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Tailoring hole spin splitting and polarization in nanowires

D. Csontos
Institute of Fundamental Sciences, Massey Universitya®ei Bag 11 222, Palmerston North, New Zealand

U. Zulicke
Institute of Fundamental Sciences and MacDiarmid Instifior Advanced Materials and Nanotechnology,
Massey University, Private Bag 11 222, Palmerston Northyw ¥ealand and
Institut fur Theoretische Festkorperphysik and DFG @eribr Functional
Nanostructures (CFN), Universitat Karlsruhe, D-76128rlseuhe, Germany

Spin splitting inp-type semiconductor nanowires is strongly affected by mierplay between quantum con-
finement and spin-orbit coupling in the valence band. Thedatparticular importance is revealed in our
systematic theoretical study presented here, which hapedae range of spin-orbit coupling strengths real-
ized in typical semiconductors. Large controllable vaoias of theg-factor with associated characteristic spin
polarization are shown to exist for nanowire subband edgeth therefore turn out to be a versatile laboratory
for investigating the complex spin properties exhibitedjmantum-confined holes.

Engineering spin splitting of charge carriers in semicon-theoretical investigation reveals surprising quali@tdiffer-
ductor nanostructures may open up intriguing possilslitie ences in the hole spin properties of hanowires depending on
for realizing spin-based electronicand quantum informa- the value ofy, showing that spin splitting (and polarization)
tion processing.Due to the generally strong dependence ofof zone-center valence-band edges in nanowires is highly tu
g-factors on band structueit is expected that spatial con- able and has a complex materials dependence. A detailed un-
finement will have an important effect on Zeeman splittingderstanding of these properties is vital for proper intetgr
when bound-state quantization energies are no longer-negtion of optical and transport measurements as well as for the
gible compared with the separation of bulk-material energydesign of spintronic applications involviggdoped semicon-
bands. The degeneracy of heavy-hole (HH) and light-holeluctor nanowires.

(LH) bulk dispersions at the zone center makes the spin prop- We use the Luttinger mod@lin the spherical approxima-
erties of valence-band states especially susceptible db su tion?® for the top-most bulk valence bands. Including the bulk
confinement engineerirf.®' Recent advances in fabrication Zeeman ternfl; = —2xugB.J., the Hamiltonian is given by
technolog:2:1%:11.12.13.14.15,1fave created opportunities to in-

vestigate hole spin physics in semiconductor nanowiresemad , _ _ 71 » 4 0 (p-J)2— §p214x4 T H, . Q)

from a range of different materials. 2mg mo

In contrast to previous theoretical wéfié®1%200n hole _ _ _ R .
Herep is the linear orbital momentund, the vector of spin-

spin splitting in quantum wires, we focus here on the in—3/2 i the elect X _ (9
fluence of the spin-orbit coupling strength on Zeeman split- matricesyn, the electron mass in vacuum, = (272 +

ting of wire-subband edges. A suitable parameteguan- 3v3)/5 in terms of the Luttinger parameteis,g is the Bohr
tifying spin-orbit coupling in the valence band can be de-magneton and the bulk holeg-factor. We negl_ept the small
fined in terms of the effective masses and myy asso- anlsotroplc part of the bulk-hole Ze_eman splitting. A ha_lrd-
ciated with the HH and LH band®, respectively: 2 — wall confinement in thery plane defines the quantum wire
(o — )/ (i + mun) Table[j lists valueé for in with either cylindrical or square cross-section. Our metfoo

common semiconductors and states its relation to basic—bangr}dmtg th*e _zone-cente{_ &;_btl)dand eﬁglef atEd ca}lculat!nghthew
structure parametef8 A large part of the theoretically possi- J° actorg- in a magnetie |7e parafiel fo the wire axis has
ble ranged < + < 1/2 is covered by available materid been described elsewh&®’ An intriguing universal behav-

enabling a detailed study of the interplay between spirieorb ior of wire-subband spin splittings emerges when the bulk-

coupling in the valence band and nanowire confinement. O&eeman term (_Jlomlnates the orb_|ta| effects Wh'Ch’ n princi-
ple, also contribute to the effectivefactor. This universal

regime, which is characterized iy scaling withx and being
independent of wire diameter, is accessible in real narowir

&0 i - i -
TABLE [: Relative spin-orbit coupling strength = ~,/~1 in the systems& wherer is enhanced by thp-d exchange interac

valence band of common semiconductors. Here- (24+373) /5, tion With_magne'gic acceptor ioé.Figure[1 illustrates that,
and~: - 5 denote the Luttinger parameté?s. for the highest (i.e., closest to the top of the valence band)

GaAs hole-wire levels, only a moderate enhancementisf
needed to quench orbital contributions to ghfactor. Similar
results are obtained for other materials. In the followiweg,
focus entirely on the properties of hole-wire subband-edge
factors in the universal regime where orbital contribusican
aFrom Refl.24 be neglected.

PFrom Ref( 25 Our results are summarized in Figlile 2 where we show

ZnTelZnS AlAs/AIP AlISb CdTe GaN/AIN GaAs/InP
0.28 0.3° 0.32 034 0.3¢ 0.37
Ge InN GaSb InAs InSb GaP
0.38 040 04 048 0.48 0.48
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acter or with vanishing hole-spin polarization have stitgng
suppresseg-factors. We will see below that the intrinsic con-
nection between hole spin splittings and polarizationsli$iol
for all materials considered. Secondly, focusing on irdinail
wire levels, it is found that theiy-factor can vary substantially
between different materials. For some subbands, e.ghitte t
and seventh, the-factors span almost the entire range of val-
ues betweef and6x. For other subbandg;factors cluster
around certain values, as is the case of the first, sixth, and
tenth levels. Yet other subbands display a seemingly random
sequence of alternatingly increasing and decreasing value

g* as the relative spin-orbit coupling strengtlis varied.

The anomalous spin splittings in hole nanowires can be at-
tributed to strong HH-LH mixing that is present even at the
wire-subband edges. The relative spin-orbit couplingnsjtie
~ determines this mixing. To be able to characterize the spin
center subband edges in a GaAs wire with square cross-sggtit- properties of individual s_ubbar_ld-e_dge bo_und statgs imdepe
ted as a function of the bulk-holefactor . An order of magnitude _dem _Of any partlcul_ar Sp'n'pro!ecuon pas's' we Ut'l'éalac
enhancement ir leads to saturation, in effect quenching orbital con- Invariants of the Sp"_]'3/2 denS|t_y matrix. See Refs;. 20¢#8 f
tributions to the Zeeman splitting. details of the formalism. In particular, we consider theiahd

variation of the normalized hole-spin dipole density, dedo

by p?/p3, which provides a measure of the local hole spin

Ik . 2,9 o

factors for the ten highest zone-center subband edgesiim cyl polarization. A uniform value O.fol/po - 9/5 (1./5) indi-
drical hole nanowires, calculated for various spin-orloitic cates a HH (LH) state charactenzgd byza_prOJectlon guan-
pling strengthsy. A naive assumption that the hole spin pro- tum r_1umbe|&t3/2 (11/2)'.AS prewous-ly Q'SCUSSEd’ Zeeman
jection parallel to the wire axis should be quantized WouIdSp!'mng for SL.’Ch a state in a magnetic ;‘26'0! parallel to the
lead us to expect to find only two possible values for the?XIS arses with effectivg-factor 6« (2r).= Figure[3 shows
g-factor; namely6x and 2« for the HH and LH states, re-
spectively. Evidently, our results are quite differentrsgy,

O =~ N W h O O N 0 ©

FIG. 1: (Color online) Effectivgy-factors for the six highest zone-

for any given material, thg-factor values vary strongly be-

HH—» 138

tween the different wire-subband edges, some levels egen di 1-6'9f1-g; Y:g'gi F=1/2 7
playing vanishingy-factors. Such seemingly random fluctu- 1'4.5;1.88 §=0:37 FE ]
ations can be explainé®’ by nontrivial microscopic hole N O 1'2'g=1:69 _____ y=041!
spin-polarization profiles of wire-subband bound statesgke Q— 1 F g=0.19 - -- y=0.48! '-_
g-factors are found for subband edges with predominantly HH NQ‘: 0.8} ' \
or LH character, whereas subbands with mixed HH-LH char- 0.6} '-' ‘.‘
0.41 . \
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FIG. 3. (Color online) Squared normalized spin-3/2 dipapir-

polarization) densityp? () /p3(r), for (a) the highest subband with
FIG. 2: (Color online) Effectivey-factors for the ten highest zone- F. = 1/2, and (b) the second-highest subband with= 3/2. The

center subband edges in cylindrical hole nanowires, catiedifor  values of spin-orbit coupling parameteand corresponding-factor
various spin-orbit coupling strengths. g = ¢"/r are indicated.
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R LH states. A related trend is exhibited by the highest sutiban
0.8r 8 N=120 | ] edges with?, = 3/2 (not shown here) where, for small values
orr = ¢ ; mfggo ] of ~, the normalized dipole moment is close to the valyig
8'2' U .« N=60 | | corresponding to a pure HH state. With increasjnijowever,

\¥ 0'4: e 3 + N=40 the dipole moment _is increasingly suppresseq. JHiactors
N 0'3_ . N=20 | ] show a corresponding monotonous suppression, from values
(@)} 0‘2_ z : | close to6x to values close to 0.
0:1_ )—vy ‘B ] In contrast to the previous two examples, a very non-
ol | * © s monotonous behavior as a functionpfis observed for the
04k ) second-highest subband edge with = 3/2. See Fig[B(b)
0.2 ; \ . . where, for smally-values, suppressed polarization profiles
0.25 03 0.35 0.4 045 0.5 correlate with very small effectivg-factors. As~ is in-
Y creased, the spin dipole moment of the state increases dra-

_ . _ matically, approaching values associated with HH characte
FIG. 4: (Color online) Mean g-factorg, = 32, g, obtained  [See the dashed-dotted and dashed curves corresponding to
by averaging over thév highest wire levels, plotted as a function = 0.37,0.41 in Fig.[3(b).] The corresponding* values
of relative spin-orbit coupling strength Inset: Wire geometry and come close t@x. For yet higher values of, the polarization
orientation of the magnetic field. . . . . s
is again suppressed, with concomitantly vanishjsfgctors.

A general comparison of polarization profiles for various
the radial spin-polarization profilgg (r)/p3(r), for the high- ~ subband edges with theirfactors shows that, as the hole-
est hole-wire subband edges with (@) = 1/2, and (b) the ~SPin dlpqle moment vamshes and./or HH-LH mixing in the ra-
second-highest subbands with = 3/2, for different repre-  dial profile increases;” is increasingly suppressed. Thus, a
sentative values df.28 < v < 0.48. Here, F. is the eigen- di_rect correlation emerges b_etween_the_relative spintodui-
value of J, + L., i.e., the sum of the components of spin Pling strengthy, the hole-spin polarization, and the Zeeman
and orbital angular momentum, which is the good quantun$Pin splitting. However, on average, the hole-spin poéariz.
number labelling wire-subband bound st Deviations ~ tion and effectivej-factors decrease as the relative spin-orbit
of the hole-spin polarization from the valuggs and1/5 is coupling strengthy is mcreased._ Th_|s is illustrated by the
an indication of the, in principle, ever-present HH-LH nmigi ~ ¢alculated meap-factors shown in Fid.]4. Such mean val-
in hole wires. ues will describe Zeeman splitting in experimental sitradi

Interestingly, states witt, = 1/2 that form the highest where single_ wire subbands are not resolved. Extrapolming
subband edge in systems with< 0.37 are quite close to a ¥ = O._38, which corresponds to Ge, the valug found is consis-
pure LH character, having?(r)/p2(r) ~ 0.2 across most of tent with the holeg-_factor measured.recen?ﬁnn rod-shaped
the wire radius. However, a continuously increasing trend t quantum dots fabricated from Ge/Si core-shell nanowires.
develop a HH-LH texture is exhibited for larger As can DC acknowledges support from the Massey University Re-
be seen, this feature is concomitant with a drastic rednctio search Fund. The authors benefited from useful discussions
theg-factor from its value close t2x that is expected for pure with P. Brusheim, A. Fuhrer, S. Roddaro, and H.Q. Xu.
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