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Using the trion as a monitor we investigate the anisotropy of the single-hole state in epitaxial CdSe/ZnSe
quantum dots. Heavy-light hole mixing caused by a symmetry reduction Hejgwesults in elliptical polar-
ization of the optical transitions with a specific axis for each dot defined by strain and shape. In a transverse
magnetic field, a quartet of strictly linearly polarized lines appears that reveals the off-diagonal coupling of
both electron and hole states. Although induced by the field, the linear polarization is not related to the field
orientation, but either along or perpendicular to the dot axis seen at zero field. We find an in-plagéalctde
as large as 0.3 with distinct anisotropic behavior.
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Semiconductor quantum dot®Ds) are often called “ar- doped so that some of the QDs are occupied with a resident
tificial atoms.” However, crystal symmetry and specific bandelectron. In order to study individual QDs, mesa structures
structure of the semiconductor make the energy eigenstat&gth linear dimensions of um are prepared by electron-
utterly different from those of the simple particle-in-a-box beam lithography and wet chemical etching. The samples are
problem®2 Detailed knowledge of the energy levels and thePlaced on a rotation holder in a split-coil magneto-optical
corresponding wave functions is of immense fundamentafryostat and are excited with the 488-nm line of a cw Ar
and practical interest. In the present work, the hole eigenl@ser at a temperature of 2 K. The experiments are carried
states of epitaxial Stranski-Krastan¢8K) QDs are exam- Outin backward_geometry with the propagation d|rect|_on of
ined in this respect. We consider the prototype case of jcident and emitted light parallel to tHe01] growthaaX|s.
semiconductor with zinc-blende symmetry. Unlike colloidal Magnetic fieldsB up to 9 T are applied in VoigtB L 2)
nanocrystals, SK QDs exhibit a defined quantization &is geometry. The photoluminescen¢eL) in a certain linear
given by the growth direction. In the frequent casq @d1] polarization is selected by rotation of a half-wave plate in-
growth, the symmetry of the bulk semiconductor implies thattroduced in front of the analyzer. The PL signal is dispersed
x andy direction are equivalentD,4). That equivalence is in a monochromator with a linear dispersion of 0.24 nm/mm
generally lifted in a QD due to shape and/or strain. The splitand detected with a nitrogen cooled charge-coupled-device
ting of the optically allowed exciton into a line doublet matrix providing a spectral resolution of about a@V. After
caused by the electron-hole exchange interaction is a welkareful inspection of many PL lines, we have selected three
studied consequence of this symmetry reductibrithe representative QDs for this paper.
question of whether the in-plane anisotropy is also mani- As a consequence of the zero total electron spin, the
fested on a single-particle level has not been addressed stectron-hole exchange interaction vanishes in the trion
far. As long as the confinement energy is much smaller thaground state. Unlike the exciton, the trion states are twice
the band gap, the electron with #dike Bloch function can degenerate independent on the symmetry—in accordance
be safely treated as an isotropic effective-mass particle witwith the Kramers theorem for half integer spin particiés.
spin +1/2. On the other hand, such an approximation failsThe optical recombination of the trion leaves a single elec-
even qualitatively for thep-type holes of total angular mo- tron behind. For a heavy-holgHH) trion with projection
mentum +3/2 connected with the fourfold-degenerate edgd,=+3/2, only the two transition+3/2) — o*+|+1/2) are
of the valence band. In what follows, we demonstrate thagallowed from the four possibilities wheke* denotes the re-
the single-hole states of a SK QD are indeed substantiallgpective circular photon polarization. For excitation with lin-
affected and that the anisotropy translates into a specific cogarly polarized light, the trion PL is thus expected to be
pling with a transverse magnetic field. Our experimental contotally unpolarized. Figure 1 depicts spectra taken on QD#1
cept is based on the trion feature representing the fundamefer different positions of the polarization analyzer
tal optical excitation of charged QD$.In case of a single €=(cos¢,sin¢,0) relative to[100] direction. In addition to
negative resident charge, the trion consists of one hole antthe main line of 70xeV spectral width, an acoustic-phonon
two electrons. As the total spin of the latter is zero in thefeature is present on the low-energy side. In marked contrast
singlet ground state, the trion represents a direct monitor afo the expectation, the emission exhibits noticeable linear
the angular momentum configuration of the hble. polarization. The normalized line strength follows closely a

The CdSe/ZnSe QD samples used in this study are growrelationl(¢$)=1+p, cog2(4- 6)] with a polarization degree
by molecular-beam epitaxy using a thermal activationof p, =0.36. The characteristic angteis independent on the
proceduré’® The height and diameter of the pure CdSe coreexcitation polarization and defines, hence, a direction intrin-
are about 2 and 5—10 nm, respectively, as revealed by transic to the QD. Both degree of polarization and direction scat-
mission electron microscofy The samples are naturalty  ter from QD to QD, even when located in the same mesa
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magnetic field.(a) PL spectra in unpolarized detection modk)
FIG. 1. Zero-field PL feature of a single trig@D#1) detected Scheme of optical transitiongc) Separation between inner and

in linear polarization along thgl10] and[110] directions, respec- outer lines as a function of the field strength. The data points for
tively. Upper left: Definition of the anglep (as well as¢ in an ~ B<6 T are taken from polarized detection measuremeses Fig.
external magnetic field, see Figs. 3 and Wset: PL signal of the ~3) where the splitting is better seen.
trion as a function ofp, circles: QD#1, triangles: QD#2, full rect-
angles: QD#3. The dashed lines are fits withB cog2(4-6)]. role of e,y is rgplaced by th? derivatiW/ﬁZ Qf the F:onfin'e-
Variation of the excitation polarizatiofin the figure alond110]) ~ Ment. potential? ‘The L}jtt'ngoer Ham_lltonlaH‘ Jives in
leaves the data unchanged. spherical approximatiorys > (yiy|(/ ax£ia/ 9y)*| i, where

Y2, andy? are the zero-order orbital wave functions defined

. . . - by the confinement potential. 1@, symmetry with principal
(inset of Fig. 3. Although ¢ is close to[110] and[110] for axes rotated by an angle relative to the [100]-[010]

Q.D#l and_QE_)#Z, respectively, there is no clear correlatior}rame, this yields preferential polarization alorfF« or
with the principal crystal axes. In QD#3, the effect is even _ . +/2 depending on what direction is that of stronger

below the resolution of_our polanzat!on set (m-.<0'1)' . carrier localization. Additional strain components can further
The a_bove observation reflects directly the impact of IN"change this angle. From the fact thatscatters noticeably

plane anisotropy on the hole ground state where the angulaf,,q5 the QD ensemble, we conclude that strain and shape

momentum is no longer a good quantum number. In Iead'n%nisotropy combine in a given QD and create a specific po-

order, a light-hol&(LH) contribution withJ,=£1/2 iscre-  |54i,ation axis. From the experimental polarization degree
ated and the wave function reads adg;)=[+3/2) o estimatey=0.3AE,_, (k2=1/3) for QD#L.

~(¥*/AEp)| ¥ 1/2), AE,y being the energy separation be- A"\ oquction of the in-plane symmetry shows up even
tween the HH and LH ground state. The normalized optical, o e prominently in the coupling with a transverse magnetic

dipole element of the trion transition, accounting for a phasg;a|q 15-17 The Zéeman interaction of the isotropic electron
shift of = between the two electron configurations, can be

3 s ~ with an external fieldB is described by the Hamiltonian
expressed agler (X=iy)(| +3/2)(+1/2 - x| +1/2(~1/2)+(X HE=(1/2) 7B with o, denoting the Pauli matrices. The
+iY)(|-3/2¢(-1/2| - k|-1/2){+1/2]).** Here,X andy are unit B\ upded WIN 0 ing th Uil matrices.

L . magnetic coupling of the hole inD,y is given by
vectors along thg10Q] and [010] direction, respectively, b 5> 3 3 3 _
|3,(S| is the projection operator between the electron statd’s=#sdolkJB+a(JB,+JBy+J;B,)] (go: free-electron g
of spinS, and the trion state with angular momentdmand  facton whereJ is the 3/2 angular momentum operatbihe
x measures the difference in strength between HH and Lisecond non-Zeeman term is consistent with the symmetry of

radiative coupling. The LH admixture is thus associated withthe Luttinger Hamiltonian. The coefficients and q are
circular polarization + 1/2)— o~ +|+1/2) just opposite to parameters of the bulk material, and no information is avail-

|+3/2) so that each of the transitions becomes ellipticallyable ong for ZnSe or CdSe. Unlike the electron, no coupling
polarized. Writingy* =y exp(*i2 6), the preferential polariza- of the heavy hole arises from the Zeeman part
tion direction can be identified with the phase of the HH-LH HJ}, = uzgokJB in first and second order in a transverse field
coupling matrix elgzment, while the linear degree is given byézB(cosw sing,0). In contrast, as shown in Fig(®, a

—_ 2 . ’ 1 . ’ . ]
pL=2yKAE 4/ (AEL, +%«®). Shape, as well as strain, both jq quartet exposing all four possible transitions emerges for

including chemical composition, are sources of in-plane angg trion PL in this geometry. The energy separation between
isotropy. ForC,, symmetry, shear strain provides a mixing he inner(AE;) as well as outefAE,) quartet components is

coefficient ¥, T iyjlex|yny*? and, thus, a polarization  ; jinear function of8 [see Fig. &)]. These findings unam-
along[110] or [110]. The same holds when the QD shapebiguously demonstrate the existence of an effective HH in-
has no inversion symmetry in the growth direction where theplaneg factor. A line splitting of the trion PL in Voigt geom-
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FIG. 3. (a) and(b) Reconstruction of PL spectra in QD#1 under
Angle ¢ (degrees)

rotation of the sample around tzeaxis for(éL 2). The spectra are

taken in linear polarizations alor(glB) and perpendiculafe L B) FIG. 4. Signal ratio of the outer and inner components for QD#1
to the magnetic-field directiofB=9 T). The angle is defined in 55 3 function of the analyzer positigifor various field orientations
Fig. 1. ¢. The data demonstrate that the lines are fully linearly cross polar-

etry has been also observed on IlI-V QDsowever, its ized. Thg_polarization axes are independent on tht_e r_nagnetic field

origin has not been elucidated so far. bL_Jt specific for the respective QD6.=38° for QD#1 is in accord
More information is revealed when the polarization of theWith the zero-field measurements of Fig. 1.

PL lines is analyzed in conjunction with the orientation of

the in-plane magnetic field. For the spectra depicted in Figof the J; 14 the D,4 non-Zeeman term provides a coupling

3, the polarization analyzer axéis set parallel and perpen- (+3/2|Hg|-3/2)=-3/4uggoqB expli¢) within the HH sub-

dicular toB, respectively, while the sample is rotated aroundsPace. That isg,=m—¢ (instead ofg,=+¢ in the isotro-
the quantization axis. Inasmuch as it concerns the spectraic casg and by calculatind(®E|&d|d%)[?, it is readily seen
position of the components, there is no change of the linghat the trion PL becomes indeed strictly linearly polarized,
pattern. However, the inner and outer pair of the quartet araowever, with axesp=—¢ and ¢=m/2-¢ defined by the
orthogonally polarized to each other and the linear polarizamagnetic field. As this behavior is in clear contradiction to
tion degree of the lines is now practically 100%. In contrastthe experimental findings in Figs. 3 and 4, we conclude
to particles with isotropic Zeeman coupling, where the polarq<1 so that theD,4 interaction does not contribute signifi-
ization would be either along or perpendiculaBtga distinct ~ cantly togy. A similar result(q=0.04 has been found on
dependence of the line strength on the rotation angle i&aAs/(Ga,Al)As quantum well structure$.in the presence
found. In fact, there is no correlation with the field orienta- of HH-LH mixing, the Zeeman term generates a first-order
tion at all. This is demonstrated by measurements where thmagnetic  coupling (¢;|ng|z//;): J3ugdok(y/ AE,_,)B
polarization analyzer is rotated, while a certain anglbe-  xexd-i(¢+26)] in the hole ground state. That is,
tweenB and the[100] direction is adjusted. The polarization ¢n=¢+26 for the magnetic phase shift or, defining an effec-
axes are most accurately determined from the intensity ratigve g tensor byH}},= MBSQ. B, whereS.=-0,/2, sy oyl2
R=1,/1; of the outer and inner lines, since deviations in theare the components of the hoIe pseudospin,
total S|gnal level caused by the different adjustments are can-
celed out h.ere. As seen in Fig. 4, this ratio is mdepen.dent . L(—cosm sin 20) L 23y
on the choicee and can be well described by a function Oh=0h Oh ="
R(¢) =R, tarf(¢— 6). Within the accuracy of our set up, the AE-p
angle 6 agrees well with that deduced for the built-in polar-  While the zero-field transitions are elliptically polarized
ization without magnetic field for the respective QD. Both along the same axis, pairs of linearly cross-polarized lines
for QD#1 and QD#2, the inner lines are stron@eg=0.5). are obtained with intensities af,o (1—«7y/AE,_p)%sir?(¢
In QD#3, where no built-in polarization is found, a line dou- - §) and ;= (1 +«y/AE,_,)?cos(¢-6) for the outer and in-
blet is merely observed signifying that the in-plane l§H ner quartet components, respectively. This result is in perfect
factor is very small here. agreement with the experiment, also regarding the larger in-
A transverse field introduces off-diagonal couplings be-tensity of the inner lines. FromAE,+AE))/ ugB we find
tween the Kramers-degenerate states. The eigenstates #e=1.1+0.1 in all three QDs and; =0.3+0.1 for QD#1
hence phase-rotated superpositions of the @gs(l/ '2)  and QD#2.
X (xe72yt) +€992yr)), p=e, h, with energies shifted by  The in-plane holey tensor is diagonal in the coordinate
+(1/2),LLng B relative to their zero-field positiol. For the  system defined by the intrinsic polarization axes. Here, it has
isotropic electron|y;)=|+1/2) and g.=¢. Without HH-LH  pseudoisotropic characteg,,=-g,,. The magnetic aniso-
mixing, i.e., for|¢7)=|+3/2), using the explicit expressions tropy can be, in principal, also observed on the exciton in

, Kgo. 1
sin20 cos 2 % @
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uncharged QDs. However, the exciton transitions are alreadgeviations fromC, symmetry are indeed small, making low
energetically split into linearly polarized components due tospin-flip rates feasible
electron-hole exchange. Thus, significantly stronger mag- In conclusion, distinct anisotropies of the hole states in
netic fields are required. In a previous study on diluted magSK QDs have been uncovered by studying the trion feature.
netic quantum well$? where the Zeeman coupling is giantly |n particular, a significant coupling to a transverse magnetic
enhanced, a pseudoisotropic in-plagiactor has been de- field with a strongly anisotropic in-plang-tensor is found.
duced from polarized PL measurements. However, the polaiyhile the magnetic field introduces strict linear optical po-
ization degree is only in the 10% range and no splitting into5yization, the direction of the polarization is independent of
the characteristic quartet pattern is seen. __the field direction, but defined by shape and strain anisotro-
The above magnetic-field data has also important implinies Those anisotropies are hardly seen by direct morpho-
cations for the hole spin relaxation in QDs. If the QD sym-|qgica| techniques. Our findings have various implications
metry Is even b‘flo_WCZ' the+ hole ground state becomes oy the use of QDs as single-spin elements. The anisotropies
|y =a|£3/2)+ B*| +3/2)+y*|+ 1/2), enabling spin flip  enaple to tailor magnetic superpositions in a desired way.
via the admixture of thd, state of opposite sign. In a trans-
verse field, this will give rise to a diagonal magnetic cou- A. K. thanks the Deutsche Forschungsgemeinschaft for
pling in the hole ground state associated with a specific desupport under Grant No. 436 RUS 17/99/03, and acknowl-
pendence of the PL lines on the field orientationThe fact edges the help from INTA$03-51-5266 and Russian Sci-
that such behavior is not observed experimentally shows thance Support Foundatiq®4-02-17636.
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