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Abstract. Spin-dependent quantum transport experiments on InSbrekslHeterostructures and Bi thin films are
discussed, focusing on mesoscopic geometries where dgpinkateraction and quantum coherence determine the
properties. The narrow-bandgap semiconductors InSb afs, land the semimetal Bi have substantial spin-orbit
interaction. The experiments use antilocalization to wtsuin-orbit interaction and spin coherence lengths in nano
lithographic wires fabricated on the materials. In theérsgstems the spin coherence lengths increase with detgeasi
wire widths if other parameters stay constant, of techriodgmportance for spin-based devices. The experiments
also indicate that Bi has surface states with Rashba-likeabit interaction. A quasi-one-dimensional model of an
tilocalization, as fitted to the data, is explained and itssemuences for quantum coherence in mesoscopic struitures
explored. A united understanding of the experiments isqurtesl relying on the duality between the Aharonov-Bohm
and the Aharonov-Casher phases, the latter resulting fpmasbit interaction. The duality strengthens the anglog
between phenomena under magnetic fields and under spiniadsaction.
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1 Introduction

Wires of materials with strong spin-orbit interaction ($@ie of current interest as hosts for quan-
tum states with non-Abelian Majorana properties under ipniy-induced superconductivity?
Strong spin-orbit interaction also inspires avenues farstwicting new quantum states of mat-
ter, in analogy to quantum states at high magnetic fields.eN&s with strong SOI include the
narrow-bandgap semiconductors InSb and InAs, and the setaifismuth. In this context, the
present work experimentally studies spin-related quartramsport phenomena in systems with
strong SOI at mesoscopic scales, namely InSb, InAs and Biisutnmwires lithographically fab-
ricated from epitaxial materials. At reduced dimensiohs, wire width and length interact with
the spin coherence length or spin precession length, thet@gugohase coherence length, and the
elastic mean-free-path to modify the quantum transponitiges, as measured by antilocalization
(AL). The AL quantum correction to the magnetoresistanselte from electron interference on
time-reversed trajectories, and as a quantum interferexmeriment is sensitive to spin coherence
lengths3=® In InSb quantum wells, InAs quantum wells, and Bi thin filmsy experiment§®
show the spin coherence lengthsg, increasing with decreasing wire widthsif other parameters
stay constant. Several other experimental investigatdispin coherence in wires with SOI ex-
ist,1%1*as well as theoretical workThese investigations likewise indicate that increases as

is reduced. This observation has technological importéocaanoscaled spintronics. Yet more
fundamentally, we will show that a unified understandinghef tesults appears via the duality be-
tween the Aharonov-Bohthphase under magnetic fieldsand the Aharonov-Cashér!® phase
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under SOI, underscoring the analogy between the physicsliofstate systems under magnetic
fields and under SOI. The experiments are also consistemBattaving surface states with strong
Rashba-like SO1:19-21

The magnetotransport measurements are performed thretgybfsvires using 4-terminal low-
frequency lock-in techniques at low temperatufes 0.39 K and at low3 applied perpendicularly
to the plane of the samples. The data is analyzed in quasthomensional (Q1D) AL theory to
obtain the dependence anof L,,. The wires are in the Q1D regime, wheres comparable to or
shorter tharL,,, than the quantum phase coherence ledgtiand than the elastic mean-free-path
l.. The quantitative predictions afforded by AL thedh??for the dependence of the conductance
G on Ly, and L, as function ofB allows values forL,, and L, to be obtained from a fit of the
experimentatz(B) to theory. The present work uses an AL approach adaptedfispdigito Q1D
wires!:8

2 Experimental aspects

The Ins5Al.15Sb/INSb/IR s5Alg.15Sb (InSb quantum well thickness 25 nm, properties described
in Ref. 7) and A} 3Ga, ;Sb/InAs/Al, 3Ga 7Sb (InAs quantum well thickness 15 nm, properties
described in Ref. 8) heterostructures are grown by molecadam epitaxy on (001) GaAs sub-
strates. At 0.39 K the unpatterned InSb quantum well shoveseal carrier density.2x10'° m—2
with mobility 9.7m?/Vs (I, ~ 3.3 um), and the InAs quantum wedl9x10' m~2 with mobility
15m?/Vs (I. ~ 6.4 um). Necessary parameters for the quantum wells are catcuéssuming
non-parabolicity. On both materials, wires of lendth24 ;m are fabricated using electron-beam
lithography and reactive ion etching, with wire sets of eliéintw integrated on the same chip to
ensure uniform properties. Bi(111) thin films are obtainedH®ymally evaporating Bi (99.999%)
onto aSiO, (oxidized Si(001)) substrafein 2-step deposition for films with the largest grain sizes
and fewest defects. X-ray diffraction reveals films oriented with their trigdrexis perpendic-
ular to the substrate, typical for this growth metttbayith grains of size 200-500 nm randomly
oriented. The trigonal face (Bi(111) in rhombohedral, Bi(p@1 short hexagonal notation) is
thus exposed. The total film thickness as optimized for quantransport measurements is 75
nm23 Multicarrier fits to the longitudinal and transverse magnesistances indicate compen-
sated electron and hole densities as expected for higligal Electron and hole densities are
~ 2x10** m~ and mobilities~ 0.1 m?/Vs. The AL measurements however appear dominated by
surface carriers, predicted to exist on Bi(11%}! The surface Fermi surface of Bi(111) consists
of a central electron pocket (along the trigonal axis) amdhsie ellipses along the binary axes,
and our results can be interpreted as resulting from theérefepocket (effective mass 0.5m.
with m, the free electron mass). On Bi, wires witlx16 ym are fabricated using electron-beam
lithography and wet etching. In all three materials, eBeaxfttransverse quantization are neglected,
because the Fermi wavelengths indicate that many (10 ta@@®\erse subbands are populated.

As an example, Fig. 1 shows the measured change in resiskarcé /G, asAR/R? where
AR = R(B)—R(0), in Biwires (w as indicated) &’ =0.39 K as function of applie® (noting that
AR/R?> ~ —AG). The data display the characteristic shape of antiloatin: AR increases
sharply agB| is initially increased from zero. Mesoscopic universalactance fluctuatiofsre
also present in the wires. Below we describe the model fittebisodata and equivalent data on
InSb and InAs wires, from which values 6f, can be extracted.
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Fig 1 Magnetoresistance due to AL measured in Bi wires of widtB4,00.33, 0.41 and 0.71m.

3 Q1D approach to antilocalization

The quantum correction to the 2-dimensional (2D) condigtivep = (L/w)G depends on the
length over which a wave packet retains coherence and intamsysf widthw at B = 0 and
without SOI can be expresseda® (per spin channel):

boap = —5 = = €

Under appliedB, L, is reduced by time-reversal symmetry breaking to an effeatoherence
length, limited by a magnetic lengths.>2>2” Under SOI L, is further replaced by a combination
of singlet and triplet® 8.2528.29ength scales originating in pairing of time-reversedec#jries
(Cooperons). The singlédt, , and tripletZ, ,,, (m = %1, 0) length scales are:

N

L070 — (L¢?2 + Lég)—
Ll,:l:l — (L;2 + L;)Q +L§2)_%
Lig= (L2 +2L 7+ L")

SIS

)

The singletL o is not sensitive to spin decoherence under S84° The difference betweeh, .,
and L, o arises from anisotropic spin decoherence in 2D sysfears] disappears in 3D sys-
tems?>28 In unconstrained (wide) 2D systembg = [,, = \/h/eB. When the 2D system is
narrowed to a Q1D wire witw < [,, andw < [., the wave function boundary conditions and

~Y

ballistic flux cancellation (respectively) have to be cdesed, and, for lowB, Ly is modified

t027’8’27’30
12 ]
Lp=1, (Clm@) (3)

w3

Here C; = 4.75 for specular boundary scattering ang=2r for diffusive boundary scatter-
ing.”&27 Equation (3) assumés > 0.6 w. The effect of ; is to delay flux accumulation to higher
B in a narrow wire, and hence to spread out the magnetoresestaatures over highds. The
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Fig 2 Experimental values of ,, vs 1/w for wires of widthw fabricated on (a) an InSb 2D system, (b) an InAs 2D
system, and (c) a Bi thin film.

guantum correctiono,p, is related to the measured conductance correétiafB) = G(B) — Gy,
by 0G(B) = (w/L)dosp, With G the classical conductance of the wire. TBedependence of
dG(B) reduces to a combination of length ratfo%2°>28
1e?1

0G(B) = Ty (Liaf(Lug) + Ly 1 f(Ly—1) + Laof(L1o) — Loof(Loo)) (4)
The experimental data can be compared to fits to Eq. (4) bedstis= G(B) — G(0) =0G(B) —
dG(0). The functionf(Ls,,) enters due to modifications to quantum interference in eofter
mesoscopic geometries. In unconstrained 2D systems os with L. — oo or L 2 10 L, ,,, we
havef = 1. In a wire of finite L, interactions with the wide regions at both ends of the wedrce
coherence to yield:3!

f(Laym) = coth ( = ) . (5)

Values for L,, are found by fittingAG to Eq. (4), with Egs. (2), (3), (5), which together
capture the experiments well. Experimental valuesiiQy vs 1/w for InSb and InAs quantum
wells, and Bi thin films are presented in Fig. 2. Our experirgehshow L,, o 1/w if other
parameters stay constant (in InAs wires the diffusion aomsb is reduced compared to the 2D
value D, asw narrows; this is accounted for in Fig. 1, as explained in RefP8or to discussing
the results, we explore geometrical consequences for Alieapy Egs. (2)- (5). Figure 3 shows
results from Egs. (2)- (5) using approximate InSb wire eipental parametefsat 7' = 0.39 K
(le = 3.3um, Ly, = 15pum) plotted asAR/R?* ~ —AG = —(6G(B) — §G(0)). The effect of
w is depicted in Fig. 3a, where we assumed valuesf¢top to bottom curves: 0.56, 0.36, 0.26,
0.16 ym) and for L, (respectively 3.6, 4.0, 4.3, 5/0m) at fixed L = 24 ym as in Fig. 2a. The
lengthening ofL,, with narrowingw implies a reduction in the SOI strength, and would imply a
decrease in separation thbetween maxima ok R/ R?. However, at narrow the delay to higher
B of flux accumulation (Eq. (3)) counteracts the effect of dasing SOI and spreads the maxima
to higherB. The decreasing SOI with narrowingis then mostly seen in the decreased depth of
the AL dipinAR/R? aroundB ~ 0. The effect ofl_ is depicted in Fig. 3b, where we assumed (top
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Fig 3 Geometrical effects in wires of (a), and (b)L, on the AL signalAR/R2. In (a),w is varied (widew at top,
narroww at bottom) and in (b). is varied (longL at top, short at bottom) as described in the text.

to bottom curves). = 24, 21, 18 and 1m, at fixedw = 0.36 um and L, = 4.0 um. Shortening

L affects the depth of the AL dip il 2/ R?, but does not appreciably shift the maxima since the
effective Lz and L, are unaffected. The reduction in AL signal with shorteningriginates in
Eq. (5), effectively shortening, (long in the unconstrained InSb system and hence susceftibl
effects of f(Ls,,)). The effect ofL via f(Ls,,) illustrates the sensitivity of quantum coherence
In mesoscopic structures to interactions with wide neigimigoregions. Figure 3 illustrates that
geometrical factors substantially impact AL signals.

4 Discussion

Theoretical work suggests that,, « 1/w can be understood in terms of the effective vector po-
tential due to SOI. In disordered wirds & w) with Rashba SGF and under the D’yakanov-Perel
(DP) motional narrowing spin decoherence mechanism, iteslipted that L,, = /1213 /w,
where the spin precession length = vr/Q with  the spin precession frequency under SOI,
andvr the Fermi velocity. The zerd> spin-splitting energy for Rashba SOl i) = 2kra
with kr the Fermi wavevector and the Rashba SOI parameter. Under a parabolic dispersion
with effective massn* we obtainLq = 7?/(2m*a).>® The dependencé,, = v/12L3/w is in
contrast to unconstrained 2D systems, wheje= Lq under DP spin decoherence. The uncon-
strained spin decoherence rate then follayws,, = 2?7, /2, with 7. the momentum scattering time
(l. = vp1.),>81038sych thatl,, = v/D7,, = Lq. Yet, L,, = v/12L2 /w in wires finds an analogy
to Lp in wires?>2” where in the disordered cadg; = /312, /w, resulting from modifying the
Landau basis for wave functions constrained to a wire (EQ.is(&@ ballistic adaptation), whereas
in unconstrained systemsg = [,,,. Hence, under SOL;, assumes the role of the magneitjc
Both L,, and L function to limit L, in Eqgs. (2) and thus limit quantum coherence effects in
Eq. (4).

Insight in the relatiorl. 3 = v/3 12, /w can be obtained by considering the effect of the Aharonov-
Bohm'® (AB) phase on quantum interference. A closed path of averadjes!,,/\/= encloses a
magnetic fluxi/e and a particle over such path will accumulate a unity quanptuase. If the
path is constrained ta along one direction, acquiring the same phase will reqiiesparticle
traveling /2, /w in the orthogonal direction, which becomes the effectie® flength over which
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the phase is affected. The relatidn oc 12, /w hence receives a geometrical interpretation. SOI
can in the present case be mapped on the physics arising freffestive vector potential here
Awe = (1/¢2)]i x E, whereji is the particle’s magnetic momet, the actual or effective electric
fleld breaking inversion symmetry and thereby giving ris&@l, andc* the effective velocity of
light (a bandstructure parameter, akin to Ref. 35). We dallthe Aharonov-Casher (AC) vec-
tor potential, as it enters in the AC phé%*é8 in the same way that the magnetic vector potential
eA enters in the AB phase. Using| = MB with x5 the Bohr magneton4,. maps to Rashba

SOI3* with o = |E|(h%e)/(4m*2¢*2). Given the relation betweel, and the AB phase, we can
now ask which characteristic AC length has a role equivalent tg,. For Rashba SOI, we find
l.. = R?/(2m*a) = Lq. We thus recover the observation that under $Qlassumes the role
of the magnetid,,. The geometrical interpretation leading £ o 2, /w hence also leads to
L., o< L% /w. The prefactors of order unity (insofar as they are bornebgiexperiments) require
a more exact use of appropriate boundary conditions.

We note that AL measurels,, and experimental uncertainty may reside in the identity =
Lq, valid only under DP spin decoherence. The experiments gyigowever suggest that indeed
L., o 1/w, and extracted values fdr, are consistent with known SOI strength®.Figure 2c
indicates that measurements on Bi folldw, o~ 1/w. The above arguments hold for 2D sys-
tems, and our quantum transport experiments hence sudgedBitharbors surface states with
Rashba-like SO1Y'2*as ARPES measurements have indic&feahd that these surface states play
an important role in the transport properties. The valueg fpfor Bi are shorter than for InSb and
InAs, indicating highery and stronger SOI than for the narrow-gap semiconductoes;dnordance
again with the literaturé®-2*

5 Conclusions

Antilocalization measurements allow the determinatiorthe low-temperature spin coherence
lengths in mesoscopic wires of InSb, InAs and Bi. In nanotilaphic wires of all three ma-
terials, it is observed that the spin coherence length&asa proportionally to the inverse wire
widths. This observation is compatible with theoreticajuanents using an effective spin-orbit
vector potential leading to a modification of the wave fumcs boundary conditions in a narrow
wire. A quasi-one-dimensional approach to antilocal@ats further used to demonstrate geomet-
ric effects of confinement on quantum coherence in mesoseadres.
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List of Figures

1 Magnetoresistance due to AL measured in Bi wires of widths 0.21, 0.33, O..

0.71pm.
2  Experimental values dof,, vs 1/w for wires of widthw fabricated on (a) an In¢

2D system, (b) an InAs 2D system, and (c) a Bi thin film.
3 Geometrical effects in wires of (a), and (b)L, on the AL signaAR/R?. In (a)
w is varied (widew at top, narroww at bottom) and in (b). is varied (longL ai

top, shortL at bottom) as described in the text.
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