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I. INTRODUCTION

Semiconductor quantum dots are seen as important elements for integrated quantum simulation and communication. [1][2][3] They can act as static qubits, encoding information either onto their orbital or spin state.

They can also serve as a deterministic source of flying qubits using single [START_REF] Santori | Ya-659 mamoto[END_REF]5 or entangled photons. [6][7][8] In this perspective, hole spins are particularly interesting because of their weak hyperfine coupling to surrounding spin bath compared to electrons. 9,10 Furthermore working with light-holes pave the way to new information technology protocols like direct manipulation of the hole spin state with RF fields, 11 efficient control of a magnetic impurity spin coupled to a quantum dot, 12 or spin state tomography of the electron inside the dot. [START_REF] Kosaka | Mit-681 sumori[END_REF] However most of the previous studies have concerned so far heavy-hole states, because they are energetically favored for a majority of quantum dot heterostructures for which confinement and strain lift the degeneracy of the valence band. 14,15 Hence a way to address light-holes is to promote them as the valence band ground state by engineering the strain inside the dot. For epitaxially grown dots this requires technologically intensive methods, such as the fabrication of deformable membranes containing the dots. 16 Another very promising strategy is to embed the dot inside a nanowire. 17 This bottom-up approach produces high quality heterostructures. It offers a way to control both the carriers confinement through the geometrical shape of the dot, and its internal strain by adding a shell of a different material around the nanowire core. 18,19 To be short, in most nanostructures the low-gap material has a larger lattice parameter. In a flat quantum dot as resulting from Stranski-Krastanow growth, it is well known that the hole ground state has a main heavy-hole character. The most frequent case is that of InAs dots in GaAs, but this is true also for CdTe dots in ZnTe. 20 This is due to the stronger effect of confinement along the growth axis, and to the strongest component of the mismatch strain which is compressive in the plane. 45 In a core-shell nanowire made of the same materials, the 46 confinement is stronger in the plane, and the strongest 47 component of the mismatch strain is compressive along 48 the axis. As a result, both confinement and mismatch 49 strain conspire to make the ground state a light-hole 50 state. 19 When increasing the height of a quantum dot 51 in a nanowire, a crossing is expected, from the heavy-52 hole ground state in a flat quantum dot to a light-hole 53 ground state in an elongated quantum dot. 18 Note that 54 nanowire structures are very flexible, and a heavy-hole 55 ground state can be found also in a core-shell nanowire if 56 the lattice mismatch induces a tensile strain in the core. 19 57 An additional important property of a semiconductor 58 nanowire is that it acts as a dielectric antenna, modu-59 lating the coupling of the different exciton transitions to 60 light modes which changes their radiation pattern. 5,21-24 61 Here we provide a complete study of a light-hole quan-62 tum dot (QD) in a core-shell nanowire. The dot con-63 tains a large fraction of magnetic dopants in order to en-64 hance the Zeeman shift for spintronics applications. This 65 prevents a direct spectroscopic evidence of its light-hole 66 character by measuring its fine structure. 16 We show nev- Our system is a single (Cd,Mn)Te QD inserted ). [START_REF] Artioli | [END_REF]30 The dot is largely doped with Mn atoms 183 (Mn concentration ∼10%), making it a dilute magnetic Mg content. 39 The mismatch between CdTe and ZnTe 425 is opposite, so that we expect a LH character for a 426 hole confined in a core-shell nanowire 19 or an elongated 427 dot. 18 For InAs/InP, a local splitting ∆ LH -100 meV 428 is calculated 18 at the center of a cylinder-shape QD with 429 an aspect ratio 2, but due to an inhomogeneous strain 430 the HH state is ∼25 meV above the ground state. In 431 the present case, the aspect ratio is of the same order, 432 the mismatch slightly larger, but the CdTe-ZnTe valence 433 band offset is small so that another competition is ex-434 pected with heavy-holes confined in the shell due to the 435 shear strain around the dot. 19 A full calculation of ∆ LH 436 is beyond the scope of this paper, but our measured value 437 is of the right order or magnitude.
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We measure a value of the mixing term ρ 0 5 meV.
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Larger values have been reported for self-assembled 440 (Stranski-Krastanov) quantum dots. 25 Actually, an im- confinement is possible using bottom up approach and 487 semiconducting nanowire growth.
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of symmetry exists, the hole Hamiltonian is usually written, in the {|3/2 ; |1/2 ; |-1/2 ; |-3/2 } basis quantized along this axis, as: 

H =     -1 2 ∆ LH -σe -iχ ρe -2iψ 0 -σe iχ 1 2 ∆ LH 0 ρe -2iψ ρe 2iψ 0 1 2 ∆ LH σe -iχ 0 ρe 2iψ σe iχ -1 2 ∆ LH     (B1)
A zz ) = 0 1 2 ∆ LH = 1 2 A xx + 1 2 A yy -A zz ρe -2iψ = √ 3 2 (A xx -A yy -2iA xy ) σe -iχ = - √ 3(A xz -iA yz ) (B2)
Expressions of the matrix elements of Eq. B1 (hence those of A) for the Luttinger-Kohn of Bir-Pikus Hamiltonian are generally expressed in the cubic basis. [START_REF] Bir | Symmetry and Strain-Induced Ef-713 fects in Semiconductors[END_REF] However other axes can be chosen; for instance, in the case of a nanowire oriented along the < 111 > axis, as in the present study, it is useful to choose this axis as the z quantization axis. 19 If H represents the coupling to a uniform strain (the Bir-Pikus Hamiltonian) for an isotropic system, ∆ LH is proportional to the axial shear strain

( 1 2 ε xx + 1 2 ε yy -ε zz ), ρe -2iψ to the shear strain in the xy plane, √ 3 
2 (ε xx -ε yy -2iε xy ), and σe -iχ to the combination -√ 3(ε xz -iε yz ) of the shear strains in planes containing z. However, it must be kept in mind that such a spin Hamiltonian is general and can describe other features governing the hole states, such as for instance the inhomogeneous strain expected in a quantum dot, or the effect of a confinement potential with a low symmetry. Now, as the matrix A is real and symmetric, a mere rotation makes it diagonal, with the three (real) eigenvalues on the diagonal. Using these eigenaxes (x 0 , y 0 , z 0 ), the spin Hamiltonian still writes J .A.J , and it still develops as in Eq. B1, but Eq. B2 shows that now all matrix elements are real (including ρ), and σ = 0:

H =     -1 2 ∆ LH0 0 ρ 0 0 0 1 2 ∆ LH0 0 ρ 0 ρ 0 0 1 2 ∆ LH0 0 0 ρ 0 0 -1 2 ∆ LH0     (B3) with A z0z0 = 1 3 ∆ LH0 , A x0x0 = -1 6 ∆ LH0 + 1 √ 3 ρ 0 and A y0y0 = -1 6 ∆ LH0 -1 √ 3 ρ 0 .
If the z 0 axis is chosen so that A z0z0 is the eigenvalue with the largest absolute value, then ρ 0 < |∆ LH0 |/2 √ 3; the two Kramers doublet will be considered as light holes and heavy holes quantized along z 0 , with some mixing due to ρ 0 .

To sum up, the most general spin Hamiltonian describing the hole states is given by Eq. B1, where diagonal elements are real numbers but non-diagonal elements are complex numbers. Diagonalizing the corresponding matrix A determines a rotation (i.e., three Euler angles)

to a new set of axes where ∆ LH0 but also ρ 0 are real numbers and σ=0, Eq. B3. As the principal axes of A are those where the Hamil-608 tonian H is real with a vanishing σ, so that the hole states 
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  ertheless that the detailed observation of the polarisation 68 state of the QD far field radiation pattern is enough to 69 prove its light-hole nature and provides a wealth of in-70 formation about its mixing with heavy-hole states. Our 71 results are in agreement with numerical simulations of 72 the QD emission within the full nanowire structure. It 73 is confirmed by studying the giant Zeeman shift and the 74 polarisation of the excitonic transition under an external 75 magnetic field. The magneto-optical spectroscopy reveals 76 a heavy-hole excited state at high field, thus providing an 77 order of magnitude for the valence band splitting. Our 78 method is simple, and requires no extra processing of the 79 sample 16,25 as far as the nanowire is isolated from its 80 neighbours.

Figure 1 .

 1 Figure 1. (a), Energy levels inside the QD participating to the luminescence, along with the corresponding transitions with their oscillator strength and polarisation. (b), Schematic of the experiment. The light emission is mapped onto the Fourier plane to allow polarisation analysis of the photons with respect to the direction (θ, ϕ). The inset present a zoom of the nanowire in the vicinity of the quantum dot. (c,d), Theoretical far field intensity maps for the σ or π transition, respectively. The QD is assumed to be in an infinite space made of ZnTe. The green lines in (c) and (d) represent the time evolution the electric field in the (x, y) plane for a set of directions. For each direction the electric field origin is centered on the (θ, ϕ) coordinate.

Figure 2 .

 2 Figure 2. (a), µPL spectrum of ZnTe core and CdTe quantum dot luminescence, along with the integrated spectral range for cathodoluminescence imaging. (b), SEM image of the nanowire along with (c), spectrally resolved CL image and SEM image superimposed and (d), cut profile of the spectrally resolved CL signal along the nanowire axis. The contribution of each part of the spectrum is coloured according to the spectrum in (a).
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  along a <111> ZnTe/(Zn,Mg)Te core/shell nanowire 181 grown by molecular beam epitaxy (see Supplemental 182 Material 28
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 523632 Fig.1(b). We also note that there is a ∼20% intensity 264
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 42 Figure 4. (a), Zeeman diagram of the electron and hole confined levels split by the exchange interactions with Mn atoms. The dashed arrows labeled XLH (resp. XHH ) corresponds to the LH (resp. HH) exciton transitions. The lowenergy transition involving a LH creates a |-1/2 electron in the conduction band and a |+1/2 hole in the valence band, hence it is linearly polarized along the z-axis. The low-energy transition involving a HH creates a |-1/2 electron in the conduction band and a |+3/2 hole in the valence band, hence it is σ + -polarized. (b), Photoluminescence spectra of the QD emission line recorded at 10K in zero field and at B=11T (corresponding to a QD magnetic moment M/Msat = 0.84). The magnetic field is applied along the nanowire axis oriented parallel to the optical axis. Both circular polarisations (σ + in green and σ -in dashed blue) are shown. The intensity of the zero field spectrum has been multiplied by 2.5. (c), Zeeman shift of the LH and HH exciton lines proportional to the QD magnetic moment M/Msat. The continuous lines correspond to the theoretical shift expected for a (Cd,Mn)Te quantum dot with a Mn concentration of 10% (see text). (d), Circular polarisation rates of the LH and HH exciton lines under magnetic field. The continuous lines corresponds to the expected values taking into account the valence band mixing induced by a constant perturbation term |σ| = 3.9 meV.

441We have performed measurements on a set of ∼ 40 466

 40 portant feature is the symmetry of the principal axis, and 442 switching from the < 001 > to the < 111 > orientation 443 dramatically reduces in-plane asymmetry expected, 40 444 and measured. 41,42 Our dots are embedded in nanowires 445 grown along the < 111 > axis. However the section of 446 such nanowires easily feature some ellipticity, of the or-447 der of a few %, easily detected on the shell 32 (although 448 well beyond the resolution on the dot). A first evaluation 449 of the strain in an elongated (aspect ratio ∼ 2) ellipsoid 450 with some in-plane ellipticity can be done using the Es-451 helby calculation: 43,44 using the Bir-Pikus Hamiltonian, 452 an ellipticity of 5% gives the right order of magnitude 453 for ρ 0 . Note that the same orientation of the ellipticity 454 will change the phase of ρ with the sign of the mismatch, 455 as observed between the dot and the ZnTe core. Finally, 456 writing the stiffness matrix with the < 111 > axis as 457 z-axis 19 reveals that the presence of an in-plane shear 458 (ε xx -ε yy ) induces an axial shear stress, and hence a 459 strain ε yz , of similar order of magnitude. This strain 460 gives rise to a non-zero σ, which is not a tilt, but can be 461 compensated by a tilt. Such a term is evidenced on the 462 emission diagram of the quantum dot, while it is partly 463 screened by guiding effect in the case of the ZnTe emis-NWQDs from the same sample mechanically deposited 467 on a substrate. As they lie horizontally and close to a 468 reflecting substrate which significantly disturbs the far-469 field radiation pattern, we could not perform the same 470 characterization as for the as-grown wire. Nevertheless 471 polarization studies reveal that the sample is actually 472 close to the threshold between light-hole and heavy-hole 473 ground state, 18 thus leading to a large dispersion in emis-474 sion properties. A majority of the QDs (∼ 70%) emit 475 light linearly polarized along the NW axis, which in our 476 system is a good indication of a LH ground state. The re-477 maining 30% emit light polarized perpendicularly to the 478 NW axis, thus clearly indicating a HH character. 479 To conclude, complementary experiments on a single 480 nanowire unambiguously demonstrate a LH exciton emis-481 sion. They allow to evaluate the splitting ∆ LH as well 482 as the valence band mixing parameters. The results are 483 in agreement with the predictions of strain effects due 484 to the presence of a shell around the wire. We demon-485 strate that valence band engineering through strain and 486

Figure 5 .

 5 Figure 5. Magneto-optical spectroscopy. (a) Photoluminescence spectra at T = 10 K with a magnetic field applied along the nanowire axis, from B = 0 to 11 T by steps of 1 T. The spectra at 0 and 11 T are displayed in Fig. 4a of main text. (b) Plot of the position of the low energy line as a function of 5µBB/kB(T + TAF )

  552spin, with real coefficients. In the case of a J = 3/2 553 quadruplet, powers of the J operators up to 3 are enough, 554 and in the absence of an applied magnetic field, only 555 even powers have to be considered in order to fulfill the 556 Kramers degeneracy. As a result, the most general spin 557 Hamiltonian which describes the quadruplet at the top 558 of the valence band can be written J .A.J , where the 559 vectorial operator J is the (pseudo)-moment and A is a 560 real 3 × 3 matrix. In addition, due to the commutation 561 rules of J , A is symmetric. Note that the contribution of 562 order zero to the spin Hamiltonian is redundant with the 563 trace of A; both represent a rigid shift of the quadruplet, 564 and a proper choice of the zero of energy allows us to 565 set the trace of H (hence that of A) to zero, as done in 566 Eq. B1. Using the 4 × 4 matrices representing the second powers of J in the | 3 2 , | 1 2 , | -1 2 and | -3 2 basis of the Γ 8 quadruplet, with the third axis z as the quantization axis 45 , the matrix elements of H are T r(H) = 5 4 (A xx + A yy +

Figure 6 .

 6 Figure 6. Light Hole exciton dipole radiation (a) Principal axes (x0, y0, z0) of the ellipsoid defined by Eq. B6 and calculated for ψ = 40 • , χ = 110 • , ρ/∆LH = 0.1, σ/∆LH = 0.3 and E0/∆LH = 2. They are obtained by 3 rotations with the Euler angles α = 40 • , β = 19 • and γ = 0 • . (b) Orientation of the 3 elementary orthogonal linear dipoles associated to the light hole exciton. They are oriented along the axes (x0, y0, z0). The π (resp. σ) polarized exciton transitions are associated to the dipole along z0 (resp. x0 and y0). The figure is calculated for the same Euler angles as above and for the hole anisotropy parameters = 0.214 (ρ0/∆LH0 = 0.0406).The lengthes of the colored lines are proportional to the dipole magnitudes dx 0 , dy 0 and dz 0 (see text).
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 2 are most simple to write, it is useful to write the effect 610 of a rotation on A and H. We apply to A or H the ro-611 tation exp(-iγJ z ) exp -i βJ y exp(-iαJ z ) defined by 612 three Euler angles (α, β, γ), see Fig. 6. It is particularly 613 interesting -and technically simpler -to consider small 614 values of β, so that we keep only the first order in β or 615 sin β. In this case, (α + γ) is the total angle of rotation 616 around the z axis (which has an effect only if the system 617 does not feature circular symmetry, with non vanishing 618 ρ 0 and different values of A x0x0 and A y0y0 ), while β is the 619 angle of the tilt and γ its direction. The rotation matrix 620 γ) -sin(α + γ) sin β cos γ sin(α + γ) cos(α + γ) sin β sin γ -sin β cos α sin β sin α 1   (B4) and the matrix elements of A in the laboratory frame 622 are obtained by a straightforward calculation of RA t R.623H is derived using Eq. B2, or calculated directly using 624 the rotation exp(-iγJ z ) (1 -i βJ y ) exp(-iαJ z ) , where 625 the operator of rotation around y (the tilt) is linearized.626The result is quite simple. The hamiltonian assumes the 627 form of Eq. B1, where:ρe -2iψ = ρ 0 e -2i( α+γ)σe -iχ = β( √ 3 LH0 + ρ 0 e -2i α)e -iγ (B5)These expressions have been used to fit the experimen-629 tal data.

630 2 .

 2 Geometrical visualizing of the anisotropy tensor 631 Since in the case of the Bir-Pikus Hamiltonian, the 632 anisotropy matrix A is proportional to the strain tensor

  

  The parameter σ mea-

	164	our objective [see Fig. 1(d)]. A more precise description
	165	of the radiated field comes from the polarisation of the
	166	light emitted in a given direction. It is projected by the
	167	objective onto a state of polarisation in the (x, y) plane,
	168	represented in Fig. 1(c-d) by the green curves which fol-
	169	low the electric field vector E(θ, ϕ, t) over one optical pe-
	170	riod. It results in an ellipse whose aspect ratio changes
	171	from a perfect circle for a pure σ ± to a single line for a
		pure linear polarisation state. Here again, striking differ-
	173	ences exist between π and σ transitions. One important
	174	message of our work is that this polarisation analysis for
	175	a large set of emission directions provides unambiguous,
	176	quantitative informations about the hole character and
		the valence band mixing.
		136
		137	sured in the laboratory axes does not really represent a
		138	mixing, but the result of the tilt β between z and z 0 .
		139	We stress this physical interpretation of the two "mixing
		140	parameters" measured in the laboratory frame, because
		141	it has direct practical consequences: ρe -2iψ describes a
		142	real mixing, which requires that a shear strain be applied
		143	in order to compensate for it. 16 On the other hand the
		144	effect of σ (which can also be due to strain and confine-
		145	ment anisotropy) can be compensated by an appropriate
		146	tilt of the optical axis.
		147	In our setup we collect the nanowire light by placing a
		148	microscope objective (numerical aperture NA=0.72) on
		149	the z axis [Fig. 1(b)]. A set of additional optical elements
		150	allows to image onto a CCD camera the intensity I(θ, ϕ)
		151	emitted in a direction (θ, ϕ). 23,24 Figures 1(c-d) represent
		152	the theoretical colormaps of I(θ, ϕ) for a σ and π transi-
		153	tion respectively, assuming that the QD is surrounded by
		154	an infinite medium made of ZnTe for illustration purpose
		155	first. The radial coordinate is equal to sin θ and the polar
		156	angle is equal to ϕ. The two radiation patterns differ dra-
		157	matically, and could be enough to discriminate light-and
		158	heavy-hole emission. Nevertheless, they are significantly
		159	affected by the nanowire geometry and by the imperfec-
		160	tion of the collection objective. Note that while the π
		161	dipole emission does not radiate along the optical axis,
		162	it does generate light towards larger angles within our
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A. Sample fabrication

The second salient feature is the strongly σ + -polarized line, visible at high field only. A weaker line is observed at high field, with a small Zeeman shift, which we did not identify (the nanowire is still on the substrate and parasitic growth takes place between the nanowires). Finally, the spectra at low fields appear as quite complex, but this is expected by the proximity of several hole sublevels at these field values (in particular, |+3/2 and |-1/2 which are expected to (anti)-cross at these field values, see Fig. 4b of the main text, and probably excited states of the |+1/2 hole).

Appendix B: Theoretical background 1. Anisotropy of the holes

In a bulk semiconductor with the zinc-blende or diamond structure, the hole quadruplet is degenerate (representation Γ 8 of the cubic group). The presence of strain or confinement lifts this degeneracy. If a principal axis (possibly weighted by the deformation potential parame-634 ters), it is often quite illuminating to pursue the analogy 635 and to consider an ellipsoid defined in real space using 636 the matrix A, as an easy way to view the anisotropy 637 within the hole quadruplet. One possibility is to con-638 sider a sphere of radius unity, to which we apply a strain 639 -A ij /E 0 , with an arbitrary scaling factor E 0 . If E 0 is 640 larger than the largest eigenvalue of A, the result is an 641 ellipsoid which admits the x 0 , y 0 , z 0 eigen-axes of A as 642 principal axes, with a half-axis length 1-A x0x0 /E 0 along 643 x 0 , and so on.
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To first order in A ij /E 0 , the equation of such a solid

where the x i 's are the coordinates x, y, z of an arbitrary 647 frame.
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The principal axes of the ellipsoid are those where H