JHVSFT ǋ�Ǒ BOE ǋ�ǉǈ TIPX UIF SBX

EBUB XJUI UIJT BTZNNFUSZ BU WBSJPVT NBHOFUJD ėFMET�

5P WJTVBMJ[F UIJT BTZNNFUSZ JO UIF UVOOFMJOH DPOEVDUBODF BOE TFF IPX JU EFWFMPQT XJUI UIF NBH�

OFUJD ėFME XF DBO BWFSBHF UIF EJĎFSFOUJBM DPOEVDUBODF PWFS BO FOUJSF QFSJPE JO UIF QIBTF EJĎFSFODF

n"T NFOUJPOFE JO 4FDUJPO ǋ�Ǎ UIJT USVF [FSP CJBT DBO CF PĎTFU GSPN ǈ WPMUBHF SFBEJOH CZ B DPOTUBOU EFWJBUJPO
SBOHJOH GSPN ǉǍ UP ǊǍ ӉF7 EVF UP JOTUSVNFOUBM FSSPST�
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Figure 3.10: Unprocessed conductance data with in-plane magnetic fields, part 2.The raw conductance data (in
units of FƦ/I) with an electron-hole asymmetry which grows as the in-plane field increases from 0.3 T to 1.2 T. All plots
show tunneling conductance in units of FƦ/I as a function of both bias voltage and the span over a range of 0.8 mT in #[.
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BU FBDI JO�QMBOF ėFME BT QMPĨFE JO 'JHVSF ǋ�ǉǉ� 'VSUIFSNPSF XF DBO RVBOUJGZ JU XJUI UIF TMPQF PG B

MJOFBS ėU UP UIF BWFSBHFE DPOEVDUBODF DVSWF� 4IPXO JO 'JHVSF ǋ�ǉǊ UIF TMPQF SFQSFTFOUJOH UIF BTZN�

NFUSZ HSPXT MJOFBSMZ XJUI UIF NBHOJUVEF PG UIF JO�QMBOF ėFME BOE UIF TJHO PG UIF BTZNNFUSZ EPFT OPU

EFQFOE PO UIF EJSFDUJPO PG UIF ėFME� ĉJT JT BMTP FWJEFOU GSPN 'JHVSF ǋ�ǉǋ XIJDI TIPXT B DPOUJOVPVT

FWPMVUJPO BT UIF JO�QMBOF ėFME JT SBNQFE BDSPTT B CSPBE SBOHF BT XFMM BT B CSPBEFS SBOHF JO UIF CJBT

WPMUBHF� ĉF PVU�PG�QMBOF DPNQPOFOU PG UIF #Y ėFME JT QBTTJWFMZ DPNQFOTBUFE JO MJOFBS QSPQPSUJPO CVU

OPU QFSGFDUMZ DBODFMFE� "T B SFTVMU PG UIF NJOVUF SFNBJOJOH #[ ėFME UIF [FSP�CJBT DPOEVDUBODF TIPXT

PTDJMMBUJPOT JO UIF #Y ėFME� 8F DBO TFF UIF TBNF BTZNNFUSZ EFWFMPQT GSPN QPTJUJWF UP OFHBUJWF #Y

ėFMET BMUIPVHI JUT FYUFOU EPFT WBSZ GSPN EFWJDF UP EFWJDF�

ĉF FYBDU NFDIBOJTN GPS DPOUSPMMJOH UIJT BTZNNFUSZ JT OPU XFMM VOEFSTUPPE BOE IFODF SFNBJOT BO

JOUFSFTUJOH UPQJD GPS GVSUIFS TUVEJFT� .FBOXIJMF XF DBO DPSSFDU GPS UIJT BTZNNFUSZ QPTU�NFBTVSFNFOU

CZ BWFSBHJOH UIF EJĎFSFOUJBM DPOEVDUBODF BU FBDI QPTJUJWF FOFSHZ XJUI JUT OFHBUJWF DPVOUFSQPJOU BOE

BTTJHOJOH UIJT TBNF WBMVF GPS CPUI QPJOUT� 8F QFSGPSN UIJT TZNNFUSJ[BUJPO QSPDFEVSF GPS FBDI EJG�

GFSFOUJBM DPOEVDUBODF USBDF BU BMM QIBTFT BOE BMM ėFMET BOE UIF DPSSFDUFE SFTVMUT XFSF TIPXO FBSMJFS JO

'JHVSFT ǋ�ǋ BOE ǋ�ǌ�

ǋ�ǐ 0ĶŉĵĽłĽłĻ ŉļĹ ;ĹŇŃ�#Ľĵň $ŊŇŋĵŉŊŇĹ

5P JMMVTUSBUF UIF DPOUJOVPVT PQFOJOH PG UIF XJOEPX DPOUBJOJOH UIF [FSP�FOFSHZ QFBLT XF BOBMZ[F UIF

TZNNFUSJ[FE EBUB BOE JEFOUJGZ XIFUIFS UIF EJĎFSFOUJBM DPOEVDUBODF DVSWF BU FBDI QBSUJDVMBS #[ BOE

#Y DPOUBJOT B [FSP�FOFSHZ QFBL� 5P RVBOUJGZ UIJT QSPQFSUZ XF FYUSBDU UIF MPDBM DVSWBUVSF PG UIF EJĎFS�
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Figure 3.11: Development of the electron-hole asymmetry with the in-plane field. Each panel above shows, in
a blue, solid curve, the raw measurement of the tunneling conductance, averaged over an entire period in the phase
difference ӓ, at a given in-plane field #Y, labeled above the panel. The red line in each panel shows the linear regression
of that tunneling conductance curve, from which the slope representing the asymmetry is extracted.
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Figure 3.12: Slope of the electron-hole asymmetry versus the in-plane magnetic field. Each point in the above
plot represents a slope extracted from the linear regression shown in Figure 3.11, in units of FƦ/(I · ӉF7). Overall, the
asymmetric slope increases linearly with the magnitude of the in-plane field, and it is independent of the sign of the field.
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Figure 3.13: Differential conductance colormap as #Y varies continuously. Shown here is a continuous evolution of
the tunneling conductance curve, over a wide range of the in-plane field #Y from -1.6 T to 1.6 T. Because our compensa-
tion of the perpendicular component of the in-plane magnetic field is not perfect, there is still a small flux which causes
oscillations in the phase ӓ at the same time as the field grows. Data shown here is obtained from Device Beta.
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FOUJBM DPOEVDUBODF OFBS [FSP�FOFSHZ� 'PS BOZ EJĎFSFOUJBM DPOEVDUBODF DVSWF XF ėU B QBSBCPMB UP JUT

DFOUSBM TFHNFOU BOE IFODF FYUSBDU UIF DVSWBUVSF GSPN UIF ėĨJOH QBSBNFUFST� ĉJT JT B HPPE QSPYZ GPS

XIFUIFS JU DPOUBJOT B [FSP�FOFSHZ QFBL BT TVDI QFBLT XPVME NBLF UIF DFOUFS PG UIF PUIFSXJTF DPOWFY

QBSU PG UIF DVSWF DPODBWF SFTVMUJOH JO B OFHBUJWF DVSWBUVSF�

8F PCUBJO UIF DVSWBUVSF PG UIF [FSP�FOFSHZ DPOEVDUBODF QFBL VTJOH QBSBCPMJD ėUT� "T TFFO JO UIF ėU�

UJOH FYBNQMFT JO 'JHVSF ǋ�ǉǌ UIF TJHO PG UIF DVSWBUVSF DPSSFMBUFT XFMM XJUI XIFUIFS UIF DVSWF DPOUBJOT

B QFBL 	QBOFMT F BOE G
 PS EJQ 	QBOFMT B BOE D
 BU [FSP FOFSHZ BOE UIF BNQMJUVEF SPVHIMZ JOEJDBUFT JUT

WJTJCJMJUZ� 8F DBO EP UIJT GPS FBDI EJĎFSFOUJBM DPOEVDUBODF DVSWF BU BOZ QBSUJDVMBS QIBTF EJĎFSFODF ӓ

BOE BOZ JO�QMBOF ėFME #Y� ĉF QBSBCPMJD ėU XPSLT UIF XPSTU XIFO UIF EJĎFSFOUJBM DPOEVDUBODF JT ĚBU

JO UIF DFOUSBM SFHJPO BT TIPXO JO QBOFMT C BOE E� *O TVDI DBTFT PVS NFUIPE QSPEVDFT B SBUIFS TNBMM

DVSWBUVSF TP UIF PWFSBMM BOBMZTJT JT NJOJNBMMZ BĎFDUFE� " DPMPS NBQ PG UIF FYUSBDUFE DVSWBUVSF BT B

GVODUJPO PG CPUI QIBTF EJĎFSFODF ӓ BOE UIF ;FFNBO ėFME #Y JT TIPXO JO 'JHVSF ǋ�ǌJ FBSMJFS�

8F XPVME MJLF UP FNQIBTJ[F UIBU UIF [FSP�CJBT DVSWBUVSF XIJDI JOEJDBUFT UIF QSFTFODF PG B [FSP�

CJBT QFBL JO UIF UVOOFMJOH DPOEVDUBODF BOE JT DFOUSBM UP PVS NBJO SFTVMU EPFT OPU DIBOHF EVSJOH UIF

TZNNFUSJ[JOH QSPDFTT BT DBO CF TFFO JO UIF FYBNQMFT TIPXO JO 'JHVSF ǋ�ǉǍ� ĉJT JT CFDBVTF CZ TZN�

NFUSJ[JOH UIF DPOEVDUBODF BT B DPOUJOVPVT GVODUJPO PG UVOOFMJOH WPMUBHF XF QSFTFSWF BMM FWFO UFSNT

JO JUT QPMZOPNJBM FYQBOTJPO BOE FMJNJOBUF BMM PEE UFSNT� ĉJT SFTVMUT JO OP FSSPS JO UIF ėĨJOH DPFđ�

DJFOU PG UIF TFDPOE�PSEFS UFSN XIJDI JT UIF DVSWBUVSF XF FYUSBDU VTJOH UIF QBSBCPMJD ėU� 5P QSPWJEF BO

JOUVJUJWF QJDUVSF B GFX FYBNQMFT PG UIF QBSBCPMJD ėUT PO CPUI SBX BOE TZNNFUSJ[FE EBUB BSF TIPXO JO

'JHVSF ǋ�ǉǍ� ĉF DVSWBUVSF FYUSBDUFE GSPN TZNNFUSJ[FE EBUB JT TIPXO JO 'JHVSF ǋ�ǉǎ XIJDI TIPXT UIF

TBNF SFTVMU BT FYUSBDUFE GSPN UIF SBX EBUB XBT TIPXO JO 'JHVSF ǋ�ǌJ�
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Figure 3.14: Extracting the curvature of zero-energy peaks using parabolic fits. Shown above are a few examples
of extracting the curvature of zero-energy peaks using parabolic fits, at #Y =0.8 T, demonstrating the fitting procedure
works nicely for a well-defined peak (dip), producing a negative (positive) curvature. Yet, the parabolic fit works not so
well when the curve is flat in this region, in which case it yields a small curvature, as desired.
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Figure 3.15: Extracted zero-energy curvatures from raw data versus symmetrized data. a-c, Shown here are three
examples of extracting the curvature of zero-energy peaks using parabolic fits, from the raw conductance data on the left,
and from the symmetrized conductance data on the right. They show the same results because the curvature, which is
the second order coefficient, is unchanged by the symmetrizing process.
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Figure 3.16: Extracted zero-energy curvatures from raw data versus symmetrized data. The zero-bias curvature
extracted from the symmetrized data, as a function of both the in-plane magnetic field #Y and phase difference offset
ρӓ, shown in units of FƦ/I · ӉeV−Ʀ, which produces the same graph as extracted from the raw data.
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5P EFNPOTUSBUF SFQSPEVDJCJMJUZ GPS UIF HFOFSBM USFOE PG UIF [FSP�CJBT DVSWBUVSF IFSF XF QSFTFOU UXP

PUIFS EFWJDFT XJUI EJĎFSFOU HFPNFUSJFT CVU TIPXJOH TJNJMBS FĎFDUT BT %FWJDF #FUB� %FWJDF ,BQQB IBT

B KVODUJPO UIBU JT ǌǈǈON XJEF BOE ǌ ӉN MPOH XJUI B UVOOFM SFTJTUBODF BSPVOE ǉǊ.ϕ� ĉF SBX BOE

TZNNFUSJ[FE DPOEVDUBODF EBUB PG %FWJDF ,BQQB BSF TIPXO JO 'JHVSFT ǋ�ǉǏ BOE ǋ�ǉǐ SFTQFDUJWFMZ� %F�

WJDF ;FUB IBT B KVODUJPO UIBU JT ǐǈǈON XJEF BOE ǉ ӉN MPOH XJUI B UVOOFM SFTJTUBODF BSPVOE ǋ.ϕ�

ĉF SBX BOE TZNNFUSJ[FE DPOEVDUBODF EBUB PG EFWJDF ;FUB BSF TIPXO JO 'JHVSFT ǋ�ǉǑ BOE ǋ�Ǌǈ SFTQFD�

UJWFMZ� %VF UP UIFJS MPX UVOOFM DPOEVDUBODF UIFZ HJWF MPX TJHOBM�UP�OPJTF SBUJPT NBLJOH UIFN MFTT

JNNVOF UP UIF QIBTF TNFBSJOH FĎFDUT BU IJHI JO�QMBOF ėFMET BT EJTDVTTFE JO 4FDUJPO ǋ�ǎ� /FWFSUIFMFTT

XF TFF UIF TBNF RVBMJUBUJWF USFOE PG BO FOIBODFE [FSP�FOFSHZ DPOEVDUBODF FYUFOEJOH PWFS B HSPXJOH

SBOHF PG ӓ BT UIF JO�QMBOF ėFME JODSFBTFT�

8F TFF BHBJO UIBU UIF FMFDUSPO�IPMF BTZNNFUSZ JO UIF UVOOFMJOH DPOEVDUBODF JT QSFTFOU JO UIFTF

UXP EFWJDFT BOE UIF TMPQFT PG UIJT BTZNNFUSZ JO UIFTF UXP EFWJDFT BSF PQQPTJUF UP UIBU PG %FWJDF #FUB�

:FU KVTU MJLF JO UIF DBTF PG UIF EFWJDF TIPXO FBSMJFS UIF TJHO PG UIJT TMPQF JT JOEFQFOEFOU PG UIF TJHO PG

UIF ėFME� ĉJT TVHHFTUT UIF BTZNNFUSZ NBZ CF SFMBUFE UP EFWJDF�TQFDJėD FĎFDUT TVDI BT MPDBM QPUFOUJBMT

PS EJTPSEFST�

.PWJOH UPXBSET OBSSPXFS KVODUJPOT CSJOHT QPUFOUJBM CFOFėUT UP UIF FYQFSJNFOU� "T XF XJMM TIPX

JO 4FDUJPO ǋ�ǉǌ B MPOH KVODUJPO XIJDI JT ǌǈǈON XJEF IPMET UIF QSPNJTF PG TIPXJOH [FSP�CJBT QFBLT

CPUI BTTPDJBUFE XJUI UIF QIBTF USBOTJUJPO JO UIF ėFME SBOHF XF IBWF NFBTVSFE BOE GSPN UIF.BKPSBOB

CPVOE TUBUFT BU FWFO IJHIFS ėFMET� )PXFWFS EVF UP UIF QIBTF TNFBSJOH FĎFDU UIF NPEVMBUJPO PG PVS
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Figure 3.17: Differential conductance colormaps of device Kappa at various #Y values. Shown here is the raw data
for a series of two-dimensional tunneling conductance maps as a function of the bias voltage and the perpendicular field
#[, as the in-plane field #Y increases from 0 T to 1.0 T. All plots are in units of FƦ/I and span over a range of 0.6 mT in
#[.
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Figure 3.18: Symmetrized differential conductance colormaps of device Kappa at various #Y values. Shown here is
the symmetrized data for a series of two-dimensional tunneling conductance maps as a function of the bias voltage and
the perpendicular field #[, as the in-plane field #Y increases from 0 T to 1.0 T. All plots are in units of FƦ/I and span over
a range of 0.6 mT in #[.
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Figure 3.19: Differential conductance colormaps of device Zeta at various #Y values. Shown here is the raw data for
a series of two-dimensional tunneling conductance maps, as the in-plane field #Y ranges from -0.9 T to 0.8T. All plots are
in units of FƦ/I and span over a range of 0.6 mT.
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Figure 3.20: Symmetrized differential conductance colormaps of device Zeta at various #Y values. Shown here is
the symmetrized data for a series of two-dimensional tunneling conductance maps, as the in-plane field #Y ranges from
-0.9 T to 0.8T. All plots are in units of FƦ/I and span over a range of 0.6 mT in #[.
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UVOOFMJOH DPOEVDUBODF EJNJOJTIFT NVDI CFMPX UIF ėFME SFRVJSFE UP TFF UIF MBĨFS ;#1 JO UIJT ǌǈǈ�ON�

XJEF KVODUJPO BOE UIFSFGPSF XF POMZ PCTFSWF UIF GPSNFS UZQF PG QFBL JO DPOEVDUBODF� ĉJT QPJOUT

PVU BO JNNFEJBUF EJSFDUJPO GPS GBCSJDBUJPO EFWFMPQNFOU UP JNQSPWF UIF MJUIPHSBQIJD EFėOJUJPO BOE

JOUFSGBDJBM RVBMJUZ PG UIF TVQFSDPOEVDUJOH ėMN XJUI UIF RVBOUVN XFMM TP UIBU GVUVSF FYQFSJNFOUT DBO

HP VQ UP IJHIFS JO�QMBOF ėFMET BOE UIFSFGPSF EPXO UP OBSSPXFS KVODUJPOT� 4VDI JNQSPWFNFOUT XJMM

BMMPX VT UP FYQMPSF UIJT UPQPMPHJDBM QIBTF USBOTJUJPO QIZTJDT BOE UIF BTTPDJBUFE.BKPSBOB CPVOE TUBUFT

XJUI B NPSF EJTDSFUF TQFDUSVN XJUIPVU MPTJOH UIF FYQFSJNFOUBM TJHOBM EVF UP UIF VOEFTJSFE QIBTF

TNFBSJOH FĎFDU�
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0VS UIFPSFUJDBM EFTDSJQUJPO PG UIF TZTUFN JT CBTFE PO UIF NPEFM VTFE JO 1JFOULB FU BM� GPS B UXP�EJNFOTJPOBM

TFNJDPOEVDUPS XJUI 3BTICB TQJO�PSCJU JOUFSBDUJPO EFėOFE PO B SFDUBOHVMBS SFHJPOǍǎ� ĉF SFHJPO

IBT MFOHUI - BOE JT EJWJEFE JOUP UISFF TFHNFOUT� B OPSNBM SFHJPO PG XJEUI8 CFUXFFO UXP TVQFSDPO�

EVDUJOH SFHJPOT PG XJEUI84$ 	TFF SFDUBOHMF XJUI CMBDL DPOUPVS JO 'JHVSF ǋ�Ǌǉ
� ĉF #PHPMJVCPW�EF
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Figure 3.21: Setup modeled in the numerical calculations. The system comprises a rectangular region with a normal
and two superconducting segments (black contour). To calculate the conductance, we add a semi-infinite normal lead in
the junction center near the upper edge (orange) and two semi-infinite superconducting leads contacting the supercon-
ducting segments at the bottom edge.
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ĉF;FFNBO FOFSHZ &;(Z) = H(Z)Ӊ##/Ʀ DIFNJDBM QPUFOUJBM Ӊ BOE QBJSJOH TUSFOHUI ρ BSF BMM BG�

GFDUFE CZ UIF QSPYJNJUZ DPVQMJOH CFUXFFO UIF TFNJDPOEVDUPS BOE UIF TVQFSDPOEVDUPS BOE UIFSFGPSF

BTTVNF EJĎFSFOU WBMVFT JO UIF KVODUJPO BOE JO UIF MFBET� 8F XSJUF
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XIFSF ӓ JT UIF QIBTF EJĎFSFODF BDSPTT UIF KVODUJPO� #FDBVTF PG UIF FYQFSJNFOUBM ėOEJOH UIBU UIF DPIFS�

FODF QFBLT SFNBJO BU UIF TBNF FOFSHZ GPS UIF FOUJSF NBHOFUJD ėFME SBOHF XF IFODFGPSUI BTTVNF UIF
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ĉF DPSSFTQPOEJOH UJHIU�CJOEJOH )BNJMUPOJBO DBO CF XSJĨFO JO UFSNT PG UIF /BNCV TQJOPST DJ,K =

(DJ,K,↑, DJ,K,↓, D†J,K,↓,−D†J,K,↑)
5 BT

) =−
-−ƥ∑

J=ƥ

8+84$∑

K=−84$+ƥ
[D†J,K(U+ Jһ5#ӐZ)ӑ[DJ+ƥ,K + I.D.]

−
-∑

J=ƥ

8+84$−ƥ∑

K=−84$+ƥ
[D†J,K(U− Jһ5#ӐY)ӑ[DJ,K+ƥ + I.D.]

+
-∑

J=ƥ

8+84$∑

K=−84$+ƥ

[
D†J,K
(
ƨU+

һƦ5#
U

− Ӊ(K) + &;(K)ӐY
)
ӑ[DJ,K + (ρ(K)DJ,KӑYDJ,K + I.D.)

]
	ǋ�Ǎ


ǉǈǌ



*O UIF MJNJU U → ∞ UIF UJHIU�CJOEJOH NPEFM NBQT POUP UIF DPOUJOVVNNPEFM JO &R� 	ǋ�ǉ
 XJUI UIF

SFQMBDFNFOUT DJ,K → BӖ(S) һ5# → һ/ƦB BOE U → ƥ/ƦNBƦ XIFSF B JT UIF MBĨJDF DPOTUBOU�

'PS UIF OVNFSJDBM DBMDVMBUJPOT QSFTFOUFE FBSMJFS JO 4FDUJPO ǋ�ǌ XF VTF UIF GPMMPXJOH QBSBNFUFST JO

UIF DPOUJOVVNNPEFM PG &R� 	ǋ�ǉ
� һ = ƧƨNF7ON ρ = ƪƨ ӉF7 Ӊ/ = ƥƦ.ƩNF7 Ӊ4$ = ƩƤNF7

HO = ƥƤ BOEN = Ƥ.ƤƧƧNF XIFSFNF JT UIF FMFDUSPO NBTT�

ĉF UJHIU�CJOEJOH QBSBNFUFST BSF DIPTFO BDDPSEJOHMZ BT U = ƧƦNF7 һ5# = Ƥ.ƤƬƭU BOE B = ƪ ON�

ĉF QIBTF EJBHSBN BOE TVCHBQ TQFDUSVN TIPXO JO 'JHVSFT ǋ�ǉ BOE ǋ�Ǌ JT FWBMVBUFE VTJOH UIF DPO�

UJOVVNNPEFM XJUI - = ∞ BOE84$ = ∞� *O UIJT DBTF UIF NPNFOUVN BMPOH UIF Y EJSFDUJPO JT

DPOTFSWFE BOE DBO CF SFQMBDFE CZ B OVNCFS LY� ĉF TVCHBQ TQFDUSVN DBO UIFO CF GPVOE CZ FWBMVBUJOH

UIF TDBĨFSJOH NBUSJY 4(&) GPS TUBUFT JOTJEF UIF KVODUJPO BOE TPMWJOH UIF FRVBUJPO

EFU{ƥ− 4[&(LY)]} = Ƥ 	ǋ�ǎ


	TFF 1JFOULB FU BM� GPS UIF OVNFSJDBM QSPDFEVSFǍǎ
� ĉF QIBTF CPVOEBSJFT DPSSFTQPOE UP [FSP�FOFSHZ

DSPTTJOHT BU LY = Ƥ�

"O FWBMVBUJPO PG UIF DPOEVDUBODF UISPVHI UIF TZTUFN SFRVJSFT UIF BEEJUJPO PG FYUFSOBM MFBET� 5P

NPEFM UIF FYQFSJNFOUBM TFUVQ XF BĨBDI B OPSNBM MFBE OFBS UIF VQQFS FEHF PG UIF OPSNBM SFHJPO BOE

UXP TVQFSDPOEVDUJOH MFBET DPOUBDUJOH UIF MPXFS FEHFT PG UIF TVQFSDPOEVDUJOH TFHNFOUT BT TIPXO JO

'JHVSF ǋ�Ǌǉ� 8F DIPPTF TZTUFN EJNFOTJPOT - = ƥƩƤ8 = ƥƤƤ BOE84$ = ƦƤƤ DPSSFTQPOEJOH UP B

KVODUJPO BSFB PG ƭƤƤ ON× ƪƤƤ ON�

ĉF OPSNBM MFBE JT BEEFE BT B TFDPOE MBZFS XIJDI FYUFOET JOėOJUFMZ JO UIF Y → −∞ EJSFDUJPO BOE

ǉǈǍ



JT DPOOFDUFE UP UIF KVODUJPO CZ WFSUJDBM UVOOFM DPVQMJOHT JO UIF BSFB Jƥ ≤ J ≤ JƦ BOE Kƥ ≤ K ≤ KƦ� ĉF

BEEJUJPOBM DPOUSJCVUJPO UP UIF )BNJMUPOJBO SFBET

)- =
JƦ∑

J=−∞

KƦ∑

K=Kƥ

(ƨU− Ӊ-)E
†
J,Kӑ[EJ,K

−
(
U

JƦ−ƥ∑

J=−∞

KƦ∑

K=Kƥ

E†J,Kӑ[EJ,K+ƥ + U
JƦ∑

J=−∞

KƦ∑

K=Kƥ

E†J−ƥ,Kӑ[EJ,K + U-
JƦ∑

J=Jƥ

KƦ∑

K=Kƥ

E†J,Kӑ[DJK + I.D.
)

	ǋ�Ǐ


*O PVS TJNVMBUJPOT XF DIPPTF Ӊ- = ƨU U- = Ƥ.ƦU� ĉF DPOUBDU BSFB JT EFėOFE CZ Jƥ = ƥ JƦ = ƪ

Kƥ = ƨƧ KƦ = ƩƬ XIJDI DPSSFTQPOET UP BO BSFB PG∼ ƨƤ ON× ƥƤƤ ON�

ĉF TVQFSDPOEVDUJOH MFBET TJNQMZ DPOUJOVF UIF UXP TVQFSDPOEVDUJOH TFHNFOUT JO UIF Y → ∞

EJSFDUJPO

)4$,- =−
∞∑

J=-+ƥ

( Ƥ∑

K=−84$+ƥ
+

8+84$∑

K=8+ƥ

)[(
ƨU+

һƦ5#
U

− Ӊ4$
)
D†J,Kӑ[DJ,K + (ρ(K)DJ,KӑYDJ,K + I.D.)

]

−
∞∑

J=-

( Ƥ∑

K=−84$+ƥ
+

8+84$∑

K=8+ƥ

)
[D†J,K(U+ Jһ5#ӐZ)ӑ[DJ+ƥ,K + I.D.]

−
∞∑

J=-

( −ƥ∑

K=−84$+ƥ
+

8+84$−ƥ∑

K=8+ƥ

)
[D†J,K(U− Jһ5#ӐY)ӑ[DJ,K+ƥ + I.D.]. 	ǋ�ǐ


8F VTF UIF ,8"/5 MJCSBSZ UP DBMDVMBUF UIF TDBĨFSJOH NBUSJY PG UIF TZTUFN XJUI SFTQFDU UP UIF FY�

UFSOBM MFBET� ĉF DPOEVDUBODF CFUXFFO UIF OPSNBM MFBE BU B ėOJUF CJBT WPMUBHF F7 BOE UIF UXP HSPVOEFE

TVQFSDPOEVDUPST DBO UIFO CF FWBMVBUFE BDDPSEJOH UP UIF GPSNVMB

((F7) =
FƦ

I
[/− 3FF(F7) + 3FI(F7)], 	ǋ�Ǒ
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XIFSF/ JT UIF OVNCFS PG DIBOOFMT JO UIF MFBE BOE 3FF,FI(ҿ) BSF UIF OPSNBM BOE "OESFFW SFĚFDUJPO

QSPCBCJMJUZ JO UIF OPSNBM MFBE BU FOFSHZ ҿ� 5P BDDPVOU GPS UIF MJNJUFE FOFSHZ SFTPMVUJPO JO UIF FYQFSJ�

NFOU XF DPOWPMVUF UIF DPOEVDUBODF BT B GVODUJPO PG FOFSHZ XJUI B (BVTTJBO XJUI TUBOEBSE EFWJBUJPO

Ʀƨ ӉF7� .PSFPWFS XF JODMVEF B CSPBEFOJOH PG UIF DPOEVDUBODF BT B GVODUJPO PG QIBTF EJĎFSFODF CZ

DPOWPMVUJPO XJUI B (BVTTJBO XJUI TUBOEBSE EFWJBUJPO Ƥ.ƨӍ� ĉJT BDDPVOUT GPS BO JOIPNPHFOFPVT

QIBTF EJĎFSFODF BDSPTT UIF KVODUJPO JO UIF FYQFSJNFOU DBVTFE CZ UIF ĚVY UISFBEFE UISPVHI UIF KVOD�

UJPO BSFB BOE B TQBUJBMMZ WBSZJOH SBOEPN QIBTF EVF UP UIF DPNCJOBUJPO PG UIF QBSBMMFM ėFME BOE UIF

JOUFSGBDF SPVHIOFTT PG UIF TVQFSDPOEVDUJOH MFBETǋǈ�

ǋ�ǉǉ .ĵľŃŇĵłĵ8ĵŋĹĺŊłķŉĽŃł

5P FMVDJEBUF QPTTJCMF .BKPSBOB TJHOBUVSFT JO UIF DPOEVDUBODF XF DBMDVMBUF UIF MPDBM EFOTJUZ PG TUBUFT

	-%04
 BTTPDJBUFE XJUI UIF MPXFTU FOFSHZ TUBUF JO UIF KVODUJPO� " CPOB�ėEF.BKPSBOB TUBUF POMZ FY�

JTUT JO B TFNJ�JOėOJUF TZTUFN� 5P DPOTJEFS UIJT TJUVBUJPO XF TFU - → ∞ JO UIF TFUVQ JO 'JHVSF ǋ�Ǌǉ

TVDI UIBU CPUI TVQFSDPOEVDUJOH MFBET BOE UIF OPSNBM SFHJPO BSF TFNJ�JOėOJUF� 8F DBO UIFO DBMDVMBUF

UIF -%04 BU [FSP FOFSHZ BT B GVODUJPO PG QPTJUJPO VTJOH ,8"/5�

ĉF SFTVMUJOH TQFDUSB XFJHIU PG UIF.BKPSBOB TUBUF JT TIPXO JO 'JHVSF ǋ�ǊǊ	B
� 8IJMF UIF TUBUF JT

JOEFFE MPDBMJ[FE BU UIF FEHF JUT EFDBZ JT OPOFYQPOFOUJBM� ĉJT JT DPOTJTUFOU XJUI UIF GBDU UIBU UIF DPIFS�

FODF MFOHUI JT WFSZ MPOH GPS UIF QBSBNFUFST BTTVNFE JO UIF QSFWJPVT TFDUJPO� ĉF UZQJDBM TDBMF GPS UIF

JOEVDFE HBQ JT ƥ/N8Ʀ ≃ ƪ ӉF7 XIJDI BHSFFT XJUI PVS OVNFSJDBM DBMDVMBUJPOT PG UIF FOFSHZ TQFDUSVN�

ĉJT HBQ USBOTMBUFT JOUP B DPIFSFODF MFOHUI PG∼ ƨƩӉN�

ǉǈǏ



Figure 3.22: Delocalization of the Majorana bound state. Normalized local density of states of the lowest energy
excitation, averaged over the width of the junction, as a function of distance from the edge in the setup of Figure 3.21
with8 = ƪƤƤ nm and (a) - = ∞, (b) - = ƪ Ӊm, and (c) - = ƭƤƤ nm.

ǉǈǐ



8F DBO BMTP DBMDVMBUF UIF -%04 JO ėOJUF�MFOHUI KVODUJPOT VTJOH UIF TFUVQ JO 'JHVSF ǋ�Ǌǉ� *O UIJT

DBTF UIF .BKPSBOB TUBUFT BU UIF UXP FOET IZCSJEJ[F BOE GPSN B ėOJUF FOFSHZ FYDJUBUJPO� *O 'JHVSF

ǋ�ǊǊ	C
 BOE 	D
 XF TIPX UIF -%04 DPSSFTQPOEJOH UP UIF MPXFTU FOFSHZ TUBUF GPS - = ƪ ӉN BOE

- = ƭƤƤ ON� *O 'JHVSF ǋ�ǊǊ	C
 UIF FEHF MPDBMJ[BUJPO SFNBJOT WJTJCMF� *O DPOUSBTU UIF ƭƤƤ ON KVOD�

UJPO JO 'JHVSF ǋ�ǊǊ	D
 JT UPP TIPSU UP BMMPX GPS BOZ EJTUJODUJPO CFUXFFO FEHF BOE CVML BOE UIF MPXFTU�

FOFSHZ TUBUF JT IPNPHFOFPVTMZ EJTUSJCVUFE BMPOH UIF FOUJSF MFOHUI PG UIF KVODUJPO�

ĉFTF SFTVMUT TVHHFTU UIBU FWFO UIPVHI UIF TZTUFN JT JO UIF UPQPMPHJDBM QIBTF TJHOBUVSFT PG .BKP�

SBOB TUBUFT DBOOPU CF EJTUJOHVJTIFE GSPN CVML TJHOBUVSFT JO EFWJDFT XJUI DVSSFOU EJNFOTJPOT�

ǋ�ǉǊ 0ŇĽĻĽł Ńĺ ŉļĹ ;ĹŇŃ�#Ľĵň $ŃłĸŊķŉĵłķĹ 1ĹĵĿ

ĉF OPSNBM QSPCF JO UIF FYQFSJNFOU JT JO UIF UVOOFMJOH SFHJNF BOE UIF DPOEVDUBODF JT UIFSFGPSF FY�

QFDUFE UP SFĚFDU UIF MPDBM EFOTJUZ PG TUBUFT JO UIF KVODUJPOT� ĉF MPOH.BKPSBOB MPDBMJ[BUJPO MFOHUI

EJTDVTTFE BCPWF JNQMJFT B XFBL DPOUSJCVUJPO PG .BKPSBOBT UP UIF DPOEVDUBODF XIJDI JT XBTIFE PVU

EVF UP UIF FOFSHZ CSPBEFOJOH� *OTUFBE UIF TVCHBQ DPOEVDUBODF XJMM CF EPNJOBUFE CZ UIF CBOE PG

"OESFFW TUBUFT UIBU FYUFOE BMPOH UIF FOUJSF MFOHUI PG UIF KVODUJPO�

*O UIJT TFDUJPO XF EFSJWF BO BOBMZUJDBM GPSNVMB GPS UIF "OESFFW TQFDUSVN JO B DFSUBJO MJNJUJOH DBTF

XIJDI DBO CF DPNQBSFE XJUI UIF OVNFSJDBM SFTVMUT GPS UIF GVMM )BNJMUPOJBO 	ǋ�ǉ
 TIPXO FBSMJFS JO

'JHVSF ǋ�ǊB� 8F UIFO VTF UIJT FTUJNBUF UP DBMDVMBUF UIF EFOTJUZ PG TUBUFT�

5P HBJO BOBMZUJDBM JOTJHIU XF BTTVNF UIBU FEHF FĎFDUT BSF TNBMM BOE TJNQMZ DPOTJEFS UIF CVML EFO�

TJUZ PG TUBUFT JO BO JOėOJUFMZ MPOH KVODUJPO JO XIJDI UIF NPNFOUVN DPNQPOFOU LY JT DPOTFSWFE� 8F

ǉǈǑ



ėSTU GPDVT PO UIF DBTF PG QFSGFDU "OESFFW SFĚFDUJPO BOE MBUFS JODMVEF OPSNBM SFĚFDUJPO� "T QSFWJPVTMZ

XF EFUFSNJOF UIF CPVOE TUBUF FOFSHJFT & BT B GVODUJPO PG LY GSPN UIF TDBĨFSJOH NBUSJY FRVBUJPO 	ǋ�ǎ


XJUIJO UIF DPOUJOVVNNPEFM &R� 	ǋ�ǉ
� *U JT FYQFEJFOU UP JOUSPEVDF UIF QPMBS BOHMFT ӂJ EFėOFE CZ

DPT ӂJ = LY/L',J XIFSF J = ƥ, Ʀ EFOPUFT UIF UXP 'FSNJ TVSGBDFT BOE L',ƥ/Ʀ =
√ƦNӉ ± Nһ�

8F DBO GVSUIFS TJNQMJGZ &R� 	ǋ�ǎ
 JO UIF DBTF UIBU "OESFFW SFĚFDUJPO EPFT OPU NJY UIF UXP 'FSNJ

TVSGBDFT� ĉJT JT TUSJDUMZ USVF POMZ BU LY = Ƥ XIFSF UIF TQJOT PO UIF UXP 'FSNJ TVSGBDFT BSF BOUJQBSBM�

MFM XIJMF BU OPO[FSP LY B SJHIU NPWJOH FMFDUSPO DBO CF "OESFFW SFĚFDUFE JOUP B TVQFSQPTJUJPO PG MFě

NPWJOH IPMFT GSPN CPUI 'FSNJ TVSGBDF TIFFUT EVF UP B OPO[FSP PWFSMBQ PG TQJO TUBUFTǍǎ�

*O UIF MJNJU &;,ρ ≪ һL' IPXFWFS UIF UXP TQJOT BMPOH B QBSUJDVMBS NPNFOUVN EJSFDUJPO BSF BO�

UJQBSBMMFM CFDBVTF PG UIF 3BTICB�JOEVDFE TQJO�NPNFOUVN MPDLJOH� *O UIJT DBTF UIF UXP 'FSNJ TVSGBDFT

BU B ėYFE LY IBWF BQQSPYJNBUFMZ PQQPTJUF TQJOT BT MPOH BT UIF DPSSFTQPOEJOH QPMBS BOHMFT IBWF TJNJMBS

NBHOJUVEF ӂƥ(LY) ≃ ӂƦ(LY) ≡ ӂ(LY)�

6OEFS UIFTF DPOEJUJPOT &R� 	ǋ�ǎ
 ZJFMETǍǎ

BSDDPT
[&(LY)

ρ

]
=

Ӎ
Ʀ
&(LY)
&5(LY)

− Ӎ
Ʀ
TJO ӂ&;
&5(LY)

± ӓ
Ʀ
+ OӍ, O ∈ ;, 	ǋ�ǉǈ


XIFSF &5(LY) = (Ӎ/Ʀ) TJO ӂW'/8 JT UIFĉPVMFTT FOFSHZ� ĉF BOHVMBS EFQFOEFODF PG &5(LY) SFĚFDUT

UIF MPOHFS EJTUBODF CFUXFFO UIF TVQFSDPOEVDUJOH MFBET GPS XBWFQBDLFUT XJUI PCMJRVF JODJEFODF� ĉF

GBDUPS TJO ӂ&; BDDPVOUT GPS UIF GBDU UIBU TQJOT SPUBUF BMPOH UIF 'FSNJ TVSGBDF� $POTJEFSJOH UIF MJNJU

&5(LY) ≫ ρ BT JT BQQSPQSJBUF JO PVS QBSBNFUFS SFHJNF GPS TUBUFT OFBS LY = Ƥ <&5(LY = Ƥ) =

ǉǉǈ



ƪƧƤ ӉF7> XF ėOE

& = ρ DPT
(8&;

W'
± ӓ

Ʀ
+ OӍ

)
	ǋ�ǉǉ


XIJDI JT JOEFQFOEFOU PG LY� )FODF UIF CBOET BSF FYQFDUFE UP CF SFMBUJWFMZ ĚBU� "T LY BQQSPBDIFT UIF

'FSNJ NPNFOUVN &5(LY) EFDSFBTFT BOE UIF FOFSHZ CFDPNFT NPNFOUVN EFQFOEFOU� ĉJT JT CFIBW�

JPS JT DPOTJTUFOU XJUI UIF TQFDUSVN JO 'JHVSF ǉF PG UIF NBJO UFYU� 8F DBVUJPO IPXFWFS UIBU &R� 	ǋ�ǉǈ


SFRVJSFT ӂƥ ≃ ӂƦ BOE UIFSFGPSF DFBTFT UP CF WBMJE BT LY BQQSPBDIFT UIF 'FSNJ NPNFOUB�

ĉF ĚBUOFTT PG UIF EJTQFSTJPO TIPVME SFTVMU JO B TUSPOH QFBL JO UIF -%04 BU UIF DPSSFTQPOEJOH

FOFSHZ XIJMF UIF TQFDUSBM XFJHIU BU PUIFS FOFSHJFT JT TNBMMFS� ĉJT JNQMJFT UIBU UPQPMPHJDBM QIBTF USBO�

TJUJPOT XIFSF UIF FOFSHZ JO &R� 	ǋ�ǉǉ
 WBOJTIFT BSF TJHOBMFE CZ B DPOEVDUBODF QFBL BU [FSP CJBT� *N�

QPSUBOUMZ UIJT JT B GFBUVSF PG UIF CVML EFOTJUZ PG TUBUFT BOE EPFT OPU UBLF JOUP BDDPVOU UIF DPOUSJCVUJPO

PG UIF.BKPSBOB TUBUFT�

ĉF TQFDUSVN DIBOHFT XIFO OPSNBM SFĚFDUJPO JT UBLFO JOUP BDDPVOU� 8F TQFDJėDBMMZ DPOTJEFS OPS�

NBM SFĚFDUJPO GSPN UIF TVQFSDPOEVDUJOH MFBET UIBU DPOTFSWFT UIF NPNFOUVN BMPOH UIF Y EJSFDUJPO

F�H� DBVTFE CZ B QPUFOUJBM TUFQ BU UIF /�4 JOUFSGBDF� *O UIJT DBTF XF IBWF UP NPEJGZ &R� 	ǋ�ǉǈ
 CZ SF�

QMBDJOH

ӓ → ӓ̃ = BSDDPT[SƦ DPT(Ʀ TJO ӂL'8+ Ʀಃ/) + (ƥ− SƦ) DPT ӓ], 	ǋ�ǉǊ


XIFSF S JT UIF OPSNBM SFĚFDUJPO BNQMJUVEF BOE ಃ/ JT B QIBTF TIJě BTTPDJBUFE XJUI UIF OPSNBM SFĚFD�

ǉǉǉ



B

Figure 3.23: Calculated density of states of the Andreev band. Density of states of the Andreev band calculated from
the approximate expression in Eqs. (3.11) and (3.12) for various values of the magnetic field. The superconducting phase
difference is chosen as ӓ = Ӎ/Ʀ and the normal reflection probability is a) SƦ = Ƥ.ƥ and b) SƦ = Ƥ.ƨ. We assume
L'8 ≫ ƥ so that the DOS is independent of ಃ/. The other parameters are chosen as above. This choice implies that
the phase transition for ӓ = Ӎ/Ʀ and S = Ƥ occurs at # = ƥ T where &; = &5/Ʀ.

UJPO UIBU EFQFOET PO NJDSPTDPQJD EFUBJMT� %FUBJMT PG UIF EFSJWBUJPO DBO CF GPVOE JO 1JFOULB FU BM�Ǎǎ

	BMUIPVHI UIF QSFGBDUPS TJO ӂ XBT NJTTJOH JO UIF SFGFSFODF
� 4JODF GPS PVS DIPJDF PG QBSBNFUFST XF

IBWF L'8 ≫ ƥ UIF ėSTU UFSN JO UIF TRVBSF CSBDLFUT BCPWF PTDJMMBUFT SBQJEMZ BT B GVODUJPO PG LY� ĉJT

SFTVMUT JO PTDJMMBUJPO PG UIF "OESFFW FOFSHZ BT B GVODUJPO PG LY XJUI BO BNQMJUVEF UIBU TDBMFT XJUI UIF

SFĚFDUJPO QSPCBCJMJUZ�

*OEFFE UIFTF PTDJMMBUJPOT BMTP PDDVS JO UIF OVNFSJDBM TQFDUSB TIPXO JO 'JHVSF ǋ�ǊC�

4JODF OPSNBM SFĚFDUJPO CSPBEFOT UIF CBOE PG "OESFFW TUBUFT UIF EFOTJUZ PG TUBUFT DBMDVMBUFE GSPN

&RT� 	ǋ�ǉǉ
 BOE 	ǋ�ǉǊ
 FYIJCJUT TJHOJėDBOU DPOUSJCVUJPOT PWFS B SBOHF PG FOFSHZ WBMVFT� ĉJT DBO CF

TFFO JO 'JHVSF ǋ�Ǌǋ XIJDI TIPXT UIF EFOTJUZ PG TUBUFT GPS WBSJPVT WBMVFT PG UIF JO�QMBOF NBHOFUJD ėFME

DBMDVMBUFE VTJOH &RT� 	ǋ�ǉǉ
 BOE 	ǋ�ǉǊ
�

ǉǉǊ



ĉFSF BSF UXP WBO )PWF TJOHVMBSJUJFT BU UIF CBOE FEHFT CFDBVTF BMM NBYJNB BOE NJOJNB PG &(LY) JO

&R� 	ǋ�ǉǉ
 PDDVS BU UIF TBNF FOFSHJFT�

ĉF CBOE DFOUFS BOE UIF BQQSPYJNBUF CBOE XJEUI JO 'JHVSF ǋ�ǊǋB JT DPOTJTUFOU XJUI UIF OVNFSJDBM

TQFDUSB TIPXO JO 'JHVSF ǋ�ǊB� .PSFPWFS GPS # = Ƥ5 BOE ƥ.ƪ5 UIF FOFSHZ NJOJNB BOE NBYJNB PG UIF

TQFDUSB BSF SPVHIMZ BMJHOFE GPS OPU UPP MBSHF NPNFOUB JO BHSFFNFOU XJUI PVS BOBMZUJDBM ėOEJOHT� ĉF

TQFDUSVN BU # = ƥ5 CZ DPOUSBTU IBT BMJHOFE NJOJNB CVU OPU NBYJNB�

#Z WBSZJOH FJUIFS ӓ PS &; POF DBO UVOF UIF CBOE DFOUFS BDSPTT [FSP FOFSHZ� 0ODF UIF CBOE DSPTTFT

[FSP FOFSHZ UIF QPTJUJWF BOE OFHBUJWF FOFSHZ CBOET PWFSMBQ XIJDI MFBET UP BO FOIBODFE EFOTJUZ PG

TUBUFT BU [FSP FOFSHZ� 'PS XFBL OPSNBM SFĚFDUJPO UIF CBOE XJEUIT BSF TNBMM BOE UIF EFOTJUZ PG TUBUFT

TIPXO JO 'JHVSF ǋ�ǊǋB JT FOIBODFE OFBS [FSP FOFSHZ POMZ JO B OBSSPX XJOEPX BSPVOE UIF QIBTF USBOTJ�

UJPO� ĉJT CFIBWJPS JT DPOTJTUFOU XJUI UIF TQFDUSB TIPXO JO 'JHVSF ǋ�ǊB�

*G UIF OPSNBM SFĚFDUJPO JT IJHIFS UIF CBOE XJEUI JODSFBTFT BT TIPXO JO 'JHVSF ǋ�ǊǋC� *O UIJT DBTF

UIF EFOTJUZ PG TUBUFT JT FOIBODFE OFBS [FSP FOFSHZ JO B MBSHFS SBOHF PG NBHOFUJD ėFMET� 8IJMF UIF EFO�

TJUZ PG TUBUFT EPFT OPU UZQJDBMMZ IBWF B NBYJNVN BU [FSP BO BEEJUJPOBM FOFSHZ CSPBEFOJOH BQQMJFE UP

UIF EBUB NBZ SFTVMU JO B [FSP�CJBT QFBL� *G UIF CSPBEFOJOH JT TVđDJFOUMZ MBSHF UIF QFBL DBO QFSTJTU CF�

UXFFO # = Ƥ.Ƭ5 BOE # = ƥ.Ʀ5 GPS UIF QBSBNFUFST PG 'JHVSF ǋ�ǊǋC� 4VDI B CFIBWJPS JT RVBOUJUBUJWFMZ

DPOTJTUFOU XJUI UIF OVNFSJDBM EBUB GPS UIF DPOEVDUBODF JO 'JHVSF ǋ�ǍH XIJDI TIPXT B QFBL BU [FSP CJBT

PWFS BO FYUFOEFE SFHJPO JO QBSBNFUFS TQBDF�

8F DPODMVEF UIBU B [FSP�CJBT QFBL JO UIF DPOEVDUBODF TJHOBMT UIF [FSP�FOFSHZ DSPTTJOH PG B CBOE

PG "OESFFW TUBUFT XIJDI DPSSFTQPOET UP B UPQPMPHJDBM QIBTF USBOTJUJPO� ĉF XJEUI PG UIF CBOE JT EF�

UFSNJOFE CZ UIF OPSNBM SFĚFDUJPO QSPCBCJMJUZ GSPN UIF TVQFSDPOEVDUJOH MFBET� *O UIF QSFTFODF PG B
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OPO[FSP CBOE XJEUI BOE BO BEEJUJPOBM CSPBEFOJOH PG UIF EBUB JO FOFSHZ B [FSP�CJBT QFBL DBO PDDVS

PWFS BO FYUFOEFE SBOHF PG NBHOFUJD ėFME TUSFOHUIT BOE QIBTF EJĎFSFODFT JO BHSFFNFOU XJUI UIF FYQFSJ�

NFOUBM PCTFSWBUJPOT BT XFMM BT UIF OVNFSJDBM SFTVMUT QSFTFOUFE BU UIF CFHJOOJOH PG UIJT DIBQUFS�

ǋ�ǉǋ 'ĽłĽŉĹ�%ĽĺĺĹŇĹłķĹ 4ķļĹŁĹ ĵłĸ &Ŏĵķŉ %ĽĵĻŃłĵŀĽŐĵŉĽŃł

5P TIPX UIBU UIF QFBL JO UIF E*/E7 DIBSBDUFSJTUJDT BU UIF UPQPMPHJDBM USBOTJUJPO JT B VOJWFSTBM QSPQFSUZ

GPS XJEF KVODUJPOT XIJMF GPS OBSSPXFS KVODUJPOT B DPNQFUJUJPO CFUXFFO "OESFFW BOE.BKPSBOB CPVOE

TUBUFT PDDVST XF QFSGPSN B TFDPOE UZQF PG DBMDVMBUJPO� $PNQMFNFOUBSZ UP UIF QSFWJPVT TFDUJPO XF

FNQMPZ B ėOJUF�EJĎFSFODF TDIFNF UP PCUBJO UIF FJHFOTQFDUSVN BOE FJHFOTUBUFT PG UIF ėOJUF +PTFQITPO

KVODUJPO TIPXO JO 'JHVSF ǋ�Ǌǌ�

ĉFTF FJHFOTUBUFT BOE FJHFOFOFSHJFT BSF UIFO VTFE UP DPNQVUF UIF MPDBM EFOTJUZ PG TUBUFT 	-%04


BU UIF FEHF PG UIF OPSNBM SFHJPO� 'PS UIJT QVSQPTF XF VTF UIF )BNJMUPOJBO 	&RVBUJPOT ǋ�ǉ�ǋ�ǌ
 BOE

JOWPLF IBSE�XBMM CPVOEBSZ DPOEJUJPOT JO Y� BOE Z�EJSFDUJPOT UP EFTDSJCF B +PTFQITPO KVODUJPO PG ėOJUF

MFOHUI - JO UIF Y�EJSFDUJPO BOE ėOJUF XJEUI8UPU = 8+ Ʀ84$ JO UIF Z�EJSFDUJPO� )FSF8 JT UIF XJEUI

PG UIF OPSNBM SFHJPO BOE84$ EFOPUFT UIF ėOJUF XJEUIT PG UIF TVQFSDPOEVDUJOH SFHJPOT 	TFF 'JHVSF

ǋ�Ǌǌ
� 8F EJTDSFUJ[F UIF )BNJMUPOJBO 	&RVBUJPOT ǋ�ǉ�ǋ�ǌ
 VTJOH EӖ(Y)/EY → [Ӗ(YJ + B) − Ӗ(YJ −

B)]/ƦB EƦӖ(Y)/EYƦ → [Ӗ(YJ + B) − ƦӖ(YJ) + Ӗ(YJ − B)]/BƦ BOE BOBMPHPVT FYQSFTTJPOT GPS UIF

EFSJWBUJWFT XJUI SFTQFDU UP Z XIFSF B BOE YJ = BJ 	XJUI J ∈ Z
 EFOPUF UIF EJTDSFUF TUFQ TJ[F BOE MBĨJDF
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Figure 3.24: Setup considered for the complementary finite-difference eigenstate calculations. The system con-
sists of a normal region of dimensions ƭƤƤ nm×ƪƤƤ nm and two adjacent superconducting regions of dimensions ƭƤƤ
nm×ƫƤƤ nm. A phase difference of ӓ is applied between the two superconductors. The edge local density of states
(LDOS) is calculated for an area of dimensions ƥƤƤ nm×ƥƤƤ nm at the top edge of the normal region (orange area). The
LDOS in the bulk is computed from a ƥƤƤ nm×ƥƤƤ nm square in the center of the normal region (yellow area).
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TJUFT SFTQFDUJWFMZ� ĉJT QSPDFEVSF ZJFMET &RVBUJPO ǋ�Ǎ� *G &RVBUJPO ǋ�Ǎ JT XSJĨFO JO UIF GPSN

) =
-∑

J,J′=ƥ

8+84$∑

K,K′=−84$+ƥ

HJ,K;J′,K′ D†J,KDJ′,K′ , 	ǋ�ǉǋ


UIF FJHFOFOFSHJFT &(O) BOE FJHFOTUBUFT D(O)J,K PG UIF TZTUFN BSF GPVOE CZ EJBHPOBMJ[JOH UIF FJHFOWBMVF

FRVBUJPO
-∑

J′=ƥ

8+84$∑

K′=−84$+ƥ

HJ,K;J′,K′ D
(O)
J′,K′ = &(O)D(O)J,K , 	ǋ�ǉǌ


XIFSF O EFOPUFT UIF O�UI FJHFOTUBUF�

ĉFTF FJHFOFOFSHJFT BOE FJHFOTUBUFT BSF UIFO VTFE UP DPNQVUF UIF -%04 BU UIF VQQFS FEHF PG UIF

OPSNBM SFHJPO BT B GVODUJPO PG FOFSHZ &

-%04(&) =
MY∑

J=ƥ

8/Ʀ+MZ/Ʀ∑

K=8/Ʀ−MZ/Ʀ

∑

O

∣∣∣D(O)J,K

∣∣∣Ҿπ(&− &(O)). 	ǋ�ǉǍ


)FSF Ҿπ(& − &(O)) JT NPEFMFE CZ B (BVTTJBO XJUI CSPBEFOJOH π� ĉF BSFB PG TVNNBUJPO JT DIPTFO

UP SFTFNCMF UIF BSFB DPWFSFE CZ UIF UVOOFMJOH QSPCF XJUI MFOHUIT MY BOE MZ JO UIF Y� BOE Z�EJSFDUJPOT

SFTQFDUJWFMZ 	TFF 'JHVSF ǋ�Ǌǌ
� *O UIF MPXFTU�PSEFS BQQSPYJNBUJPO UIF E*/E7 DIBSBDUFSJTUJD JT QSPQPS�

UJPOBM UP UIF -%04� )FODF UP DPNQBSF XJUI UIF FYQFSJNFOU BOE UIF ,8"/5 TJNVMBUJPOT XF ėSTU

DPNQVUF UIF -%04 GPS B HJWFO QSPCF BSFB BOE QPTJUJPO BOE UIFO MPPL BU UIF DVSWBUVSF ∂Ʀ-%04/∂&Ʀ

BSPVOE & = Ƥ�
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ǋ�ǉǌ $ŃŁńĵŇĽňŃł Ńĺ ŉļĹ -Ńķĵŀ %ĹłňĽŉŏ Ńĺ 4ŉĵŉĹň ĺŃŇ +ŃňĹńļňŃł +ŊłķŉĽŃłň ŌĽŉļ %Ľĺ�

ĺĹŇĹłŉ8Ľĸŉļň

*O HFOFSBM B [FSP�FOFSHZ QFBL JO UIF FEHF -%04 DBO PSJHJOBUF GSPN.BKPSBOB FOE TUBUFT BOE�PS MPX�

FOFSHZ CVML "OESFFW CPVOE TUBUFT� "T EJTDVTTFE FBSMJFS UIF NPTU QSPOPVODFE [FSP�FOFSHZ QFBLT GPS B

ǎǈǈON XJEF KVODUJPO BSF FYQFDUFE UP BDUVBMMZ BSJTF GSPN UIF CVML "OESFFW CPVOE TUBUFT UIBU EFTDSJCF

UIF UPQPMPHJDBM QIBTF CPVOEBSJFT� )FSF XF TUVEZ BOE DPNQBSF UIF DPFYJTUFODF PG [FSP�FOFSHZ QFBLT

JO UIF FEHF -%04 EVF UP.BKPSBOB FOE TUBUFT BOE CVML "OESFFW TUBUFT GPS TBNQMFT PG XJEUIT8 = ƪƤƤ

ON PS8 = ƨƤƤ ON�

'PS UIF DBMDVMBUJPOT XJUI B8 = ƪƤƤ ON XJEF OPSNBM SFHJPO XF IBWF VTFE һ�ǉǎ NF7ON ρ�ǎǍ

ӉF7 Ӊ/ = ƥƦ.ƩNF7 Ӊ4$ = ƦƩNF7 H/ = ƥƤ H4$ = Ƥ BOEN = Ƥ.ƤƧƬNF� ĉF TJ[F PG UIF TVQFS�

DPOEVDUJOH SFHJPOT JT ƭƤƤON×ƫƤƤON BOE UIF TJ[F PG UIF OPSNBM SFHJPO ƭƤƤON×ƪƤƤON JO UIF Y� BOE

Z�EJSFDUJPOT XJUI B QSPCF TJ[F PG ƥƤƤON×ƥƤƤON� ĉF EJTDSFUJ[BUJPO TUFQ JT DIPTFO BT B = ƥƤ ON� ĉF

MFOHUIT BOE XJEUIT BT XFMM BT UIFJS DPSSFTQPOEJOH OVNCFST PG TUFQT BSF EFTDSJCFE CZ UIF TBNF RVBOUJ�

UJFT J�F� - = ƭƤ8UPU = ƦƤƤ84$ = ƫƤ8 = ƪƤ MY = ƥƤ BOE MZ = ƥƤ� 5P DPNQVUF UIF -%04 WJB

&R� 	ǋ�ǉǍ
 B (BVTTJBO CSPBEFOJOH PG π = Ƥ.ƦƩρ GPS Ҿπ(&− &(O)) IBT CFFO VTFE�

'JHVSF ǋ�ǊǍ TIPXT ∂Ʀ-%04/∂&Ʀ BU & = Ƥ GPS UIF BCPWF QBSBNFUFST BT B GVODUJPO PG UIF NBHOFUJD

ėFME #Y BOE UIF FYUFSOBM QIBTF EJĎFSFODF ӓ CFUXFFO UIF UXP TVQFSDPOEVDUPST� 4JNJMBS UP UIF FYQFS�

JNFOU BOE PVS ,8"/5 TJNVMBUJPOT XF ėOE UIBU B [FSP�FOFSHZ QFBL 	∂Ʀ-%04/∂&Ʀ < Ƥ
 JO UIF

-%04 TUBSUT UP BQQFBS BU ėFMET BSPVOE #Y = Ƥ.ƨ − Ƥ.Ʃ5 BOE CFDPNFT UIF NPTU QSPOPVODFE BSPVOE

#Y = ƥ.Ʀ5� "T #Y JODSFBTFT GVSUIFS BOE (ӓ,#Y)NPWFT BXBZ GSPN UIF CPVOEBSJFT PG UIF UPQPMPHJDBM
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Figure 3.25: Predicted zero-bias curvature for a 600-nm junction. Calculated ∂Ʀ-%04/∂&Ʀ (in a.u.) at & = Ƥ as a
function of magnetic field #Y and the phase difference ӓ between the superconducting regions for the setup illustrated in
Figure 3.24. The area over which the LDOS is computed corresponds to a probe size of ƥƤƤ nm×ƥƤƤ nm at the upper
edge of the normal region (orange area in Figure 3.24).

QIBTF UIF [FSP�CJBT QFBL EJTBQQFBST�

8F OPUF UIBU XF IBWF DIPTFO TPNFXIBU EJĎFSFOU QBSBNFUFST GPS UIF TVQFSDPOEVDUJOH SFHJPOT IFSF

DPNQBSFE UP UIF ,8"/5 TJNVMBUJPOT� ĉF ėOJUF XJEUI84$ PG UIF TVQFSDPOEVDUJOH SFHJPOT JT SF�

EVDFE UP Ǐǈǈ ON 	DPNQBSFE UP ǉǊǈǈ ON
 UIFSFCZ JODSFBTJOH UIF BNPVOU PG OPSNBM SFĚFDUJPO EVF

UP UIF ėOJUF TJ[F PG UIF TVQFSDPOEVDUPST� ĉJT FĎFDU JT TPNFXIBU DPNQFOTBUFE GPS CZ SFEVDJOH UIF

NJTNBUDI CFUXFFO UIF DIFNJDBM QPUFOUJBMT Ӊ/ BOE Ӊ4$ 	ǉǊ�Ǎ�ǊǍ DPNQBSFE UP ǉǊ�Ǎ�Ǎǈ JO UIF ,8"/5

DBMDVMBUJPOT
 XIJDI JT B TFDPOE TPVSDF GPS OPSNBM SFĚFDUJPO BU UIF 4�/ JOUFSGBDFT�

-JLFXJTF UIF TUSFOHUI PG 3BTICB 40$ JO UIF FOUJSF EFWJDF JT SFEVDFE CZ B GBDUPS PG BSPVOE Ǌ UP һ =
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ƥƪNF7ON UP EFNPOTUSBUF UIF SPCVTU PDDVSSFODF PG B [FSP�FOFSHZ QFBL JO UIF -%04�B [FSP�CJBT QFBL

JO UIF E*/E7�DIBSBDUFSJTUJD GPS B XJEF SBOHF PG 3BTICB 40$ TUSFOHUIT� ĉJT SPCVTUOFTT XJUI 3BTICB

TQJO�PSCJU TUSFOHUI һ PG UIF UPQPMPHJDBM QIBTF CPVOEBSJFT BOE PG [FSP�FOFSHZ QFBLT BU 	TFHNFOUT PG


UIFTF CPVOEBSJFT DBO BMTP CF FYQMBJOFE XJUIJO B TDBĨFSJOH NBUSJY BQQSPBDI�

ĉF OBUVSF PG UIF.BKPSBOB CPVOE TUBUF JT JMMVTUSBUFE JO 'JHVSF ǋ�Ǌǎ XIJDI TIPXT UIF QSPCBCJMJUZ

BNQMJUVEF |ϔ(Y, Z)|Ʀ PG UIF MPXFTU�FOFSHZ TUBUF BU #Y = ƥ.Ʀ5 BOE B QIBTF EJĎFSFODF ӓ = Ӎ� %VF UP

UIF ėOJUF MFOHUI - PG UIF TFUVQ BOE UIF SFTVMUJOH IZCSJEJ[BUJPO PG UIF UXP TFQBSBUF .BKPSBOB FOE TUBUFT

UIJT TUBUF JT OPU TJUVBUFE BU [FSP�FOFSHZ� "T BSHVFE BCPWF JO 4FDUJPO ǋ�ǉǉ EVF UP UIF TNBMM JOEVDFE

UPQPMPHJDBM HBQ PG UIF PSEFS PG ǎ ӉF7 QSPUFDUJOH UIF.BKPSBOB FOE TUBUFT UIFTF TUBUFT BSF FYQFDUFE UP

EFDBZ POMZ TMPXMZ BXBZ GSPN UIF VQQFS BOE MPXFS FEHFT PG UIF OPSNBM SFHJPO� ĉJT GFBUVSF JT FYIJCJUFE

JO 'JHVSF ǋ�Ǌǎ XIFSF UIF MPXFTU FOFSHZ TUBUF JT TQSFBE PWFS UIF FOUJSF OPSNBM SFHJPO BOE POMZ TMJHIUMZ

MPDBMJ[FE BU UIF CPVOEBSJFT PG UIF OPSNBM SFHJPO 	TFF BMTP 'JHVSF ǋ�ǊǊ
�

ĉF MBSHF MPDBMJ[BUJPO MFOHUI PG UIF.BKPSBOB FOE TUBUFT JO UIF TBNQMF XJUI B ǎǈǈ�ON�XJEF OPSNBM

SFHJPO JNQMJFT UIBU UIF [FSP�FOFSHZ QFBLT JO UIF FEHF -%04 BSJTF BMNPTU FOUJSFMZ GSPN UIF CVML "O�

ESFFW CPVOE TUBUFT BU UIF UPQPMPHJDBM QIBTF CPVOEBSJFT� *OEFFE DPNQBSJOH ∂Ʀ-%04/∂&Ʀ BSPVOE

& = Ƥ DPNQVUFE BU UIF FEHF XJUI UIBU DPNQVUFE JO UIF DFOUFS PG UIF OPSNBM SFHJPO ZJFMET RVBMJUBUJWFMZ

TJNJMBS SFTVMUT�

5P PCUBJO NPSF MPDBMJ[FE.BKPSBOB CPVOE TUBUFT UIF UPQPMPHJDBM HBQ PG UIF PSEFS PG !Ʀ/(N8Ʀ)

TIPVME CF JODSFBTFE� )FODF B QPUFOUJBM SPVUF JT EFDSFBTJOH UIF XJEUI8 BOE HPJOH UP OBSSPXFS EFWJDFT�

*O GBDU B TBNQMF XJUI B8 = ƨƤƤ ONXJEF OPSNBM SFHJPO JT BMTP BWBJMBCMF %FWJDF ,BQQB JO 4FDUJPO

ǋ�Ǒ� 'JHVSF ǋ�ǊǏ TIPXT ∂Ʀ-%04/∂&Ʀ PCUBJOFE GPS B KVODUJPO PG XJEUI8 = ƨƤƤ ON� *O 'JHVSF ǋ�ǊǏ
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Figure 3.26: Wavefunction of the low-energy state for a 600-nm junction. Probability amplitudes |ϔ(Y, Z)|Ʀ of the
low-energy state, calculated at #Y = ƥ.Ʀ T and ӓ = Ӎ.
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Figure 3.27: Predicted zero-bias curvature for a 400-nm junction. Calculated ∂Ʀ-%04/∂&Ʀ (in a.u.) at & = Ƥ for
a Josephson junction of width8 = ƨƤƤ nm as a function of magnetic field #Y and the phase difference ӓ between
the superconducting regions. Panel (a) shows the LDOS computed from a ƥƤƤnm×ƥƤƤnm area at the upper edge of
the normal region (orange area in Figure 3.24). Panel (b) shows the LDOS computed from a ƥƤƤnm×ƥƤƤnm area in
the center of the normal region (yellow area in Figure 3.24). The dashed lines indicate the boundaries of the topological
phase obtained from an infinitely long junction - → ∞.

UIF QBSBNFUFST BSF һ�ǉǎǈ NF7ON ρ�ǉǋǈ ӉF7 Ӊ/ = ƥƤNF7 Ӊ4$ = ƦƤNF7 H/ = ƥƤ H4$ = Ƥ

BOEN = Ƥ.ƤƧƬNF� )FSF UIF TJ[F PG UIF TVQFSDPOEVDUJOH SFHJPOT JT ƥƤƤƤON×ƬƤƤON JO UIF Y� BOE

Z�EJSFDUJPOT UIBU PG UIF OPSNBM SFHJPO ƥƤƤƤON×ƨƤƤ ON BOE UIBU PG UIF QSPCF ƥƤƤON×ƥƤƤON� 6TJOH

BHBJO B EJTDSFUJ[BUJPO TUFQ PG B = ƥƤ ON UIF DPSSFTQPOEJOH OVNCFST PG TUFQT BSF - = ƥƤƤ8UPU = ƦƤƤ

84$ = ƬƤ8 = ƨƤ MY = ƥƤ BOE MZ = ƥƤ 	BHBJO UIFTF TZNCPMT EFOPUF XJEUIT�MFOHUIT BT XFMM BT UIF

OVNCFS PG TUFQT
� ĉF -%04 JT DPNQVUFE XJUI B (BVTTJBO CSPBEFOJOH PG π = Ƥ.Ʀρ JO &R� 	ǋ�ǉǍ
�

4JNJMBSMZ UP 'JHVSF ǋ�ǊǍ UIF DVSWBUVSF PG UIF -%04 BU UIF FEHF PG UIF OPSNBM SFHJPO JT TIPXO JO

'JHVSF ǋ�ǊǏ	B
� 'PS UIFTF QBSBNFUFST UIF UPQPMPHJDBM QIBTF BSJTFT POMZ GPS ėFMET BCPWF #Y = ƥ5

BT JMMVTUSBUFE CZ UIF EBTIFE MJOFT EFOPUJOH UIF CPVOEBSJFT PG UIF UPQPMPHJDBM QIBTF� ĉFTF CPVOE�

BSJFT IBWF CFFO PCUBJOFE OVNFSJDBMMZ GPS BO JOėOJUFMZ MPOH TZTUFN 	- → ∞
 XIJDI IBT PUIFS�
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XJTF UIF TBNF QBSBNFUFST BT 'JHVSF ǋ�ǊǏ	B
� 8IFSFBT GPS UIF FEHF -%04 OP [FSP�FOFSHZ QFBL JT

GPVOE PVUTJEF UIF UPQPMPHJDBM SFHJPO 	∂Ʀ-%04/∂&Ʀ > Ƥ� SFE BSFBT JO 'JHVSF ǋ�ǊǏ
 B [FSP�FOFSHZ

QFBL PG UIF FEHF -%04 BQQFBST GPS B XJEF SBOHF PG QIBTF EJĎFSFODFT ӓ JOTJEF UIF UPQPMPHJDBM SFHJPO

	∂Ʀ-%04/∂&Ʀ < Ƥ� CMVF BSFBT JO 'JHVSF ǋ�ǊǏ
� ĉJT JT JO DPOUSBTU UP UIF CVML -%04NFBTVSFE JO UIF

DFOUFS PG UIF OPSNBM SFHJPO 	ZFMMPX BSFB JO 'JHVSF ǋ�Ǌǌ
� "T TIPXO JO 'JHVSF ǋ�ǊǏ	C
 OP [FSP�FOFSHZ

QFBL EFWFMPQT GPS UIF CVML -%04 BQBSU GSPN B TNBMM SFHJPO JO QIBTF TQBDF TMJHIUMZ CFMPX #Y = Ƨ5

BOE GSPN ӓ ≈ Ƥ UP ӓ ≈ Ƥ.ƨӍ�

ĉFTF SFHJPOT XJUI ∂Ʀ-%04/∂&Ʀ < Ƥ JO UIF CVML -%04 BSJTF GSPN "OESFFW CPVOE TUBUFT BU UIF

QIBTF CPVOEBSZ QSPWJEJOH BHBJO B ėOHFSQSJOU PG UIF UPQPMPHJDBM USBOTJUJPO� 8F OPUF UIBU EVF UP UIF

NVDI TUSPOHFS 3BTICB 40$ DIPTFO IFSF DPNQBSFE UP 'JHVSF ǋ�ǊǍ UIF SBEJJ PG UIF UXP 3BTICB�TQMJU

'FSNJ DJSDMFT EJĎFS DPOTJEFSBCMZ� ĉVT UIF "OESFFW CPVOE TUBUFT BSJTJOH NBJOMZ GSPN UIF MBSHFS PG UIF

UXP 'FSNJ DJSDMFT DBSSZ TJHOJėDBOUMZ NPSF XFJHIU JO UIF -%04 UIBO UIPTF BSJTJOH GSPN UIF TNBMMFS

'FSNJ DJSDMF� "T B DPOTFRVFODF QSPOPVODFE [FSP�FOFSHZ QFBLT JO UIF CVML -%04 PDDVS QSJNBSJMZ BU

UIPTF QIBTF CPVOEBSJFT UIBU DPSSFTQPOE UP "OESFFW CPVOE TUBUFT GPSNFE GSPN UIF MBSHFS 'FSNJ DJSDMF�

.PSFPWFS 'JHVSF ǋ�ǊǏ	C
 TIPXT UIBU UIF QIBTF CPVOEBSJFT BSF VTVBMMZ USBDFE CZ SFHJPOT PG OFBSMZ

[FSP DVSWBUVSF 	XIJUF SFHJPOT
 JOEJDBUJWF PG B ĚBU -%04 BU UIFTF CPVOEBSJFT� ĉJT JT DPOTJTUFOU XJUI

UIF IJHI OPSNBM SFĚFDUJPO UIBU JT JNQMJFE CZ UIF TRVFF[FE UPQPMPHJDBM SFHJNF JO 'JHVSF ǋ�ǊǏ� *OEFFE

MBSHF OPSNBM SFĚFDUJPO JODSFBTFT UIF CBOE XJEUIT PG UIF "OESFFW CPVOE TUBUFT BOE UIVT UIF SBOHF PG

FOFSHJFT PWFS XIJDI B ĚBU -%04 DBO CF FYQFDUFE 	TFF 4FD� ǐ
� 'PS UIF FOFSHZ CSPBEFOJOH π = Ƥ.Ʀρ JO

'JHVSF ǋ�ǊǏ UIF -%04 BSPVOE & = Ƥ SFNBJOT ĚBU BU UIF QIBTF CPVOEBSJFT�

ĉF BCPWF EJĎFSFODF CFUXFFO UIF FEHF BOE CVML -%04 QPJOUT UP UIF [FSP��MPX�FOFSHZ TUBUFT CFJOH
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Figure 3.28: Wavefunction of the low-energy state for a 400-nm junction.Probability amplitudes |ϔ(Y, Z)|Ʀ of the
low-energy state at #Y = Ʀ.ƨ T and ӓ = ƥ.ƬӍ.

MPDBMJ[FE BU UIF FEHF PG UIF OPSNBM SFHJPO� ĉJT JT JOEFFE DPSSPCPSBUFE CZ 'JHVSF ǋ�Ǌǐ XIJDI BT BO

FYBNQMF TIPXT UIF XBWF GVODUJPO PG UIF MPXFTU�FOFSHZ TUBUF BU #Y = Ʀ.ƨ5 BOE ӓ = ƥ.ƬӍ� )FSF UIF

XFJHIU PG UIF MPX�FOFSHZ XBWFGVODUJPO BU UIF FEHF PG UIF OPSNBM SFHJPO JT TJHOJėDBOUMZ IJHIFS UIBO UIF

XFJHIU JO UIF DFOUFS PG UIF KVODUJPO�

ĉF BCPWF SFTVMUT JNQMZ UIBU GPS KVODUJPOT XJUI OPSNBM SFHJPOT PG XJEUI8 = ƨƤƤ ON JU DPVME

CF QPTTJCMF UP PCTFSWF TJHOBUVSFT PG .BKPSBOB CPVOE TUBUFT CZ DPNQBSJOH UIF FEHF BOE CVML -%04�

4VDI TJHOBUVSFT IPXFWFS BSF FYQFDUFE UP PDDVS GPS NBHOFUJD ėFMET CFZPOE UIF DVSSFOU FYQFSJNFOUBM

SFHJNF� 4UJMM HPJOH UP OBSSPXFS EFWJDFT XJUI JNQSPWFE GBCSJDBUJPO UFDIOPMPHZ PĎFST B QSPNJTJOH SPVUF

GPS ėOEJOH ėOHFSQSJOUT PG .BKPSBOB CPVOE TUBUFT EJđDVMU UP JTPMBUF JO +PTFQITPO KVODUJPOT XJUI XJEF

ǉǊǋ



OPSNBM SFHJPOT�

ǉǊǌ



4
4FBSDIJOH GPS UPQPMPHJDBM QIBTF USBOTJUJPOT JO

*O"T RVBOUVNXFMMT XJUI FQJUBYJBM BMVNJOVN

"ł ĽŁńŃŇŉĵłŉ ĵňńĹķŉ PG UIF SFTVMUT PG UIF QSFWJPVT UXP DIBQUFST JT UIBU UIFZ EP OPU SFMZ PO UIF TQF�

DJėD NBUFSJBM )H5F UIBU XF VTFE UP DPOEVDU UIF BGPSFNFOUJPOFE FYQFSJNFOUT CVU SBUIFS TIPVME CF

ǉǊǍ



BDDFTTJCMF JO BOZ TZTUFN UIBU DPOUBJOT UIF DSVDJBM JOHSFEJFOUT PG B IJHI NPCJMJUZ TFNJDPOEVDUPS XJUI

TUSPOH 3BTICB TQJO�PSCJU DPVQMJOH BOE JOEVDFE TVQFSDPOEVDUJWJUZ JO UIF QSFTFODF PG JO�QMBOF NBH�

OFUJD ėFMETǍǎ� *O UIJT DIBQUFS XF EJTDVTT PVS BĨFNQU UP SFQSPEVDF UIFTF SFTVMUT PO B TZTUFN DPOTJTUJOH

PG BO *O"T UXP�EJNFOTJPOBM FMFDUSPO HBT XJUI BO FQJUBYJBMMZ HSPXO BMVNJOVN TVQFSDPOEVDUPS� 8IJMF

XF EJE OPU TVDDFFE JO SFQMJDBUJOH UIF SFTVMUT PG UIF QSJPS UXP DIBQUFST JO UIF *O"T TZTUFN GPS UFDIOJDBM

SFBTPOT SFMBUFE UP UIF HSPXUI RVBMJUZ PG UIF *O"T XF QSFTFOU TPNF QSFMJNJOBSZ EBUB UIBU TVHHFTUT UIF

QPUFOUJBM GPS TVDDFTT JO UIJT NBUFSJBM XJUI IJHIFS RVBMJUZ TVCTUSBUFT� 8F BMTP TIPX TPNF QSFMJNJOBSZ

EBUB GSPN PVS TFBSDI GPS UIF USBOTJUJPO PG UIF TZTUFN JOUP B OPWFM HBQQFE TVQFSDPOEVDUJOH TUBUF BT

QSFEJDUFE CZ DFSUBJO UIFPSZ XPSLǏǋ�

ǌ�ǉ *łŉŇŃĸŊķŉĽŃł

ĉF QSJPS UXP DIBQUFST EJTDVTT GBTDJOBUJOH FYQFSJNFOUT UIBU TIPX TUSPOH TJHOBUVSFT PG B UPQPMPHJDBM

QIBTF USBOTJUJPO JO )H5F TZTUFNT XJUI TVQFSDPOEVDUPST EFQPTJUFE FY TJUV� ĉF UPQPMPHJDBM QIBTF USBO�

TJUJPO EFTDSJCFE JO UIF DIBQUFST TVHHFTUT UIF FNFSHFODF PG .BKPSBOB [FSP NPEFT JO UIF TZTUFN BM�

UIPVHI XJUIPVU GVSUIFS FYQFSJNFOUBUJPO XF DBOOPU DPODMVTJWFMZ DPOėSN UIF QSFTFODF PG .BKPSBOB

[FSP NPEFTǍǎ� ĉF UPQPMPHJDBM OBUVSF PG UIF SFTVMUT JO UIF QSFWJPVT UXP DIBQUFST EPFT OPU EFQFOE PO

UIF RVBOUVN XFMM CFJOH )H5F CVU SBUIFS TIPVME XPSL XJUI B WBSJFUZ PG TFNJDPOEVDUPST QPTTFTTJOH UIF

DPSSFDU JOHSFEJFOUT PG TUSPOH 3BTICB TQJO�PSCJU DPVQMJOH BOE JOEVDFE TVQFSDPOEVDUJWJUZ JO UIF QSFT�

FODF PG JO�QMBOF NBHOFUJD ėFMET� 8F UIFSFGPSF EFDJEFE UP USZ UP SFQMJDBUF UIF )H5F SFTVMUT GSPN UIF

QSFWJPVT UXP DIBQUFST JO B EJĎFSFOU NBUFSJBM *O"T RVBOUVN XFMMT XJUI FQJUBYJBM BMVNJOVN�

ǉǊǎ



ĉF EFDJTJPO UP SFQMJDBUF UIFTF SFTVMUT PO *O"T XBT OPU B SBOEPN DIPJDF� JO GBDU UIJT TQFDJėD *O"T

NBUFSJBM XJUI FQJUBYJBMMZ HSPXO BMVNJOVN QSFTFOUT B OVNCFS PG BEWBOUBHFT PWFS )H5F� *O UIF QSF�

WJPVT DIBQUFS XF QSFTFOU SFTVMUT PCTFSWFE CZ QMBDJOH NFUBM UVOOFMJOH DPOUBDUT PO UIF FEHFT PG PVS

KVODUJPOT� 8IJMF NFUBM UVOOFMJOH DPOUBDUT BSF OPU JEFBM BT EFQPTJUFE NFUBM FBTJMZ BMMPZT XJUI )H5F

BOE )H$E5F BOE GSFRVFOUMZ MFBET UP PWFSMZ NFUBMMJD PS PWFSMZ JOTVMBUJOH DPOUBDUT JU XBT OFDFTTBSZ BT

UIF QSFGFSSFE NFUIPE HBUF�EFėOFE RVBOUVN QPJOU DPOUBDUT XPVME OPU CF GFBTJCMZ JO B 2VBOUVN 4QJO

)BMM TZTUFN MJLF )H5F UIBU QPTTFTTFT FEHF TUBUFT UIBU DBOOPU CF FBTJMZ HBUFE BXBZǋǉ� *O"T EPFT OPU

IBWF UIJT JTTVF BT JU JT OPU B 2VBOUVN 4QJO )BMM NBUFSJBM BOE HBUF�EFėOFE RVBOUVN QPJOU DPOUBDUT BSF

GFBTJCMF BT XF XJMM EJTDVTT MBUFS JO UIJT DIBQUFS�

"OPUIFS CFOFėU PG *O"T PWFS )H5F JT UIF MFTT SFTUSJDUJWF GBCSJDBUJPO DPOEJUJPOT� )H5F DBOOPU FY�

QFSJFODF UFNQFSBUVSFT BCPWF ǐǈ◦ $XJUIPVU TJHOJėDBOUMZ EFHSBEJOH XIJMF *O"T DBO TBGFMZ IBOEMF

UFNQFSBUVSFT VQ UP BU MFBTU ǉǍǈ◦ $ BOE IJHIFS JG POF JT GFFMJOH SJTLZ� ĉJT QSFTFOUT BO JTTVF XJUI EJFMFD�

USJD EFQPTJUJPO PO )H5F BT UIF EJFMFDUSJDT XF VTF JO PVS GBCSJDBUJPO UFOE UP CF BUPNJD MBZFS EFQPTJUFE

PYJEFT XIJDI IBWF JEFBM HSPXUI UFNQFSBUVSFT BCPWF ǉǊǈ◦ $�

" UIJSE NBKPS CFOFėU PG *O"T JT UIF RVBMJUZ PG UIF JOEVDFE TVQFSDPOEVDUPS� *O PVS )H5F TZTUFNT

BMVNJOVN BOE OJPCJVN TVQFSDPOEVDUPST XFSF EFQPTJUFE FY TJUV SFTVMUJOH JO TNBMM JOEVDFE TVQFSDPO�

EVDUJOH HBQT JO UIF )H5F� *O PVS *O"T TZTUFNT BMVNJOVN XBT EFQPTJUFE JO TJUV JO UIF NPMFDVMBS CFBN

FQJUBYZ DIBNCFS SJHIU BěFS UIF RVBOUVN XFMM XBT HSPXO SFTVMUJOH JO BO JOEVDFE TVQFSDPOEVDUJOH HBQ

JO UIF *O"T RVBOUVN XFMM UIBU JT BMNPTU BT MBSHF BT UIF TUBOEBSE UIJO�ėMN BMVNJOVN TVQFSDPOEVDUJOH

HBQǋǎ�

ǉǊǏ



ǌ�Ǌ *ł"ň ŌĽŉļ ĹńĽŉĵŎĽĵŀ ĵŀŊŁĽłŊŁ

ĉF HSPXUI PG UIF TBNQMFT XF VTFE JT EJTDVTTFE JO QBQFST QVCMJTIFE CZ UIF 4IBCBOJ HSPVQ BU /:6Ǐǉ ǌǏ�

4BNQMFT XFSF HSPXO PO TFNJ�JOTVMBUJOH *O1 	ǉǈǈ
 TVCTUSBUFT JO B NPMFDVMBS CFBN FQJUBYZ DIBN�

CFS� 5P BDIJFWF UIF DPSSFDU MBĨJDF DPOTUBOU JO UIF RVBOUVN XFMM B TVQFS MBĨJDF PG *OƤ.ƩƧ(BƤ.ƨƫ"T BOE

*OƤ.ƩƦ"MƤ.ƨƬ"T XBT HSPXO PO UPQ PG UIF TVCTUSBUF GPMMPXFE CZ BO *O"M"T HSBEFE CVĎFS UIBU HSBEVBMMZ

DIBOHFE DPODFOUSBUJPO GSPN *OƤ.ƩƦ"MƤ.ƨƬ"T UP *OƤ.Ƭƥ"MƤ.ƥƭ"T� ĉF RVBOUVN XFMM DPOTJTUT PG B ǌ�ǎ ON

MBZFS PG *O"T HSPXO PO ǌ�ǎ ON PG *OƤ.Ƭƥ(BƤ.ƥƭ"T� *O PSEFS UP SFBMJ[F SPCVTU UPQPMPHJDBM TVQFSDPOEVD�

UJWJUZ B RVBTJQBSUJDMF TIPVME TQFOE TJNJMBS UJNF JO UIF TVQFSDPOEVDUPS BT JO UIF RVBOUVN XFMMǎǐ� ĉJT

JT BDIJFWFE CZ HSPXJOH B ǉǈ ON UIJDL *OƤ.Ƭƥ(BƤ.ƥƭ"T CBSSJFS PO UPQ PG UIF RVBOUVN XFMM� 'JOBMMZ UIF

TVCTUSBUF JT DPPMFE BOE ǉǈ�Ǌǈ ON PG FQJUBYJBM BMVNJOVN 	ǉǉǉ
 JT HSPXO JO TJUV PO UPQ PG UIF *O(B"T

CBSSJFS� 8IJMF CVML BMVNJOVN JT B 5ZQF * TVQFSDPOEVDUPS XJUI DSJUJDBM ėFME BSPVOE∼ Ǎǈ N5 WFSZ

UIJO�ėMN BMVNJOVN DBO SFBDI DSJUJDBM ėFMET PG PWFS Ǌ 5 BOE ǉǈ�Ǌǈ ON UFOET UP ZJFME DSJUJDBM ėFMET PG

BSPVOE ǉ�Ǎ 5ǎǍ�

ĉF JOUFSGBDFT PG UIFTF TBNQMFT UFOE UP CF WFSZ USBOTQBSFOU MFBEJOH UP JOEVDFE TVQFSDPOEVDUJOH

HBQT JO UIF RVBOUVN XFMM UIBU BSF PG UIF PSEFS PG UIF UIJO�ėMN BMVNJOVN HBQ ρƤ ∼ ƦƤƤӉF7ǎǍ� ĉF

BMVNJOVN HSPXUI IBT POF OFHBUJWF FĎFDU BT JU UFOET UP EFDSFBTF UIF RVBOUVN XFMM�T FMFDUSPO NPCJMJUZ�

ĉFNBYJNVNNFBTVSFE NPCJMJUZ JO UIFTF TBNQMFT JT BSPVOE ǌǋǈǈǈ DNƦ7−ƥT−ƥ DPSSFTQPOEJOH UP BO

FMFDUSPO NFBO GSFF QBUI PG MF ≈ ƪƤƤ ONǊǊ� )PXFWFS UIJT PQUJNBM NPCJMJUZ JT WFSZ IBSE UP BDIJFWF�

BOE NPTU HPPE HSPXUIT ZJFME NPCJMJUJFT PG PSEFS ǉǈǈǈǈ�Ǌǈǈǈǈ DNƦ7−ƥT−ƥ ǌǏ ǎǍ Ǐǉ�

�"U UIF UJNF PG UIJT XSJUJOH NPCJMJUJFT UIJT IJHI IBWF POMZ CFFO BDIJFWFE PO UXP HSPXUIT PVU PG IVOESFET UP
UIF CFTU PG NZ LOPXMFEHF�

ǉǊǐ



ĉF EFWJDFT EFTDSJCFE JO UIF SFTU PG UIF DIBQUFS DPNF GSPN BSPVOE ǉǍ HSPXUIT� ĉFJS NPCJMJUJFT

BSF BMM JO UIF SBOHF PG Ǎǈǈǈ�ǉǍǈǈǈ DNƦ7−ƥT−ƥ BT VOGPSUVOBUFMZ XF XFSF OFWFS BCMF UP SFDFJWF UIF UPQ

RVBMJUZ NBUFSJBMT�

ǌ�ǋ &ŎńĹŇĽŁĹłŉĵŀ 4ĹŉŊń

ǌ�ǋ�ǉ 'ĵĶŇĽķĵŉĽŃł

)FSF XF QSFTFOU UIF CBTJDT PG GBCSJDBUJPO PO *O"T TBNQMFT XJUI FQJUBYJBM BMVNJOVN�n ĉFNBJO TUFQT

PG GBCSJDBUJPO PO UIFTF *O"T TBNQMFT BSF BT GPMMPXT� 	ǉ
 BMJHONFOU NBSL QMBDJOH 	Ǌ
 CPOEQBE EFQPTJ�

UJPO 	ǋ
 NFTB FUDIJOH 	ǌ
 TVQFSDPOEVDUPS EFėOJUJPO CZ BMVNJOVN FUDIJOH 	Ǎ
 EJFMFDUSJD EFQPTJUJPO

BOE 	ǎ
 HBUF EFQPTJUJPO� ĉFTF TUFQT BSF UIF TBNF GPS BMM EFWJDFT XF GBCSJDBUFE JO UIF DIBQUFS BMUIPVHI

UIF FYBDU MJUIPHSBQIZ QSFDFEJOH UIFN DIBOHFT EFQFOEJOH PO UIF UZQF PG EFWJDF� 4UFQT 	Ǌ
 	ǋ
 BOE

	ǌ
 DBO UFDIOJDBMMZ PDDVS JO BOZ PSEFS XJUIPVU RVBMJUZ EJĎFSFODF CVU UIF ZJFME SBUF XBT IJHIFTU GPS

WBSJPVT SFBTPOT EJTDVTTFE JO "QQFOEJY # XIFO XF GPMMPXFE UIF PSEFS MJTUFE BCPWF� "EEJUJPOBMMZ TUFQT

	ǉ
 BOE 	Ǌ
 DPVME CF DPNCJOFE JOUP POF TUFQ XIFO UIFZ GPMMPXFE FBDI PUIFS� .PTU PG UIF EFWJDFT

EJTDVTTFE JO UIJT DIBQUFS GPMMPXFE UIF OVNFSJDBM PSEFS MJTUFE BCPWF�

"MM GBCSJDBUJPO TUFQT XFSF EFėOFE CZ FMFDUSPO CFBN MJUIPHSBQIZ� "MJHONFOU NBSLT BOE CPOE QBET

XFSF EFQPTJUFE JO B UIFSNBM FWBQPSBUPS DIBNCFS� " ǉǈ T BSHPO NJMM XBT SVO JNNFEJBUFMZ GPMMPXFE CZ

UIF EFQPTJUJPOT PG Ǎ�ǉǈ ON PG UIFSNBMMZ FWBQPSBUFE UJUBOJVN BOE Ǎǈ�ǉǈǈ ON PG UIFSNBMMZ FWBQPSBUFE

HPME� ĉFNFTB XBT UIFO FUDIFE VTJOH B NJYUVSF PG XBUFS ǉ. DJUSJD BDJE QIPTQIPSJD BDJE BOE IZESP�

n"NVDI NPSF EFUBJMFE FYQMBOBUJPO PG UIF QSPDFTTJOH PDDVST JO "QQFOEJY #�

ǉǊǑ



HFO QFSPYJEF JO SBUJP ǊǊǈ�ǍǍ�ǋ�ǋ� #FDBVTF BMVNJOVN XBT HSPXO FQJUBYJBMMZ PO UIFTF TBNQMFT JU IBE UP

CF TFMFDUJWFMZ SFNPWFE 	JOTUFBE PG EFQPTJUFE MJLF JO UIF )H5F EFWJDFT MJTUFE JO UIF QSFWJPVT UXP DIBQ�

UFST
� " QSPQSJFUBSZ DPNQPVOE NBEF CZ UIF 5SBOTFOF DPNQBOZ DBMMFE "MVNJOVN &UDI 5ZQF % XBT

VTFE GPS UIJT TFMFDUJWF FUDI� ĉF BMVNJOVN FUDI XBT HFOFSBMMZ IFBUFE UP UFNQFSBUVSFT ǉǈ�ǉǍ◦$ BCPWF

SPPN UFNQFSBUVSF�

"U UIJT QPJOU EFWJDFT BSF BCMF UP CF NFBTVSFE� 'PS EFWJDFT UIBU SFRVJSFE HBUJOH B EJFMFDUSJD MBZFS PG

FJUIFS BMVNJOVN PYJEF IBGOJVN PYJEF PS B OBOPMBNJOBUF DPNCJOBUJPO PG UIF UXP XBT UIFO EFQPTJUFE

CZ BUPNJD MBZFS EFQPTJUJPO XIJDI XBT GPMMPXFE CZ HBUF EFQPTJUJPO JO B UIFSNBM FWBQPSBUPS� ĉF HBUF

NBUFSJBM XBT HFOFSBMMZ Ǎ�ǉǈ ON PG UJUBOJVN GPMMPXFE CZ BO BNPVOU PG HPME UIJDLFS UIBO UIF NFTB FUDI�

"T UIJT DPVME TPNFUJNFT SFBDI TFWFSBM IVOESFE OBOPNFUFST PěFO UIF HBUF EFQPTJUJPO XBT EPOF JO UXP

TUFQT XJUI ėOF GFBUVSFT CFJOH Ǌǈ�Ǎǈ ON UIJDL BOE DPBSTF GFBUVSFT UIBU DMJNCFE UIF NFTB FUDI CFJOH UIF

OFDFTTBSZ UIJDLOFTT�

ǌ�ǋ�Ǌ .ĹĵňŊŇĹŁĹłŉ ňĹŉŊń

4BNQMFT XFSF NFBTVSFE JO UISFF EJĎFSFOU TFUVQT� " IFMJVN EFXBS PVUėĨFE XJUI B Ǎ�ǎ 5 TJOHMF�BYJT

NBHOFU XBT VTFE GPS RVJDL NFBTVSFNFOUT BU ǌ ,� 4PNF PG UIF 21$ UFTU EBUB BT XFMM BT IBMM CBS EBUB

ZJFMEJOH FMFDUSPO EFOTJUJFT BOE NPCJMJUJFT XFSF NFBTVSFE PO UIJT TFUVQ�

ĉF MPX UFNQFSBUVSF EBUB XBT JOUFOEFE UP CF NFBTVSFE JO BO 0YGPSE *OTUSVNFOUT EJMVUJPO SFGSJHFS�

BUPS XJUI B CBTF UFNQFSBUVSF PG BSPVOE ǉǍ N, XIJDI QPTTFTTFE B ǉǊ�ǋ�ǉ 5 WFDUPS NBHOFU� )PXFWFS

UIJT TZTUFN TQFOU OFBSMZ UXP ZFBST CFJOH SFQBJSFE CZ 0YGPSE *OTUSVNFOU UFDIOJDJBOT BOE TP NBOZ PG

UIF MPX UFNQFSBUVSF NFBTVSFNFOUT FOEFE VQ CFJOH NBEF PO B EJĎFSFOU 0YGPSE *OTUSVNFOUT EJMVUJPO

ǉǋǈ



SFGSJHFSBUPS XJUI B CBTF UFNQFSBUVSF PG BSPVOE Ǎǈ N, UIBU QPTTFTTFE B ǎ�ǉ�ǉ 5 WFDUPS NBHOFU�

*O BMM UISFF TZTUFNT MPDLJO UFDIOJRVFT XFSF VTFE GPS NFBTVSFNFOUT� "$ BOE %$ WPMUBHFT BOE DVS�

SFOUT XFSF BQQMJFE BOE NFBTVSFE BT NBHOFUJD ėFMET XFSF TXFQU� ĉF :BDPCZ -BC 4QFDJBM .FBTVSF

QBDLBHF JO.BUMBC XBT VTFE UP SVO UIFTF NFBTVSFNFOUT BOE DPMMFDU EBUB�

ǌ�ǌ 4ĵŁńŀĹ $ļĵŇĵķŉĹŇĽŐĵŉĽŃł

4BNQMFT XFSF DIBSBDUFSJ[FE BU ǌ , VTJOH )BMM CBS UFDIOJRVFT GPS )BMM CBST XJUI BSFB PG PSEFS ǌǈǈ�ǊǍǈǈ

ӉNƦ� "O "$ DVSSFOU PG Ǌǈ�Ǌǈǈ O" XPVME CF BQQMJFE BDSPTT UIF EFWJDF BT BO PVU PG QMBOF NBHOFUJD

ėFME XBT TXFQU CFUXFFO−Ʃ.ƪ5 BOE Ʃ.ƪ5� 'JHVSFT ǌ�ǉ BOE ǌ�Ǌ SFTQFDUJWFMZ TIPX UIF MPOHJUVEJOBM SF�

TJTUBODF 3YY BOE )BMM SFTJTUBODF 3YZ PG B DIBSBDUFSJTUJD )BMM CBS PO POF PG UIFTF EFWJDFT� 'PS UIF EFWJDF

TIPXO UIF EFOTJUZ XBT DBMDVMBUFE UP CF Ǎ�ǌ×ƥƤƥƥ DN−Ʀ BOE UIF NPCJMJUZ UP CF ǑǑǊǈ DNƦ7−ƥT−ƥ� "MM PG

UIF TBNQMFT NFBTVSFE JO UIJT DIBQUFS IBWF EFOTJUJFT XJUIJO B GBDUPS PG ǉǈ PG UIJT EFWJDF BOE NPCJMJUJFT

XJUIJO B GBDUPS PG Ǌ� "O JNQPSUBOU OPUF JT UIBU NPCJMJUZ XBT OPU JTPUSPQJD BDSPTT UIF TBNQMF� 'PS FYBN�

QMF PO UIJT TBNQMF XJUI B NPCJMJUZ PG ǑǑǊǈ DNƦ7−ƥT−ƥ GBCSJDBUJOH UIF EFWJDFT BU PUIFS BOHMFT SFMBUJWF

UP UIF DSZTUBM BYJT XPVME ZJFME NPCJMJUJFT BT MPX BT ǉǐǍǈ DNƦ7−ƥT−ƥ� "T B SFTVMU JU JT WFSZ JNQPSUBOU UP

GBCSJDBUF EFWJDFT TP UIBU FMFDUSPOT XPVME USBWFM JO UIF PQUJNBM NPCJMJUZ EJSFDUJPO� 6OMFTT NFOUJPOFE

PUIFSXJTF BMM EFWJDFT JO UIJT DIBQUFS XFSF GBCSJDBUFE BMPOH UIF PQUJNBM NPCJMJUZ EJSFDUJPO�

ǉǋǉ



Figure 4.1: Characterization of an InAs quantum well. Shown here is the longitudinal resistance of a Hall bar device
fabricated on InAs, as a function of the perpendicular magnetic field, at a top gate voltage of 0 V, measured at a tempera-
ture of 4 Kelvin.

Figure 4.2: Characterization of an InAs quantum well. Shown here is the Hall resistance of a Hall bar device fabricated
on InAs, as a function of the perpendicular magnetic field, at a top gate voltage of 0 V, measured at a temperature of 4
Kelvin.

ǉǋǊ



Figure 4.3: Microscope image of a Josephson junction on InAs. Shown here is an optical microscope image of a
Josephson junction device. The yellow boxes in each of the four corners are bondpads. The light gray background is
aluminum, and the dark gray is where the mesa is etched away. The tiny rectangle of medium gray color in the center is
the weak link in the junction, where aluminum is stripped away.

ǌ�Ǎ +ŃňĹńļňŃł ľŊłķŉĽŃł ŁĹĵňŊŇĹŁĹłŉň

ǌ�Ǎ�ǉ +ŃňĹńļňŃł ľŊłķŉĽŃł ńŇŃķĹňňĽłĻ

+PTFQITPO KVODUJPOT XFSF GBCSJDBUFE VTJOH UIF QSPDFTT EFTDSJCFE BCPWF JO 4FDUJPO ǌ�ǋ�ǉ BOE CFMPX

JO "QQFOEJY #�ĉF XJEUI PG UIF BMVNJOVN MFBET JO UIF KVODUJPOT XBT∼ǉ ӉN BOE UIF XFBL MJOL EJ�

NFOTJPOT WBSJFE GSPN Ǌ ӉN UP ǐ ӉN JO MFOHUI BOE ƥƤƤ ON UP ƬƤƤ ON JO XJEUI� &YBNQMF QJDUVSFT PG

+PTFQITPO KVODUJPO EFWJDFT NFBTVSFE JO UIJT DIBQUFS BSF TIPXO JO 'JHVSFT ǌ�ǋ BOE ǌ�ǌ�

ǉǋǋ



Figure 4.4: SEM image of a Josephson junction on InAs. Shown here is a scanning electron microscope image of
a Josephson junction device. The dark gray background is where mesa is etched away. The light gray is the aluminum
leads, and the medium gray rectangle in the middle is the weak link in the junction, where aluminum is stripped away. In
this image, the aluminum etch is slightly offset from the center of the junction.

ǉǋǌ



ǌ�Ǎ�Ǌ 'ŇĵŊłļŃĺĹŇ ńĵŔĹŇłň

8FNFBTVSFE PVS +PTFQITPO KVODUJPOT BU N, UFNQFSBUVSFT UP NBLF TVSF UIFZ EFNPOTUSBUFE UIF

+PTFQITPO FĎFDU� 8F BQQMJFE B ǉǈ O" BD DVSSFOU BDSPTT UIF KVODUJPO XIJMF TXFFQJOH PVU PG QMBOF

NBHOFUJD ėFME� "U FBDI WBMVF PG NBHOFUJD ėFME XF JODSFBTFE B ED DVSSFOU GSPN ǈ VOUJM QBTU UIF QPJOU

XIFO UIF KVODUJPO TUPQQFE TVQFSDPOEVDUJOH� ĉF SFTVMUJOH JNBHF HJWFT JOGPSNBUJPO PO UIF TVQFSDVS�

SFOU EFOTJUZ UISPVHI UIF KVODUJPO BOE TIPVME SFTVMU JO B TJOHMF�TMJU 'SBVOIPGFS JOUFSGFSFODF QBĨFSO

JG UIF TVQFSDVSSFOU JT VOJGPSN UISPVHI UIF KVODUJPO BT XF XPVME FYQFDU GPS UIFTF TBNQMFTǍǈ� 'JH�

VSF ǌ�Ǎ TIPXT UIF 'SBVOIPGFS QBĨFSO XF NFBTVSFE PO POF PG PVS CFTU TBNQMFT 	NPCJMJUZ≈ǉǍǈǈǈ

DNƦ7−ƥT−ƥ
� ĉF QSPEVDU *D3O PG UIF NBYJNVN DSJUJDBM DVSSFOU BOE UIF OPSNBM SFTJTUBODF PG UIF KVOD�

UJPO JT BSPVOE ǉǌǈ ӉF7 XIJDI TVHHFTUT B NVDI TUSPOHFS JOEVDFE TVQFSDPOEVDUJOH HBQ IFSF UIBO XF

TBX JO )H5F� 'PS FYBNQMF UIF )H5F +PTFQITPO KVODUJPO TIPXO JO 'JHVSF Ǌ�ǉC IBT BO *D3O QSPEVDU

BSPVOE ǋ UJNFT TNBMMFS� 8F OPUF UIBU PVS KVODUJPO IFSF IBT POF MBSHF QFBL JOEJDBUJWF PG VOJGPSN TV�

QFSDVSSFOU USBOTQPSU BMUIPVHI UIF TJEFMPCFT EP OPU GPMMPX UIF TJOHMF�TMJU JOUFSGFSFODF QBĨFSO UIBU

XF XPVME FYQFDU� ĉJT JT CFDBVTF NBOZ PG PVS TBNQMFT IBE B MBSHF BNPVOU PG JOEJVN PO UIFJS CBDL�

TJEFT GSPN IPX UIFZ XFSF HMVFE POUP UIF TBNQMF IPMEFS JO UIF NPMFDVMBS CFBN FQJUBYZ DIBNCFSo�

ĉF CBDLTJEF JOEJVN TVQFSDPOEVDUT BOE TDSFFOT NBHOFUJD ĚVY GPS MPX WBMVFT PG PVU�PG�QMBOF ėFME

DBVTJOH TPNF PG UIF EJTUPSUJPO UIBU XF TFF� *G B MBSHF JO�QMBOF ėFME JT BQQMJFE UIF CBDLTJEF JOEJVN CF�

DPNFT OPSNBM BOE UIF EJTUPSUJPO HPFT BXBZ BMUIPVHI UIF NBYJNVN DSJUJDBM DVSSFOU EFDSFBTFT JO UIF

o8IJMF XF USZ UP SFNPWF NPTU PG UIJT CBDLTJEF JOEJVN XF BSF OPU BCMF UP SFNPWF BMM PG JU XIJMF TUJMM USFBUJOH
UIF TBNQMF HFOUMZ BOE TP XF QSFGFS MFBWJOH TPNF CBDLTJEF JOEJVN UP SJTLJOH UIF JOUFHSJUZ PG PVS TBNQMF BOE
GBCSJDBUFE EFWJDFT�

ǉǋǍ



Figure 4.5: Fraunhofer pattern in an InAs Josephson junction. We plot the ac resistance due to an applied dc current
at fields between−Ʃ mT and Ʃ mT. The single peak much larger than the lobes is indicative of uniform supercurrent
density through the junction, although the side lobes are not symmetric on either side. This is likely caused by excess
indium on the backside of the sample that screens the out of plane magnetic field in a non-uniform way.

JO�QMBOF ėFME SFHJNF� 'JHVSF ǌ�ǎ TIPXT B 'SBVOIPGFS QBĨFSO GSPN B NVDI MPXFS RVBMJUZ TBNQMF CVU

POF XJUIPVU UIF CBDLTJEF JOEJVN� )FSF XF TFF UIBU UIF QBĨFSO JT NVDI NPSF TZNNFUSJD BOE MPPLT

MJLF TJOHMF�TMJU JOUFSGFSFODF�

ǌ�Ǎ�ǋ *ł�ńŀĵłĹ ĺĽĹŀĸ ŁĹĵňŊŇĹŁĹłŉň Ńł *ł"ň

"ěFS DPOėSNJOH UIBU UIF KVODUJPOT EJTQMBZFE +PTFQITPO FĎFDU BOE B TUSPOH JOEVDFE TVQFSDPOEVDU�

JOH HBQ XF BĨFNQUFE UP SFQFBU UIF NFBTVSFNFOUT PO )H5F GSPN$IBQUFS Ǌ UIBU TIPXFE EJTBQQFBS�

BODF BOE SF�FOUSBODF PG TVQFSDPOEVDUJWJUZ BT B GVODUJPO PG QBSBMMFM ėFME� +PTFQITPO KVODUJPOT XFSF

ǉǋǎ



Figure 4.6: Fraunhofer pattern in an InAs Josephson junction. We plot the ac resistance due to an applied dc current
as magnetic field is swept. We see a symmetric single-slit interference pattern.

ǉǋǏ



Figure 4.7: Sweeping in-plane field in an InAs Josephson junction, part 1. We plot the ac resistance as in-plane
(#[) and out-of-plane (#Z) magnetic fields are swept in a Josephson junction of dimensions 4 Ӊm× 300 nm. The
superconductivity dies off at high in-plane field but does not re-emerge at higher values.

DPPMFE EPXO UP N, UFNQFSBUVSF B TNBMM BD DVSSFOU XBT BQQMJFE UP UIF KVODUJPO 	∼Ǎ O"
 BOE JO�QMBOF

ėFME XBT TXFQU GSPN ǈ 5 UP WBMVFT CFUXFFO ǉ 5 BOE Ǌ 5� "U FBDI WBMVF PG JO�QMBOF ėFME XF TXFQU PVU�

PG�QMBOF ėFME PWFS B GFX N5� 'JHVSF ǌ�Ǐ TIPXT B DIBSBDUFSJTUJD FYBNQMF PG POF PG PVS NBOZ NFBTVSF�

NFOUT UIBU BĨFNQUFE UP SFQFBU UIF )H5F SFTVMUT� *O UIF EFWJDF TIPXO UIF TVQFSDPOEVDUJWJUZ EJFE PĎ

BU BSPVOE ǈ�Ǐ 5 CVU EJE OPU SF�FNFSHF MBUFS�

8F UIFO USJFE B TMJHIUMZ EJĎFSFOU NFUIPE UP UFTU GPS UIF SF�FOUSBODF PG TVQFSDPOEVDUJWJUZ� 8F TXFQU

UIF TBNF JO�QMBOF BOE PVU�PG�QMBOF ėFMET BT BCPWF JO 'JHVSF ǌ�Ǐ CVU JOTUFBE PG LFFQJOH UIF DVSSFOU

UISPVHI UIF KVODUJPO DPOTUBOU XF TXFQU DVSSFOU GSPN ǈ O" VOUJM UIF KVODUJPO XFOU OPSNBM BU FBDI

ǉǋǐ



Figure 4.8: Sweeping in-plane field in an InAs Josephson junction, part 2. We plot the ac resistance as in-plane
(#[) and out-of-plane (#Z) magnetic fields are swept in a Josephson junction of dimensions 4 Ӊm× 300 nm. The
superconductivity dies off at high in-plane field but does not re-emerge at higher values.

QPJOU JO ėFME BOE NFBTVSFE UIBU DSJUJDBM DVSSFOU QPJOU� 8IJMF UIJT NFUIPE SFRVJSFE NVDI NPSF UJNF

QFS NFBTVSFNFOU JU BMTP JT NVDI NPSF TFOTJUJWF� 6OGPSUVOBUFMZ BT XF TIPX JO 'JHVSF ǌ�ǐ XF EP OPU

TFF BOZ SF�FOUSBODF PG TVQFSDPOEVDUJWJUZ JO PVS EFWJDFT FWFO XJUI UIJT NPSF DBSFGVM NFUIPE�

"O JNQPSUBOU UFTU XBT UP DIFDL XIFUIFS UIF EJTBQQFBSBODF PG TVQFSDPOEVDUJWJUZ JO UIF KVODUJPO BU

IJHI JO�QMBOF ėFME XBT EVF UP UIF JOEVDFE HBQ JO UIF Ǌ%&( PS EVF UP UIF MFBET UIFNTFMWFT� *G UIF MFBET

UIFNTFMWFT XFSF VOBCMF UP TVTUBJO TVQFSDPOEVDUJWJUZ JO UIF IJHI�ėFME SFHJNF UIF MBDL PG SF�FOUSBODF

XPVME OPU CF TVSQSJTJOH� 8F DIFDLFE UIJT CZ NFBTVSJOH SFTJTUBODF BDSPTT B TJOHMF KVODUJPO MFBE JO UIF

EFWJDF TIPXO BCPWF� 8F TIPX UIJT EBUB JO 'JHVSF ǌ�Ǒ BOE TFF UIBU UIF KVODUJPO MFBET TVSWJWF VOUJM

ǉǋǑ



Figure 4.9: Measuring resistance across junction leads in the presence of in-plane fields. We plot the resistance
of a two-terminal measurement across one of the leads of a Josephson junction. We see that the lead goes normal at
around 2.3 T.

NVDI IJHIFS WBMVFT PG JO�QMBOF NBHOFUJD ėFME BSPVOE Ǌ�ǋ 5�ĉJT SFNPWFT UIF QPTTJCJMJUZ UIBU UIF KVOD�

UJPO MFBET BSF HPJOH OPSNBM CFGPSF UIF TVQFSDPOEVDUJWJUZ XPVME SF�FNFSHF JO UIF KVODUJPO� ĉF MJLFMZ

SFBTPO GPS UIF MBDL PG SF�FOUSBOU TVQFSDPOEVDUJWJUZ JO UIFTF TBNQMFT JT UIFJS MPXNPCJMJUZ NBLJOH UIFTF

KVODUJPOT NVDI NPSF TVTDFQUJCMF UP EJTPSEFS UIBO UIPTF JO )H5F XJUI NPCJMJUJFT ǌǈ UJNFT IJHIFS BT

"OEFSTPO�T UIFPSFN QSPUFDUJOH TJOHMFU TVQFSDPOEVDUPST GSPN UIF FĎFDUT PG MPXNPCJMJUZ JT OP MPOHFS

WBMJE JO UIF IJHI JO�QMBOF ėFME SFHJNF XIFSF USJQMFU QBJSJOH DPNFT JOUP QMBZ BT XFMMǋ� 'PS NPCJMJUJFT BT

MPX BT JO UIFTF TBNQMFT NFBO GSFF QBUIT BSF PG PSEFS ǉǍǈ�Ǌǈǈ ON DPNQBSFE UP BSPVOE Ǐ ӉN JO )H5F�

8F BĨFNQUFE UP ėOE B SF�FOUSBODF PG TVQFSDPOEVDUJWJUZ JO B OVNCFS PG +PTFQITPO KVODUJPOT PG

ǉǌǈ



WBSZJOH EJNFOTJPOT PO NBOZ *O"T TBNQMFT PG WBSZJOH RVBMJUZ CVU OFWFS XFSF BCMF UP TFF B SF�FOUSBODF

PG TVQFSDPOEVDUJWJUZ MJLF JO )H5F�

ǌ�ǎ 2ŊĵłŉŊŁ 1ŃĽłŉ $Ńłŉĵķŉň

*O PSEFS UP SFQFBU UIF NFBTVSFNFOUT PG $IBQUFS ǋ PO *O"T XF BĨFNQUFE UP DSFBUF HBUF�EFėOFE RVBO�

UVN QPJOU DPOUBDUT 	21$T
 UIBU XPVME BMMPX VT UP NBLF UVOOFMJOH NFBTVSFNFOUT PO PVS *O"T EF�

WJDFT� "MUIPVHI XF EJE OPU IBWF IJHI RVBMJUZ *O"T TBNQMFT BT EJTDVTTFE BCPWF XF BĨFNQUFE UP DSFBUF

UIFTF RVBOUVN QPJOU DPOUBDUT JO PSEFS UP CF SFBEZ GPS B UJNF XIFO XF XPVME SFDFJWF IJHI RVBMJUZ TBN�

QMFT�

ǌ�ǎ�ǉ 'ĵĶŇĽķĵŉĽŃł

8F GPMMPXFE UIF TBNF QSPDFEVSFT BT EFTDSJCFE JO 4FDUJPO ǌ�ǋ�ǉ BOE "QQFOEJY # UP GBCSJDBUF PVS EF�

WJDFT GPS UFTUJOH RVBOUVN QPJOU DPOUBDUT� 8F SFNPWFE UIF BMVNJOVN GSPN B MPOH SFDUBOHVMBS TUSJQ

	BQQSPYJNBUFMZ Ǌǈ ӉN JO XJEUI BOE ǌǈ ӉN JO MFOHUI
 PO UIF EFWJDF BOE QMBDFE UISFF 21$ EFWJDFT

BDSPTT UIF SFDUBOHMF JO EJĎFSFOU QMBDFT TP BT UP UFTU TFWFSBM BU B UJNFf� &BDI 21$ DPVME JOEJWJEVBMMZ CF

HBUFE JOUP UIF QJODI�PĎ SFHJNF PS MFě VOHBUFE TP UIBU FBDI 21$ DPVME CF JOEFQFOEFOUMZ NFBTVSFE� "

QJDUVSF PG POF PG UIFTF EFWJDFT JT TIPXO JO 'JHVSF ǌ�ǉǈ�

f1MBDJOH NVMUJQMF 21$T PO B TJOHMF EFWJDF BMMPXFE VT UP VTF UIF TBNF CPOEQBET GPS DVSSFOU BOE WPMUBHF
NFBTVSFNFOUT UISPVHI UIF EFWJDF GPS NVMUJQMF 21$T NJOJNJ[JOH UIF OVNCFS PG DPPMEPXOT OFFEFE GPS UFTUJOH�
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Figure 4.10: Quantum point contact test device. Shown here is an optical microscope image of a device used to test
quantum point contacts. The dark brown is where the mesa is etched, separating this device from others on the chip, as
well as separating bondpads from each other. The four dark gold squares in the center of the chip are gold bondpads
used to make four-terminal measurements of current and voltage. The six bright gold squares are the bondpads used for
gating quantum point contacts. Each of the three quantum point contacts uses two of these six bondpads. The thin gold
lines attached to these six bondpads are attached to the gates, whose features are too fine to see in this image but are in
the center of the chip. The orange background is where aluminum is left unetched on the chip.
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Figure 4.11: Schematic of best quantum point contact device. Shown here is a schematic of our best quantum point
contact device. The three green shapes are gates. The leftmost and rightmost shape are the constriction gates, to which
a large negative voltage would be applied. The middle shape would be held at a slight negative voltage to prevent the
constriction gates from completely stopping any conductance. The 200 nm separation between constriction gates was
ideal for our InAs quantum wells, but we expect it to scale with depth of the quantum well below the gate layer.

ǌ�ǎ�Ǌ .ĹĵňŊŇĽłĻ ŅŊĵłŉŊŁ ńŃĽłŉ ķŃłŉĵķŉň

8F GBCSJDBUFE B OVNCFS PG EJĎFSFOU HFPNFUSJFT GPS RVBOUVN QPJOU DPOUBDUT BOE UIFO NFBTVSFE UIFN

BU ǌ , UFNQFSBUVSFT� 8F GPVOE UIBU JU XBT WFSZ JNQPSUBOU GPS FBDI 21$ UP DPOTJTU PG UISFF HBUFT BT

TIPXO JO 'JHVSF ǌ�ǉǉ BMUIPVHI POMZ UXP BSF OFFEFE UP DSFBUF B DPOTUSJDUJPO� ĉJT JT CFDBVTF B UXP

HBUF EFWJDF FOEFE VQ HBUJOH UIF SFHJPO JO CFUXFFO UIF UXP HBUFT EFQMFUJOH JU UPP NVDI BOE DSFBUJOH

B UPUBM DPOTUSJDUJPO JOTUFBE PG B UVOOFMJOH EFWJDF� ĉF UIJSE HBUF XBT BEEFE BOE IFME BU B IJHIFS HBUF

WPMUBHF UIBO UIF UXP DPOTUSJDUJPO HBUFT TP BT UP BMMPX TNBMM BNPVOUT PG DVSSFOU UP ĚPX UISPVHI UIF

EFWJDF� "O JNQPSUBOU BTQFDU PG PVS NPTU TVDDFTTGVM EFTJHOT XBT UIBU CPUI DPOTUSJDUJPO HBUFT XFSF

BĨBDIFE UP UIF TBNF HBUF CPOEQBE� ĉJT IBE UXP TJHOJėDBOU BEWBOUBHF DPNQBSFE UP EFWJDFT XIFSF

FBDI DPOTUSJDUJPO HBUF IBE B VOJRVF CPOEQBE� *O BEEJUJPO UP SFRVJSJOH POF GFXFS XJSFCPOE 	BOE UIVT

MFBWJOH NPSF XJSFCPOET BWBJMBCMF UP UFTU NPSF EFWJDFT QFS DPPMEPXO
 JU FOTVSFE UIBU CPUI HBUFT XFSF

CPOEFE BU UIF TBNF FYBDU UJNF BOE XPVME BMXBZT CF BU UIF TBNF WPMUBHF�

ǉǌǋ



Figure 4.12: Measurement of quantum point contact device. Conductance, in units of conductance quanta FƦ
I , is

plotted for a QPC device as the gate voltage applied to the constriction gates is swept from−Ʃ V to−ƧƤ V. The third
gate is held at a constant−ƥ V, and an out of plane magnetic field of 4.5 T is applied.

"O FYBNQMF NFBTVSFNFOU PG B 21$ EFWJDF JT TIPXO JO 'JHVSF ǌ�ǉǊ� 8F TFF DPOEVDUBODF ESPQ GSPN

BCPWF TJY DPOEVDUBODF RVBOUB UP [FSP XJUI TUPQT BU TFWFSBM QMBUFBVT� ĉJT NFBTVSFNFOU EPFT OPU MPPL

MJLF BO JEFBM 21$ CVU XJUIPVU IJHI NPCJMJUZ TBNQMFT 	UIJT NFBTVSFNFOU XBT UBLFO PO B EFWJDF XJUI B

NPCJMJUZ PG BSPVOE ǉǈǈǈǈ DNƦ7−ƥT−ƥ
 XF EP OPU FYQFDU UP TFF JEFBM 21$ CFIBWJPS FTQFDJBMMZ BU ǌ ,

UFNQFSBUVSFT JOTUFBE PG N,�

ǉǌǌ



Figure 4.13: Emergence of partial Fermi surfaces. Partial Fermi surfaces in the gapless superconducting phase. Col-
ors denote the charge distribution in units of F. Inset: The zoom-in plot of the partial Fermi surface on the LY > Ƥ side
where the arrows indicate spin polarization.

ǌ�Ǐ 1ĵŇŉĽĵŀ 'ĹŇŁĽ ňŊŇĺĵķĹň

ǌ�Ǐ�ǉ :Ŋĵł ĵłĸ 'Ŋ ŉļĹŃŇŏ

	/PUF� UIJT TVCTFDUJPO TVNNBSJ[FT B QBQFS XSJĨFO CZ /PBI :VBO BOE -JBOH 'V� "MM ėHVSFT JO 4FDUJPO

ǌ�Ǐ�ǉ BSF GSPN UIBU QBQFS�Ǐǋ


:VBO BOE 'V JO B Ǌǈǉǐ QBQFS EJTDVTT UIF FĎFDUT PG JO�QMBOF NBHOFUJD ėFMET PO B UXP�EJNFOTJPOBM

TZTUFN XJUI TUSPOH 3BTICB TQJO�PSCJU DPVQMJOH BOE JOEVDFE TVQFSDPOEVDUJWJUZ� ĉFZ TIPX UIBU XIFO

UIF ;FFNBO FOFSHZ PG UIF JO�QMBOF ėFME HӉ#|#| FYDFFET UIF TVQFSDPOEVDUJOH HBQ UIF TZTUFN FOUFST B

TUBUF XIFSF B QBSUJBM 'FSNJ TVSGBDF FNFSHFT BT TIPXO JO 'JHVSF ǌ�ǉǋ�

ĉF FYQFDUFE EFOTJUZ PG TUBUFT/(&) BU UIF TVSGBDF PG UIJT TZTUFN BT B GVODUJPO PG FOFSHZ & BU WBSJ�

PVT WBMVFT PG ;FFNBO FOFSHZ JT QMPĨFE JO 'JHVSF ǌ�ǉǌ� 8F TFF UIF FNFSHFODF PG B HBQMFTT TUBUF BT UIF

;FFNBO FOFSHZ 7 HSPXT MBSHFS UIBO UIF TVQFSDPOEVDUJOH QBJSJOH BNQMJUVEF ρ�
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Figure 4.14: Density of states as Zeeman field is increased. Density of states /(&) as functions of energy &, for
different values of Zeeman energy 7 relative to the superconducting gap ρ. Here /Ƥ is the normal state density of states
and ρ is the superconducting pairing amplitude.

ǉǌǎ



Figure 4.15: Aluminum - 2DEG interface probing device. We show an optical microscope image of a device fabricated
to probe the tunneling density of states at the aluminum - 2DEG interface. The four dark gold squares in the corners are
the edges of bondpads. The dark brown is where mesa was etched away. The light brown is aluminum, and the small
medium brown rectangle in the center is quantum well where aluminum is etched away. The two constriction gates that
form the quantum point contact are shown in bright gold, emerging from the top and bottom of the image, horizontally
centered.

ǌ�Ǐ�Ǌ .ĹĵňŊŇĹŁĹłŉň ŉŃ ńŇŃĶĹ ńĵŇŉĽĵŀ 'ĹŇŁĽ ňŊŇĺĵķĹň

8F FYQFDU 7 > ρ GPS BO JO�QMBOF ėFME PG∼ Ƥ.Ʃ5 GPS "M�*O"T IFUFSPTUSVDUVSFT BT JT UIF DBTF JO PVS

TZTUFNǏǋ� *O PSEFS UP UFTU UIJT XF EFTJHOFE EFWJDFT XIFSF BMVNJOVN XBT SFNPWFE GSPN BCPWF B TNBMM

SFHJPO PG RVBOUVN XFMM BOE QMBDFE RVBOUVN QPJOU DPOUBDU EFWJDFT PO BU UIF BMVNJOVN�OPSNBM JOUFS�

GBDF UP NFBTVSF UIF MPDBM EFOTJUZ PG TUBUFT� " QJDUVSF PG UIFTF EFWJDFT JT TIPXO JO 'JHVSF ǌ�ǉǍ�

8FNFBTVSFE UIFTF EFWJDFT JO B EJMVUJPO SFGSJHFSBUPS BU Ǎǈ N,�8F EFQMFUFE UIF DPOTUSJDUJPO HBUFT

UP DSFBUF UIF RVBOUVN QPJOU DPOUBDU BOE NFBTVSFE UIF UVOOFMJOH DPOEVDUBODF BT B GVODUJPO PG BO

BQQMJFE %$ WPMUBHF CJBT 	XIJDI SFQSFTFOUT UIF FOFSHZ GSPN 'JHVSF ǌ�ǉǌ
 BU B SBOHF PG JO�QMBOF ėFMET

#[ BQQMJFE JO UIF QMBOF PG BOE QFSQFOEJDVMBS UP UIF BMVNJOVN � Ǌ%&( JOUFSGBDF� ĉFTF NFBTVSFNFOUT

BSF QMPĨFE JO 'JHVSF ǌ�ǉǎ� 8F TFF UIBU BU MPXNBHOFUJD ėFMET UIF TZTUFN BQQFBST HBQQFE XJUI MBSHF
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DPIFSFODF QFBLT TJNJMBS UP UIF CMVF QFBL JO 'JHVSF ǌ�ǉǌ� "U #[ = ƪƤƤN5 	SPVHIMZ UIF QSFEJDUFE

WBMVF BDDPSEJOH UP :VBO BOE 'VǏǋ
 XF QPUFOUJBMMZ TFF B GFBUVSF SFTFNCMJOH UIF SFE DVSWF JO 'JHVSF

ǌ�ǉǌ XIJDI XPVME JOEJDBUF UIF FNFSHFODF PG UIF HBQMFTT TVQFSDPOEVDUJOH TUBUF� )PXFWFS BU #[ =

ƬƤƤN5 BOE PO XF EPO�U TFF UIF HSPXUI PG UIJT GFBUVSF BOE UIVT OFWFS BSF BCMF UP TFF UIF CMBDL DVSWF

GSPN 'JHVSF ǌ�ǉǌ� "MM PG UIFTF NFBTVSFNFOUT XFSF SFQFBUFE NVMUJQMF UJNFT XJUI UIF TBNF SFTVMUT BOE

UIF BWFSBHFE WBMVFT PG UIFTF NFBTVSFNFOUT BSF UIF POFT TIPXO JO 'JHVSF ǌ�ǉǎ� 8F FYQFDU UIBU UIF

MBDL PG GVSUIFS HBQMFTT TVQFSDPOEVDUJOH CFIBWJPS BU MBSHFS WBMVFT PG JO�QMBOF ėFME JT EVF UP UIF TBNF

NPCJMJUZ QSPCMFN EJTDVTTFE JO 4FDUJPO ǌ�Ǎ�ǋ� ĉFNPCJMJUZ JTTVFT BMTP QSFWFOU UIF DSFBUJPO PG IJHI�

RVBMJUZ RVBOUVN QPJOU DPOUBDUT MJLFMZ BMTP BĎFDUJOH UIF RVBMJUZ PG PVS NFBTVSFNFOUT�
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Figure 4.16: Density of states measurements at the aluminum - normal interface. Conductance in units of con-
ductance quanta FƦ

I is plotted as a function of applied DC voltage bias for three different in-plane magnetic fields: top,
#[ = Ƥ, middle, #[ = ƪƤƤ mT, and bottom, #[ = ƬƤƤ mT. All three plots are averaged over multiple measurements,
each individually showing the same behavior as the average. We see the emergence of a slight peak in the density of
states at #[ = ƪƤƤ mT, supporting the prediction of Yuan and Fu73, which does not continue to grow at larger values of
in-plane field.
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*OEVDJOH TVQFSDPOEVČJWJUZ JO CVSJFE *O"T

RVBOUVNXFMMT

*ł"ň ŅŊĵłŉŊŁŌĹŀŀň BSF BCMF UP BDIJFWF FYUSFNFMZ IJHI NPCJMJUJFT PG PWFS ƥ × ƥƤƪ DNƦ7−ƥT−ƥ

XIFO HSPXO UFOT PG OBOPNFUFST CFMPX UIF TVSGBDF PG B IFUFSPTUSVDUVSFǌǌ� 8F GBCSJDBUFE +PTFQITPO

ǉǍǈ



KVODUJPOT PO UIFTF IFUFSPTUSVDUVSFT CZ EFQPTJUJOH TVQFSDPOEVDUPST PO UIFN FY TJUV� *O EPJOH TP XF

XFSF BCMF UP ESBTUJDBMMZ JODSFBTF UIF NPCJMJUZ PG PVS EFWJDFT JO SFUVSO GPS TBDSJėDJOH UIF TUSFOHUI PG

UIF JOEVDFE TVQFSDPOEVDUJOH HBQT DPNQBSFE UP UIF *O"T EFWJDFT XJUI FQJUBYJBM BMVNJOVN TUVEJFE

JO UIF QSJPS DIBQUFS� *O UIJT DIBQUFS XF EJTDVTT PVS TVDDFTT JO JOEVDJOH TVQFSDPOEVDUJWJUZ JO UIFTF

IJHI�NPCJMJUZ TZTUFNT UIF JOJUJBM TUBHFT PG PVS BĨFNQUT UP SFQMJDBUF UIF SFTVMUT PG $IBQUFS Ǌ BOE UIF

PVUMPPL GPS UIJT NBUFSJBM UP SFQSPEVDF UIF SFTVMUT PG $IBQUFST Ǌ BOE ǋ�

Ǎ�ǉ *łŉŇŃĸŊķŉĽŃł

8F BĨFNQUFE UP TUVEZ UPQPMPHJDBM QIZTJDT JO *O"T RVBOUVN XFMMT GPS B OVNCFS PG SFBTPOT MJTUFE JO

4FDUJPO ǌ�ǉ� ĉF *O"T NBUFSJBMT EJTDVTTFE JO UIBU DIBQUFS XFSF IFUFSPTUSVDUVSFT XJUI FQJUBYJBM BMV�

NJOVN HSPXO JO TJUV JO UIF NPMFDVMBS CFBN FQJUBYZ DIBNCFS� "T EJTDVTTFE BU UIF FOE PG UIBU DIBQUFS

UIFTF NBUFSJBMT GBJMFE UP EJTQMBZ UIF SF�FOUSBOU TVQFSDPOEVDUJWJUZ GSPN $IBQUFS Ǌ NPTU MJLFMZ EVF UP

WFSZ MPXNPCJMJUJFT JO UIPTF TBNQMFT� ĉF TFBSDI GPS IJHIFS NPCJMJUZ MFE VT UP FYQFSJNFOU XJUI B EJG�

GFSFOU UZQF PG *O"T IFUFSPTUSVDUVSF POF XIFSF UIF RVBOUVN XFMM JT B CJU EFFQFS CFMPX UIF TVSGBDF CVU

EPFT OPU IBWF BMVNJOVN EFQPTJUFE JO TJUVXJUI UIF HSPXUI� ĉJT MFBET UP NVDI IJHIFS NPCJMJUJFT 	Ǎǈ�

ǉǍǈ UJNFT IJHIFS UIBO JO UIF *O"T RVBOUVN XFMMT XJUI FQJUBYJBM BMVNJOVN
 CVU MPXFS JOEVDFE TVQFS�

DPOEVDUJOH HBQT� #FDBVTF PG UIF JODSFEJCMZ IJHI NPCJMJUZ 	XIJDI JT BSPVOE B GBDUPS PG UXP IJHIFS UIBO

FWFO UIBU PG PVS UPQ RVBMJUZ )H5F RVBOUVN XFMMT GSPN $IBQUFST Ǌ BOE ǋ
 UIFTF CVSJFE *O"T RVBOUVN

XFMMT QSFTFOU B QSPNJTJOH QMBUGPSN UP FYQMPSF�
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	/PUF� BMM EFUBJMT JO UIJT TFDUJPO BSF GSPN UIF UIFTJT PGĉPNBT 5TDIJSLZ GSPN8FSOFS8FHTDIFJEFS�T

HSPVQ JO &5) ;VSJDI UIF HSPVQ UIBU QSPWJEFE UIFTF TBNQMFT GPS VT�ǎǑ


ĉF CVSJFE *O"T RVBOUVN XFMMT XFSF HSPXO JO B NPMFDVMBS CFBN FQJUBYZ DIBNCFS PO (B4C TVC�

TUSBUFT� ĉF HSPXUI TUBSUT XJUI B ǎǈǈ ON(B4C MBZFS BOE B UFO�QFSJPE TVQFSMBĨJDF FBDI QFSJPE DPOTJTU�

JOH PG Ǌ�Ǎ ON PG "MƤ.ƧƧ(BƤ.ƪƫ4C BOE Ǌ�Ǎ ON PG (B4C� ĉJT JT GPMMPXFE CZ Ǌǈǈ ON PG "MƤ.ƧƧ(BƤ.ƪƫ4C UIBU

GPSNT B MPXFS CBSSJFS UP UIF RVBOUVN XFMM� ĉF RVBOUVN XFMM DPOTJTUJOH PG Ǌǈ ON PG *O"T JT HSPXO

PO UPQ PG UIF MPXFS CBSSJFS GPMMPXFE CZ BO VQQFS CBSSJFS PG Ǌǈ ON PG "M4C� " Ǌ ON DBQQJOH MBZFS PG

(B4C JT HSPXO BCPWF UIJT CBSSJFS BT "M4C UFOET UP PYJEJ[F JG FYQPTFE UP BJS�

ĉJT HSPXUI MFBET UP B WFSZ IJHI NPCJMJUZ� 5SBOTQPSU NFBTVSFNFOUT NBEF CZ UIF HSPXFST PG UIF

TBNQMF VTFE GPS PVS NFBTVSFNFOUT JO UIJT DIBQUFS BSF TIPXO JO 'JHVSF Ǎ�ǉ� ĉFTF NFBTVSFNFOUT XFSF

UBLFO BU ǉ�ǋ , BOE TIPX TUSPOH 4IVCOJLPW�EF )BBT PTDJMMBUJPOT� ĉF FYUSBDUFE EFOTJUZ BOE NPCJMJUZ

GSPN UIF ӏYY BOE ӏZZ NFBTVSFNFOUT BSF SFTQFDUJWFMZ ƫ.ƥ× ƥƤƥƥ DN−Ʀ BOE ƫ.ƫ× ƥƤƩ DNƦ7−ƥT−ƥ�

Ǎ�ǋ &ŎńĹŇĽŁĹłŉĵŀ ňĹŉŊń
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)FSF XF QSFTFOU UIF CBTJDT PG GBCSJDBUJPO PO CVSJFE *O"T RVBOUVN XFMM TBNQMFT��

"MM GBCSJDBUJPO TUFQT XFSF EFėOFE CZ FMFDUSPO CFBN MJUIPHSBQIZ� "MJHONFOU NBSLT BOE CPOE QBET

XFSF EFQPTJUFE JO B UIFSNBM FWBQPSBUPS DIBNCFS� " ǉǈ T BSHPO NJMM XBT SVO JNNFEJBUFMZ GPMMPXFE

�"NVDI NPSF EFUBJMFE FYQMBOBUJPO PG UIF QSPDFTTJOH PDDVST JO "QQFOEJY $�
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Figure 5.1: Transport measurements of our buried InAs well sample. Shown here are ӏYY (in red) and ӏZZ (in blue)
measurements on a buried InAs well sample at 1.3 K temperatures, as a magnetic field is increased to around 6.5 T. We
see strong Shubnikov-de Haas oscillations in ӏYY and clear plateaus in ӏZZ.
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CZ UIF EFQPTJUJPOT PG ǉǈ ON PG UIFSNBMMZ FWBQPSBUFE UJUBOJVN BOE ǉǈǈ ON PG UIFSNBMMZ FWBQPSBUFE

HPME� " Ǒǈ T PYZHFO QMBTNB SFBDUJWF JPO FUDI XBT VTFE UP DMFBO UIF TBNQMF BOE UIFO UIF NFTB XBT UIFO

FUDIFE VTJOH UIF TBNF FUDI BT JO UIF QSFWJPVT DIBQUFS � B NJYUVSF PG XBUFS ǉ. DJUSJD BDJE QIPTQIPSJD

BDJE BOE IZESPHFO QFSPYJEF JO SBUJP ǊǊǈ�ǍǍ�ǋ�ǋ� ĉJT XBT GPMMPXFE CZ BOPUIFS Ǒǈ T PYZHFO QMBTNB

SFBDUJWF JPO FUDI UP DMFBO UIF TBNQMF BHBJO CFGPSF EFQPTJUJOH TVQFSDPOEVDUPST� " ǉǈ T BSHPO NJMM XBT

SVO GPMMPXFE CZ UIF EFQPTJUJPO PG Ǎ ON PG UJUBOJVN CZ UIFSNBM FWBQPSBUJPO BOE UIFO FJUIFS UIFSNBM

FWBQPSBUJPO PG BMVNJOVN 	Ǎ�ǉǍ ON
 PS ED TQVĨFSJOH PG OJPCJVN 	∼Ǎǈ ON
�

Ǎ�ǋ�Ǌ .ĹĵňŊŇĹŁĹłŉ ňĹŉŊń

4BNQMFT XFSF NFBTVSFE JO UXP EJĎFSFOU TFUVQT� " IFMJVN EFXBS PVUėĨFE XJUI B Ǎ�ǎ 5 TJOHMF�BYJT

NBHOFU XBT VTFE GPS RVJDL NFBTVSFNFOUT BU ǌ ,�

ĉF MPX UFNQFSBUVSF EBUB XBT NFBTVSFE JO BO 0YGPSE *OTUSVNFOUT EJMVUJPO SFGSJHFSBUPS XJUI B CBTF

UFNQFSBUVSF PG BSPVOE ǉǍ N, XIJDI QPTTFTTFE B ǉǊ�ǋ�ǉ 5 WFDUPS NBHOFU�

*O CPUI TZTUFNT MPDLJO UFDIOJRVFT XFSF VTFE GPS NFBTVSFNFOUT� "$ BOE %$ WPMUBHFT BOE DVSSFOUT

XFSF BQQMJFE BOE NFBTVSFE BT NBHOFUJD ėFMET XFSF TXFQU� ĉF :BDPCZ -BC 4QFDJBM .FBTVSF QBDLBHF JO

.BUMBC XBT VTFE UP SVO UIFTF NFBTVSFNFOUT BOE DPMMFDU EBUB�
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Figure 5.2: Aluminum Josephson junction on buried InAs quantum well. Shown here is a close-up optical micro-
scope image of a Josephson junction after aluminum is deposited to define superconductors, but before a top gate was
deposited. The gray background is the top of the capping layer above the quantum well barrier. The tan color on the
sides is where mesa is etched away. The pattern is because the mesa did not etch uniformly on this device. The gold
color is the aluminum leads.
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+PTFQITPO KVODUJPOT XFSF GBCSJDBUFE VTJOH UIF QSPDFTT EFTDSJCFE BCPWF JO 4FDUJPO Ǎ�ǋ�ǉ BOE CFMPX

JO "QQFOEJY $�ĉF XJEUI PG UIF BMVNJOVN MFBET JO UIF KVODUJPOT XBT ǉ�ǉ�Ǎ ӉN BOE UIF XFBL MJOL

EJNFOTJPOT WBSJFE GSPN ǌ ӉN UP ǐ ӉN JO MFOHUI BOE ƥƤƤ ON UP ƬƤƤ ON JO XJEUI� "O FYBNQMF QJDUVSF PG

B +PTFQITPO KVODUJPO EFWJDF NFBTVSFE JO UIJT DIBQUFS JT TIPXO JO 'JHVSF Ǎ�Ǌ�
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Figure 5.3: Shubnikov-de Haas oscillations in junction resistances at 4 K. The ac resistance of a Josephson junction
is measured as a magnetic field is swept from -5.6 to +5.6 T. Clear Shubnikov-de Haas oscillations are observed. We
observe that the field is centered around 400 mT instead of 0. The source of this offset is not clear, but seems to be
caused by the magnet controller.

Ǎ�ǌ�Ǌ .ĹĵňŊŇĹŁĹłŉň ĵŉ ǌ , ŉĹŁńĹŇĵŉŊŇĹň

+VODUJPOT XFSF NFBTVSFE BU ǌ , UFNQFSBUVSFT GPS DIBSBDUFSJ[BUJPO QVSQPTFT� "T BMVNJOVN�T 5D JT

SPVHIMZ ǉ�ǏǍ , XF DPVME OPU UFTU GPS TVQFSDPOEVDUJWJUZ XJUIPVU DPPMJOH UIF KVODUJPOT EPXO JO B EJ�

MVUJPO VOJU� )PXFWFS XF GPVOE UIBU GPVS UFSNJOBM SFTJTUBODF NFBTVSFNFOUT XPVME ZJFME SFTJTUBODFT PG

ǉǈ�Ǎǈϕ BU ǌ , PO iHPPEu KVODUJPOT�

8F BMTP SBNQFE BO PVU�PG�QMBOF NBHOFUJD ėFME GSPN �Ǎ�ǎ UP �Ǎ�ǎ 5 BU ǌ , BOE TBX DMFBS 4IVCOJLPW�

EF )BBT PTDJMMBUJPOT JO KVODUJPO SFTJTUBODFT BT B GVODUJPO PG ėFME BT TIPXO JO 'JHVSF Ǎ�ǋ� &YUSBDUJOH

DBSSJFS EFOTJUZ GSPN UIFTF NFBTVSFNFOUT ZJFMEFE EFOTJUJFT CFUXFFO ƪ.Ʃ× ƥƤƥƥ DN−Ʀ BOE Ƭ× ƥƤƥƥ DN−Ʀ

XFMM JO BDDPSEBODF XJUI UIF TBNQMF�T OPNJOBM EFOTJUZ PG ƫ.ƥ× ƥƤƥƥ DN−Ʀ�
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Figure 5.4: Effect of a top gate on junction resistances at 4 K. The ac resistance of a Josephson junction is measured
as a top gate is swept from +5 V to−ƥƤ V. The resistance remains stable at 25ϕ until around−ƥ V, when it sharply
increases to around 53ϕ and stays stable there until at least−ƥƤ V.

7BSZJOH B UPQ HBUF PWFS B MBSHF SBOHF PG HBUF WPMUBHF TIPXT B DMFBS USBOTJUJPO JO KVODUJPO SFTJTUBODF

BT TIPXO JO 'JHVSF Ǎ�ǌ� 8F TFF UIBU GPS QPTJUJWF WPMUBHFT UIF KVODUJPO�T SFTJTUBODF TJUT BU BSPVOE ǊǍϕ

BOE SJTFT UP BSPVOE Ǎǋϕ XIFO UIF HBUF WPMUBHF GBMMT CFMPX BQQSPYJNBUFMZ−ƥ 7�ĉJT TVHHFTUT UIBU UIF

KVODUJPO JT JO UIF UXP TVC CBOE SFHJNF XJUIPVU BQQMJFE HBUF BOE DBO CF HBUFE JOUP B TJOHMF TVC CBOE

SFHJNF XIFO TVđDJFOU OFHBUJWF WPMUBHF JT BQQMJFE�
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Figure 5.5: Single-slit interference pattern on a 4 Ӊm× 800 nm aluminum junction. We plot the ac resistance due
to an applied dc current as an out-of-plane magnetic field is swept in a 4 Ӊm× 800 nm aluminum junction. We see the
symmetric single-slit interference pattern that is characteristic of uniform supercurrent density throughout the junction.
The critical current is approximately 1.9 ӉA and the normal resistance 35ϕ, leading to an *D3O product of≈ ƪƫ ӉeV.

JOH PVU PG QMBOF NBHOFUJD ėFME� "U FBDI WBMVF PG NBHOFUJD ėFME XF JODSFBTFE B ED DVSSFOU GSPN ǈ VOUJM

QBTU UIF QPJOU XIFO UIF KVODUJPO TUPQQFE TVQFSDPOEVDUJOH� ĉF SFTVMUJOH JNBHF HJWFT JOGPSNBUJPO PO

UIF TVQFSDVSSFOU EFOTJUZ UISPVHI UIF KVODUJPO BOE TIPVME SFTVMU JO B TJOHMF�TMJU 'SBVOIPGFS JOUFSGFS�

FODF QBĨFSO JG UIF TVQFSDVSSFOU JT VOJGPSN UISPVHI UIF KVODUJPO BT XF XPVME FYQFDU GPS UIFTF TBN�

QMFTǍǈ� 'JHVSFT Ǎ�Ǎ BOE Ǎ�ǎ TIPX TJOHMF�TMJU JOUFSGFSFODF QBĨFSOT NFBTVSFE PO Ǎǈ ON UIJDL BMVNJOVN

KVODUJPOT PG SFTQFDUJWF EJNFOTJPOT ǌ ӉN× ǐǈǈ ON BOE ǐ ӉN× ǐǈǈ ON� #PUI KVODUJPOT IBWF *D3O

QSPEVDUT PG BSPVOE ǎǏ ӉF7 TVHHFTUJOH BO JOEVDFE TVQFSDPOEVDUJOH HBQ UIBU JT IJHIFS UIBO UIPTF JO

PVS )H5F EFWJDFT GSPN $IBQUFST Ǌ BOE ǋ BOE SPVHIMZ IBMG PG UIPTF JO PVS FQJUBYJBM BMVNJOVN EFWJDFT

GSPN $IBQUFS ǌ� ĉFTF NFBTVSFNFOUT TVHHFTU UIBU XF IBWF TVDDFTTGVMMZ JOEVDFE TVQFSDPOEVDUJWJUZ JO

PVS TBNQMFT�
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Figure 5.6: Single-slit interference pattern on an 8 Ӊm× 800 nm aluminum junction. We plot the ac resistance due
to an applied dc current as an out-of-plane magnetic field is swept in an 8 Ӊm× 800 nm aluminum junction. We see the
symmetric single-slit interference pattern that is characteristic of uniform supercurrent density throughout the junction.
The critical current is approximately 3.7 ӉA and the normal resistance 18ϕ, leading to an *D3O product of≈ ƪƫ ӉeV.

'PMMPXJOH UIF QSPDFEVSF MJTUFE JO )BSU FU� BM XF DBO FYUSBDU UIF DSJUJDBM DVSSFOU EFOTJUZ BDSPTT UIF

KVODUJPO BT B GVODUJPO PG KVODUJPO MFOHUI CZ UBLJOH UIF 'PVSJFS USBOTGPSNT PG PVS NFBTVSFNFOUT PG

DVSSFOU CJBT WT� PVU PG QMBOF ėFMEǋǉ� 8F TFF UIBU UIF DVSSFOU JT FWFOMZ EJTUSJCVUFE UISPVHIPVU UIF KVOD�

UJPOT BT XF XPVME FYQFDU BOE QMPU UIJT GPS UIF ǐ ӉN× ǐǈǈ ON KVODUJPO JO 'JHVSF Ǎ�Ǐ�
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BODF BOE SF�FOUSBODF PG TVQFSDPOEVDUJWJUZ BT B GVODUJPO PG QBSBMMFM ėFME� " TNBMM BD DVSSFOU PG BSPVOE Ǎ

O" XBT BQQMJFE UP UIF KVODUJPO BT BO JO�QMBOF ėFME XBT TXFQU� "U FBDI WBMVF PG JO�QMBOF ėFME XF TXFQU
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Figure 5.7: Critical current density in the 8 Ӊm× 800 nm aluminum junction. We plot the critical current density of
the 8 Ӊm× 800 nm aluminum junction from Figure 5.6 here as a function of junction length. We see that the from−ƨ
Ӊm to+ƨ Ӊm, the junction has almost constant current density, which quickly falls off to 0 outside these bounds. This
suggests an 8 Ӊm long Josephson junction in which current is uniformly flowing along the junction length.

PVU�PG�QMBOF ėFME PWFS B GFX N5� 'JHVSF Ǎ�ǐ TIPXT PVS NFBTVSFNFOUT PO UIF ǌ ӉN× ǐǈǈ ON KVODUJPO

EJTDVTTFE BCPWF JO 'JHVSF Ǎ�Ǎ� 8F TFF UIBU UIF TVQFSDPOEVDUJWJUZ EJTBQQFBST BU BSPVOE ǈ�ǎ 5 XJUIPVU

SF�FNFSHJOH MBUFS� )PXFWFS UIJT JT OPU FOUJSFMZ VOFYQFDUFE BT UIJT JT BQQSPYJNBUFMZ UIF DSJUJDBM ėFME

PG Ǎǈ ON UIJDL BMVNJOVN TP XF XPVME OPU FYQFDU UIF KVODUJPO UP TVQFSDPOEVDU BěFS UIF MFBET XFOU

OPSNBMǍǏ�
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Figure 5.8: Sweeping in-plane field in a 4 Ӊm× 800 nm Josephson junction. We plot the ac resistance as in-plane
and out-of-plane magnetic fields are swept in a Josephson junction of dimensions 4 Ӊm× 800 nm. The superconductiv-
ity dies off at 0.6 T and does not re-emerge later.
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Figure 5.9: Single-slit interference pattern on an 8 Ӊm× 800 nm thin aluminum junction. We plot the ac resistance
due to an applied dc current as an out-of-plane magnetic field is swept in an 8 Ӊm× 800 nm aluminum junction. The
critical current is around 1.03 ӉA and the normal resistance 30ϕ, leading to an *D3O product of≈ Ƨƥ ӉeV. We do see
a single peak in our supercurrent, but the sidelobes do not look as much like a single-slit interference pattern as in the
50 nm thick aluminum junctions from Figures 5.5 and 5.6. We also see an oscillating feature at around 500 nA of current
bias, which is not easily explained.
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Figure 5.10: In-plane field measurement in an 8 Ӊm× 800 nm thin aluminum junction. We plot the ac resistance
as in-plane and out-of-plane magnetic fields are swept in a Josephson junction of dimensions 8 Ӊm× 800 nm. The
superconductivity dies off at around 0.7 T and does not re-emerge later. The curve of the main peak at higher in-plane
fields is due to hysteresis in our vector magnet.
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Figure 5.11: Single-slit interference pattern on a 4 Ӊm× 500 nm aluminum junction with positive top gate voltage.
We plot the ac resistance due to an applied dc current as an out-of-plane magnetic field is swept in a junction with top
gate voltage set to+Ʃ V. We do not see a clear interference pattern, but we do see a similar unexplained oscillation
pattern to that shown in Figure 5.9.
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Figure 5.12: Single-slit interference pattern on a 4 Ӊm× 500 nm aluminum junction with negative top gate volt-
age. We plot the ac resistance due to an applied dc current as an out-of-plane magnetic field is swept in a junction with
top gate voltage set to−Ʃ V. We don’t see a clear single-slit interference pattern, but it is more single-slit-like than in the
case when the top gate was set to+Ʃ V in Figure 5.11. We again see the unexplained oscillation pattern shown in Figure
5.9 and in the positive top gate case.
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Figure 5.13: In-plane field measurement in an 4 Ӊm× 500 nm thin aluminum junction. We plot the ac resistance as
in-plane and out-of-plane magnetic fields are swept in our gated Josephson junction. The superconductivity dies off at
around 0.3 T and does not re-emerge later.
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Figure 5.14: Zigzag junction schematic. (a) shows a planar junction, and (b) a zigzag junction. The yellow is super-
conductor, with a phase difference of ӓ between the leads in both cases. The middle gray region in both cases is the
semiconductor with a width W. In both cases, a magnetic field # is applied in the Y-direction. A trajectory traveling at
a slight angle, represented by the red curve, has a much shorter flight time in the zigzag than the planar geometry, thus
significantly increasing the topological gap in the former.
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Figure 5.15: Aluminum zigzag junction on buried InAs quantum well. Shown here is a close-up optical microscope
image of a zigzag junction after aluminum is deposited to define superconductors. The gray background is the top of the
two-dimensional electron gas. The green-gray color on the sides is where mesa is etched away. The light white is the
aluminum leads for the junction. Note that in this device, the mesa was not etched near the superconducting leads.
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Figure 5.16: Zigzag junction in the presence of an out-of-plane magnetic field. We plot the ac resistance due to an
applied dc current as an out-of-plane magnetic field is swept in a zigzag junction. We see a maximum critical current
of 250 nA, and an interference pattern where the supercurrent is higher on the positive field side of the central peak.
Reversing the field sweep direction reverses this pattern.
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Figure 5.17: Zigzag junction in the presence of an in-plane magnetic field. We plot the ac resistance as in-plane and
out-of-plane magnetic fields are swept in a zigzag junction. The superconductivity dies off at around 0.3 T and does not
re-emerge later.
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Figure A.1: An SEM of an array of tunnel probe devices with finely varying overlapping dimensions. Taking advan-
tage of the scaling capability of HgTe fabrication, we can account for small misalignment and other effects such as the
insulating sidewalls of the mesa to guarantee the production of useful devices. We use a binary code composed of a
sequence of ‘T’s pointing up and down to label our tunnel probe devices.
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Figure A.2: An SEM of an example of tunnel probes destroyed during wirebonding. Due to their extremely thin tips,
the electrostatic shocks from the wirebonder tend to destroy the tunnel probe if not carefully grounded and discharged.
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r :PV BSF OPX SFBEZ UP FUDI NFTBT�
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ĉJT JT B MJěPĎ QSPDFEVSF GPS QBĨFSOJOH BO FUDI NBTL DPNQPTFE PG 4J0Ʀ�5J� ĉF UJUBOJVNNBZ OPU CF
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r :PV BSF OPX SFBEZ UP FUDI NFTBT�
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6TF UIJT QSPDFEVSF UP SFNPWF NBUFSJBM GSPN UIF )H5F IFUFSPTUSVDUVSF� 'PS UIF SFDJQFT QSFTFOUFE IFSF

UIF TBNQMF TIPVME CF NPVOUFE GBDJOH B %$ BSHPO TPVSDF XJUI UIF TVSGBDF PG UIF XBGFS PSJFOUFE QFS�

QFOEJDVMBS UP UIF BSHPO ĚVY 	BMUIPVHI BOHMF NJMMJOH JT DFSUBJOMZ BMTP QPTTJCMF
� 8F VTFE UXP EJĎFSFOU
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%$ BSHPO TPVSDFT JO UIJT UIFTJT POF NPVOUFE JOTJEF B UIFSNBM FWBQPSBUPS BOE POF JOTJEF B TQVĨFSJOH
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UIJT DMFBOJOH TUFQ UIFSF UFOE UP CF IPMFT JO UIF ėMN�

'PS UIF XPSL EPOF JO $IBQUFS Ǌ XF VTFE B /FYY 3*& XIJDI HPU EFDPNNJTTJPOFE JO UIF )BSWBSE

DMFBOSPPN� 4JODF UIFO XF IBWF CFFO VTJOH B 5FDIOJDT 1MBTNB 4USJQQFS XIJDI BQQMJFT UP NPTU PG UIF

XPSL EFTDSJCFE JO $IBQUFS ǋ� #FMPX BSF UIF SFDJQFT�
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CFGPSF "-% UIJT UJNF DBO CF VTFE UP QSFTFU UIF "-%NBDIJOF UP UIF EFQPTJUJPO UFNQFSBUVSF�
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BT QSFDJTFMZ Ǌǈ TDDN BT UIJT BOUJRVF QJFDF PG UFDIOPMPHZ BMMPXT�
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ĉJT B SFDJQF GPS MPX�UFNQFSBUVSF BUPNJD MBZFS EFQPTJUJPO PG "MƦ0Ƨ� *U XBT EFWFMPQFE GPS B $BNCSJEHF
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DIBNCFS EVSJOH UIF QVNQ�EPXO�
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ǋ� 6OMPBE UIF TBNQMF�

"�ǎ�ǋ -ŃŌ�ŉĹŁńĹŇĵŉŊŇĹ Ĺ�ĶĹĵŁ ŀĽŉļŃĻŇĵńļŏ

ĉFTF BSF JOTUSVDUJPOT GPS B ǉǈǈ L7 &MJPOJY�Ǐǈǈǈ TZTUFN� 8F IBWF GPVOE UIBU FYQPTJOH )H5F IFU�

FSPTUSVDUVSFT UP TUBOEBSE F�CFBN EPTFT BU ǉǈǈ L7 EPFT OPU EFHSBEF UIFJS FMFDUSPOJD QSPQFSUJFT�

ǉ� 4QJO�DPBU UIF TBNQMF XJUI 1.."� 4QJO FBDI MBZFS PG 1.." BU ǌǈǈǈ 31. GPS ǌǍ TFDPOET�

Ǌ� "ěFS TQJOOJOH FBDI MBZFS PG 1.." CBLF UIF TBNQMF BU ƬƤ◦$ GPS ǉǈ NJOVUFT� 'PS MJě�PĎ QSP�
DFTTFT EFUFSNJOF IPXNBOZ MBZFST PG 1.." BSF OFFEFE CBTFE PO UIF NBYJNVN UIJDLOFTT PG
NBUFSJBM UIBU XJMM CF EFQPTJUFE BT GPMMPXT�

r ≈ ǋǈ ON� POF MBZFS PG 1.." ǑǍǈ "ǌ�

r ≈ ǋǈǈ ON� POF MBZFS PG 1.." ǌǑǍ $ǎ GPMMPXFE CZ POF MBZFS PG 1.." ǑǍǈ "ǌ�

r 'PS UIJDLFS ėMNT BEE NPSF MBZFST PG 1.." ǌǑǍ $ǎ�

/PUF UIBU UIFTF BSF KVTU SPVHI FTUJNBUFT GPS UIJDLOFTTFT XIFO TQVO BU ǌǈǈǈ 31.� "MTP OPUF
UIBU 1.."XJMM CF FUDIFE TMJHIUMZ CZ BSHPO NJMMJOH UZQJDBMMZ BU B SBUF PG≈ ǌǈ ON�NJOVUF GPS
UIF QBSBNFUFST VTFE JO UIJT XPSL�
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'BCSJDBUJOH%FWJDFT PO 4VSGBDF *O"T2VBOUVN

8FMMT XJUI &QJUBYJBM "MVNJOVN

#�ǉ *łŉŇŃĸŊķŉĽŃł

ĉJT BQQFOEJY EFTDSJCFT UIF QSPDFTTFT VTFE UP GBCSJDBUF EFWJDFT PO UIF *O"T TVSGBDF RVBOUVN XFMMT

XJUI FQJUBYJBM BMVNJOVN SFDFJWFE GSPN UIF 4IBCBOJ HSPVQ BU /:6 UIBU XFSF EJTDVTTFE JO $IBQUFS ǌ�
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" GFX HFOFSBM SVMFT GPS GBCSJDBUJOH *O"T RVBOUVN XFMM EFWJDFT BSF TVNNBSJ[FE CFMPX�

ǉ� *OEJVN IBT B NFMUJOH QPJOU PG ƥƩƪ.ƪ ◦$� "MM TPSUT PG QSPCMFNT DBO FNFSHF XIFO IFUFSPTUSVD�
UVSFT DPOUBJOJOH JOEJVN BSF IFBUFE UP TUBOEBSE TFNJDPOEVDUPS GBCSJDBUJPO UFNQFSBUVSFT PG
ƥƬƤ ◦$ BOE TP XF EP OPU IFBU UIFTF TBNQMFT BCPWF ƥƩƤ ◦$�

Ǌ� ĉF WBSJPVT MBZFST PG UIFTF IFUFSPTUSVDUVSFT UFOE UP MPPL WFSZ TJNJMBS XIFO VTJOH FMFDUSPO
CFBN MJUIPHSBQIZ NBDIJOFT� 'VSUIFSNPSF BMVNJOVN EPFT OPU DSFBUF B TUSPOH DPOUSBTU XJUI
UIFTF NBUFSJBMT FJUIFS BOE TP JU JT TUSPOHMZ SFDPNNFOEFE UP EFQPTJU HPME BMJHONFOU NBSLT BT
QBSU PG UIF ėSTU GBCSJDBUJPO TUFQ�

ǋ� &UDI UJNFT DIBOHF GSPN TVCTUSBUF UP TVCTUSBUF � JU JT JNQPSUBOU UP DBMJCSBUF UIF BSHPO NJMM FUDI
UJNF BOE UIF XFU FUDI UJNF CFGPSF VTJOH B OFX TBNQMF�

ǌ� 4POJDBUJOH UIFTF NBUFSJBMT UFOET UP MFBE UP UIF FQJUBYJBM BMVNJOVN GBMMJOH PĎ BOE TP TIPVME CF
BWPJEFE BU BMM DPTUT�

Ǎ� ĉF IJHI�JOEJVN DPOUFOU MBZFST PG UIF IFUFSPTUSVDUVSF UFOE UP MFBE UP DPOEVDUJPO UISPVHI UIF
CVML PG UIF NBUFSJBM BOE TP EFFQ NFTB FUDIFT BSF OFFEFE� ĉJT JT FTQFDJBMMZ USVF GPS TBNQMFT
XJUI "-% HSPXUI BěFS�

ǎ� 5.") DPOUBJOJOH DPNQPVOET 	TVDI BT TUBOEBSE QIPUPMJUIPHSBQIZ EFWFMPQFST MJLF .'ǋǉǑ

FUDI UIF BMVNJOVN WFSZ RVJDLMZ BOE TP TIPVME OPU CF VTFE�
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ǐ� #POE QBET NFTB FUDIJOH BOE TVQFSDPOEVDUPS EFėOJUJPO DBO PDDVS JO BOZ PSEFS XJUIPVU RVBM�
JUZ EJĎFSFODFT� )PXFWFS XF IBWF OPUJDFE UIBU UIF PSEFS MJTUFE CFMPX HJWFT UIF CFTU ZJFME SBUF
BOE TP JU JT UIF SFDPNNFOEFE PSEFS UP VTF� ĉF ZJFME SBUF EJĎFSFODFT GPS EJĎFSFOU PSEFST XBT
CFDBVTF UIF NFTB FUDI UFOEFE UP PWFSFUDI MBUFSBMMZ BDSPTT UIF TBNQMF JG JU GPMMPXFE UIF BMV�
NJOVN FUDI UP EFėOF TVQFSDPOEVDUPST BOE UIF CPOE QBET MJěFE PĎ QPPSMZ JG UIFZ GPMMPXFE
NFTB FUDIJOH�
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#�ǋ�ǉ 5Ľ�"Ŋ #Ńłĸ ńĵĸň
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BOE UIF TNBMMFS POFT BU ǊO"�

ǋ� %FWFMPQ GPS ǐǈ TFDPOET JO B CFBLFS PG .*#,�*1" 	ǉ�ǋ
 UIBU IBT CFFO DIJMMFE GPS NPSF UIBO ǉǍ
NJOVUFT UIFO SJOTF XJUI *1" BOE CMPX ESZ XJUI OJUSPHFO�

ǌ� -PBE UIF TBNQMF JO UIF FWBQPSBUPS JO UIF TBNQMF QSFQ SPPN BOE QVNQ EPXO VOUJM JU SFBDIFT
CFMPX ǉF−ƪ5PSS�
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ǎ� %FQPTJU ǉǈ ON PG UJUBOJVN�

Ǐ� %FQPTJU ǉǈǈ ON PG HPME�

ǐ� -Jě PĎ JO BDFUPOF�
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IBWF CFFO EFQPTJUFE�
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Figure B.1: Josephson junction after the bondpad deposition step. Shown here is an optical microscope image
of a device with bondpads and alignment marks. The gold squares are the bondpads, and the small dark shapes are
alignment marks. The lighter yellow background is aluminum.
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ǉ� #FTU QSBDUJDF IFSF JT UP SVO B TIPSU 3*& PYZHFO QMBTNB FUDI 	≈ ƥ − ƦNJOVUFT BU B MPX QPXFS
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BOE NPTUMZ IBE OP JTTVFT XJUI TLJQQJOH UIF PYZHFO QMBTNB FUDI�

Ǌ� 4QJO ǑǍǈ 1..""ǌ BU ǌǈǈǈ 31. GPS ǌǍ T�

ǋ� #BLF BU ƥƩƤ ◦$ GPS ǋ NJOVUFT�

ǌ� %FėOF UIF NFTB FUDI VTJOH UIF &MJPOJY� 'PS UIJT TUFQ XF UFOE UP XSJUF UIF MBSHFS GFBUVSFT BU ǉǈ
O" BOE UIF TNBMMFS POFT BU ǊO"�

Ǎ� %FWFMPQ GPS ǐǈ TFDPOET JO B CFBLFS PG .*#,�*1" 	ǉ�ǋ
 UIBU IBT CFFO DIJMMFE GPS NPSF UIBO ǉǍ
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ǎ� 'JSTU SFNPWF FQJUBYJBM BMVNJOVN VTJOH 5SBOTFOF "MVNJOVN &UDI 5ZQF %� &UDI UJNF JT BSPVOE
ǏǍ TFDPOET TBNQMF EFQFOEFOU� ĉF 5SBOTFOF % TIPVME CF IFBUFE GPS POF IPVS QSJPS UP UIF
FUDI CZ QMBDJOH JU JO B XBUFS CBUI UIBU JT QMBDFE PO B IPU QMBUF BU ƩƤ ◦$�

Ǐ� 3JOTF WFSZ CSJFĚZ XJUI XBUFS BOE JNNFEJBUFMZ QMBDF JO UIF DJUSJD BDJE DPNQPVOE�
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Figure B.2: Josephson junction after the mesa etch step. Shown here is an optical microscope image of a Josephson
junction after the mesa is etched. The yellow boxes in each of the four corners are bondpads. The light gray background
is aluminum, and the dark gray is where the mesa is etched away.
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Figure B.3: Josephson junction after the aluminum etch step. Shown here is an optical microscope image of a
Josephson junction after the aluminum is etched to define superconductors. The yellow boxes in each of the four cor-
ners are bondpads. The light gray background is aluminum, and the dark gray is where the mesa is etched away. The
tiny rectangle of medium gray color in the center is the weak link in the junction, where aluminum is stripped away.
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Figure B.4: Josephson junction after the top gate deposition step. Shown here is an optical microscope image of
a Josephson junction after a top gate is deposited. The upper four light yellow squares are bondpads. The light gray
background is aluminum, and the dark gray is where the mesa is etched away. The darker yellow square in the bottom
right corner is the bondpad for the top gate, and the dark yellow line attached to it is the arm of the topgate.
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Figure C.1: Josephson junction after the bondpad deposition step. Shown here is an optical microscope image
of a device with bondpads and alignment marks. The gold squares are the bondpads, and the small dark shapes are
alignment marks. The brown background is the capping layer on top of the two-dimensional electron gas.
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Figure C.2: Josephson junction after the mesa etch step. Shown here is an optical microscope image of a Josephson
junction after the mesa is etched. The yellow boxes in each of the four corners are bondpads. The gray background is
two-dimensional electron gas, and the light gray-green is where the mesa is etched away.
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Figure C.3: Josephson junction after the superconductor deposition step. Shown here is a close-up optical micro-
scope image of a Josephson junction after aluminum is deposited to define superconductors. The gray background is
the top of the two-dimensional electron gas. The green-gray color on the sides is where mesa is etched away. The light
white is the aluminum leads for the junction. Note that in this device, the mesa was not etched near the superconducting
leads.
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*G UIFSF BSF OP.9ǌǈǈ VTFST BSPVOE BO.9Ǎǈ VTFS DBO MJLFMZ USBJO ZPV BT XFMM BT UIFSF BSF NBOZ

TJNJMBSJUJFT CFUXFFO UIF UXP GSJEHFT� ĉFNBKPS EJĎFSFODFT BSF UIBU UIF.9ǌǈǈ IBT B OJUSPHFO DBO

XIJMF UIF.9Ǎǈ IBT B QVMTF UVCF BOE B QSFTTVSJ[FS� ĉF.9ǌǈǈ IBT B SPPUT QVNQ UIBU UIF.9Ǎǈ

EPFTO�U IBWF� ĉF.9ǌǈǈ BMTP IBT BEEFE B NBOVBM WBMWF SJHIU CFGPSF 7ǉǊB PO UIF HBT DBCJOFU BOE

GVMMZ SFQMBDFE UIF HBT DBCJOFU 7ǎ XJUI B NBOVBM 7ǎ�

%�Ǌ $ŇŏŃĻĹł 'ĽŀŀĽłĻ ĵłĸ.ĵĽłŉĹłĵłķĹ

ĉFSF BSF UISFF DSZPHFOT UP ėMM�

ǉ� )FMJVN TIPVME CF BCPWF ƦƩ%XIFO SVOOJOH UIF GSJEHF� ĉF HBVHF JTO�U HSFBU XIFO UIF IFMJVN
DBO JT MPX TP USZ UP LFFQ IFMJVN ėMMFE BCPWF ƧƤ% UP CF TBGF� 8IFO UIF GSJEHF JT OPU JO VTF JU
TIPVME CF LFQU BCPWF Ʃ% VOMFTT ZPV BSF QMBOOJOH UP XBSN VQ UIF NBHOFU PS WBDVVN DBO GPS
NBJOUFOBODF�

Ǌ� ĉF OJUSPHFO DBO TIPVME BMXBZT CF ėMMFE> ƨƤ% FWFO JG UIF GSJEHF JT OPU PQFSBUJPOBM� "
XBSN OJUSPHFO DBO XJMM DBVTF B MPU PG EBNBHF�

ǋ� ĉF/Ǌ USBQ TIPVME CF ėMMFE BCPWF ƥ
Ƨ PG UIF XBZ XIFO UIF GSJEHF JT DPME� :PV DBO DIFDL UIJT

VTJOH B EJQTUJDL�

%FQFOEJOH PO IPX UIF NBHOFU JT CFJOH SVO UIF CPJMPĎ UJNFT GPS UIFTF WBSJPVT DSZPHFOT NBZ CF

EJĎFSFOU� ĉFZ TIPVME BMM CF DIFDLFE ǊY�EBZ�

Ǌǈǌ



%�Ǌ�ǉ 'ĽŀŀĽłĻ ŉļĹ )ĹŀĽŊŁ $ĵł

ǉ� 5VSO UIF MFWFM NFUFS SBUF UP GBTU � UPVDI UIF IFMJVN ėMM QFSDFOUBHF PO UIF NBHOFU DPOUSPMMFS
BOE IJU UIF CVĨPO MBCFMFE iTMPXu� *G JU JT PO GBTU JU XJMM TBZ GBTU BOE CF IJHIMJHIUFE JO PSBOHF�

Ǌ� 5VSO UIF SFDPWFSZ WBMWF GSPN DIFDL WBMWF UP SFDPWFSZ�

ǋ� #SJOH UIF IFMJVN EFXBS UIBU ZPV QMBO PO USBOTGFSSJOH PVU PG SJHIU OFYU UP UIF TIJFMEFE SPPN�

ǌ� 0QUJPOBM� HSPVOE UIF USBOTGFS EFXBS UP UIF SPPN HSPVOE JG ZPV IBWF B EFMJDBUF TBNQMF MPBEFE
JO UIF GSJEHF�

Ǎ� *OTFSU UIF GSJEHF�TJEF QBSU PG UIF USBOTGFS MJOF JOUP UIF IFMJVN JOMFU PO UIF DSZPTUBU�

ǎ� *OTFSU UIF PUIFS QBSU PG UIF USBOTGFS MJOF JOUP UIF USBOTGFS EFXBS DPOOFDU UIF MJOFT BOE USBOTGFS
BT OPSNBM QSFTTVSJ[JOH UIF EFXBS UP BSPVOE ǌ 14*�

Ǐ� 0ODF UIF IFMJVN MFWFM NFUFS IJUT ƬƤ − ƬƩ% TUPQ QSFTTVSJ[JOH UIF EFXBS BOE MFU UIF SFTU PG UIF
USBOTGFS ėOJTI�

ǐ� 3FNPWF UIF USBOTGFS MJOF�

Ǒ� 4XJUDI UIF WBMWF CBDL UP DIFDL WBMWF�

ǉǈ� 5VSO UIF MFWFM NFUFS SBUF CBDL UP TMPX�

%�Ǌ�Ǌ 'ĽŀŀĽłĻ ŉļĹ /ĽŉŇŃĻĹł $ĵł

ĉF OJUSPHFO DBO IBT UISFF JOMFUT� 3JHIU OPX POF TIPVME CF VTFE GPS UIF OJUSPHFO ėMM NFUFS 	UIF POF

DMPTFTU UP UIF HBT DBCJOFU TJEF PG UIF SPPN
 POF TIPVME CF DMPTFE XJUI B SVCCFS IPTF UIBU JT DBQQFE BU

UIF FOE 	UIF POF DMPTFTU UP UIF GBS XBMM PG UIF TIJFMEFE SPPN
 BOE UIF MBTU JT VTFE BT UIF FYIBVTU QPSU

	UIF POF DMPTFTU UP UIF EPPS
�

ǊǈǍ



ǉ� 3FNPWF UIF CMBDL DIFDL WBMWF GSPN UIF FYIBVTU QPSU� %VSJOH UIF OJUSPHFO USBOTGFS HBT XJMM
CMPX PVU PG UIJT QPSU BOE TP JEFBMMZ ZPV TIPVME DPOOFDU BO PQFO�FOEFE SVCCFS IPTF UP UIJT
QPSU BOE QPJOU UIF IPTF EPXOXBSE PS PUIFSXJTF QPJOUJOH GBS GSPN BOZUIJOH XF DBSF BCPVU�

Ǌ� #SJOH B OJUSPHFO EFXBS UP UIF TIJFMEFE SPPN FOUSBODF�

ǋ� 3FNPWF UIF QMVHHFE�VQ SVCCFS IPTF GSPN UIF IFMJVN JOMFU UIBU JT PO UIF GBS TJEF PG UIF SPPN
GSPN UIF EPPS BOE BĨBDI UIF OJUSPHFO EFXBS�T IPTF UP UIJT JOMFU�

ǌ� 'MPX OJUSPHFO TPěMZ BU ėSTU VOUJM UIF IPTF PO UIF JOMFU GSFF[FT JO QMBDF� (FOFSBMMZ ZPV XBOU UP
IPME UIF IPTF JO QMBDF 	XJUI DSZPHMPWFT�
 VOUJM JU GSFF[FT�

Ǎ� ĉFO PQFO VQ UIF ĚPX GVMMZ VOUJM UIF OJUSPHFO ėMMT�

ǎ� #F DBSFGVM� 8IFO UIF OJUSPHFO DBO ėMMT GVMMZ MJRVJE OJUSPHFO XJMM TIPPU PVU PG UIF FYIBVTU� ĉJT
HFOFSBMMZ IBQQFOT BSPVOE ƭƬ% ėMM MFWFM BOE DBO EBNBHF UIJOHT XF DBSF BCPVU PO UIF UPQ PG
UIF DSZPTUBU PS UIF ĚPPS� 4P CF SFBEZ UP DMPTF PĎ UIF WBMWF "4"1 JG ZPV OPUJDF BOZ OJUSPHFO
TIPPUJOH PVU�

Ǐ� 0ODF UIF USBOTGFS JT DPNQMFUF IFBU HVO UIF EFXBS�T IPTF BOE SFNPWF JU SFQMBDJOH JU XJUI UIF
QMVHHFE�VQ SVCCFS IPTF�

ǐ� )FBU UIF FYIBVTU QPSU JOMFU UP SFNPWF JDF BOE QVU UIF CMBDL DIFDL WBMWF CBDL PO�

%�Ǌ�ǋ 'ĽŀŀĽłĻ ŉļĹ /ĽŉŇŃĻĹł ŉŇĵń

ǉ� #SJOH B OJUSPHFO EFXBS OFBS UIF USBQ�

Ǌ� 6TJOH DSZPHMPWFT NBLF B IPPL JO UIF SVCCFS IPTF GSPN UIF EFXBS BOE TUBSU TMPXMZ ĚPXJOH
OJUSPHFO VOUJM UIF SVCCFS GSFF[FT JO B IPPL TUBUF�

ǋ� 4UJDL UIF IPPL JOUP UIF OJUSPHFO USBQ EFXBS�

ǌ� *ODSFBTF UIF ĚPX PG OJUSPHFO XBJU VOUJM JU TUBSUT CVCCMJOH VQ BU UIF UPQ PG UIF USBQ�

Ǎ� 4UPQ UIF OJUSPHFO ĚPX SFNPWF UIF EFXBS�

Ǌǈǎ
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ǉ� *EFBMMZ UIF IFMJVN DBO TIPVME CF BSPVOE ƦƤ% BOE UIF OJUSPHFO DBO TIPVME CF ėMMFE�

Ǌ� $IFDL UIF GSJEHF MJOFT� #FTU XBZ UP EP UIJT JT BT GPMMPXT�

	B
 (SPVOE BMM Ǌǌ QJOT GSPN UIF CSFBLPVU CPY�

	C
 6TJOH B ĚVLF UFTU UIF SFTJTUBODF PG UIF QJOT GSPN UIF DPMEėOHFS UP UIF CSFBLPVU CPY CZ
VOHSPVOEJOH POF QJO BU B UJNF� ĉF MJOF SFTJTUBODF TIPVME CF SPVHIMZ Ǎǈǈ PINT BOE UIF
SFTJTUBODF CFUXFFO UIF VOHSPVOEFE QJO BOE POF PG UIF HSPVOEFE QJOT TIPVME QSFGFSBCMZ
CF PWFSMPBEFE� *G OPU NFHBPINT BSF TVđDJFOU�

	D
 "U UIF UJNF PG UIJT EPDVNFOU QJOT Ǌ BOE ǉǉ BSF CBE BOE IBWF CFFO CBE GPS TFWFSBM ZFBST
	JOėOJUF MJOF SFTJTUBODF
�

	E
 3FNFNCFS UIBU UIF QJOPVU GPS .9ǌǈǈ QJOT JT OPU FYBDUMZ OPSNBM�

ĉF CPĨPN PG UIF TBNQMF IPMEFS GSPN MFě UP SJHIU IBT QJOT ǋ Ǌ ǉ ǉǋ ǉǌ ǉǍ�

ĉF OVNCFST BTDFOE DMPDLXJTF ǌ Ǎ ��� BOE DPVOUFSDMPDLXJTF ǉǎ ǉǏ ���

ĉVT UIF UPQ PG UIF TBNQMF IPMEFS TIPVME IBWF QJOT ǉǈ ǉǉ ǉǊ Ǌǌ Ǌǋ ǊǊ GSPN MFě
UP SJHIU�

ǋ� .PVOU ZPVS TBNQMF�

	B
 1VU ZPVS TBNQMF JOUP UIF DPMEėOHFS QSFTT JO TP UIF QJOT GVMMZ HP JOUP UIF TPDLFUT�

	C
 6TJOH UIF ǌ TDSFXT TDSFX UIF HVBSE JO UP UIF DPMEėOHFS�

	D
 /PX JT B HPPE UJNF UP UFTU ZPVS TBNQMF BU SPPN UFNQFSBUVSF UP NBLF TVSF BMM QJOT BSF
TUJMM DPOOFDUFE�

ǌ� "ĨBDI UIF SBEJBUJPO TIJFME�

	B
 1VU PO UIF SBEJBUJPO TIJFME VTJOH UIF TJY TDSFXT�

ǊǈǏ



	C
 5BQF VQ UIF IPMFT BU UIF UPQ PG UIF SBEJBUJPO TIJFME XJUI BMVNJOVN UBQF�

Ǎ� 1VU PO UIF *7$�

	B
 $MFBO UIF UPQ PG UIF *7$ 	XIFSF JU BĨBDIFT UP UIF JOTFSU
 BT XFMM BT UIF QBSU PG UIF JOTFSU
XIFSF UIF *7$ BĨBDIFT XJUI *1"� .BLF TVSF UP SFNPWF BOZ JOEJVN SFNOBOUT�

	C
 .BLF BO JOEJVN TFBM VTJOH JOEJVN XJSF GPVOE BCPWF UIF.9ǌǈǈ EFTL� :PV DBO HFU B
CFĨFS TFBM XJUIPVU VTJOH WBDVVN HSFBTF��

	D
 5JHIUFO UIF TJYUFFO TDSFXT VOUJM WFSZ UJHIU� ĉF TDSFXT BSF MBCFMFE JO UXP QBJST PG ǉ
UISPVHI ǐ TP CFTU QSBDUJDF JT UP TDSFX CPUI ǉT UIFO CPUI ǊT FUD� BOE QSPDFFE JO UIJT
XBZ�

	E
 (FOFSBMMZ ZPV TIPVME SFQFBU UIJT QSPDFEVSF BSPVOE ėWF UJNFT VOUJM UIF TDSFXT BSF OPU
BCMF UP CF UJHIUFOFE NPSF�

	F
 $MPTF UIF *7$ TQFFEJWBMWF�

ǎ� 1VNQ UIF *7$ MJOF�

	B
 "ĨBDI UIF QVNQJOH NBOJGPME UP UIF TUJMM *7$ BOE DPOEFOTFS WBMWFT JO PSEFS XJUI BMM
WBMWFT DMPTFE�

	C
 "ĨBDI UIF UVSCPQVNQ UP UIF NBOJGPME�

	D
 3PVHI PVU UIF NBOJGPME UIFO PQFO UIF *7$ TQFFEJWBMWF�

	E
 5VSCPQVNQ UIF *7$ VOUJM JU HFUT UP UIF �ǍT TIPVME UBLF TFWFSBM IPVST�

	F
 -FBLDIFDL UIF *7$ NBLJOH TVSF UP TQSBZ B MPU PG IFMJVN BSPVOE UIF JOEJVN TFBM� ĉF
MFBL SBUF TIPVME CF JO UIF �ǏT� .BLF TVSF UP TQSBZ IFMJVN BSPVOE UIF 'JTDIFS DPOOFDUPS
QPSU GPS UIFSNPNFUSZ BT TPNFUJNFT UIBU OFFET UP CF UJHIUFOFE�

	G
 %JTDPOOFDU UIF MFBLDIFDLFS�

	H
 $MPTF UIF *7$ TQFFEJWBMWF�

�8F VTFE UP VTF "QJF[PO / WBDVVN HSFBTF CVU EP OPU BOZNPSF�

Ǌǈǐ



Ǐ� 1VNQ UIF DJSDVMBUJPO MJOFT�

	B
 .BLF TVSF UIF *7$ TQFFEJWBMWF JT DMPTFE BOE UIF MJOF GSPN UIF UVSCPQVNQ UP UIF NBOJ�
GPME JT QVNQFE PVU�

	C
 8JUI UIF SPVHIJOH QVNQ PO BOE UIF UVSCPQVNQ PĎ PQFO UIF TUJMM HBUF WBMWF�

	D
 8BJU VOUJM UIF QSFTTVSF ESPQT JOUP UIF �ǉT BOE UIFO PQFO UIF DPOEFOTFS WBMWF�

	E
 5VSO PO UIF UVSCPQVNQ BOE QVNQ CPUI DJSDVMBUJPO MJOFT JOUP UIF �ǍT�

	F
 -FBLDIFDL UIF MJOFT NBLF TVSF UIFZ BSF JO UIF MPX �ǏT�

	G
 %JTDPOOFDU UIF MFBLDIFDLFS�

	H
 $MPTF CPUI WBMWFT BOE SFNPWF UIF UVSCPQVNQ�

ǐ� "EE FYDIBOHF HBT UP UIF *7$�

	B
 /PUF� UIJT QBSU PG UIF QSPDFEVSF JT NPSF PG BO BSU UIBO B TDJFODF�

	C
 1VU B OJQQMF PO UPQ PG UIF *7$ TQFFEJWBMWF�

	D
 6TJOH B IFMJVN HBT DZMJOEFS IBWF B WFSZ TNBMM ĚPX PG IFMJVN � BCPVU BT MJĨMF BT ZPV DBO
GFFM BHBJOTU ZPVS MJQT�

	E
 'MVTI PVU UIF *7$ OJQQMF B GFX UJNFT UIFO BĨBDI UIF HBT IPTF UP UIF OJQQMF�

	F
 6TF B QMJFST UP QJODI PĎ UIF IPTF TFWFSBM NJMMJNFUFST BCPWF UIF OJQQMF�

	G
 )PMEJOH UIF QMJFST TP UIBU UIF IPTF JT TUJMM QJODIFE PĎ PQFO UIF TQFFEJWBMWF UP MFU UIF
QJODIFE PĎ HBT JO UP UIF *7$ UIFO DMPTF UIF TQFFEJWBMWF BMM UIF XBZ�

	H
 3FNPWF UIF HBT IPTF�

Ǒ� 'MPX HBT UISPVHI UIF ǉ, QPU�

	B
 "ĨBDI B OJQQMF UP UIF ǉ, QPU MJOF�

	C
 'MVTI PVU UIJT OJQQMF XJUI IFMJVN HBT UIFO BĨBDI UIF HBT IPTF UP UIF OJQQMF�

	D
 0QFO UIF ǉ, QPU NBOVBM WBMWF�

	E
 0QFO UIF ǉ, QPU OFFEMF WBMWF BSPVOE ǉǈ%�

ǊǈǑ



	F
 3FNPWF UIF ėMUFS GSPN UIF CPĨPN PG UIF TJQQFS�

	G
 4UJDL B DPOUBJOFS ėMMFE XJUI *1" BU UIF CPĨPN PG UIF TJQQFS� :PV TIPVME TFF CVCCMFT JO
UIF *1" XIFSF UIF CVCCMJOH SBUF TIPVME DIBOHF BT ZPV PQFO BOE DMPTF UIF OFFEMF WBMWF�

	H
 8BJU B GFX NJOVUFT GPS UIF *1" UP ESZ�

	I
 1VU UIF ėMUFS CBDL BU UIF CPĨPN PG UIF TJQQFS�

	J
 ,FFQ UIF HBT ĚPXJOH UISPVHI UIF ǉ, QPU GPS UIF EVSBUJPO PG UIF JOTFSUJPO QSPDFTT UP
QSFWFOU B ǉ, QPU CMPDL�

	K
 5BQF EPXO UIF TJQQFS UP UIF *7$ XJUI BMVNJOVN UBQF� ĉF UBQF TIPVME HP ǋǎǈ◦ BSPVOE
UIF *7$�

ǉǈ� 1VU UIF TMJEJOH TFBM PO UIF *7$� *U TIPVME QPJOU TVDI UIBU JUT FYIBVTU WBMWF GBDFT UIF GBS XBMM PG
UIF TIJFMEFE SPPN� ĉFSF BSF MJOFT XSJĨFO JO TIBSQJF PO UIF *7$ BOE TMJEJOH TFBM UIBU TIPVME
MJOF VQ�

%�ǋ�Ǌ *łňĹŇŉĽłĻ ŉļĹ 'ŇĽĸĻĹ

:PV XJMM MJLFMZ XBOU B CVEEZ 	PS UXP
 GPS UIJT QSPDFEVSF� ĉF XIPMF UJNF ZPV.645NBLF TVSF UIBU

OPUIJOH DSBTIFT BOE UIBU UIF IFMJVN HBT MJOF UIBU JT ĚPXJOH UISPVHI UIF ǉ, QPU EPFT OPU GBMM PĎ�

ǉ� %VNQ UIF CBUI QSFTTVSF CZ UVSOJOH UIF SFDPWFSZ WBMWF GSPN UIF DIFDL WBMWF QPTJUJPO UP SFDPW�
FSZ�

Ǌ� 3BJTF GSJEHF BMM UIF XBZ VTJOH UIF DSBOF BOE CSJOH JU DMPTF UP UIF DSZPTUBU�

ǋ� 6OTDSFX BOE SFNPWF UIF CBĔFT�

ǌ� 2VJDLMZ QVU UIF GSJEHF PWFS UIF IPMF BOE TUBSU UP MPXFS JU� 1SPQFS QPTJUJPO XJMM IBWF UIF TUJMM MJOF
GBDJOH UIF XBMM PO UIF PQQPTJUF TJEF PG UIF TIJFMEFE SPPN GSPN UIF EPPS � JU XJMM CF SJHIU PWFS
POF PG UIF OJUSPHFO QPSUT�

Ǌǉǈ



Ǎ� 0ODF HBT DBOOPU MFBL PVU BĨBDI B MJOF GSPN UIF TMJEJOH TFBM FYIBVTU UP UIF SFDPWFSZ QPSU PO UIF
DSZPTUBU� 5VSOJOH UIF NBOVBM WBMWF SJHIU BěFS UIF DSZPTUBU PO UIF SFDPWFSZ MJOF XJMM DBVTF NPTU
PG UIF CPJMPĎ HBT UP SVO UISPVHI UIF TMJEJOH TFBM�

ǎ� -PXFS UIF JOTFSU VOUJM JU JT UPP IBSE UP MPXFS BOZNPSF� *G ZPV SFBDI B QPJOU XIFO JU JT UPP IBSE
UP MPXFS XBJU ǉǈ NJOVUFT PS TP UIFO IFBU HVO BOE DMFBOSPPN UPXFM ESZ UIF TMJEJOH TFBM BOE
DPOUJOVF�

Ǐ� :PV NBZ OFFE UP VOQMVH TPNF DBCMFT 	TVDI BT UIF MFWFMNFUFS BOE UIF TXJUDI IFBUFS DBCMFT
 BT
ZPV MPXFS UIF GSJEHF KVTU NBLF TVSF UP SFQMVH UIFN JO PODF JU JT EPXO BMM UIF XBZ�

ǐ� 0ODF UIF JOTFSU JT MPXFSFE BMM UIF XBZ TDSFX JU EPXO XFMM�

Ǒ� "ĨBDI UIF TUJMM DPOEFOTFS BOE ǉ, QPU MJOFT UP UIF GSJEHF� $MBNQ UIFN XFMM� &BDI MJOF TIPVME
IBWF B QMBTUJD P�SJOH BOE DMBNQ BU TPNF QPJOU CFUXFFO UIF JOTFSU BOE UIF XBMM UP BWPJE HSPVOE
MPPQT�

ǉǈ� 5VSO UIF WBMWF TP UIBU HBT EPFT OPU ĚPX UISPVHI UIF TMJEJOH TFBM�

ǉǉ� 3FNPWF UIF TMJEJOH TFBM MJOF UP UIF FYIBVTU BOE CMBOL JU PĎ�

ǉǊ� 5VSO UIF SFDPWFSZ WBMWF CBDL UP DIFDL WBMWF�

ǉǋ� $POOFDU UIF UIFSNPNFUFS DBCMF 	'JTDIFS DPOOFDUPS
� ĉJT DPOOFDUT UP UIF MPXFS PG UIF UXP
QPTTJCMF QPSUT UIBU BSF CFUXFFO UIF TUJMM BOE DPOEFOTFS MJOFT�

ǉǌ� $POOFDU UIF NBHOFU TXJUDI IFBUFS DBCMF 	TNBMM 'JTDIFS DPOOFDUPS OFBS UIF ǉ, QPU MJOF
�

ǉǍ� 3FėMM UIF IFMJVN DBO UP ǉǈǈƻ BT B MPU XJMM CPJM PĎ EVSJOH UIF JOJUJBM DPPM GSPN SPPN UP ǌ, BOE
DIFDL UP TFF JG UIF OJUSPHFO DBO PS OJUSPHFO USBQ OFFET ėMMJOH�

ǉǎ� 8BUDI UIF TPSC UFNQFSBUVSF DPPM EPXO UP BSPVOE ǉǈ,�ĉJT TIPVME UBLF BU MFBTU ǌ� IPVST BOE
QPUFOUJBMMZ PWFSOJHIU EFQFOEJOH PO IPXNVDI FYDIBOHF HBT XBT QVU JO�

ǉǏ� *G JU DPPMT UPP RVJDLMZ UIFSF JT UPP NVDI FYDIBOHF HBT� :PV MJLFMZ XJMM OFFE UP QVNQ JU PVU 	TFF
CFMPX
 BOE QPUFOUJBMMZ XBSN VQ BOE SF�EP�
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ǉ� 5BLF UIF /Ǌ USBQ PVU BOE DMFBO BT GPMMPXT�

	B
 5VSO UIF ǉ, QPU QVNQ FYIBVTU UP BJS�

	C
 0QFO WBMWFT 7ǉǉB BOE 7Ǌ TP ZPV DBO TFF IPXNVDI TUVĎ DPNFT PVU VTJOH UIF (ǉ HBVHF�

	D
 )FBU HVO UIF USBQ�

	E
 1VNQ UIF /Ǌ USBQ VTJOH UIF ǉ, QPU QVNQ� UVSO PO QVNQ UVSO UIF QVNQ FYIBVTU UP BJS
PQFO WBMWFT 7ǍB 7ǊB 7Ǐ JO PSEFS�

	F
 8IFO EPOF QVNQJOH 	XBJU Ǌǈ NJOVUFT PS TP BěFS (ǉ CPĨPNT PVU
 DMPTF 7Ǌ 7ǉǉB 7Ǐ
7ǊB 7ǍB JO PSEFS�

	G
 0QFO 7ǉǉC UP QVNQ UIF DPME USBQ UIBU JT MFě BU SPPN � BMUIPVHI UIJT JT OPU QBSU PG UIF
DPOEFOTF DJSDVJU UIF WBMWF JT B MJĨMF MFBLZ TP JU JT BMXBZT HPPE UP QVNQ PVU�

	H
 1VU UIF USBQ CBDL JOUP UIF OJUSPHFO EFXBS�

	I
 5VSO UIF ǉ, QPU QVNQ FYIBVTU CBDL UP SFDPWFSZ�

Ǌ� 'JMM UIF IFMJVN BOE OJUSPHFO DBOT PG UIF DSZPTUBU JG OPU BMSFBEZ ėMMFE�

ǋ� 'JMM UIF /Ǌ USBQ JG OPU BMSFBEZ ėMMFE�

ǌ� 1VNQJOH UIF MJOFT�

	B
 "ĨBDI UIF 4UJMM $POEFOTFS BOE ǉ, QPU MJOFT GSPN UIF XBMM UP UIF JOTFSU� #F DBSFGVM XJUI
UIF DPOEFOTFS MJOF���

	C
 .BLF TVSF UIBU 7ǉ 7ǉǌ NBOVBM 7ǎ BSF DMPTFE�

	D
 ĉFSF TIPVME CF B NBOJGPME UIBU DPOOFDUT UIF 4UJMM BOE $POEFOTFS MJOFT 	UIF QBSUT UIBU
XFSF FYQPTFE UP BJS
 UP UIF UVSCPQVNQ� 4FU UIJT VQ BOE BĨBDI UIF UVSCPQVNQ� :PV XJMM
OFFE UP NPWF UIF UVSCPQVNQ JOUP UIF TIJFMEFE SPPN�

	E
 3PVHI PVU UIF UVSCPQVNQ MJOFT BT XFMM BT UIF NBOJGPME XIJMF LFFQJOH UIF WBMWFT PO UIF
DPOEFOTFS BOE TUJMM MJOFT DMPTFE� ĉFO PQFO UIF UVSCPQVNQ�

ǊǉǊ



	F
 0ODF UIF NBOJGPME IBT CFFO UVSCPQVNQFE EPXO TUPQ UIF UVSCP 	XIJMF LFFQJOH UIF
SPVHIJOH QVNQ PO
� 8IFO UIF UVSCP TQJOT EPXO UP< ƫƤƤ)[ PQFO UIF WBMWF PO UIF ǌ,
USBQ UIFO TUBSU UIF UVSCPQVNQ BHBJO�

	G
 5VSCPQVNQ EPXO 	MPX �ǍT PS QSFGFSBCMZ �ǎT
 UIFO MFBL DIFDL� 4IPVME TFF WBMVFT BSPVOE
�ǏT�

	H
 $MPTF UIF WBMWFT CFUXFFO UIF NBOJGPME BOE UIF DPOEFOTFS BOE TUJMM MJOFT TUPQ BOE SF�
NPWF UIF QVNQ�

Ǎ� 0QUJPOBM� 3FNPWJOH FYDFTT FYDIBOHF HBT GSPN UIF *7$� %P UIJT TUFQ JG ZPV GFFM UIBU UIFSF JT
UPP NVDI FYDIBOHF HBT�

	B
 .BLF TVSF UIF IFMJVN CBUI ėMM MFWFM JT OP MFTT UIBO ȕȔ% BOE OP HSFBUFS UIBO Ȗș% GPS
UIJT QVNQJOH TUFQ�

	C
 .BLF TVSF UIF ěJEHF JT OPU DJSDVMBUJOH BOE UIBU BMM WBMWFT BSF DMPTFE�

	D
 .BLF TVSF UIF ěJEHF UFNQFSBUVSFT 	TPSC ȕ, QPU NJYJOH DIBNCFS
 BSF BMM CFMPX ȕȔ ,�

	E
 "ĪBDI UIF UVSCPQVNQ UP UIF *7$ WBMWF�

	F
 3PVHI PVU UIF MJOF BOE UVSCP UIF MJOF XJUI UIF WBMWF DMPTFE�

	 G
 7FSZ TMPXMZ JODI PQFO UIF *7$ WBMWF TP BT OPU UP EJTSVQU UIF UVSCP�

	H
 0ODF UIF *7$ JT GVMMZ PQFO UVSCP JU PVU GPS B XIJMF 	ȕȔ�ȕȖ IPVST BU MFBTU JT SFDPNNFOEFE
�

	I
 $MPTF UIF *7$ WBMWF GVMMZ�

	J
 4UPQ BOE SFNPWF UIF UVSCP QVNQ�

ǎ� $PMMFDU FWFSZUIJOH GSPN UIF DJSDVMBUJPO MJOFT JOUP UIF /Ǌ USBQ�

	B
 .BLF TVSF UIF /Ǌ USBQ JT GVMM�

	C
 5VSO PO UIF )Fǋ SPUBSZ QVNQ�

	D
 0QFO 7ǉ 7ǉǋB 7Ǎ�

	E
 0QFO NBOVBM WBMWF 7ǎ PO UIF MFě TJEF PG UIF HBT DBCJOFU�

	F
 (Ǌ TIPVME ESPQ UP BSPVOE ǌǊǈ�ǌǌǈ�

Ǌǉǋ



	G
 -FU TJU GPS BSPVOE ǉǈ NJOVUFT�

	H
 $MPTF 7ǉ 7ǉǋB 7Ǎ

	I
 $MPTF NBOVBM 7ǎ

Ǐ� *OTFSU UIF ǌ, USBQ�

	B
 %VNQ CBUI QSFTTVSF CZ TXJUDIJOH UIF SFDPWFSZ WBMWF GSPN DIFDL WBMWF UP SFDPWFSZ�

	C
 *OTFSU UIF ǌ, USBQ JOUP UIF IFMJVN JOMFU QPSU PO UIF TJEF PG UIF DSZPTUBU OFBS UIF XBMM UIBU
JT DMPTFTU UP UIF HBT DBCJOFU�

	D
 4XJUDI UIF WBMWF CBDL UP DIFDL WBMWF�

ǐ� 3VO UIF ǉ, QPU�

	B
 .BLF TVSF UIF )Fǌ SPUBSZ QVNQ JT PO BOE UIF FYIBVTU JT PO BJS�

	C
 0QFO UIF NBOVBM WBMWF PO UIF ǉ, QPU MJOF�

	D
 0QFO WBMWF 7ǌB�

	E
 5VSO UIF )Fǌ SPUBSZ QVNQ UP SFDPWFSZ�

	F
 0QUJPOBM TUFQT 	EP UIFTF TUFQT JG UIF ǉ, QPU IBE CFFO HJWJOH USPVCMF CFGPSF
�

J� $MPTF ȕ, QPU NBOVBM WBMWF�

JJ� 0QFO 7ȕ" BOE DMPTF JU B GFX UJNFT UP BMMPX UIF NBJO CBUI MJOF UP ĚVTI PVU�

JJJ� ĉFO DMPTF 7ȕB BOE MFU (ȗ BOE 1Ȗ ESPQ UP Ȕ�

JW� 0QFO UIF ȕ, QPU NBOVBM WBMWF�

W� $MPTF WBMWF 7ȘB TP UIBU UIF QPU JTO�U CFJOH QVNQFE�

WJ� 0QFO /�7 NPTU PG UIF XBZ 	PS GVMMZ
 MFU (ȗ SJTF UP ȝȝȝ� 4JU UIFSF GPS ȕ NJOVUF�

WJJ� 0QFO 7ȕB UP FRVBMJ[F UIF CBUI XJUI UIF QPU� -FBWF GPS ȕ NJOVUF�

WJJJ� $MPTF 7ȕB UP TUPQ UIF ĚPX ěPN UIF NBJO CBUI�

JY� 0QFO 7ȘB UP SFTVNF QVNQJOH PO UIF ȕ, QPU�

Y� $MPTF UIF OFFEMF WBMWF GVMMZ BOE XBJU GPS (ȗ 1Ȗ UP ESPQ�

YJ� 8BJU ș NJOVUFT BĜFS (ȗ 1Ȗ ESPQ CFMPX Ȗ BOE UIFO QSPDFFE CFMPX BT OPSNBM�

Ǌǉǌ



	G
 0QFO UIF OFFEMF WBMWF HFOFSBMMZ B GFX QFSDFOU VOUJM 1Ǌ TUBCJMJ[FT CFUXFFO ǎ BOE ǉǈ
NCBS�

3JHIU OPX UIF OFFEMF WBMWF JTO�U XPSLJOH FMFDUSPOJDBMMZ BOE TP JU XJMM IBWF UP
CF BEKVTUFE CZ IBOE� #&7&3:$"3&'6-XIFO UVSOJOH JU�

%�ǌ�Ǌ $ŃłĸĹłňĽłĻ ŉļĹ.ĽŎŉŊŇĹ

0ODF ZPV IBWF DPNQMFUFE BMM PG UIF TUFQT JO UIF BCPWF TFDUJPO ZPV TIPVME CF SFBEZ UP DPOEFOTF�

.BLF TVSF UIF )Fǋ SPUBSZ QVNQ JT PO UIF ǉ, QPU JT XPSLJOH BT NFOUJPOFE JO UIF QSJPS TFDUJPO

BOE UIF SPPUT QVNQ JT PĎ� ĉF DSZPHFOT TIPVME CF GVMMn BOE CPUI UIF ǌ, USBQ BOE UIF OJUSPHFO USBQ

TIPVME CF JOTFSUFE� ĉF TUJMM BOE DPOEFOTFS MJOFT TIPVME IBWF BMSFBEZ CFFO QVNQFE PVU BOE UIFJS

SFTQFDUJWF WFOU WBMWFT DMPTFE� 8IFO PQFOJOH NBOVBM WBMWFT PO UIF GSJEHF NBLF TVSF UIFTF WFOU

WBMWFT TUBZ DMPTFE�

ǉ� 0QFO CPUI NBOVBM WBMWFT PO UIF NJYUVSF EVNQ�

Ǌ� 0QFO UIF TUJMM TJEF PG UIF GSJEHF� (Ǌ TIPVME OPU DIBOHF BT ZPV PQFO UIF WBMWFT�

	B
 0QFO NBOVBM 7ǎ PO UIF MFě TJEF PG UIF HBT DBCJOFU�

	C
 0QFO UIF HBUF WBMWF PO UIF XBMM JO UIF TIJFMEFE SPPN�

	D
 0QFO UIF TUJMM MJOF HBUF WBMWF PO UIF JOTFSU�

ǋ� 0QFO 7ǉǋB

ǌ� 0QFO 7Ǎ BOE MFU UIF NJYUVSF TJU JO UIF OJUSPHFO USBQ GPS BSPVOE ǉǈ NJOVUFT�

n"U UIF WFSZ MFBTU IFMJVN TIPVME CF BCPWF ƧƤ% BOE OJUSPHFO BCPWF ƨƩ%�

ǊǉǍ



Ǎ� $MPTF 7Ǎ

ǎ� 0QFO UIF DPOEFOTFS TJEF PG UIF GSJEHF NBLJOH TVSF (ǉ EPFTO�U DIBOHF�

	B
 0QFO 7ǉ�

	C
 0QFO UIF WBMWF CFUXFFO UIF DPME USBQ BOE UIF JOTFSU�

	D
 0QFO UIF WBMWF GSPN UIF DPOEFOTFS MJOF UP UIF JOTFSU�

Ǐ� 4UBSU DPOEFOTJOH�

	B
 0QFO UIF NBOVBM WBMWF CFUXFFO 7ǉǊB BOE UIF OJUSPHFO USBQ UIJT WBMWF JT GPVOE PO UIF
CBDL TJEF PG UIF HBT DBCJOFU�

	C
 0QFO 7Ǒ�

	D
 4MPXMZ PQFO 7ǉǊB B GFX UFOUIT PG B QFSDFOU BU B UJNF CVU OPU BCPWF ǐ�Ǎƻ� .BLF TVSF
UIBU (ǉ TUBZT CFMPX ǉǍǈ NCBS UIF XIPMF UJNF�

	E
 (ǉ BOE (Ǌ TIPVME ESPQ� 0ODF (Ǌ JT CFMPX Ǌǈǈ NCBS 	BOE XJUI (ǉ TUBZJOH CFMPX ǉǍǈ
NCBS UIF XIPMF UJNF
 ZPV DBO QVNQ UIF SFTU PG UIF NJYUVSF PVU PG UIF EVNQ�

	F
 $MPTF 7Ǒ�

	G
 0QFO 7ǉǌ BOE XBUDI (Ǌ DMPTF 7ǉǌ PODF (Ǌ SJTFT BCPWF ǊǍǈ NCBS�

	H
 8BJU VOUJM (Ǌ GBMMT CFMPX Ǌǈǈ NCBS� ĉFO SFQFBU UIF BCPWF TUFQ VOUJM ZPV DBO MFBWF 7ǉǌ
PQFO XJUI (Ǌ CFMPX ǊǍǈ NCBS�

	I
 0QFO 7ǉǊB BMM UIF XBZ�

	J
 5VSO PO UIF SPPUT QVNQ�

	K
 	0QUJPOBM�
 4FU TUJMM IFBU UP Ǌ N8�

Ǌǉǎ



%�Ǎ 1ŊŀŀĽłĻ ŉļĹ 'ŇĽĸĻĹ

%�Ǎ�ǉ 3ĹķŃŋĹŇĽłĻ ŉļĹ.ĽŎŉŊŇĹ

ǉ� ;FSP UIF NBHOFU BOE TIVU PĎ UIF TXJUDI IFBUFST�

Ǌ� %JTDPOOFDU TBNQMF DPOOFDUJPOT HSPVOE ZPVS TBNQMF�

ǋ� .BLF TVSF UIF NBOVBM EVNQ WBMWFT BSF PQFO�

ǌ� 5VSO PĎ UIF SPPUT QVNQ�

Ǎ� 0QFO 7ǋ UP FRVBMJ[F QSFTTVSF PO FJUIFS TJEF PG UIF EVNQ�

ǎ� 4UPQ SVOOJOH UIF ǉ, QPU�

	B
 $MPTF UIF ǉ, QPU OFFEMF WBMWF BOE XBJU GPS (ǋ 1Ǌ UP GBMM UP ǈ�

	C
 $MPTF UIF ǉ, QPU NBOVBM WBMWF�

	D
 $MPTF 7ǌB�

Ǐ� $MPTF 7ǉǋB UP TUPQ UIF DJSDVMBUJPO�

ǐ� 0QFO 7Ǒ TP NJYUVSF DBO ĚPX JOUP UIF EVNQ�

Ǒ� 0QFO 7Ǎ UP TIPSU UIF GSJEHF�

ǉǈ� 4FU UIF TUJMM BOE NJYJOH DIBNCFS IFBUFST UP Ǌǈ N8 FBDI� /PUF UIBU UIF NJYJOH DIBNCFS UIFS�
NPNFUFS JT NFBTVSFE BT V8�

ǉǉ� 4FU UIF TPSC IFBUFS UP ǉǈǈ N8�

ǉǊ� -FU (Ǌ SJTF�

ǉǋ� 8IFO (ǉ�ǈ DMPTF UIF NBOVBM WBMWF PO UIF DPME USBQ BU UIF CBDL PG UIF HBT DBCJOFU BT XFMM BT
7ǉǊB�

ǉǌ� .BLF TVSF UIF NJYUVSF JT PVU�

ǊǉǏ



	B
 (Ǌ TIPVME CF B CJU BCPWF ǎǈǈ�

	C
 .JYJOH DIBNCFS UFNQ TIPVME CF BCPWF Ǎ,�

	D
 1ǉ TIPVME CF<= Ƥ.ƤƤƦNCBS�

ǉǍ� 0ODF UIF NJYUVSF JT PVU DMPTF FWFSZUIJOH�

	B
 $MPTF 7ǉ 7ǋ 7Ǎ 7Ǒ NBOVBM 7ǎ�

	C
 $MPTF CPUI NBOVBM EVNQ WBMWFT�

	D
 $MPTF UIF TUJMM HBUF WBMWF PO UIF XBMM BOE PO UIF JOTFSU�

	E
 $MPTF UIF DPOEFOTFS MJOF WBMWFT PO UIF JOTFSU BOE UPXBSET UIF DPME USBQ�

	F
 5VSO PĎ BMM IFBUFST�

%�Ǎ�Ǌ 3ĹŁŃŋĽłĻ ŉļĹ 'ŇĽĸĻĹ

ǉ� .BLF TVSF BMM WBMWFT PO UIF HBT DBCJOFU BT XFMM BT BMM NBOVBM WBMWFT BSF DMPTFE�

Ǌ� 7FOU UIF 5T PG UIF TUJMM MJOF BOE UIF DPOEFOTFS MJOFNBLJOH TVSF UIBU CPUI FOET PO FBDI MJOF
BSF DMPTFE�

ǋ� 3FNPWF UIF 5 BOE UIF TUJMM MJOF�

ǌ� 3FNPWF BOE DMFBO UIF ǌ, USBQ�

	B
 0QFO 7ǉ�

	C
 1VMM UIF ǌ, USBQ PVU PG UIF IFMJVN JOMFU DMPTF UIF JOMFU�

	D
 8BJU GPS UIF DPME USBQ UP GVMMZ XBSN 	J�F� (ǉ TUPQT SJTJOH
 HFOFSBMMZ BSPVOE ǉǈ NJOVUFT�

	E
 .BLF TVSF UIF ǉ, QPU QVNQ JT PO�

	F
 $MFBO UIF DPME USBQ CZ PQFOJOH 7ǍB 7ǊB 7Ǐ 7Ǌ�

Ǌǉǐ



	G
 0ODF (ǉ GBMMT UP [FSP DMPTF 7ǉ 7Ǌ 7Ǐ 7ǊB 7ǍB�

Ǎ� 7FOU UIF ǉ, QPU CZ PQFOJOH 7ǉB VOUJM (ǋ SJTFT UP ǉǈǈǈ UIFO DMPTF 7ǉB�

ǎ� %JTDPOOFDU UIF ǉ, QPU MJOF�

Ǐ� %JTDPOOFDU UIFSNPNFUSZ OFFEMF WBMWF BOE NBHOFU DPOUSPM�

ǐ� 1SFTTVSJ[F UIF CBUI XJUI HBT IFMJVN VTJOH UIF PWFSQSFTTVSF WBMWF PO UIF GSJEHF FYIBVTU�

Ǒ� 6OCPMU UIF JOTFSU�

ǉǈ� 3BJTF UIF GSJEHF XIJMF PWFSQSFTTVSJOH UIF NBJO CBUI�

	B
 -Jě XJUI UIF DSBOF VOUJM ZPV TFF UIF CMBDL NBSL PO UIF TMJEJOH TFBM UIBU TIPXT UIF JOTFSU
JT BCPVU UP MJě GVMMZ PVU�

	C
 4UPQ UIF IFMJVN ĚPX�

	D
 -FU UIF JOTFSU TJU JO UIJT QPTJUJPO GPS BSPVOE ǌǍ NJOVUFT�

	E
 )FBU HVO � CMPX PĎ BOZ DPOEFOTBUJPO BOE GSPTU UIBU JT PO UIF TMJEJOH TFBM UIFO XJQF JU
DMFBO XJUI DMFBOSPPN XJQFT�

	F
 1VMM UIF GSJEHF PVU UIF SFTU PG UIF XBZ QVU UIF CBĔFT CBDL JO BOE TFDVSF UIFN XJUI
TDSFXT�

ǉǉ� "MMPX UIF JOTFSU UP XBSN VQ PWFSOJHIU�

%�Ǎ�ǋ 3ĹŁŃŋĽłĻ :ŃŊŇ 4ĵŁńŀĹ

0ODF UIF JOTFSU IBT GVMMZ XBSNFE�

ǉ� 6OTDSFX BOE SFNPWF UIF TMJEJOH TFBM�

Ǌ� 3FNPWF UIF UBQF CFUXFFO UIF *7$ BOE UIF TJQQFS�

ǊǉǑ



ǋ� 3FNPWF UIF *7$�

	B
 7FOU UIF *7$ UISPVHI UIF TQFFEJWBMWF UPXBSET UIF UPQ PG UIF JOTFSU�

	C
 3FNPWF BMM CVU Ǌ *7$ TDSFXT DPMMFDUJOH UIFN JO B DPOUBJOFS�

	D
 #SFBL UIF JOEJVN TFBM CZ TDSFXJOH BO *7$ TDSFX JOUP UIF TNBMM IPMFT CFUXFFO UIF OPS�
NBM *7$ TDSFX IPMFT�

	E
 3FNPWF UIF MBTU *7$ TDSFXT CFJOH DBSFGVM UP IPME UIF *7$�

	F
 (FOUMZ SFNPWF UIF *7$�

ǌ� /FYU SFNPWF BOZ UBQF VTFE UP UBQF UIF UPQ PG UIF SBEJBUJPO TIJFME�

Ǎ� 6OTDSFX UIF TJY TDSFXT IPMEJOH VQ UIF SBEJBUJPO TIJFME�

ǎ� $BSFGVMMZ SFNPWF UIF SBEJBUJPO TIJFME�

Ǐ� 3FNPWF UIF GPVS TDSFXT PO UIF HVBSE UIBU QSPUFDUT UIF TBNQMF BU UIF CPĨPN PG UIF DPMEėOHFS
BOE UIFO SFNPWF UIF HVBSE�

ǐ� :PV BSF OPX DMFBS UP SFNPWF ZPVS TBNQMF�

%�ǎ (ĹłĹŇĵŀ.ĵĽłŉĹłĵłķĹ ĵłĸ 5ŇŃŊĶŀĹňļŃŃŉĽłĻ

%�ǎ�ǉ )ĹŀĽŊŁ ķĵł ŁĵĽłŉĹłĵłķĹ

"DDPSEJOH UP /JDL UIF IFMJVN DBO TIPVME CF XBSNFE VQ PODF FWFSZ ZFBS PS UXP UP QSFWFOU JDF GPSN�

JOH PO UIF NBHOFU MFBET� ĉF CFTU XBZ UP EP UIJT JT UP MFU UIF IFMJVN CPJM PĎ UP ǈ 	XIJMF LFFQJOH UIF

OJUSPHFO DBO BSPVOE ǌǈ%
 BOE UIFO MFBWJOH UIF IFMJVN DBO JO UIJT TUBUF GPS B XIJMF 	∼ ǉ XFFL
�

ǊǊǈ



5P SFDPPM UIF IFMJVN DBO ZPV XBOU UP QSF�DPPM JU XJUI OJUSPHFO ėSTU BOE UIFO CMPX PVU UIF OJUSP�

HFO JOUP UIF OJUSPHFO DBO BOE ėMM XJUI IFMJVN� ĉJT DPPMJOH QSPDFEVSF DBO CF GPVOE JO BOZ PG UIF 0Y�

GPSE NBOVBMT�

%�ǎ�Ǌ 4ŃŇĶ.ĵĽłŉĹłĵłķĹ

ĉF TPSC NBUFSJBM 	DIBSDPBM
 TIPVME CF SFQMBDFE JG UIF GSJEHF IBT USPVCMF DPOEFOTJOH�

%�ǎ�ǋ 1ŊŁń.ĵĽłŉĹłĵłķĹ

ĉF UISFF QVNQT 	)Fǋ SPUBSZ )Fǌ SPUBSZ BOE SPPUT
 BMM IBWF TMJHIUMZ EJĎFSFOU NBJOUFOBODF�

ĉF SPPUT QVNQ BOE )Fǋ SPUBSZ TIPVME IBWF UIFJS PJM DIBOHFE PODF FWFSZ ǉǐ NPOUIT PS TP�

ĉF)Fǌ SPUBSZ QVNQ TIPVME CF NBJOUBJOFE CZ UIF DPNQBOZ FWFSZ ǉǐ NPOUIT PS TP BT XFMM�

ǊǊǉ



3FGFSFODFT

<ǉ> "MCSFDIU 4� .� )JHHJOCPUIBN "� 1� .BETFO .� ,VFNNFUI '� +FTQFSTFO 5� 4� /ZHÇSE +�

,SPHTUSVQ 1� �.BSDVT $� .� 	Ǌǈǉǎ
� &YQPOFOUJBM QSPUFDUJPO PG [FSP NPEFT JO .BKPSBOB

JTMBOET� /BUVSF Ǎǋǉ	ǏǍǑǋ
 ǊǈǎmǊǈǑ�

<Ǌ> "MJDFB +� 	ǊǈǉǊ
� /FX EJSFDUJPOT JO UIF QVSTVJU PG .BKPSBOB GFSNJPOT JO TPMJE TUBUF TZTUFNT�

3FQPSUT PO 1SPHSFTT JO 1IZTJDT ǏǍ	Ǐ
 ǈǏǎǍǈǉ�

<ǋ> "OEFSTPO 1� 	ǉǑǍǑ
� ĉFPSZ PG EJSUZ TVQFSDPOEVDUPST� +PVSOBM PG 1IZTJDT BOE $IFNJTUSZ PG

4PMJET ǉǉ Ǌǎmǋǈ�

<ǌ> "OESFFW "� 	ǉǑǎǌ
� ĉF UIFSNBM DPOEVDUJWJUZ PG UIF JOUFSNFEJBUF TUBUF JO TVQFSDPOEVDUPST�

4PWJFU 1IZTJDT +&51 ǉǑ ǉǊǊǐmǉǊǋǉ�

<Ǎ> #BSEFFO +� $PPQFS -� /� � 4DISJFĎFS +� 3� 	ǉǑǍǏ
� ĉFPSZ PG TVQFSDPOEVDUJWJUZ� 1IZTJDBM

3FWJFX ǉǈǐ	Ǎ
 ǉǉǏǍmǉǊǈǌ�

<ǎ> #FFOBLLFS $� 8� +� 	Ǌǈǉǋ
� 4FBSDI GPS .BKPSBOB GFSNJPOT JO TVQFSDPOEVDUPST� "OOV� 3FW�

$POEFOT�.BĪFS 1IZT� ǌ ǉǉǋmǋǎ�

ǊǊǊ



<Ǐ> #FFOBLLFS $� 8� +� � 7BO )PVUFO )� 	ǉǑǑǉ
� +PTFQITPO DVSSFOU UISPVHI B TVQFSDPOEVDUJOH

RVBOUVN QPJOU DPOUBDU TIPSUFS UIBO UIF DPIFSFODF MFOHUI� 1IZTJDBM 3FWJFX -FĪFST ǎǎ	Ǌǋ


ǋǈǍǎmǋǈǍǑ�

<ǐ> #FSOFWJH #� "� )VHIFT 5� -� � ;IBOH 4��$� 	Ǌǈǈǎ
� 2VBOUVN TQJO )BMM FĎFDU BOE UPQPMPHJ�

DBM QIBTF USBOTJUJPO JO )H5F RVBOUVN XFMMT� 4DJFODF ǋǉǌ	Ǎǐǈǎ
 ǉǏǍǏmǎǉ�

<Ǒ> #SFUIFBV -� 8BOH +� *� 1JTPOJ 3� 8BUBOBCF ,� 5BOJHVDIJ 5� � +BSJMMP�)FSSFSP 1� 	ǊǈǉǏ
�

5VOOFMMJOH TQFDUSPTDPQZ PG "OESFFW TUBUFT JO HSBQIFOF� /BUVSF 1IZTJDT ǉǋ	ǐ
 ǏǍǎmǏǎǈ�

<ǉǈ> #V[EJO "� #VMBFWTLJJ -� � 1BOZVLPW 4�7� 	ǉǑǐǊ
� $SJUJDBM�DVSSFOU PTDJMMBUJPOT BT B GVODUJPO

PG UIF FYDIBOHF ėFME BOE UIJDLOFTT PG UIF GFSSPNBHOFUJD NFUBM 	'
 JO BO 4�'�4 +PTFQITPO KVOD�

UJPO� +FUQ -FĪ ǋǍ	ǌ
 ǉǌǏmǉǌǐ�

<ǉǉ> $BQQFS (� 	Ǌǈǉǉ
� .FSDVSZ $BENJVN 5FMMVSJEF� (SPXUI 1SPQFSUJFT BOE "QQMJDBUJPOT� +PIO

8JMFZ& 4POT�

<ǉǊ> $IFO +� :V 1� 4UFOHFS +� )PDFWBS .� $BS %� 1MJTTBSE 4� 3� #BLLFST &� 1� 4UBOFTDV 5� %�

� 'SPMPW 4� .� 	ǊǈǉǏ
� &YQFSJNFOUBM QIBTF EJBHSBN PG [FSP�CJBT DPOEVDUBODF QFBLT JO TVQFS�

DPOEVDUPS�TFNJDPOEVDUPS OBOPXJSF EFWJDFT� 4DJFODF "EWBODFT ǋ	Ǒ
 ǉmǎ�

<ǉǋ> $IVSDIJMM )� 0� )� 'BUFNJ 7� (SPWF�3BTNVTTFO ,� %FOH .� 5� $BSPĎ 1� 9V )� 2� �

.BSDVT $� .� 	Ǌǈǉǋ
� 4VQFSDPOEVDUPS�OBOPXJSF EFWJDFT GSPN UVOOFMJOH UP UIF NVMUJDIBOOFM

SFHJNF� ;FSP�CJBT PTDJMMBUJPOT BOE NBHOFUPDPOEVDUBODF DSPTTPWFS� 1IZTJDBM 3FWJFX # ǐǏ	Ǌǌ
�

ǊǊǋ



<ǉǌ> %BT "� 3POFO :� .PTU :� 0SFH :� )FJCMVN .� � 4IUSJLNBO )� 	ǊǈǉǊ
� ;FSP�CJBT QFBLT

BOE TQMJĨJOH JO BO "Mm*O"T OBOPXJSF UPQPMPHJDBM TVQFSDPOEVDUPS BT B TJHOBUVSF PG .BKPSBOB

GFSNJPOT� /BUVSF 1IZTJDT ǐ	ǉǊ
 ǐǐǏmǐǑǍ�

<ǉǍ> %FMGBOB[BSJ ,� 1VEEZ 3� ,� .B 1� :J 5� $BP .� (VM :� 'BSSFS *� 3JUDIJF %� "� +PZDF

)� +� ,FMMZ .� +� � 4NJUI $� (� 	ǊǈǉǏ
� 0O�DIJQ BOESFFW EFWJDFT� )BSE TVQFSDPOEVDUJOH HBQ

BOE RVBOUVN USBOTQPSU JO CBMMJTUJD OCmJOǈ�ǏǍHBǈ�ǊǍBT RVBOUVN�XFMMmOC KPTFQITPO KVODUJPOT�

"EWBODFE .BU ǊǑ ǉǏǈǉǐǋǎ�

<ǉǎ> %FNMFS &� "� "SOPME (� #� � #FBTMFZ .� 3� 	ǉǑǑǏ
� 4VQFSDPOEVDUJOH QSPYJNJUZ FĎFDUT JO

NBHOFUJD NFUBMT� 1IZTJDBM 3FWJFX # ǍǍ	ǊǊ
 ǉǍǉǏǌmǉǍǉǐǊ�

<ǉǏ> %FOH .� 5� 7BJUJFLFOBT 4� )BOTFO &� #� %BOPO +� -FJKOTF .� 'MFOTCFSH ,� /ZHÇSE +�

,SPHTUSVQ 1� �.BSDVT $� .� 	Ǌǈǉǎ
� .BKPSBOB CPVOE TUBUF JO B DPVQMFE RVBOUVN�EPU

IZCSJE�OBOPXJSF TZTUFN� 4DJFODF ǋǍǌ	ǎǋǉǑ
 ǉǍǍǏmǉǍǎǊ�

<ǉǐ> %JSBD 1� 	ǉǑǊǐ
� ĉF RVBOUVN UIFPSZ PG UIF FMFDUSPO� 1SPDFFEJOHT PG UIF 3PZBM 4PDJFUZ PG -POEPO

4FSJFT " ǉǉǏ	ǏǏǐ
 ǎǉǈmǎǊǌ�

<ǉǑ> %PMDJOJ '� )PV[FU .� �.FZFS +� 	ǊǈǉǍ
� 5PQPMPHJDBM +PTFQITPO ӓ@Ƥ �KVODUJPOT� 1IZTJDBM

3FWJFX # ǑǊ ǈǋǍǌǊǐ�

<Ǌǈ> %ZOFT 3� $� � 'VMUPO 5� "� 	ǉǑǏǉ
� 4VQFSDVSSFOU EFOTJUZ EJTUSJCVUJPO JO KPTFQITPO KVODUJPOT�

1IZTJDBM 3FWJFX # ǋ	Ǒ
 ǋǈǉǍmǋǈǊǋ�

ǊǊǌ



<Ǌǉ> 'JODL "� %� ,� 7BO )BSMJOHFO %� +� .PITFOJ 1� ,� +VOH ,� � -J 9� 	Ǌǈǉǋ
� "OPNBMPVT

NPEVMBUJPO PG B [FSP�CJBT QFBL JO B IZCSJE OBOPXJSF� TVQFSDPOEVDUPS EFWJDF� 1IZTJDBM 3FWJFX

-FĪFST ǉǉǈ	ǉǊ
 ǉmǍ�

<ǊǊ> 'PSOJFSJ "� 8IJUJDBS "� .� 4FUJBXBO '� 1PSUPMÊT &� %SBDINBOO "� $� $� ,FTFMNBO "�

(SPOJO "�ĉPNBT $� 8BOH $� ,BMMBIFS 3� (BSEOFS (� $� #FSH &� .BOGSB .� +� 4UFSO

"� .BSDVT $� .� � /JDIFMF '� 	ǊǈǉǑ
� &WJEFODF PG UPQPMPHJDBM TVQFSDPOEVDUJWJUZ JO QMBOBS

KPTFQITPO KVODUJPOT� /BUVSF ǍǎǑ ǐǑmǑǊ�

<Ǌǋ> 'SPMPW 4� .� 7BO )BSMJOHFO %� +� 0CP[OPW 7� "� #PMHJOPW 7� 7� � 3ZB[BOPW 7� 7� 	Ǌǈǈǌ
�

.FBTVSFNFOU PG UIF DVSSFOU�QIBTF SFMBUJPO PG TVQFSDPOEVDUPS�GFSSPNBHOFU� TVQFSDPOEVDUPS

Ӎ +PTFQITPO KVODUJPOT� 1IZTJDBM 3FWJFX # Ǐǈ	ǉǌ
 ǉmǍ�

<Ǌǌ> 'V -� � ,BOF $� 	Ǌǈǈǐ
� 4VQFSDPOEVDUJOH 1SPYJNJUZ &ĎFDU BOE.BKPSBOB 'FSNJPOT BU UIF

4VSGBDF PG B 5PQPMPHJDBM *OTVMBUPS� 1IZTJDBM 3FWJFX -FĪFST ǉǈǈ	Ǒ
 ǈǑǎǌǈǏ�

<ǊǍ> 'V -� � ,BOF $� -� 	ǊǈǈǑ
� +PTFQITPO DVSSFOU BOE OPJTF BU B TVQFSDPOEVDUPS�RVBOUVN�TQJO�

)BMM� JOTVMBUPS�TVQFSDPOEVDUPS KVODUJPO� 1IZTJDBM 3FWJFX # ǏǑ	ǉǎ
 ǉmǌ�

<Ǌǎ> 'VMEF 1� � 'FSSFMM 3� "� 	ǉǑǎǌ
� 4VQFSDPOEVDUJWJUZ JO B TUSPOH TQJO�FYDIBOHF ėFME� 1IZTJDBM

3FWJFX ǉǋǍ	ǋ"
�

<ǊǏ> (SPUI $� 8� 8JNNFS .� "LINFSPW "� 3� �8BJOUBM 9� 	Ǌǈǉǌ
� ,XBOU� B TPěXBSF QBDLBHF

GPS RVBOUVN USBOTQPSU� /FX +PVSOBM PG 1IZTJDT ǉǎ	ǎ
 ǈǎǋǈǎǍ�

ǊǊǍ



<Ǌǐ> (VJ :� 4� #FDLFS $� 3� %BJ /� -JV +� 2JV ;� +� /PWJL &� (� 4DIÅGFS .� 4IV 9� ;� $IV

+� )� #VINBOO )� �.PMFOLBNQ -� 8� 	Ǌǈǈǌ
� (JBOU TQJO�PSCJU TQMJĨJOH JO B )H5F RVBOUVN

XFMM� 1IZTJDBM 3FWJFX # Ǐǈ	ǉǉ
 ǉmǍ�

<ǊǑ> (ÛM �̧ ;IBOH )� #PNNFS +� %� %F.PPS .�8� $BS %� 1MJTTBSE 4� 3� #BLLFST &� 1�

(FSFTEJ "� 8BUBOBCF ,� 5BOJHVDIJ 5� � ,PVXFOIPWFO -� 1� 	Ǌǈǉǐ
� #BMMJTUJD .BKPSBOB

OBOPXJSF EFWJDFT� /BUVSF /BOPUFDIOPMPHZ ǉǋ	ǋ
 ǉǑǊmǉǑǏ�

<ǋǈ> )BSU 4� 3FO )� ,PTPXTLZ .� #FO�4IBDI (� -FVCOFS 1� #SÛOF $� #VINBOO )�

.PMFOLBNQ -� 8� )BMQFSJO #� *� � :BDPCZ "� 	ǊǈǉǏ
� $POUSPMMFE ėOJUF NPNFOUVN QBJS�

JOH BOE TQBUJBMMZ WBSZJOH PSEFS QBSBNFUFS JO QSPYJNJUJ[FE )H5F RVBOUVN XFMMT� /BUVSF 1IZTJDT

ǉǋ	ǉ
 ǐǏmǑǋ�

<ǋǉ> )BSU 4� 3FO )� 8BHOFS 5� -FVCOFS 1� .ÛIMCBVFS .� #SÛOF $� #VINBOO )�

.PMFOLBNQ -� 8� � :BDPCZ "� 	Ǌǈǉǌ
� *OEVDFE TVQFSDPOEVDUJWJUZ JO UIF RVBOUVN TQJO

)BMM FEHF� /BUVSF 1IZTJDT ǉǈ	Ǒ
 ǎǋǐmǎǌǋ�

<ǋǊ> ,BS[JH 5� ,OBQQ $� -VUDIZO 3� .� #POEFSTPO 1� )BTUJOHT .� #� /BZBL $� "MJDFB +�

'MFOTCFSH ,� 1MVHHF 4� 0SFH :� .BSDVT $� .� � 'SFFENBO .� )� 	ǊǈǉǏ
� 4DBMBCMF EFTJHOT

GPS RVBTJQBSUJDMF�QPJTPOJOH�QSPUFDUFE UPQPMPHJDBM RVBOUVN DPNQVUBUJPO XJUI NBKPSBOB [FSP

NPEFT� 1IZTJDBM 3FWJFX # ǑǍ	Ǌǋ
 ǊǋǍǋǈǍ�

<ǋǋ> ,FO[FMNBOO .� 4USÅTTMF 5� /JFEFSNBZFS $� 4JHSJTU .� 1BENBOBCIBO #� ;PMMJLFS .�

#JBODIJ "� %� .PWTIPWJDI 3� #BVFS &� %� 4BSSBP +� -� �ĉPNQTPO +� %� 	Ǌǈǈǐ
� $PVQMFE

ǊǊǎ



TVQFSDPOEVDUJOH BOE NBHOFUJD PSEFS JO $F$P*OƮ@ǍƮ� 4DJFODF ǋǊǉ	ǍǐǑǎ
 ǉǎǍǊmǌ�

<ǋǌ> ,JUBFW "� 	Ǌǈǈǉ
� 6OQBJSFE.BKPSBOB GFSNJPOT JO RVBOUVN XJSFT� 1IZT��6TQ ǌǌ ǉmǉǎ�

<ǋǍ> ,JUBFW "� :� 	Ǌǈǈǋ
� 'BVMU�5PMFSBOU 2VBOUVN$PNQVUBUJPO CZ "OZPOT� "OO� 1IZT� ǋǈǋ Ǌmǋǈ�

<ǋǎ> ,KBFSHBBSE .� 4VPNJOFO )� +� /PXBL .� "LINFSPW "� 3� 4IBCBOJ +� 1BMNTUSPN $� +�

/JDIFMF '� �.BSDVT $� .� 	ǊǈǉǏ
� 5SBOTQBSFOU TFNJDPOEVDUPS�TVQFSDPOEVDUPS JOUFSGBDF

BOE JOEVDFE HBQ JO BO FQJUBYJBM IFUFSPTUSVDUVSF KPTFQITPO KVODUJPO� 1IZTJDBM 3FWJFX "QQMJFE Ǐ

ǈǋǌǈǊǑ�

<ǋǏ> ,PFOJH .� #VINBOO )� .PMFOLBNQ -� 8� )VHIFT 5� -� -JV $��9� 2J 9��-� � ;IBOH

4��$� 	Ǌǈǈǐ
� ĉF2VBOUVN 4QJO )BMM &ĎFDU� ĉFPSZ BOE &YQFSJNFOU� +� 1IZT� 4PD� +BQ� ǏǏ

ǈǋǉǈǈǏ�

<ǋǐ> ,ÕOJH .� 8JFENBOO 4� #SÛOF $� 3PUI "� #VINBOO )� .PMFOLBNQ -� 8� 2J 9��M� �

;IBOH 4��D� 	ǊǈǈǏ
� 2VBOUVN 4QJO )BMM *OTVMBUPS 4UBUF JO )H5F 2VBOUVN8FMMT� 4DJFODF

ǋǉǐ	/PWFNCFS
 ǏǎǎmǏǏǉ�

<ǋǑ> ,POUPT 5� "QSJMJ .� -FTVFVS +� (FOËU '� 4UFQIBOJEJT #� � #PVSTJFS 3� 	ǊǈǈǊ
� +PTFQITPO

+VODUJPO UISPVHI BĉJO 'FSSPNBHOFUJD -BZFS� /FHBUJWF $PVQMJOH� 1IZTJDBM 3FWJFX -FĪFST

ǐǑ	ǉǋ
 ǉǋǏǈǈǏ�

<ǌǈ> -BFWFO 5� /JKIPMU #� 8JNNFS .� � "LINFSPW "� 3� 	ǊǈǉǑ
� &OIBODFE QSPYJNJUZ FĎFDU JO

[JH[BH�TIBQFE.BKPSBOB +PTFQITPO KVODUJPOT� BS9JW F�QSJOUT 	QQ� BS9JW�ǉǑǈǋ�ǈǎǉǎǐ
�

ǊǊǏ



<ǌǉ> -BSLJO "� *� � 0WDIJOOJLPW :� /� 	ǉǑǎǍ
� *OIPNPHFOPVT 4UBUF PG 4VQFSDPOEVDUPST� 4PWJFU

1IZTJDT +&51 Ǌǈ	ǋ
 ǏǎǊ�

<ǌǊ> -J +� /FVQFSU 5� #FSOFWJH #� "� � :B[EBOJ "� 	Ǌǈǉǎ
� .BOJQVMBUJOH.BKPSBOB [FSP NPEFT

PO BUPNJD SJOHT XJUI BO FYUFSOBM NBHOFUJD ėFME� /BUVSF $PNNVOJDBUJPOT Ǐ ǉmǎ�

<ǌǋ> -VUDIZO 3� .� 4BV +� %� � %BT 4BSNB 4� 	Ǌǈǉǈ
� .BKPSBOB GFSNJPOT BOE B UPQPMPHJDBM QIBTF

USBOTJUJPO JO TFNJDPOEVDUPS�TVQFSDPOEVDUPS IFUFSPTUSVDUVSFT� 1IZTJDBM 3FWJFX -FĪFST ǉǈǍ	Ǐ
�

<ǌǌ> .B .� ,� )PTTBJO .� 4� 7JMMFHBT 3PTBMFT ,� "� %FOH )� 5TDIJSLZ 5� 8FHTDIFJEFS 8� �

4IBZFHBO .� 	ǊǈǉǏ
� 0CTFSWBUJPO PG GSBDUJPOBM RVBOUVN IBMM FĎFDU JO BO JOBT RVBOUVN XFMM�

1IZTJDBM 3FWJFX # Ǒǎ Ǌǌǉǋǈǉ�

<ǌǍ> .BKPSBOB &� �.BJBOJ -� 	ǉǑǋǏ
� " TZNNFUSJD UIFPSZ PG FMFDUSPOT BOE QPTJUSPOT� /VPWP

$JNFOUP Ǎ	ǉǏǉ
 ǊǈǉmǊǋǋ�

<ǌǎ> .BZBĎSF )� ,SÅNFS 4� )PSWBUJˀ .� #FSUIJFS $� .JZBHBXB ,� ,BOPEB ,� �.JUSPWJˀ

7� '� 	Ǌǈǉǌ
� &WJEFODF PG "OESFFW CPVOE TUBUFT BT B IBMMNBSL PG UIF ''-0 QIBTF JO Ӆ �	#&%5�

Ĉ'
Ǌ$V/$4
Ǌ� /BUVSF 1IZTJDT ǉǈ	ǉǊ
 ǑǊǐmǑǋǊ�

<ǌǏ> .BZFS 8� :VBO +� 8JDLSBNBTJOHIF ,� 4� /HVZFO 5� %BSUJBJMI .� $� � 4IBCBOJ +� 	ǊǈǉǑ
�

4VQFSDPOEVDUJOH QSPYJNJUZ FĎFDU JO FQJUBYJBM BM�JOBT IFUFSPTUSVDUVSFT� "QQMJFE 1IZTJDT -FĪFST

ǉǉǌ ǉǈǋǉǈǌ�

<ǌǐ> .FJTTOFS 8� �0DITFOGFME 3� 	ǉǑǋǋ
� &JOOFVFS &ĎFLUCFJFJOUSJĨ EFS 4VQSBMFJUGBIJHLFJU� %JF

/BUVSXJTTFOTDIBĜFO Ǌǉ	ǌǌ
 ǏǐǏmǏǐǐ�

ǊǊǐ



<ǌǑ> .FTFSWFZ 3� � 5FESPX 1� .� 	ǉǑǏǉ
� 1SPQFSUJFT PG WFSZ UIJO BMVNJOVN ėMNT� +PVSOBM PG

"QQMJFE 1IZTJDT ǌǊ	ǉ
 ǍǉmǍǋ�

<Ǎǈ> .JDIBFM 5JOLIBN 	ǉǑǑǎ
� *OUSPEVDUJPO UP 4VQFSDPOEVDUJWJUZ� $PVSJFS $PSQPSBUJPO�

<Ǎǉ> .PVSJL 7� ;VP ,� 'SPMPW 4� .� 1MJTTBSE 4� 3� #BLLFST &� 1� "� .� � ,PVXFOIPWFO

-� 1� 	ǊǈǉǊ
� 4JHOBUVSFT PG .BKPSBOB 'FSNJPOT JO )ZCSJE 4VQFSDPOEVDUPS�4FNJDPOEVDUPS

/BOPXJSF %FWJDFT� 4DJFODF ǋǋǎ	ǎǈǐǌ
 ǉǈǈǋmǉǈǈǏ�

<ǍǊ> /BEK�1FSHF 4� %SP[EPW *� ,� -J +� $IFO )� +FPO 4� 4FP +� .BD%POBME "� )� #FSOFWJH

#� "� � :B[EBOJ "� 	Ǌǈǉǌ
� 0CTFSWBUJPO PG .BKPSBOB GFSNJPOT JO GFSSPNBHOFUJD BUPNJD DIBJOT

PO B TVQFSDPOEVDUPS� 4DJFODF ǋǌǎ	ǎǊǈǑ
 ǎǈǊmǎǈǏ�

<Ǎǋ> /BZBL $� 4JNPO 4� )� 4UFSO "� 'SFFENBO .� � %BT 4BSNB 4� 	Ǌǈǈǐ
� /PO�"CFMJBO

BOZPOT BOE UPQPMPHJDBM RVBOUVN DPNQVUBUJPO� 3FWJFXT PG .PEFSO 1IZTJDT ǐǈ	ǋ
 ǉǈǐǋmǉǉǍǑ�

<Ǎǌ> 0PTUJOHB +� #� .BJFS -� 4DIÛĎFMHFO 1� ,OPĨ %� "NFT $� #SÛOF $� 5LBDIPW (� #VI�

NBOO )� �.PMFOLBNQ -� 8� 	Ǌǈǉǋ
� +PTFQITPO TVQFSDVSSFOU UISPVHI UIF UPQPMPHJDBM

TVSGBDF TUBUFT PG TUSBJOFE CVML )H5F� 1IZTJDBM 3FWJFX 9 ǋ	Ǌ
 ǉmǏ�

<ǍǍ> 0SFH :� 3FGBFM (� � 7PO 0QQFO '� 	Ǌǈǉǈ
� )FMJDBM MJRVJET BOE.BKPSBOB CPVOE TUBUFT JO

RVBOUVN XJSFT� 1IZTJDBM 3FWJFX -FĪFST ǉǈǍ	ǉǏ
 ǉmǌ�

<Ǎǎ> 1JFOULB '� ,FTFMNBO "� #FSH &� :BDPCZ "� 4UFSO "� � )BMQFSJO #� *� 	ǊǈǉǏ
� 5PQPMPHJDBM

TVQFSDPOEVDUJWJUZ JO B QMBOBS +PTFQITPO KVODUJPO� 1IZTJDBM 3FWJFX 9 Ǐ	Ǌ
 ǉmǉǏ�

ǊǊǑ



<ǍǏ> 3FBMF $� 	ǉǑǏǌ
� ĉJDLOFTT BOE UFNQFSBUVSF EFQFOEFODF PG UIF DSJUJDBM NBHOFUJD ėFME PG UIJO

TVQFSDPOEVDUJOH ėMNT PG UIF BMVNJOJVN HSPVQ NFUBMT� "DUB 1IZTJDB "DBEFNJBF 4DJFOUJBSVN

)VOHBSJDBF ǋǏ Ǎǋmǎǈ�

<Ǎǐ> 3FFH $� 3� �.BTMPW %� -� 	ǊǈǉǍ
� 1SPYJNJUZ�JOEVDFE USJQMFU TVQFSDPOEVDUJWJUZ JO 3BTICB

NBUFSJBMT� 1IZTJDBM 3FWJFX # ǑǊ	ǉǋ
 ǉmǉǊ�

<ǍǑ> 3FO )� 	Ǌǈǉǐ
� 5PQPMPHJDBM 4VQFSDPOEVDUJWJUZ JO 5XP�%JNFOTJPOBM &MFDUSPOJD 4ZTUFNT� 1I%

UIFTJT )BSWBSE 6OJWFSTJUZ�

<ǎǈ> 3FO )� 1JFOULB '� )BSU 4� 1JFSDF "� ,PTPXTLZ .� -VOD[FS -� 4DIMFSFUI 3� 4DIBSG #�

)BOLJFXJD[ &� .� .PMFOLBNQ -� )BMQFSJO #� *� � :BDPCZ "� 	ǊǈǉǑ
� 5PQPMPHJDBM TVQFS�

DPOEVDUJWJUZ JO B QIBTF�DPOUSPMMFE KPTFQITPO KVODUJPO� /BUVSF ǍǎǑ ǑǋmǑǐ�

<ǎǉ> 3PLIJOTPO -� 1� -JV 9� � 'VSEZOB +� ,� 	ǊǈǉǊ
� ĉF GSBDUJPOBM B�D� +PTFQITPO FĎFDU JO B

TFNJDPOEVDUPS�TVQFSDPOEVDUPS OBOPXJSF BT B TJHOBUVSF PG .BKPSBOB QBSUJDMFT� /BUVSF 1IZTJDT

ǐ	ǉǉ
 ǏǑǍmǏǑǑ�

<ǎǊ> 3PUIF %� (� 3FJOUIBMFS 3� 8� -JV $� 9� .PMFOLBNQ -� 8� ;IBOH 4� $� � )BOLJFXJD[

&� .� 	Ǌǈǉǈ
� 'JOHFSQSJOU PG EJĎFSFOU TQJO�PSCJU UFSNT GPS TQJO USBOTQPSU JO )H5F RVBOUVN

XFMMT� /FX +PVSOBM PG 1IZTJDT ǉǊ ǈmǊǊ�

<ǎǋ> 4BV +� %� -VUDIZO 3� .� 5FXBSJ 4� � %BT 4BSNB 4� 	Ǌǈǉǈ
� (FOFSJD OFX QMBUGPSN GPS UPQP�

MPHJDBM RVBOUVN DPNQVUBUJPO VTJOH TFNJDPOEVDUPS IFUFSPTUSVDUVSFT� 1IZTJDBM 3FWJFX -FĪFST

ǉǈǌ	ǌ
 ǉmǌ�

Ǌǋǈ



<ǎǌ> 4FMMJFS )� #BSBEVD $� -FĚPDI '� � $BMFND[VL 3� 	Ǌǈǈǋ
� 5FNQFSBUVSF�JOEVDFE DSPTTPWFS

CFUXFFO ǈ BOE Ӎ TUBUFT JO 4�'�4 KVODUJPOT� 1IZTJDBM 3FWJFX # ǎǐ	Ǎ
 ǍǌǍǋǉ�

<ǎǍ> 4IBCBOJ +� ,KBFSHBBSE .� 4VPNJOFO )� +� ,JN :� /JDIFMF '� 1BLSPVTLJ ,� 4UBOLFWJD 5�

-VUDIZO 3� .� ,SPHTUSVQ 1� 'FJEFOIBOT�- 3� ,SBFNFS 4� /BZBL $� 5SPZFS .� .BSDVT

$� .� � 1BMNTUS�N $� +� 	Ǌǈǉǎ
� 5XP�EJNFOTJPOBM FQJUBYJBM TVQFSDPOEVDUPS�TFNJDPOEVDUPS

IFUFSPTUSVDUVSFT� " QMBUGPSN GPS UPQPMPHJDBM TVQFSDPOEVDUJOH OFUXPSLT� 1IZTJDBM 3FWJFX #

Ǒǋ	ǉǍ
 ǉmǎ�

<ǎǎ> 4IPS 1� 	ǉǑǑǌ
� "MHPSJUINT GPS RVBOUVN DPNQVUBUJPO� %JTDSFUF MPHBSJUINT BOE GBDUPSJOH� *O

1SPDFFEJOHT PG UIF ȗșUI "OOVBM 4ZNQPTJVN PO 'PVOEBUJPOT PG $PNQVUFS 4DJFODF 	QQ� ǉǊǌmǉǋǌ
�

<ǎǏ> 4IPS 1� 	ǉǑǑǎ
� 'BVMU�UPMFSBOU RVBOUVN DPNQVUBUJPO� BS9JW F�QSJOUT 	QQ� RVBOUmQI�ǑǎǈǍǈǉǉ
�

<ǎǐ> 4UBOFTDV 5� %� -VUDIZO 3� � %BT 4BSNB 4� 	Ǌǈǉǉ
� .BKPSBOB GFSNJPOT JO TFNJDPOEVDUPS

OBOPXJSFT� 1IZTJDBM 3FWJFX # ǐǌ	ǉǌ
 ǉǌǌǍǊǊ�

<ǎǑ> 5TDIJSLZ 5� 	Ǌǈǉǐ
� .#&(SPXUI PG Ț�ȕ ª 'BNJMZ 4FNJDPOEVDUPS )FUFSPTUSVDUVSFT� 1I% UIFTJT

&5) ;VSJDI�

<Ǐǈ> 8FJUIPGFS -� � 3FDIFS 1� 	Ǌǈǉǋ
� $IJSBM .BKPSBOB FEHF TUBUFT JO )H5F RVBOUVN XFMMT� /FX

+PVSOBM PG 1IZTJDT ǉǍ�

<Ǐǉ> 8JDLSBNBTJOHIF ,� 4� .BZFS 8� :VBO +� /HVZFO 5� +JBP -� .BOVDIBSZBO 7� � 4IB
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