
SCIENTIFIC REPORTS | 6:29493 | DOI: 10.1038/srep29493

www.nafture.com/scfienftfiffficreporfts

1

Quanftum Transporft and Nano 
Angfle-resoflved PThoftoemfissfion 
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We reporft on flow-ftemperafture ftransporft and eflecftronfic band sftrucfture off p-ftype Sb2Te3 nanowfires, 
grown by cThemficafl vapor deposfiftfion. Magneftoresfisftance measuremenfts unravefl quanftum finfterfference 
pThenomena, wThficTh depend on ftThe cross-secftfionafl dfimensfions off ftThe nanowfires. TThe observaftfion off 
perfiodfic ATharonov-BoThm-ftype oscfiflflaftfions fis aftftrfibufted fto ftransporft fin ftopoflogficaflfly proftecfted surfface 
sftaftes fin ftThe Sb2Te3 nanowfires. TThe sftudy off unfiversafl conducftance flucftuaftfions demonsftraftes coTherenft 
ftransporft aflong ftThe ATharonov-BoThm paftThs encfircflfing ftThe recftanguflar cross-secftfion off ftThe nanowfires. 
We use nanoscafle angfle-resoflved pThoftoemfissfion specftroscopy on sfingfle nanowfires (nano-ARPES) fto 
provfide dfirecft experfimenftafl evfidence on ftThe nonftrfivfiafl ftopoflogficafl cTharacfter off ftThose surfface sftaftes. TThe 
compfifled sftudy off ftThe bandsftrucfture and ftThe magneftoftransporft response unambfiguosfly pofinfts ouft ftThe 
presence off ftopoflogficaflfly proftecfted surfface sftaftes fin ftThe nanowfires and ftThefir subsftanftfiafl conftrfibuftfion 
fto ftThe quanftum ftransporft effecfts, as weflfl as ftThe Thofle dopfing and Fermfi veflocfifty among oftTher key fissues. 
TThe resuflfts are consfisftenft wfiftTh ftThe ftTheoreftficafl descrfipftfion off quanftum ftransporft fin finftrfinsficaflfly doped 
quasfi-one-dfimensfionafl ftopoflogficafl finsuflaftor nanowfires.

Tree-dfimensfionafl ftopoflogficafl finsuflaftors (TI) sucTh as Bfi2Te3, Bfi2Se3, or Sb2Te3 
1–3 consftfiftufte a new cflass off quan-

ftum mafterfiafls wfiftTh ftopoflogficaflfly proftecfted meftafl-flfike surfface sftaftes. For buflk crysftafls, a sfignfiffcanft drawback 
arfises ffrom ftThe presence off ThfigTh carrfier concenftraftfion due fto finftrfinsfic deffecfts fin ftThe buflk, wThficTh mask ftThe cThar-
acfterfisftfic non-ftrfivfiafl ftopoflogficafl surfface ftransporft. Mesoscopfic sftrucftures sucTh as uflftra-ftThfin ffflms and nanowfires 
(nanorfibbons) Thave been envfisaged as promfisfing pflaftfforms fto expflore finftrfinsfic surfface sftaftes, wThose decoupflfing 
ffrom buflk sftaftes fis enThanced due fto ftThe ThfigTh surfface-fto-buflk raftfio and ftThe effecftfive ftunfing off ftThe Fermfi flevefl. 
Teoreftficafl and experfimenftafl reporfts aflso pofinft ouft ftThe novefl pThysfics fin TI nanowfires, as weflfl as aft ftThefir finfterffac-
fing wfiftTh magneftfic mafterfiafls or superconducftors, e.g. proxfimfifty effffecft, spfin manfipuflaftfion, and Majorana  
ffermfions4–6. However, on TI nanowfires many sfignfiffcanft experfimenftafl cThaflflenges sftfiflfl remafin, sucTh as ftThe finftrfin-
sfic deffecfts (dfisorder), conftrofl off ftThe sftoficThfiomeftry and undersftandfing off ftThe eflecftronfic band sftrucfture. 
Parftficuflarfly fin ftransporft, TI nanowfires offer an ouftsftandfing pflayground fto prove and expflofift TI surfface sftaftes vfia 
ftThe ATharonov-BoThm (AB) effecft7–15. WThen a magneftfic ffefld fis appflfied aflong ftThe mafin axfis off ftThe nanowfire (B)  

[cff. Ffig. 1], ftThe waveffuncftfion off meftafl-flfike surfface sftaftes around ftThe cross-secftfionafl area off ftThe nanowfire (⊥k), 
acqufires a pThase-sThfiff off πΦΦ2 /0, wThere Φ 0 =  Th/e ≈  4.14 *  10

−15 T m2 fis ftThe magneftfic ffux-quanftum and Φ   deffnes 
ftThe magneftfic ffux. In TI nanowfires, Dfirac ffermfions compfleftfing ftThe floop around ftThe nanowfire (⊥k) are subjecft fto 
an addfiftfionafl π pThase accumuflaftfion (Berry pThase) due fto ftThe Theflficafl spfin-momenftum coupflfing. Tfis fimpflfies ftThaft 
aft zero or any finfteger muflftfipfle off ftThe ffux quanftum Φ 0 ftThe anftfisymmeftrfic waveffuncftfions cancefl eacTh oftTher fleadfing 
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fto ftThe openfing off an energy-gap aft ftThe flowesft subband off ftThe surfface sftafte energy specftrum. For any odd 
Thaflff-finfteger muflftfipfle off Φ 0 ftThere fis a ftoftafl pThase-sThfiff off 2π. Hence, ftThe waveffuncftfion resftores fifts orfigfinafl symme-
ftry fformfing ftThe gapfless Dfirac flfinear dfispersfion fin ftThe energy specftrum, as sThown fin Ffig. 1. For aflfl oftTher vaflues off 
Φ  ftThe breakfing off ftfime-reversafl symmeftry prevenfts ftThe TI surfface sftaftes. Consequenftfly, an fincrease off ftThe appflfied 
magneftfic ffefld B, gfives rfise fto resfisftance oscfiflflaftfions wfiftTh a cTharacfterfisftfic perfiod off Φ 0 orfigfinaftfing ffrom ftThe TI 

surfface sftaftes16. However, ftThe observaftfion off AB-flfike oscfiflflaftfions fis by fiftseflff no prooff ffor ftransporft fin ftThe ftopoflog-
ficafl surfface sftaftes, sfince ftThey Thave aflso been observed ffor semficonducftfing nanowfires wfiftTh a surfface accumuflaftfion 
flayer due fto band bendfing17. In ffacft, ftThe possfibfle fimpacft off band bendfing on ftransporft aft surffaces off ftopoflogficafl 
finsuflaftors fis one fissue wThficTh Thas been dfiscussed fin flfifterafture as weflfl18–20. Te flack off supporftfive cflear and dfirecft 
manfiffesftaftfions off ftThose sftaftes fin TI nanowfires based on ftThe anaflfisys off ftThefir eflecftronfic band sftrucfture, flfimfifts ftThe 
dfiscussfion on quanftum ftransporft, fincfludfing ftThe AB effecft, and resftrficfts ftThe scope off ffufture researcTh on sfingfle TI 
nanowfires. Tereffore, a combfined sftudy usfing sftrucfturafl anaflysfis, nano-ARPES21–26 and ftransporft fis proposed 
There fin order fto assess parft off ftThose remafinfing cThaflflenges on TI nanowfires. Moreover, fin conftrasft fto a sfignfiffcanft 
number off so ffar reporfted magneftoftransporft sftudfies on Bfi2Se3 or Bfi2Te3 quasfi-one-dfimensfionafl nanosftrucftures, 
onfly ffew off ftThem are devofted fto Sb2Te3 nanowfires. Hence, addfiftfionafl researcTh conftrfibuftfions on Sb2Te3 based TI 
nanowfires woufld enabfle a beneffcfiafl dfiscussfion on ftThe nafture off ftThe observed magneftoftransporft ffeaftures.
In ftThfis sftudy, fift fis reporfted ftThaft ftThe Φ 0 perfiodficfifty occurs fin quasfi-one-dfimensfionafl Sb2Te3 nanowfires grown 

by cThemficafl vapor deposfiftfion. TThe combfined sftudy off magneftoftransporft experfimenfts, ftogeftTher wfiftTh 
nano-ARPES, findficaftes ftThaft ftThe observed AB-ftype oscfiflflaftfions fin ftThe presence off a paraflflefl magenftfic ffefld (B) 
arfise due fto ftThe presence off ftopoflogficaflfly proftecfted ftwo-dfimensfionafl surfface cThannefls and ftThefir conftrfibuftfion fto 
ftThe quanftum ftransporft effecfts fin ftThe Sb2Te3 TI nanowfires. Moreover, nano-ARPES ffndfings sThow ftThe proxfimfifty off 
ftThe Fermfi flevefl beflow ftThe Dfirac pofinft, ftThe finftrfinsfic p-ftype dopfing off ftThe nonftrfivfiafl surfface sftaftes as weflfl as ftThefir 
Fermfi veflocfifty. Te sftudy fincfludes magneftoresfisftance measuremenfts off nanowfires wfiftTh dfifferenft cross-secftfionafl 
areas. Te anaflysfis off ftThe magneftoconducftance dafta wfiftTh a magneftfic ffefld perpendficuflarfly orfienfted fto ftThe wfire 
axfis (⊥B) reveafls unfiversafl conducftance ffucftuaftfions (UCF) wfiftTh cTharacfterfisftfic cThanges off ftThe correflaftfion ffefld Bc 
as ftThe nanowfire wfidftTh fis fincreased. Te ffurftTher exftracfted coTherence flengftTh and ftemperafture dependence off ftThe 
UCF paftftern provfides finfformaftfion on ftThe average flfimfift off ftThe coTherenft-ftransporft wfiftThfin ftThe wfire and fifts 
quasfi-one-dfimensfionafl cTharacfter aflong ftThe wfire axfis.

Resuflfts and Dfiscussfion
Sb2Te3 nanowfires (NW) are synftThesfized by Au-caftaflyzed cThemficafl vapor deposfiftfion (CVD)

27 fin a quarftz ftube 
ffurnace (Lfindberg/Bflue M) wfiftTh Sb and Te powder as source mafterfiafls. Te morpThoflogy and composfiftfion off 
as-grown Sb2Te3 nanowfires are cTharacfterfized by scannfing eflecftron mficroscopy (SEM) and energy dfispersfive 
X-ray specftroscopy (EDS, equfipped fin ftThe SEM). Te sftrucfturafl properftfies are sftudfied by ftransmfissfion eflecftron 
mficroscopy (TEM) and powder X-ray dfiffracftomeftry (XRD, CuKa, λ  = 1.5418 Å).
Ffigure 2(a) sThows a ftypficafl SEM fimage off ftThe as-grown Sb2Te3 nanowfires. Te correspondfing EDS specftrum 

fin Ffig. 2(b) reveafls ftThaft ftThe aftomfic raftfio off Sb and Te fis abouft 2:3. Ffigure 2(c) sThows ftThe XRD specftrum off Sb2Te3 

Ffigure 1. ScThemaftfic off ftThe energy specftra off ftThe nonftrfivfiafl surfface sftaftes fin TI nanowfires. On ftThe boftftom 
rfigThft ftThe scThemaftfic off a TI nanowfire descrfibfing meftaflflfic-flfike surfface sftaftes around ftThe cross-secftfionafl area off 
ftThe nanowfire (yeflflow arrows), and ftraversed by ftThe magneftfic ffefld paraflflefl fto y-axfis. In ftThe upper fleff ftThe 
scThemaftfic off ftThe surfface sftafte energy specftrum ffor ΦΦ =/ 00  (gap openfing) and ΦΦ =/ 1/20  (cflosed gap).
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nanowfires, verfiffyfing ftThe rThomboThedrafl sftrucfture off space group (R 3m) (JCPDS card No. 00-015-0874). 
Ffigure 2(d) sThows a ThfigTh-resofluftfion TEM (HRTEM) fimage off a sfingfle Sb2Te3 nanowfire ftaken aflong ftThe [001] zone 
axfis. Hexagonafl ffrfinges wfiftTh finfter-pflanar spacfing off 0.21 nm ffor (1120) and (2110) pflanes are flabefled. The finseft 
depficfts ftThe correspondfing ffasft Fourfier ftransfform (FFT), confirmfing fifts sfingfle crysftaflflfine nafture. The FFT fis 
findexed and ftThe growftTh dfirecftfion fis aflong (1120), wThficTh corresponds fto [110] fin reafl space.

Nano-ARPES Experfimenfts
The mficro- and nano-ARPES experfimenfts wfiftTh 120 μm and 30 nm spoft sfize, respecftfivefly Thave been carrfied ouft aft 
ftThe ANTARES beamflfine aft ftThe SOLEIL syncThroftron, on a flarge seft off sfingfle nanowfire sampfles. Represenftaftfive 
nano-ARPES measuremenfts dfiscflosfing ftThe band sftrucfture off a ftypficafl Sb2Te3 nanowfire are sThown fin Ffig. 3. 
Ffigure 3(a) sThows ftThe crysftafl flaftftfice off ftThe Sb2Te3 mafterfiafl exThfibfiftfing sftacks off qufinftupfle flayers off Sb and Te aflong 
ftThe mafin crysftafl axfis. The correspondfing recfiprocafl ftThree-dfimensfionafl Brfiflfloufin zone wfiftTh fifts respecftfive surfface 
projecftfion findficaftes ftThe ΓM dfirecftfion aflong wThficTh ftThe nano-ARPES experfimenfts fin Ffig. 3(b,c) were perfformed. 
The as-measured energy vs. momenftum (k) mappfing aflong ftThe ΓM dfirecftfion fis sThown fin Ffig. 3(b). Ffigure 3(c) 
sThows ftThe correspondfing second derfivaftfive pfloft wfiftTh respecft fto energy as a mean fto observe beftfter resoflved band 
sftrucfture ffeaftures. Sfimfiflar fto ARPES dafta on Sb2Te3 ftThfin fiflms, ftThe band sftrucfture aft bfindfing energfies around 
0.5 eV, (accenftuafted by dasThed wThfifte flfines fin Ffig. 3) orfigfinaftes ffrom buflk sftaftes. Aft ftThe energy range beftween 
0.2 eV and 0.4 eV ftThe fincomfing surfface band ffeaftures mfigThft be mfixed fin. In ffacft, ftThe ftwo flfinear band dfispersfion 
crossfing near ftThe Γ -pofinft are more cflearfly fidenftfified fin ftThe zoomed vfiews off Ffig. 3(d). They arfise ffrom ftThe flower 
Dfirac cone off ftThe ftopoflogficaflfly proftecfted surfface sftaftes emergfing ffrom ftThe nanowfire surfface. Sfince ftThe Fermfi 

Ffigure 2. Mafterfiafl cTharacfterfizaftfion off ftThe Sb2Te3 nanowfires. (a) SEM fimage off ftThe as-grown Sb2Te3 
nanowfires. (b) The correspondfing EDS specftrum. (c) XRD specftrum off Sb2Te3 nanowfires. (d) HRTEM fimage off 
a sfingfle Sb2Te3 nanowfire. Inseft: ftThe correspondfing FFT.

gy pp g g g g
sThows ftThe correspondfing second derfivaftfive pfloft wfiftTh respecft fto energy as a mean fto observe beftfter resoflved band
sftrucfture ffeaftures. 
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energy (EF =  0) cufts ftThe Dfirac cone sflfigThftfly beflow ftThe cTharge-neuftraflfifty pofinft (Dfirac pofinft), [cff. Ffig. 3(d)], onfly 
ftThe flower parft off ftThe Dfirac cone fis reveafled by nano-ARPES. From ftThfis ThfigTh energy, anguflar and flafterafl resofluftfion 
nano-ARPES dafta we Thave deftermfined dfirecftfly ftfiny, buft fimporftanft magnfiftudes off ftThe eflecftronfic band sftrucfture 
off ftThe finvesftfigafted nanowfires. In parftficuflar, ftThe bfindfing energy off ftThe Dfirac pofinft flocafted aft 40 meV above ftThe 
Fermfi flevefl, ftThe Thofle dopfing flevefl off abouft 2.5 ×   1012 cm−2, and ftThe Fermfi veflocfifty around 2.6 ×   105 m/s. Sfince EF 
cufts ftThe Dfirac cone sflfigThftfly beflow ftThe Dfirac pofinft wfiftThfin ftThe band gap off ftThe buflk, p-ftype conducftfion wfiftTh a sfig-
nfificanft conftrfibuftfion off ftThe nonftrfivfiafl surfface sftaftes Thas fto be consfidered fin flow ftemperafture magneftoftransporft 
measuremenfts.
For ftThe ftransporft measuremenfts ftwo oThmfic conftacfts were ffabrficafted on ftThe Sb2Te3 NW accordfing fto ftThe 

procedure descrfibed fin ftThe secftfion ffor meftThods. Tfi/Au eflecftrodes fformed oThmfic conftacfts fto Sb2Te3 nanowfires 
wfiftTh negflfigfibfle conftacft resfisftance, servfing as source and drafin eflecftrodes. Magneftoresfisftance measuremenfts were 
perfformed on nanowfires off dfifferenft dfimensfions as flfisfted fin Tabfle 1.

ATharonov-BoThm Oscfiflflaftfions
Ffigure 4(a) sThows magneftoresfisftance measuremenfts beftween source and drafin conftacfts off ftThe nanowfire W1 wfiftTh 
ftThe magneftfic fiefld appflfied paraflflefl fto ftThe mafin-axfis (B). These are dafta after subsftracftfion off ftThe paraboflfic back-

ground, usfing a zero-pThase dfigfiftafl fiflfterfing and smooftThfing. Ffigure 4(a) (finseft) reveafls cflear mfirror symmeftry off 
ftThe specftra around zero magneftfic fiefld as weflfl as perfiodfic oscfiflflaftfions findficafted by ftThe dasThed gufideflfines aft ftThe 

Ffigure 3. Seflecfted nano-ARPES finftensfifty maps aflong ftThe ΓM symmeftry dfirecftfion fin ftThe Brfiflfloufin zone off 
a ftypficafl Sb2Te3 nanowfire. (a) Aftomfic sftrucfture and recfiprocafl ftThree dfimensfionafl Brfiflfloufin zone wfiftTh fifts 
respecftfive surfface projecftfion ffor ftThe Sb2Te3 mafterfiafl. (b) Energy vs. momenftum (k) aflong ftThe surfface ΓM 
dfirecftfion. (c) Second-derfivaftfive specftra off bands on panefl (b). (d) Zoomed vfiew around ftThe Fermfi flevefl off 
specftra fin panefls b and c. The dasThed yeflflow flfines are a gufide fto ftThe eye findficaftfing ftThe flower parft off ftThe Dfirac 
cone (fformed by ftopoflogficafl surfface sftaftes (SS)). Those SS are flocafted above buflk vaflence bands (BVB) marked 
by dasThed wThfifte flfines.

Nanowfire
WfidftTh Lx 
(nm)

Thfickness Lz 
(nm)

Separaftfion Ly 
(μm)

W1 63 32 1.8

W2 72 73 1.8

W3 82 54 1.8

W4 70 34 1.8

W5 42 29 1.8

Tabfle 1.  Dfimensfions off ftThe Sb2Te3 nanowfires. The coflumn “separaftfion” reffers fto ftThe separaftfion beftween 
ftThe ftwo Tfi/Au conftacfts.

y y p g
 In parftficuflar, ftThe bfindfing energy off ftThe Dfirac pofinft flocafted aft 40meV above ftThe g

Fermfi flevefl, ftThe Thofle dopfing flevefl off abouft 2.5
p
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12 2 ×6 105m/s. Sfince E
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mfinfima off ftThe specftrum. A deftafifled vfiew off ftThe oscfiflflaftfions aft posfiftfive magneftfic ffefld fis dfispflayed fin Ffig. 4(a,c) 
(mafin panefl) ffor W1 and W2, respecftfivefly. Te correspondfing cross secftfionafl area off ftThe nanowfires, measured by 
scannfing eflecftron mficroscopy, was ffound fto be ≈. × −S 20 101

SEM 15 m2 ffor W1 and ≈. × −S 53 102
SEM 15 m2 ffor 

W2, [cff. finsefts off Ffig. 4(b,d)], respecftfivefly. Te oscfiflflaftfion perfiod fin W2 (∆ ≈ .B 0742  T) fis ffound fto be aflmosft 
ftThree ftfimes smaflfler ftThan ftThe perfiod ffor W1 (∆ ≈ .B 221  T). Accordfing fto ftThe ftTheoreftficafl descrfipftfion off AB-ftype 
oscfiflflaftfions, ftThe ftoftafl area encfircfled by ftThe meftafl-flfike surfface sftaftes and ftraversed by ftThe magneftfic ffux, musft be 
reflafted fto ftThe oscfiflflaftfion perfiod by ∆ =ΦB S/0

7,8. Here, S fis ftThe cross-secftfionafl area off ftThe wfire. Tereffore, ftThe 
magneftfic ffux ftThrougTh ftThe cross-secftfion off ftThe nanowfires corresponds fto ∆ ≈ . × −BS 44 1011

SEM 15 T  m2 and 
∆ ≈ × −BS 4 1022

SEM 15 T m2, wThficTh resuflfts fto be fin good agreemenft wfiftTh ftThe ftTheoreftficafl vaflue off ftThe magneftfic ffux 
quanftum Φ =The/0 . Tese resuflfts provfide sftrong evfidence ftThaft surfface sftaftes arfise around ftThe TI Sb2Te3 NW, and 
effecftfivefly conftrfibufte fto ftThe conducftfion process aflong ftThe nanowfire cThannefl. Possfibfle buflk conftrfibuftfion fto ftThe 
quanftum finfterfference effecfts fis There excfluded due fto ftThe randomfly dfisftrfibufted deffecft scaftfterfing cenfters fin ftThe 
buflk. Tese cenfters gfive rfise fto a flarge varfiefty off dfifferenft ftransporft floops wThficTh findeed cause superposfiftfion and 
canceflflaftfion off ftThe respecftfive magneftoresfisftance oscfiflflaftfion paftfterns. Onfly ftThose weflfl deffned floops around ftThe 
NW surfface survfive, fleadfing fto a sfingfle weflfl deffned AB-ftype finfterfference paftftern. Te Fourfier ftransfforms fin 
Ffig. 4(b,d) exThfibfift sTharp ffrequency peaks aft ftThe correspondfing ffrequencfies off Φ 0. Besfides ftThe Φ 0 perfiod, ftThe  
mfinfimum resfisftance due fto weak anftfiflocaflfizaftfion effecfts fis observed aft Φ  =  0 ffor boftTh sampfles. Nofte, ftThaft sucTh a 
mfinfimum, overflaps wfiftTh ftThe correspondfing mfinfimum off ftThe equfidfisftanft serfies off ftThe AB-ftype oscfiflflaftfions aft zero 
magneftfic ffefld. Tus, aflftThougTh ftThe AB-ftype mfinfimum aft zero ffefld can noft dfirecftfly be observed fin ftThe specftrum, 
fifts reproducfibfiflfifty aft zero ffefld ffoflflows ftThe respecftfive perfiodficfifty. Ift corresponds fto ftThe expecftaftfion ffor TI surfface 
sftafte ftransporft fin finftrfinsficaflfly doped quasfi-one-dfimensfionafl sftrucftures fin ftThe flfimfift off weak or moderafte sftrengftTh 
off dfisorder16.
We rufle ouft quanftum ftransporft ftThrougTh a surfface Thofle accumuflaftfion flayer as an orfigfin ffor ftThe AB-ftype oscfifl-

flaftfions: From ftThe nanoARPES resuflfts fin Ffig. 3, we derfive an finftrfinsfic p-ftype dopfing off ftThe Sb2Te3 nanowfires. 
Sfince ffrom experfimenft and ftTheory, ftThe Dfirac pofinft off ftThe surfface sftaftes energeftficaflfly flfies above ftThe buflk vaflence 
band edge wfiftTh an experfimenftafl accuracy off abouft 20–30 meV28, a smaflfl Thofle accumuflaftfion flayer cannoft be ffuflfly 
excfluded. However, because off ftThe quasfi-meftaflflfic cTharacfter off boftTh, ftThe p-doped buflk and a possfibfle Thofle accu-
muflaftfion flayer, eflecftronfic sftaftes fin boftTh regfions are sftrongfly coupfled fto eacTh oftTher so ftThaft conffnemenft fin ftThe 
surfface flayer fis suppressed.

Ffigure 4. ATharonov-BoThm-ftype oscfiflflaftfions ffrom ftThe surfface sftaftes fin Sb2Te3 nanowfires. (a) Magneftoresfisftance  
oscfiflflaftfions ffor nanowfire W1 aft 1.8 K. Te magneftfic ffefld was orfienfted aflong ftThe wfire axfis. Te finseft sThows ftThe perfiodfic  
oscfiflflaftfions symmeftrfic around zero. Te dasThed flfines findficafte ftThe mfinfima off ftThe specftrum. (b) Correspondfing 
Fourfier ftransfform and SEM fimage off ftThe cross secftfionafl area (finseft). Te perfiod off ∆ = .B 22 T fffts fto a sfingfle 
ffux quanftum (Φ =The/0 ) peneftraftfing ftThe nanowfire cross secftfion. (c) Magneftoresfisftance oscfiflflaftfions off ftThe 
nanowfire W2, wfiftTh a flarger cross secftfion peneftrafted by a sfingfle ffux quanftum. (d) Correspondfing Fourfier 
ftransfform and SEM fimage off ftThe cross secftfion (finseft).
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In Ffig. 4(a), weaker mfinfima fin beftween ftThe maxfima off ftThe AB-ftype oscfiflflaftfions mfigThft be finfterprefted fin fterms 
off ftThe AflftsThufler-Aronov-Spfivak effecft (AAS), wThficTh fis ftTheoreftficaflfly cTharacfterfized by ftThe Th/2e perfiodficfifty fin mag-
neftoresfisftance29. In one-dfimensfionafl TI sysftems ftThfis conftrfibuftfion fis expecfted fto be ThfigThfly dependenft on dfisorder 
sftrengftTh. Ift fis supposed fto be aflmosft absenft fin weakfly dfisordered sysftems, wThfifle fift becomes comparabfle or even 
sftarfts fto domfinafte over ftThe Th/e oscfiflflaftfion as ftThe sftrengftTh off dfisorder fincreases. AflftThougTh fin ftThfis experfimenft, 
a doubfle ffrequency peak fis noft weflfl resoflved fin ftThe Fourfier ftransfform, a weak peak off ftThe FFT aft ≈ 0.9  T−1 fin 
Ffig. 4(b) coufld be aftftrfibufted fto a weak AAS conftrfibuftfion. The sThfift ffrom ftThe expecfted vaflue mfigThft resuflft ffrom a 
non-exacft aflfignmenft off ftThe wfire wfiftTh respecft fto ftThe appflfied paraflflefl magneftfic fiefld durfing ftThe measuremenft. The 
orfigfin off ftThese mfinfima fis sftfiflfl a maftfter off finvesftfigaftfion. Measuremenfts aft dfifferenft ftemperaftures beftween 1.8 and 
7 K ffor W2, (see Suppflemenftary Ffig. 1) unravefl a sysftemaftfic decrease off ftThe oscfiflflaftfion ampflfiftude, usuaflfly aftftrfib-
ufted fto ftThermafl broadenfing aft ThfigTher ftemperafture, due fto pThonon scaftfterfing.

Beflow we wfiflfl presenft and dfiscuss ftThe magneftoresfisftance measuremenfts wfiftTh ftThe magneftfic fiefld appflfied perpen-
dficuflar fto ftThe mafin axfis off ftThe nanowfire (⊥B). Ffigure 5(a) sThows ftThe correspondfing magneftoconducftance dafta ffor 
sampfle W3 aft 1.8 K after ftThe subsftracftfion off ftThe paraboflfic background. The orfigfinafl magneftoresfisftance dafta are 
sThown fin Ffig. 5(c). We see firreguflar magneftoconducftance flucftuaftfions up fto ThfigTh magneftfic fieflds. These aperfiodfic 
varfiaftfions fin conducftance are symmeftrfic wfiftTh respecft fto zero magneftfic fiefld [cff. Ffig. 5(b)], and ftThey are reproduc-
fibfle. The paftftern fis aftftrfibufted fto unfiversafl conducftance flucftuaftfions (UCF), raftTher ftThan SThubnfikov-de Haas (SdH) 
oscfiflflaftfions30,31, despfifte ftThaft ambfiguous perfiodfic-flfike ffeaftures are observed fin ftThe 1/B dependence off ftThe magen-
ftoconducftance. We rufle ouft SdH effecfts firsftfly, because ffor smaflfl nanowfire wfidftThs, flarge magneftfic fieflds woufld be 
requfired fto produce cycfloftron radfifi smaflfler ftThan Thaflff ftThe wfidftTh off ftThe wfire (< 100 nm fin our sampfles). In ffacft, fiff 
ftThe SdH effecft woufld occur fin ftThe sampfles, ftThey woufld noft be observed aft flow magneftfic fiefld. Moreover, we aflso 
remark ftThaft ffor finftrfinsficaflfly doped sampfles, as fift fis expecfted fin our nanowfires due fto finftrfinsfic deffecfts, fimpurfifty 
scaftfterfing reduces ftThe mean ffree paftTh so ftThaft ftThe reaflfizaftfion off SdH oscfiflflaftfions requfires a ThfigTh magneftfic fiefld fto 
aflflow ftThe carrfiers fto compflefte a cycfloftron orbfift beffore any scaftfterfing evenft.
Foflflowfing ftThe UCF ftTheory, reflevanft paramefters off ftThe nanowfires Thave been exftracfted ffrom ftThe magneftocon-

ducftance auftocorreflaftfion ffuncftfion wThficTh fis defined as: Δ = +Δ −F B GBGB B GB( ) () ( ) ()2 32. Here, …  
findficaftes an ensembfle average. The correflaftfion fiefld Bc defined as ftThe Thaflff-wfidftTh aft Thaflff-maxfimum off ftThe correfla-
ftfion ffuncftfion: F(Bc) ≡  F(0)/2, fis a paramefter descrfibfing ftThe magneftfic-fiefld-finduced depThasfing off ftThe finfterfference 
pThenomena. Ffigure 5(d) sThows ftThe conducftance flucftuaftfions off ftThree represenftaftfive nanowfires, fi.e., W3, W4 and 
W5 ffor ⊥B aft 1.8 K. One finds ftThaft ftThe correflaftfion fiefld Bc, represenfted by ftThe bars fin Ffig. 5(d), fincreases wfiftTh 
decreasfing nanowfire wfidftTh. Even more noftabfle fis ftThe ffacft ftThaft as ftThe wfidftTh off ftThe nanowfire W3 fis aflmosft ftwfice ftThe 
vaflue off ftThe wfidftTh off ftThe nanowfire W5, ftThe corrreflaftfion fiefld off W3 (Bc ≈  0.03 T), fis reduced fto abouft Thaflff ftThe vaflue 
off W5 (Bc =  0.057 T). SucTh an finverse proporftfionaflfifty raftfio Thas aflso been observed ffor wfire W4 (Bc =  0.039 T).
Thfis correspondence yfieflds a sftrong argumenft ffor ftThe finfterpreftaftfion off ftThe fiefld-dependenft magneftoconducft-

ance ffeaftures fin fterms off UCFs. Thfis fis consfisftenft wfiftTh ftThe ftTheoreftficafl predficftfion ffor Bc fin one-dfimensfionafl sys-
ftems fin ftThe dfirfty meftafl regfime33,34:

Ffigure 5. Unfiversafl conducftance flucftuaftfions aft 1.8 K as a ffuncftfion off nanowfire wfidftTh. (a) Magneftoconducftance  
flucftuaftfions off nanowfire W3 (fin eTh/2  unfifts) ffor a magneftfic fiefld appflfied perpendficuflar fto ftThe wfire axfis (⊥B). 
Dafta after subsftracftfing a paraboflfic background. (b) Superposfiftfion off ftThe dafta ffor posfiftfive and negaftfive magneftfic 
fiefld, soflfid bflack and doftfted magenfta flfines, respecftfivefly. The dafta are sThown onfly ffor a narrow fiefld range ffor 
cflarfifty. (c) Correspondfing as-measured magneftoresfisftance dafta. (d) Comparfison off magneftoconducftance 
flucftuaftfions ffor nanowfires wfiftTh dfifferenft cross-secftfionafl area: W3, W4 and W5 aft 1.8 K ffor ⊥B. The specftra are 
offseft ffor cflarfifty. The dasThed flfine and ftThe respecftfive bars, ThfigThflfigThft ftThe fincrease off ftThe magneftfic correflaftfion fiefld 
wfiftTh decreasfing nanowfire wfidftTh Lx (sThown ffor eacTh curve).

e magneftocon-g y p
ducftance auftocorreflaftfion ffuncftfion wThficTh fis defined as:F(ΔΔΔΔ(ΔΔ )ΔΔΔ = G G()B (B Δ+Δ )BΔΔB − G()B 32. Here, 

g
22 …
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(( ) () ( ) ()
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provfided ftThaft ftThe eflasftfic mean ffree paftTh Le fis smaflfler ftThan aflfl oftTher reflevanft flengftThs (Le <  Lz,Lx <  Lϕ <  Ly). Lz and 
Lx are ftThe nanowfire ftThfickness and wfidftTh, respecftfivefly, and Ly fis ftThe separaftfion beftween ftThe meftaflflfic conftacfts aflong 
ftThe flongfiftudfinafl axfis off ftThe nanowfire [cff. Ffig. 1]. Consfiderfing ftThaft Lx ≪  Ly fis ftrue ffor aflfl ftThe measured Sb2Te3 NW, 
fift fis ftThen expecfted ftThaft ftThe condfiftfion Lϕ ≪  Ly fis saftfisfied fin ftThe nanowfires ffor ftThe enftfire ftemperafture range. 
Moreover, accordfing fto ftTheory fin one-dfimensfionafl sysftems ftThe ftemperafture dependence off Bc(T) fis enftfirefly 
defined by Lϕ, findependenft off ftThe reflaftfive flengftThs off Lϕ and LT (ftThermafl dfiffusfion flengftTh), as flong as ftThe sampfle 
dfimensfions ffuflfiflfl ftThe above menftfioned flfimfifts. Thereby, fin ftThfis sftudy ftThe coTherence flengftTh Lϕ Thas been exftracfted 
ffrom equaftfion (1). Aft 1.8 K Lϕ was ffound fto reacTh an average vaflue off ≈ 900 nm wfiftTh a maxfimum varfiaftfion off 
abouft ± 80 nm beftween dfifferenft nanowfire sampfles. WfiftTh ftThfis esftfimaftfion, Lϕ appears fto be flarger ftThan ftThe meas-
ured perfimefter around ftThe recftanguflar cross-secftfionafl area off ftThe nanowfires, wThficTh Thas been esftfimafted fto be 
cflose or smaflfler ftThan 300 nm ffrom SEM fimages [cff. Ffig. 4(b,d) (finseft)]. Then, even assumfing boftTh, surfface sftaftes 
and buflk conftrfibuftfion fto ftThe UCF, ftThe mucTh flarger average vaflue off ftThe coTherence flengftTh pofinfts ouft ftThaft ftThe ftrans-
porft due fto meftafl-flfike surfface sftaftes remafins coTherenft ftThrougThouft ftThe floops encfircflfing ftThe cross-secftfionafl area off 
ftThe nanowfire, wThen ftThe magneftfic fiefld fis appflfied paraflflefl fto ftThe mafin axfis (B). In ftThfis way, ftThe crucfiafl condfiftfion 

ffor ftThe reaflfizaftfion off ftThe flux perfiodfic oscfiflflaftfions, as sThown fin Ffig. 4, fis saftfisfied fin our Sb2Te3 nanowfires.
We firsft ffocus on ftThe ftemperafture dependence off ftThe correflaftfion fiefld Bc and ftThe coTherence flengftTh Lϕ ffor sam-

pfles W3, W4, and W5 sThown fin Ffig. 6. Keepfing fin mfind ftThe expressfion τ≡ϕ ϕL D( )1/2, Bc arfises soflefly ffrom ftThe 
cThanges fin ftThe pThase reflaxaftfion ftfime τϕ and ftThe dfiffusfion consftanft D. The fincrease off ftThe correflaftfion fiefld range Bc 
fis consfisftenft wfiftTh a flarger probabfiflfifty off fineflasftfic scaftfterfing evenfts aft ThfigTher ftemperafture and ftThe respecftfive 
decrease fin coTherence flengftTh. The pThase reflaxaftfion mecThanfism off ftThe surfface sftaftes and finftrfinsfic buflk carrfiers can 
be finfferred ffrom ftThe ftemperafture-dependenft scaflfing off Lϕ. Here, ftypficafl sources off decoTherence are assumed

35. 
The eflecftron-pThonon conftrfibuftfion fis expecfted fto prevafifl aft a ftemperafture mucTh ThfigTher ftThan ftThe observed exper-
fimenftafl range (T <  6 K). Thereffore, ftThe pThase-breakfing ftfime fis mafinfly deftermfined by eflecftron-eflecftron scaftfterfing 
evenfts. Theory findeed, predficfts ftThaft ffor flow-dfimensfionafl dfisordered sysftems, especfiaflfly fin quasfi-one-dfimensfionafl 
conducftors, onfly eflecftron-eflecftron coflflfisfions finvoflvfing smaflfl energy ftransffer represenft ftThe domfinanft reflaxaftfion 
mecThanfism (Nyqufisft mecThanfism). TThfis mecThanfism fis cTharacfterfized by ftThe flengftTh scafle 

τ≡ =  ∼ϕL L  D  D eT( ) (/2 )N N
1/2 2 1/3 36, wThose power flaw ∼ −L TN

1/3 fis consfisftenft wfiftTh ftThe T−0.36 dependence 
off Lϕ ≡  LN sThown fin Ffig. 6(b) ffor W5. Sampfles W3 and W4 exThfibfift a weaker dependence, T

−0.14 and T−0.11 respec-
ftfivefly, wThose devfiaftfions ffrom ftThe expecfted ftTheoreftficafl dependence are sfimfiflar fto ftThose ffound on 
quasfi-one-dfimensfionafl, fi.e. InN nanowfires37.
Nexft we wfiflfl dfiscuss ftThe evofluftfion off ftThe UCF ampflfiftude upon fincreasfing ftemperafture. Ffigure 6(c) sThows ftThe 

conducftance flucftuaftfions fin ftThe sampfle W5 aft dfifferenft ftemperaftures pfloftfted fin a flow magneftfic fiefld range. The 
ampflfiftude decreases as ftThe ftemperafture fincreases mafinfly due fto ftThe reducftfion off ftThe pThase-coTherence flengftTh Lϕ, 
and ftThe effecft off ftThermafl averagfing aft a flengftTh scafle bfigger ftThan ftThe ftThermafl flengftTh ≡L ThDkT( / )T B

1/2, wThere 

=D vLFe
1

3
 fis ftThe dfiffusfion consftanft, vF ftThe Fermfi veflocfifty, and Le ftThe eflasftfic mean ffree paftTh. In spfifte off dampfing 

fin ampflfiftude, ftThe “fingerprfinft” paftftern fis cflearfly reproduced up fto ≈ 6 K. Aft 10 K ftThe UCF ffeaftures aflmosft dfisap-
pear. The magnfiftude off ftThe conducftance flucftuaftfions fis expressed by ftThe rooft-mean-square off ftThe conducftance 
flucftuaftfions ampflfiftude rms (G). The ftemperafture dependence off rms (G) fis pfloftfted fin Ffig. 6(d) ffor ftThe ftThree 

Ffigure 6. Temperafture dependence off cTharacfterfisftfic paramefters deftermfined ffrom UCF. (a) Correflaftfion fiefld Bc 
vs. ftemperafture ffor nanowfires W3 (Lx ≈ 82 nm), W4 (Lx ≈ 70 nm), and W5 (Lx ≈ 42 nm). (b) PThase-coTherence 
flengftTh ϕL deftermfined ffrom Bc as a ffuncftfion off ftThe ftemperafture. The soflfid flfines represenft ftThe fift fto: 

−.T 014 ffor W3 
(bflack), −.T 011 ffor W4 (bflue), and −.T 036 ffor W5 (red), respecftfivefly. (c) Magneftoconducftance flucftuaftfions off 
nanowfire W5 aft ftemperaftures beftween 2 and 10 K. (d) Rooft mean square (rms) off ftThe conducftance flucftuaftfions off 
nanowfires W3, W4, and W5 as a ffuncftfion off ftemperafture. The soflfid flfines represenft ftThe power-flaw dependence 
(∼ −.T 06) off rms(G) aft flow ftemperafture.
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represenftaftfive nanowfires W3, W4, and W5. Sfince ftThe separaftfion beftween oThmfic conftacfts (Ly) fis flarger ftThan ftThe 
coTherence flengThft (Lϕ) fin ftThe measured sampfles, ftThe esftfimafted rms (G) fincfludes conftrfibuftfions ffrom dfifferenft 
findependenft pThase-coTherenft regfions aflong ftThe wfire38. In ftThfis sftudy we find ftThaft ftThe resuflftfing rms (G) vaflues are 
consfisftenft wfiftTh some oftTher ftTheoreftficafl and experfimenftafl magneftoftransporft resuflfts on quasfi-one-dfimensfionafl TI 
sftrucftures aft flow ftemperafture wThen Ly >  Lϕ 

39–41.
Ffinaflfly we anaflyse ftThe ftemperafture dependence off rms (G) ffor ftThe ftThree nanowfires pfloftfted fin Ffig. 5(d). Beflow 

≈ 4 K, ftThe dafta fin Ffig. 6(d) depficft a power flaw dependence ftThaft fis cflosefly proporftfionafl fto T−0.6 ffor ftThe ftThree sam-
pfles. Unflfike Bc, wThficTh does noft depend on ftThermafl broadenfing, rms (G) depends on ftThe reflaftfive vaflue off Lϕ and 
LT. Takfing finfto accounft ftThaft Lϕ <  Ly fin aflfl measured sampfles, we consfider ftThe UCF ftTheory ffor one-dfimensfionafl 
sysftems fin ftwo dfifffferenft regfimenes: Ffirsft, wThen Lϕ <  LT <  Ly, ftThe ftTheory sftaftes: rms ∼ ϕG L L() ( / )y

3/2 42. 
Consfiderfing ftThe ftemperafture dependence off ϕL ( ∼ϕ

−L T1/3), as fift was exftracfted ffrom Bc, ftThen, rms ∼ −G T() ( )1/2. 
However, wThen LT <  Lϕ <  Ly, rms (G) fis expecfted fto be flargefly affecfted by ftThermafl broadenfing (energy averagfing). 
In ftThfis case ftThe ftTheory predficfts rms ∼ ϕG L L L() ( / )T y

1/2 3/242. By subsftfiftuftfing ∼ϕ
−L T1/3 and ∼ −L TT

1/2 (ffrom 
ftTheory), we arrfive aft ftThe ftemperafture dependence rms ∼ −G T() 2/3 wThen < ϕL LT  fin one-dfimensfionafl sysftems. 
Thfis flasft ftTheoreftficafl approacTh ( < ϕL LT ) maftcThes very weflfl fto ftThe experfimenftafl ftemperafture dependence off rms 
∼ −.G T() 06 aft ftThe flowesft ftemperafture range, as fift fis presenfted fin Ffig. 6(d).
The presenft finvesftfigaftfion Thas combfined quanftum ftransporft experfimenfts and ftThe cThaflflengfing nano-ARPES 

cTharacfterfizaftfion, fin order fto provfide ffurftTher evfidence on ftThe exfisftence off ftopoflogficaflfly proftecfted surfface sftaftes fin 
finftrfinsficaflfly doped p-ftype Sb2Te3 nanowfires. AflftThougTh ftThe Fermfi energy sftfiflfl resfides beflow ftThe Dfirac pofinft due fto 
ftThe excess Thofles, ftThe specftroscopy experfimenfts Thave dfiscflosed Dfirac flfike sftaftes crossfing ftThe Fermfi energy, wThficTh 
orfigfinafte aft ftThe surfface off ftThe nanowfire. The perfiodficfifty fin magneftoresfisftance ffor B, and fifts correflaftfion wfiftTh ftThe 

geomeftrfic cTharacfterfisftfics off ftThe nanowfires, findficafte AB-ftype oscfiflflaftfions ftThaft can be consfisftenftfly aftftrfibufted fto 
quanftum ftransporft effecfts wfiftThfin ftThose ftopoflogficaflfly proftecfted surfface sftaftes around ftThe nanowfire. Thereffore, 
despfifte buflk sftaftes mfigThft aflso conftrfibufte fto ftThe ftoftafl conducftance, nonftrfivfiafl surfface sftaftes fin ftThe Sb2Te3 nanowfire 
woufld prevafifl fin ftThe reaflfizaftfion off ftThe observed AB-ftype oscfiflflaftfions. The orfigfin off ftThe magneftoconducftance 
flucftuaftfions aft flow ftemperafture ffor perpendficuflarfly orfienfted magneftfic fiefld (⊥B) Thas been defined fin fterms off 
UCFs, as ftThefir cTharacfterfisftfic paramefters consfisftenftfly cThange wfiftTh ftThe varfiaftfions off ftThe nanowfire wfidftTh accordfing 
fto ftThe ftTheoreftficafl descrfipftfion ffor quasfi-one-dfimensfionafl sysftems. The anaflysfis off UCFs aft flow ftemperafture con-
firms ftThe coTherenft ftransporft wfiftThfin a flengThft scafle flarger ftThan ftThe AB-ftype surfface paftThs.

MeftThods
Nanowfire synftThesfis and devfice ffabrficaftfion. The Sfi/SfiO2 subsftrafte coafted wfiftTh Au nanoparftficfles fis 
pflaced downsftream off ftThe source mafterfiafls fin ftThe ffurnace. The ffurnace fis evacuafted and flusThed repeaftedfly wfiftTh 
Ar gas. Then ftThe ffurnace fis Theafted fto 430 °C ffor 6 Thours. The Ar flow rafte fis kepft aft 80 sccm and ftThe pressure fis 
kepft aft ≈ 10 ftorr. The as-grown Sb2Te3 NW are suspended fin fisopropanofl aflcoThofl and drop-casfted onfto a Sfi/SfiO2 
subsftrafte ffor eflecftrficafl conftacft ffabrficaftfion. PThoftoflfiftThograpThy and eflecftron-beam evaporaftfion ftecThnfiques are ftThen 
used fto define conftacfts (Tfi/Au 20 nm/150 nm) fto ftThe sfingfle nanowfires.

Nano-ARPES measuremenfts. The dafta Thave been obftafined usfing flfinearfly poflarfized pThoftons wfiftTh an 
energy off 100 eV. Thfis “k-mficroscope” can be operafted efiftTher on a pofinft-mode manner or usfing ftThe fimagfing-mode 
fto creafte a ftwo-dfimensfionafl fimage off ftThe eflecftronfic sftaftes off finfteresft. The Scfienfta accepftance pflane fis aflfigned 
aflong ftThe Γ M symmeftry dfirecftfion wfiftTh ftThe accepftance angfle seft up efiftTher fto 25° or 14° fto obftafin ThfigTh anguflar 
resofluftfion. The ftemperafture durfing ftThe pThoftoemfissfion measuremenfts aft ANTARES was kepft aft 100 K. The Sb2Te3 
NW were ftransfferred fto a cflean surfface off a p-ftype sfiflficon subsftrafte. Ne fion spuftfterfing (I =  38 mA, V =  1.5 kV) 
and subsequenft anneaflfing aft 200 °C ffor 30 mfin was appflfied fto prepare cflean surffaces off ftThe NW. The nanowfires 
Thave been flocaflfized by usfing ftThe mappfing mode off ftThe k-mficroscope. The cThemficafl fimages are obftafined by map-
pfing ftThe area off ftThe core flevefl peaks off Te 4d and Sb 4d.

Magneftoftransporft measuremenfts. Two-probe magneftoresfisftance was measured fin a 4He cryogenfic sys-
ftem usfing ftThe sftandard flow ffrequency AC ftecThnfique wfiftTh dfigfiftafl flock-fin ampflfifiers. The magneftfic fiefld was varfied 
ffrom − 13 T fto 13 T. The AC voflftage and bfias currenft ftThrougTh ftThe nanowfire were kepft beflow 200 μV and 100 nA, 
respecftfivefly, fin order fto avofid eflecftron Theaftfing and damage off ftThe sampfles.
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