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ABSTRACT Semiconductor nanowires (NWs) have the prospect ) 7
WZ nanowires
of being employed as basic units for nanoscale devices and circuits. BLé 11-39
> Mexe = 0.060 my
However, the impact of their one-dimensional geometry and g %
9] 11.38 =
peculiar crystal phase on transport and spin characteristics remains £ —— 7B bulk 3
3 =0.055 5}
largely unknown. We determine the exciton reduced mass and § Porc T 1A39LGCJ
[
gyromagnetic factor of (InGa)As NWs in the wurtzite phase by 8 e Mé §
. . . E Hexc=0.074 my 0°11.38 &
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mass is 10% greater than that expected for the zincblende phase and L | ¢ 00000 .
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no field-induced circular polarization of PL is observed. For B parallel
to ¢, an exciton reduced mass 35% greater than that of the
zinchlende phase is derived. Moreover, a circular dichroism of 70% is found at 28 T. Finally, an analysis of the PL line shape points at two Zeeman
split levels, whose separation corresponds to an exciton gyromagnetic factor |g. — gy,)i| = 5.8. These results provide a quantitative estimate of the hasic

electronic and spin properties of NWs and may guide a theoretical analysis of the band structure of these fascinating nanostructures.
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diameters of about 100 nm or less,

and are up to several micrometers in
length. The formation of NWs occurs for
almost any semiconductor material,' and
their properties are exploitable in a large
number of applications.? For NWs to be
useful, a full understanding of their elec-
tronic properties is required, including their
complex lattice and band structure. For
IV compounds, such as GaAs, InAs, and
InP—and related alloys—, an hexagonal
wurtzite (WZ) phase is routinely found in
Au-seeded NWs, but single pure-phase
NWs are hardly obtained.® An experimental

Semiconductor nanowires (NWs) have
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assessment of the electronic properties of
NWs is, therefore, rather difficult as shown
by the continuing debate regarding the
precise value of the WZ GaAs band gap
energy.® The carrier effective mass is also
unknown, despite its relevance for the
transport performances.

The main changes in the band structure
of llI-V's on going from zincblende (ZB) to
WZ phase are the following:®> 8 (i) a valence
band (VB) splitting, due to the lowered
spatial symmetry of the WZ phase, that adds
to the spin—orbit effect and leads to a VB
energy ladder T, TY,, and TY (from shal-
lower to deeper states); (ii) the presence of a

voL.7 = N0.12 = 10717-10725 = 2013 ACINJAN(C)

* Address correspondence to
antonio.polimeni@roma1.infn.it,
faustino.martelli@cnr.it.

Received for review July 10, 2013
and accepted November 21, 2013.

Published online N b
10.1021/nn405743t

21, 2013

©2013 American Chemical Society

J 10717

WWwWW.acsnano.org



I's conduction band (CB) at energy higher® (or lower)”*
than that of the 'Y CB, depending on the material system
and strain.® This additional CB is due to a zone folding
along the [0001] direction in the real space, or ¢ axis,
arising from a WZ unit cell longer than that of ZB. The
electron effective mass at T'§ is expected to be consider-
ably heavier than that at ['5.”5"°

Photoluminescence (PL),'"'? PL excitation,*'* photo-
current," and Raman scattering'®'® experiments have
provided valuable information on the NW band
structure. Indeed, those optical techniques involve
interband transitions whose intensity is ruled by polar-
ization-related selection rules very sensitive to the
crystal symmetry.>'® Magneto-optical studies can give
insight also into the transport (e.g., carrier effective
mass) and spin (e.g., carrier gyromagnetic factor) prop-
erties of NWs, whose symmetry might be addressed by
different NW/magnetic-field geometrical configura-
tions. Magneto-PL measurements have been recently
used to characterize the optical quality and the elec-
tronic structure of GaAs/AlAs core/shell ZB NWs'” and
WZ/ZB quantum disks in GaAs NWs,'® respectively.
Magneto-PL studies have been also employed in
[I—Mn—VI NWs to address the sp—d coupling induced
by Mn atoms in these nanostructures.'®°

In this paper, we report on the electronic properties
of Ing.10Gag.e0As NWs grown on GaAs(111) substrates.
Low-temperature PL recorded on a NW ensemble at
zero magnetic field shows a remarkably high (~90%)
degree of linear polarization perpendicular to the wire ¢
axis, indicating a predominant WZ phase. The applica-
tion of a magnetic field along different directions with
respect to the ¢ axis shows marked anisotropies in the
exciton reduced mass, Zeeman splitting, and circular
dichroism of the emitted light. A quantitative analysis
of the experimental data permits us to determine the
exciton reduced mass and gyromagnetic factor, thus
prompting a comparison to band structure calculations.

We review first the main characteristics of excitons in
WZ crystals. The energy ordering and symmetry of
exciton levels involving different nondegenerate va-
lence bands in bulk WZ CdS was established by
Thomas and Hopfield.?' A similar picture applies to
other WZ-phase materials, e.g., GaN, CdSe, and ZnO,
and most likely holds also for NWs, whenever their
size allows neglecting carrier quantum confine-
ment. For a I's CB minimum at energy higher than
the TS minimum, the first three exciton states are
associated to the IS < T or A, I'S < I'Y, or B, and
I'S < I'Y, or C transitions, in order of increasing energy;
see left panelin Figure 1. Admixing effects between the
different VBs in the exciton states can be neglected
when these bands differ in energy much more than the
exciton binding energy. This is the case of excitons in
InP'> and GaAs* NWs, where the Ty and T, extrema
are separated by ~40 and ~110 meV, respectively,
and, hence, of excitons in (InGa)As NWs with 10% of In.
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Figure 1. (Left) Simplified sketch of transitions from the
lowest conduction band to the three WZ valence bands.
Conduction- and valence-band symmetries at I' point,
transition labels, and group symmetry transformations are
indicated. (Right) Excitonic levels and relative energy order-
ing for the A exciton. The energy splittings As¢ and A 1 are
discussed in the text.

In this work, we focus on the lowest energy transition A,
which dominates the PL spectra. On the grounds of
group theory, A excitons divide into twofold degen-
erate ['s and T states®?

F7®F9 - FSGBFG (1 )

where only I's excitons can be optically observed in a
dipole approximation, with resulting light polarization
£1¢.2% We refer to dipole-allowed TI's excitons, with
energy Es, as 'bright’ excitons and to dipole-forbidden
T's excitons, with energy E, as 'dark' excitons. Dark and
bright excitons differ by Asg = Es — Eg that is the
analytic part of the electron—hole exchange inter-
action.”>?* This energy is very small in bulk systems
(0.2 meVin CdS**and 0.12 meV in GaN?) and is sizable,
instead, in WZ nanocrystals. Therein, it depends on size
(~10 meV for a nanocrystal radius of about 3 nm)?® and
leads to a five-level exciton “fine structure” with states
characterized by the projection along ¢ of the total
angular momentum. In the nanowires investigated
here [diameter ~60 nm and length in excess of 1 um;
see Figure 2b and 3a], both exchange interactions and
quantum confinement can be considered small.

For an exciton with wavevector k1¢, the I's excitons
are splitin transverse (I's7) and longitudinal (I's.) states
by the nonanalytic part of the electron—hole exchange
interaction, A 1= Es — Es1.T'5, states are forbiddenina
dipole approximation.?>**?” In our WZ Ing;GagoAs
nanowires, At should be within the values it has in
ZB GaAs (0.08 meV)*® and in WZ GaN (1 meV).>* Forkll ¢,
A7 reduces to zero.?” The excitonic levels existing at
null magnetic field for a generic direction of k are
sketched in the right panel of Figure 1. The effect of a
magnetic field on the above-mentioned states will be
discussed in the following.

RESULTS AND DISCUSSION

Zero Magnetic Field. Figure 2a shows the T=10 K PL
spectra of an ensemble of Ing1GagoAs NWs recorded
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Figure 2. (a) Normalized PL spectra of an ensemble of
Ing.1Gag9As nanowires at T = 10 K for different laser power
densities, P. Intensity multiplication factors are shown.
Open symbols in the middle spectrum are a Gaussian fit
to the data. The measurements were performed in a back-
scattering configuration: laser and luminescence directions
are both perpendicular to the substrate and antiparallel
each other, as depicted in the inset. (b) SEM images of the
sample, whose PL spectra are shown in panel a. Left and
right images were taken in side- and planar-view modes,
respectively.

for excitation power densities, P, varied by about a
factor 10*. A backscattering configuration was used,
with laser excitation and luminescence emission travel-
ing in opposite directions and orthogonal to the sample
substrate (namely, parallel to the NW ¢ axis; see inset).

In this case kI ¢ and transitions from the I's exciton
state are observed, being I's excitons dipole-forbidden.
The PL line shape is Gaussian-like with a full-width at
half-maximum of 100 meV, see open symbols in the
middle spectrum in Figure 2a. Despite the composi-
tional inhomogeneity resulting from a gradient in the
In concentration within each wire,?®>° the investigated
NWs present a high degree of directional ordering as
displayed by the scanning electron microscopy (SEM)
images in Figure 2b. We notice that the PL line shape
remains unchanged in the investigated range of laser
power densities (more than 4 orders of magnitude),
except for a rigid blue-shift (~10 meV) at the highest P.
This behavior indicates that the contribution from
impurity states to the PL band is small. This band is
attributed to excitonic recombination, as supported
also by magnetic field studies. Finally, the absence of a
large, continuous blue-shift of the PL peak energy with
increasing P indicates that contributions from type-Il
ZB-WZ transitions are negligible'>2

The high morphological ordering in the NW array
is reflected by the noticeable degree of PL anisotropy

observed in these WZ nanostructures, where well-
defined polarization selection rules are predicted.'®
Figure 3a shows the PL spectra obtained by exciting
the nanowire ensemble with an incident laser beam
parallel to the NW ¢ axis, while the emitted light was
detected alongside the NWs; see bottom left inset.
Dipole-allowed transitions from I's states should be
strongly anisotropic because they can be observed
only for polarization &L¢*"" In order to evaluate this
anisotropy, luminescence was filtered by a linear po-
larizer, whose permissive axis was rotated to form
different angles o with the ¢ axis; see sketch in the
top inset in Figure 3a. The weak band at high energy
(~1.49 eV) is due to the GaAs substrate and is com-
pletely unpolarized, while the more intense NW emis-
sion at 1.36 eV is strongly linearly polarized. Figure 3b
displays a polar plot of the NW PL intensity exhibiting a
maximum when the luminescence polarization vector
& is perpendicular to the NW axis (o. = 90° and 270°,
namely, £L¢). The resulting nearly 90% degree of linear
polarization shows that the NWs are predominantly in
the WZ phase*'! and that their alignment uniformity
is extremely high (nearly 3x10° wires are probed at
once in our experiment). The effective polarization
perpendicular to the wires is even greater than
90% if the “antenna effect”, which makes PL emission
polarized along the NW axis,*® is taken into account.

It is worth mentioning that the symmetry of the
lowest conduction band cannot be established on the
ground of polarization-resolved measurements. In fact,
polarization selection rules predict that transitions
involving the Ty state and either the I'S or I'§
states, namely, the two lowest CB energy states in
WZ,’® are both dipole-allowed only for photon polar-
ization perpendicular to the ¢ axis.'® Our magnetic field
studies indicate that the lowest CB has a I'S symmetry
character instead of T§.

Magnetic Field >0 T. A magnetic field has two main
effects on the exciton states. The first effect, referred to
as diamagnetic shift AE, is an increase in the exciton
energy, whose extent and functional variation with B
depend essentially on the relative strength between the
“magnetic energy” (gauged by Aw /2~ 6 x 107°B/Ueyc €V,
where uex is the exciton reduced mass) and the
exciton binding energy (EE = 13.6 ueyxc/c? €V, where
&, is the relative dielectric constant).>* In Ing1Gag.oAs
(& = 12.7 and pexe = 0.055 mq for the ZB phase),*
these energies are comparable [E5*“ ~ 5 meV and
hw, (28 T)/2 ~ 30 meV] and a perturbative approach
cannot be employed. A variational technique is more
suitable, instead, leading to®° 38

AE4(B) = 13.6 x 10° ((Juexc;m(’)>

r
p

2
-3 A [4.26>< 10*6-(“{57/'%)) B} meV (2)

p=1
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Figure 3. (a) PL spectra at T = 10 K of an ensemble of Iny;GagoAs nanowires recorded for different orientations of
luminescence polarization vector ¢ with respect to the NW ¢ axis. “GaAs” indicates emission from the substrate. The bottom
inset sketches the experimental configuration employed. The wire shown in the top inset is a SEM image recorded on a
1.3 um-long wire singled out from the NW ensemble studied. In this scheme, the luminescence points toward the reader and is
filtered by a linear polarizer (double-arrowed line) oriented at various angles with respect to the nanowire long axis.
Labels o. = 0° and 90° correspond to emission polarized parallel and orthogonal to the NW axis, respectively. (b) Polar plot of

the dependence of PL intensity on a.

where A are coefficients determined by a numerical
solution to the problem.?”

The second effect of a magnetic field is a Zeeman
splitting (ZS), whose expression involves the carrier
gyromagnetic factor. In the following, g, and g will
be the hole and electron g-factors, respectively, and
Jexc the g-factor of the resulting exciton. In WZ bulk
crystals, g, = gn)i cos ¥, where ¥ is the angle between
the magnetic field B and the ¢ axis and gy is the
component of g, parallel to the field. Therefore, g, is
null when the magnetic field is perpendicular to ¢,
while ge(= ge.1 = gey) is isotropic.”>*° We point out that
this scenario changes completely in WZ nanocrystals,
where the strong exchange interaction “binds” elec-
tron and hole spin-projections and impedes to con-
sider g, and g separately.*® At variance with bulk WZ,
in nanocrystals the Zeeman splitting is ruled by an
effective g-factor and is given by ZS = gexgB cos ¥
(where ug is the Bohr magneton), which is null when
the magnetic field is perpendicular to the ¢ axis (even
if Gexc # 0).7

Notice that all our measurements have been per-
formed with emitted light (and exciton) wavevector
kll¢. Then, we discuss this case only and report the
calculated energies of the ground-state of A excitons in
bulk WZ for two different orientations of the magnetic
ﬁeld.24’27’42

Bli¢

A magnetic field parallel to the ¢ axis does not
perturb the crystal symmetry and, therefore, does not
mix bright and dark excitons. The B-dependence of the

exciton states is?*%742

1
ES(B) = Eo+ Ass + AEy,(B) £ 5 |Ge — G, 1|ugB

1 3)
EE(B) = Eo+AEy(B) £ 3 |Ge + gn, i |14sB
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Figure 4. Magnetic field dependence of the lowest energy
exciton levels involved in transition A. The curved lines
mimic the effect of diamagnetism and Zeeman splitting on
those levels (for Bl ¢ on the left, and for B¢ on the right; in
both cases k!l ¢). In the left panel, solid and dashed curves
refer to bright (I's) and dark (I's) excitons, respectively. The
vertical arrows indicate the exciton recombination toward
the ground state for the given circular polarization status of
the emitted photon. The Zeeman splitting of I's states is
larger than that of ', states because opposite signs for g,
and gy have been assumed. In the right panel, solid curves
refer to mixed I's/s excitons. The vertical arrows indicate
that exciton recombination may occur from both mixed states.
The dashed horizontal line marks the reference E, level.

where E is the energy of the unperturbed I state. For
B=0,Ef = Ey = Eg and E= = E¢ + Asg, as shown in the
right panel of Figure 1 for Ai; =0, i.e. kllC. ForB+#£0, a
diamagnetic shift AEy) (B) and a linear Zeeman split-
ting occur. The projection of the total angular momen-
tum on the ¢ axis is a good quantum number and all
transitions have a well-defined behavior when ob-
served with circularly polarized light (see left panel in
Figure 4).2742

Blc

A magnetic field perpendicular to the ¢ axis lowers
the crystal symmetry and mixes bright and dark ex-
citons, thus creating two doubly degenerate I 4 states
with total energies:**?742
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Figure 5. (a) T = 4.2 K peak-normalized PL spectra of an
ensemble of Ing1GagoAs nanowires for different values of
the magnetic field. Laser power density P = 1.3 kW/cm?. The
field direction is perpendicular to the NW long axis, c.
The experimental configuration is sketched in panel b.
(b) Magnetic field dependence of the PL peak energy of
the exciton band (symbols). The solid line is a fit of eq 2 to
the data. The dashed line is the diamagnetic shift expected
by the same equation for an exciton having the reduced
mass of bulk ZB Ing ;Gag oAs.

1 1
EZ6(B) = Eo+ A5+ AEq, 1(B) £ E[Agﬁ + g2uiB?)'?
4)

Here, the energy does not depend on g, which is zero
because cos 9 =0.ForB=0, E5/s=Eq=Egand Ed s = Eg +
Ase. The right panel in Figure 4 sketches the energy
variation of the exciton levels for BLc and kI ¢. As can
be seen in eq 4, the Zeeman splitting of I'ss states can
be considered linear only if Asg << ug Bge.

We now present magneto-PL data in our highly
oriented NW ensemble. We expect very different re-
sults for B being parallel or orthogonal to ¢, contrary to
the case of ensembles of WZ nanocrystals,26’43'44 where
the ¢ axis takes all possible orientations.

Voigt Configuration (B L k!l ¢). Figure 5a shows some
PL spectra taken in the Voigt configuration for mag-
netic fields up to 28 T. The exciting laser and lumines-
cence directions are antiparallel and both directed
along the ¢ axis. The field is orthogonal to those
directions, as sketched in the inset in Figure 5b.

This configuration gives rise to mixed I's/ states
and to a non linear Zeeman splitting between them
[see right panel in Figure 4 and eq 4]. These mixed
states have been observed for B > 8 T and kL¢ in WZ

DE LUCA ET AL.
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Figure 6. T = 4.2 K peak-normalized PL spectra already
shown in Figure 5a. Red and black lines refer to PL spectra
recorded at 28 and at O T, respectively. The B=0 T spectrum
has been blue-shifted by AEy, = 18.5 meV in order to
overlap with the B = 28 T spectrum. This latter is ~7 meV
broader than the B = 0 T spectrum. The experimental
configuration is depicted in the inset of Figure 5b.

GaN, where the exciton PL line width is ~2 meV and
Arr = 1 meV.?> On the contrary, in our samples the PL
line shape remains nearly unchanged with increasing
magnetic field, but for a slight broadening. This broad-
ening, which increases progressively with magnetic
field and is equal to ~7 meV at 28 T (see Figure 6), is
most likely due to the splitting of the mixed I's/s state
induced by the magnetic field and reported in eq 4.

A fit of the PL line shape in terms of the two
contributions Es,& could allow determining the val-
ues of Asg and ge. Those fitted values, however, have
an exceedingly high uncertainty because of a PL line
width much larger than the Zeeman splitting. There-
fore, we will analyze the two mixed I's/&  states as
degenerate at all magnetic fields and shifting all
together according to the diamagnetic term AEq,;
see eq 4. This shift, as derived from a Gaussian fit to
the PL spectra at all fields (not shown), is displayed in
Figure 5b as a function of B.

The initial (B < 15 T) quadratic-like dependence of
AE4 ; on Bturnsinto a linear-like dependence at higher
fields, a signature of excitonic recombination.3*36-38
The reduced mass governing the diamagnetic shift for
B¢ corresponds to exciton motion in a plane contain-
ing the [0001] direction, thus a combination of carrier
mass parallel and orthogonal to ¢.** We name this mass
yéﬂ'c and find it equal to 0.060 m, by eq 2 displayed
as solid line in Figure 5 (b). This value can be com-
pared with the exciton mass expected in bulk ZB
IN0.10Ga0.90AS (Uexc = 0.055 my, as obtained by a linear
interpolation between the effective masses of the ZB
InAs and GaAs end compounds; see ref 35) leading to
the dashed line in Figure 5b. Note that the band gap of
WZ is usually larger than that of ZB,**° leading here to
an underestimation of the In concentration and, hence,
to an overestimation of the carrier effective mass of ZB.
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Figure 7. (a) T = 4.2 K peak-normalized PL spectra of an
ensemble of Ing1GagoAs nanowires for different values of
magnetic field BIl ¢. P = 1.1 kW/cm?. Solid and dashed lines
refer to ¢ ~ and ¢ * circular polarization, respectively. The
experimental configuration is depicted in Figure 8a. (b) T =
4.2 K PL spectra of the same ensemble of Ing;GagoAs
nanowires, recorded at a magnetic field BLc of 27 T. P =
1.3 kW/cm?. Solid and dashed lines refer to opposite circular
polarization status. At variance with Bl ¢, the two spectra
overlap. The experimental configuration is depicted in the
inset of Figure 5b.

The estimated /téﬂlc = 0.060 mg value is, therefore, at
least 10% higher than that of ZB.

Faraday Configuration (B!l kIl ¢). In this configuration,
the laser, luminescence, and ¢ axis directions are the
same as for the Voigt configuration, but the magnetic
field is oriented parallel to the ¢ axis and to the
wavevector k of the emitted photons; see inset in
Figure 8a. I's and I's states shift and split as reported
by eq 3,*?7*2 with opposite circularly polarized light
emission from the two Zeeman split states; see left
panel in Figure 4. The magneto-PL spectra of our
INg.10Gag.ooAs NWs, recorded in Faraday geometry for
left (0 ) and right (0 7) circular polarizations, are
shown in Figure 7a. We attribute PL emission at zero
field to the bright exciton I's. As soon as the magnetic
field is turned on, circular polarization-resolved mea-
surements unveil the Ts*  Zeeman states, which
separate progressively for increasing magnetic field.
For both circular polarizations, the PL lineshapes do not
broaden with increasing B (contrary to Figure 6).
However, the intensity of the two transitions with
opposite circular polarization varies in a quite different
way resulting in a marked circular dichroism, as detailed
in the following. Instead, in the Voigt configuration the
intensity and peak position of the spectra at a same field
recorded with ¢ * and o ~ polarization are still identical

DE LUCA ET AL.
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Figure 8. (a) Magnetic field dependence of the PL peak
energy, open symbols, of the I's exciton bands for opposite
circular polarization components. The solid lines are a fit of
eq 5 to the exciton energies. The inset depicts the experi-
mental configuration in which the laser, PL direction, and
magnetic field are (anti-) parallel each other. (b) Magnetic
field dependence of the Zeeman splitting (open symbols).
The solid line is the difference between the fitting curves
shown in panel a.

up to 27 T (see Figure 7b). This anisotropy in the
magneto-optical properties is typical of WZ phase mate-
rials, where marked circular dichroism can be observed
only in a Faraday configuration.

Let us now analyze the results displayed in Figure 7.
In the present bulk-like WZ NWs, the extent of exciton
diamagnetic shift and Zeeman splitting is comparable,
contrary to the case of WZ nanocrystals where the
strong carrier confinement results in a negligible dia-
magnetic shift.2>***” For that reason, the analysis of
our magneto-PL spectra is not straightforward. The
peak energy difference between o ~ and o * PL spectra
is the ZS of the I'; exciton, with ¢ ~ transitions at energy
higher than o * transitions, as anticipated in the left
panel in Figure 4. Figure 8a shows the shift of the PL
peak energy, AE(o7), for o T (squares) and ¢ ~ (circles)
polarizations (as determined by a Gaussian fit, not
shown) as a function of B:

AE(0™) = EX(B) —EX(0)

1
AEy) (Uexr) £ 3 Ie — gnilugB (5

where the first term on the right-hand side is given by
eq 2 and the second term accounts for the ZS; see eq 3.
Afit of eq 5 (solid lines) to the two sets of data allows us
to estimate |ge — ghji| and exc. In this case, we refer to
the reduced exciton mass as g, because this config-
uration gives access to the carrier mass in the plane
perpendicular to ¢.

The fit results are ﬂé‘xc = 0.074 my, a value sizably
larger than that found for B¢ (,ué_xuc = 0.060 my), and
|ge — gny| = 5.8, as derived in Figure 8a. The experimental
Zeeman splitting is shown in Figure 8b (open symbols).
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Figure 9. Magnetic field dependence of the PL circular
dichroism degree for Bl ¢. The inset shows the PL intensity
dependence on B for the two circular polarizations.

The solid line represents the equation ZS = |ge —
ghilusB, With |ge — gn)i| = 5.8. The poor linear depen-
dence on B of the experimental Zeeman splitting
follows the not fully satisfactory fits of the dependence
on magnetic field of the PL peak energies shown in
Figure 8a. A nonlinear dependence of ZS on B could be
ascribed to a field-dependent value of the carrier g-
factor, as it has been reported for (InGa)As/GaAs
quantum wells*® and asymmetric GaAs/AlAs quantum
wells.*® More likely, it could also be due to contribu-
tions from I's states, whose energy is quite close to the
energy of I'; states, in particular at low magnetic fields.
PL emission from those states, although dipole-forbid-
den, has been already observed, indeed, in the config-
uration B Il ¢?7 Moreover, the energy of T's state
would be slightly higher than that of s states, if g. and
gn) had opposite signs as in bulk GaAs;*® see left
panel in Figure 4. In this case, contributions from I's
states could account for the almost constant value
of AE(c™) at low fields displayed in Figure 8a and for
the ensuing non linear dependence of the Zeeman
splitting.

Figure 9 shows the B-dependence of the degree of
PL circular dichroism C= (I,- — I,)/(l,- + I,+), where | .-
is the PL intensity measured for the two circular
polarizations. The variation in /. with B is displayed
in the inset. A steady increase in C is observed up to
20T followed by a slow-down at higher fields, where
C > 70%. It is quite surprising that emission from
the higher energy state ([, observed with o ~
polarization) is more intense than the emission from
the lower I's state (observed with o * polarization).
This anomalous behavior has been also observed in
WZ GaN.”’

Discussion of Results. The quantitative analysis of the
diamagnetic shift for different orientations between
applied field and ¢ axis reveals a carrier mass anisotro-
py in WZ NWs: 4l (=0.060 mo) < ul (=0.074my).
In Faraday configuration, the carrier mass m* probed
by the magnetic field is that perpendicular to the WZ
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axis, while in Voigt configuration, it results from an
averaged contribution m* = (my-m’)""? of the carrier
mass parallel (my) and orthogonal (m?) to ¢.*° Electron
and hole mass contributions cannot be separated in
Uexc, and therefore, it is not possible at this stage to
determine independently the degree of anisotropy of
the conduction and valence band transport properties.
The exciton reduced mass is heavier than that ex-
pected in ZB (uexe = 0.055 mg for bulk IngGagoAs).
This latter finding can be attributed to a lower energy
dispersion acquired by the CB as a consequence of the
first Brillouin zone folding. The values we find suggest,
however, that the effective mass increase is more
compatible with a CB minimum having a IS rather
than I'§ character, since in the latter case much heavier
masses are predicted.”®

As regards the Zeeman splitting, it cannot be
estimated in the BL¢ configuration because of the
broadness of the PL spectra. On the contrary, in the
B Il ¢ configuration, measurements performed with
circularly polarized light allow determining the ZS
and the effective exciton gyromagnetic factor |g. —
gny| = 5.8. This value can be compared only with that
estimated for bulk ZB Ing;GaggAs by using the Luttin-
ger parameterl% reported in literature (gexc = —1/4ge —
5/2k = —4.1).°°°2 In Faraday geometry, the observed
non linear dependence of Zeeman splitting on B is
discussed in terms of possible contributions from I'g
states.

Finally, we note that the dependence of the PL
intensity of the ¢ ~ and 0 © components on increasing
magnetic field is quite different from that found in WZ
nanocrystals. Therein, the PL intensity of the two
circular polarization increases (o) or decreases (o)
with B until they both saturate.*#”>3 In present NWs,
ot does not change with field, while ¢~ increases
steadily without showing any plateau (see inset in
Figure 9) suggesting that the spin system does not
reach thermal equilibrium. This different behavior
between nanocrystals and NWs could be related to
the increase in PL intensity that a magnetic field
induces on loosely bound electron—hole pairs forming
in bulk materials or relatively large nanostructures.>*
Indeed, B determines an increase in wave function
overlap between charge carriers that results in a great-
er recombination rate opposing to nonradiative decay
paths always present in real materials. This additional
effect scrambles the dependences expected for
o~ and o " polarizations. No such an effect is expected
in already tightly bound excitons like those forming in
nanocrystals.

CONCLUSIONS

Photoluminescence measurements at low tempera-
ture as a function of magnetic field up to 28 T have
been used to study the fundamental electronic proper-
ties of an ensemble of Ing;GagoeAs nanowires with
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hexagonal structure. The NW luminescence exhibits a
degree of linear polarization as high as ~90% at zero
field, with polarization vector orthogonal to the NW
axis, a distinctive feature of the wurtzite phase. The
marked anisotropy of the NW optical properties is also
apparent from magneto-PL measurements. Indeed,
application of a magnetic field perpendicular or paral-
lel to the NW ¢ axis results in largely different values of
the exciton diamagnetic shift, Zeeman splitting, and PL

circular dichroism. For Bl¢, we derive an exciton

I .
reduced mass /Lgc = 0.060 my and observe no circular

METHODS

(InGa)As, NWs, were grown on a deoxidized GaAs (111)B
substrate by solid-source molecular beam epitaxy. Gold parti-
cles were used as seeds for the NW growth at 500 °C.3° We
estimate an average In composition equal to 0.10 by the known
compositional dependence of the band gap energy in bulk
unstrained ZB (InGa)As.3* The lattice structure of the nanowires
is dominated by the wurtzite phase.?®*° For PL measurements,
samples were maintained at T = 10 K by using a closed-cycle
cryostat and excited by a frequency-doubled Nd:YVO, laser
(Aexc = 532 nm, laser spot radius ~100 um). The emitted light
was spectrally analyzed by a 0.75 m long monochromator
(spectral resolution equal to 0.12 meV) and detected by a
N-cooled Si CCD. PL measurements under magnetic fields up
to 28, performed in a water-cooled Bitter magnet with samples
kept at T=4.2 K in a liquid He-bath cryostat, were excited by a
frequency-doubled Nd:YVO, laser (laser spot radius ~5 um) and
spectrally analyzed by a 0.30 m long monochromator (spectral
resolution equal to 0.6 meV) equipped with a N-cooled Si CCD.
The analysis of the linear (for B = 0 T) and circular (for
B > 0 T) polarization state of the NW luminescence was
accomplished by using a linear polarizer and a liquid crystal
variable retarder suitably combined to make all measurements
insensitive to the polarization response of the optical setup.
All PL spectra were normalized by the setup responses.
The magnetic field was either directed orthogonal (Voigt
configuration) or parallel (Faraday configuration) to the
emitted light wavevector k. Backscattering configuration
was used in both geometries. The laser and luminescence
emission traveled in opposite directions and both were
orthogonal to the sample substrate, namely, parallel to the
long axis (i.e., ¢) of the NWs.
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