
Optical and magnetic anisotropies of the hole states in Stranski-Krastanov quantum dots

A. V. Koudinov,1,2 I. A. Akimov,1,2 Yu. G. Kusrayev,2 and F. Henneberger1

1Humboldt Universität zu Berlin, Institut für Physik, Newtonstr. 15, 12489 Berlin, Germany
2A.F. Ioffe Physical-Technical Institute, RAS, Politekhnicheskaya 26, 194021 St. Petersburg, Russia

(Received 22 October 2004; published 15 December 2004)

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 belowD2d results 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-plane holeg factor
as large as 0.3 with distinct anisotropic behavior.
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Semiconductor quantum dots(QDs) are often called “ar-
tificial atoms.” However, crystal symmetry and specific band
structure of the semiconductor make the energy eigenstates
utterly different from those of the simple particle-in-a-box
problem.1,2 Detailed knowledge of the energy levels and the
corresponding wave functions is of immense fundamental
and practical interest. In the present work, the hole eigen-
states of epitaxial Stranski-Krastanov(SK) QDs are exam-
ined in this respect. We consider the prototype case of a
semiconductor with zinc-blende symmetry. Unlike colloidal
nanocrystals, SK QDs exhibit a defined quantization axisszd
given by the growth direction. In the frequent case of[001]
growth, the symmetry of the bulk semiconductor implies that
x and y direction are equivalentsD2dd. That equivalence is
generally lifted in a QD due to shape and/or strain. The split-
ting of the optically allowed exciton into a line doublet
caused by the electron-hole exchange interaction is a well-
studied consequence of this symmetry reduction.3,4 The
question of whether the in-plane anisotropy is also mani-
fested on a single-particle level has not been addressed so
far. As long as the confinement energy is much smaller than
the band gap, the electron with itss-like Bloch function can
be safely treated as an isotropic effective-mass particle with
spin ±1/2. On the other hand, such an approximation fails
even qualitatively for thep-type holes of total angular mo-
mentum ±3/2 connected with the fourfold-degenerate edge
of the valence band. In what follows, we demonstrate that
the single-hole states of a SK QD are indeed substantially
affected and that the anisotropy translates into a specific cou-
pling with a transverse magnetic field. Our experimental con-
cept is based on the trion feature representing the fundamen-
tal optical excitation of charged QDs.5,6 In case of a single
negative resident charge, the trion consists of one hole and
two electrons. As the total spin of the latter is zero in the
singlet ground state, the trion represents a direct monitor of
the angular momentum configuration of the hole.7

The CdSe/ZnSe QD samples used in this study are grown
by molecular-beam epitaxy using a thermal activation
procedure.8,9 The height and diameter of the pure CdSe core
are about 2 and 5–10 nm, respectively, as revealed by trans-
mission electron microscopy.8,9 The samples are naturallyn

doped so that some of the QDs are occupied with a resident
electron. In order to study individual QDs, mesa structures
with linear dimensions of 1mm are prepared by electron-
beam lithography and wet chemical etching. The samples are
placed on a rotation holder in a split-coil magneto-optical
cryostat and are excited with the 488-nm line of a cw Ar+

laser at a temperature of 2 K. The experiments are carried
out in backward geometry with the propagation direction of
incident and emitted light parallel to the[001] growth axis.

Magnetic fieldsB up to 9 T are applied in VoigtsBW 'zd
geometry. The photoluminescence(PL) in a certain linear
polarization is selected by rotation of a half-wave plate in-
troduced in front of the analyzer. The PL signal is dispersed
in a monochromator with a linear dispersion of 0.24 nm/mm
and detected with a nitrogen cooled charge-coupled-device
matrix providing a spectral resolution of about 50meV. After
careful inspection of many PL lines, we have selected three
representative QDs for this paper.

As a consequence of the zero total electron spin, the
electron-hole exchange interaction vanishes in the trion
ground state. Unlike the exciton, the trion states are twice
degenerate independent on the symmetry—in accordance
with the Kramers theorem for half integer spin particles.10

The optical recombination of the trion leaves a single elec-
tron behind. For a heavy-hole(HH) trion with projection
Jz= ±3/2, only the two transitionu±3/2l→s±+ u±1/2l are
allowed from the four possibilities wheres± denotes the re-
spective circular photon polarization. For excitation with lin-
early polarized light, the trion PL is thus expected to be
totally unpolarized. Figure 1 depicts spectra taken on QD#1
for different positions of the polarization analyzer
eW =scosf ,sinf ,0d relative to[100] direction. In addition to
the main line of 70-meV spectral width, an acoustic-phonon
feature is present on the low-energy side. In marked contrast
to the expectation, the emission exhibits noticeable linear
polarization. The normalized line strength follows closely a
relation Isfd=1+rL cosf2sf−udg with a polarization degree
of rL =0.36. The characteristic angleu is independent on the
excitation polarization and defines, hence, a direction intrin-
sic to the QD. Both degree of polarization and direction scat-
ter from QD to QD, even when located in the same mesa
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(inset of Fig. 1). Although u is close to[110] and f11̄0g for
QD#1 and QD#2, respectively, there is no clear correlation
with the principal crystal axes. In QD#3, the effect is even
below the resolution of our polarization set upsrL ,0.1d.

The above observation reflects directly the impact of in-
plane anisotropy on the hole ground state where the angular
momentum is no longer a good quantum number. In leading
order, a light-hole(LH) contribution withJz= ±1/2 is cre-
ated and the wave function reads asuch

±l= u±3/2l
−sg± /DEl−hdu71/2l, DEl−h being the energy separation be-
tween the HH and LH ground state. The normalized optical
dipole element of the trion transition, accounting for a phase
shift of p between the two electron configurations, can be

expressed asdW ~ sxW −iyWdsu+3/2lk+1/2u−ku+1/2lk−1/2ud+sxW
+iyWdsu−3/2lk−1/2u−ku−1/2lk+1/2ud.11 Here,xW andyW are unit
vectors along the[100] and [010] direction, respectively,
uJzlkSzu is the projection operator between the electron state
of spinSz and the trion state with angular momentumJz, and
k measures the difference in strength between HH and LH
radiative coupling. The LH admixture is thus associated with
circular polarizationu71/2l→s7+ u±1/2l just opposite to
u±3/2l so that each of the transitions becomes elliptically
polarized. Writingg±=g exps±i2ud, the preferential polariza-
tion direction can be identified with the phase of the HH-LH
coupling matrix element, while the linear degree is given by
rL =2gkDEl−h/ sDEl−h

2 +g2k2d. Shape, as well as strain, both
including chemical composition, are sources of in-plane an-
isotropy. ForC2v symmetry, shear strain provides a mixing
coefficient g«

± ~ 7 ikclh
0 u«xyuchh

0 l12 and, thus, a polarization

along [110] or f11̄0g. The same holds when the QD shape
has no inversion symmetry in the growth direction where the

role of «xy is replaced by the derivative]V/]z of the confine-
ment potential.13 The Luttinger Hamiltonian14 gives in
spherical approximationgS

± ~ kclh
0 us] /]x±i] /]yd2uchh

0 l where
chh

0 andclh
0 are the zero-order orbital wave functions defined

by the confinement potential. InC2 symmetry with principal
axes rotated by an anglea relative to the [100]-[010]
frame, this yields preferential polarization alongu=a or
u=a+p /2 depending on what direction is that of stronger
carrier localization. Additional strain components can further
change this angle. From the fact thatu scatters noticeably
across the QD ensemble, we conclude that strain and shape
anisotropy combine in a given QD and create a specific po-
larization axis. From the experimental polarization degree
we estimateg<0.3DEl−h sk2=1/3d for QD#1.

A reduction of the in-plane symmetry shows up even
more prominently in the coupling with a transverse magnetic
field.15–17 The Zeeman interaction of the isotropic electron

with an external fieldBW is described by the Hamiltonian

HB
e =s1/2dmBgesWBW with si denoting the Pauli matrices. The

magnetic coupling of the hole inD2d is given by

HB
h =mBg0fkJWBW +qsJx

3Bx+Jy
3By+Jz

3Bzdg (g0: free-electron g

factor) whereJW is the 3/2 angular momentum operator.14 The
second non-Zeeman term is consistent with the symmetry of
the Luttinger Hamiltonian. The coefficientsk and q are
parameters of the bulk material, and no information is avail-
able onq for ZnSe or CdSe. Unlike the electron, no coupling
of the heavy hole arises from the Zeeman part

HBZ
h =mBg0kJWBW in first and second order in a transverse field

BW =Bscosw ,sinw ,0d. In contrast, as shown in Fig. 2(a), a
line quartet exposing all four possible transitions emerges for
the trion PL in this geometry. The energy separation between
the innersDEid as well as outersDEod quartet components is
a linear function ofB [see Fig. 2(c)]. These findings unam-
biguously demonstrate the existence of an effective HH in-
planeg factor. A line splitting of the trion PL in Voigt geom-

FIG. 1. Zero-field PL feature of a single trion(QD#1) detected

in linear polarization along the[110] and f11̄0g directions, respec-
tively. Upper left: Definition of the anglef (as well asw in an
external magnetic field, see Figs. 3 and 4). Inset: PL signal of the
trion as a function off, circles: QD#1, triangles: QD#2, full rect-
angles: QD#3. The dashed lines are fits withA+B cosf2sf−udg.
Variation of the excitation polarization(in the figure alongf11̄0g)
leaves the data unchanged.

FIG. 2. Splitting of the trion PL line(QD#2) in a transverse
magnetic field.(a) PL spectra in unpolarized detection mode.(b)
Scheme of optical transitions.(c) Separation between inner and
outer lines as a function of the field strength. The data points for
B,6 T are taken from polarized detection measurements(see Fig.
3) where the splitting is better seen.
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etry has been also observed on III-V QDs,6 however, its
origin has not been elucidated so far.

More information is revealed when the polarization of the
PL lines is analyzed in conjunction with the orientation of
the in-plane magnetic field. For the spectra depicted in Fig.
3, the polarization analyzer axiseW is set parallel and perpen-

dicular toBW , respectively, while the sample is rotated around
the quantization axis. Inasmuch as it concerns the spectral
position of the components, there is no change of the line
pattern. However, the inner and outer pair of the quartet are
orthogonally polarized to each other and the linear polariza-
tion degree of the lines is now practically 100%. In contrast
to particles with isotropic Zeeman coupling, where the polar-

ization would be either along or perpendicular toBW , a distinct
dependence of the line strength on the rotation angle is
found. In fact, there is no correlation with the field orienta-
tion at all. This is demonstrated by measurements where the
polarization analyzer is rotated, while a certain anglew be-

tweenBW and the[100] direction is adjusted. The polarization
axes are most accurately determined from the intensity ratio
R= Io/ I i of the outer and inner lines, since deviations in the
total signal level caused by the different adjustments are can-
celed out here. As seen in Fig. 4, this ratio is independent
on the choicew and can be well described by a function
Rsfd=R0 tan2sf−ud. Within the accuracy of our set up, the
angleu agrees well with that deduced for the built-in polar-
ization without magnetic field for the respective QD. Both
for QD#1 and QD#2, the inner lines are strongersR0>0.5d.
In QD#3, where no built-in polarization is found, a line dou-
blet is merely observed signifying that the in-plane HHg
factor is very small here.

A transverse field introduces off-diagonal couplings be-
tween the Kramers-degenerate states. The eigenstates are
hence phase-rotated superpositions of the typeFp

±=s1/ Î2d
3s±e−iwp/2ucp

+l+eiwp/2ucp
−ld, p=e, h, with energies shifted by

±s1/2dmBgp
'B relative to their zero-field position.17 For the

isotropic electron,uce
±l= u±1/2l andwe=w. Without HH-LH

mixing, i.e., for uch
±l= u±3/2l, using the explicit expressions

of the Ji
3,14 the D2d non-Zeeman term provides a coupling

k+3/2uHB
h u−3/2l=−3/4mBg0qBexpsiwd within the HH sub-

space. That is,wh=p−w (instead ofwh=p+w in the isotro-

pic case) and by calculatingukFh
±ueWdW uFe

±lu2, it is readily seen
that the trion PL becomes indeed strictly linearly polarized,
however, with axesf=−w and f=p /2−w defined by the
magnetic field. As this behavior is in clear contradiction to
the experimental findings in Figs. 3 and 4, we conclude
q!1 so that theD2d interaction does not contribute signifi-
cantly to gh

'. A similar result sq=0.04d has been found on
GaAs/sGa,AldAs quantum well structures.18 In the presence
of HH-LH mixing, the Zeeman term generates a first-order
magnetic coupling kch

+uHBZ
h uch

−l= Î3mBg0ksg /DEl−hdB
3expf−isw+2udg in the hole ground state. That is,
wh=w+2u for the magnetic phase shift or, defining an effec-

tive g tensor byHBZ
h =mBS̃igij

hBj whereS̃x=−sx/2, S̃y=sy/2
are the components of the hole pseudospin,

ĝh = gh
'S− cos 2u sin 2u

sin 2u cos 2u
D, gh

' =
2 Î 3g

DEl−h
kg0. s1d

While the zero-field transitions are elliptically polarized
along the same axis, pairs of linearly cross-polarized lines
are obtained with intensities ofIo~ s1−kg /DEl−hd2sin2sf
−ud and I i ~ s1+kg /DEl−hd2cos2sf−ud for the outer and in-
ner quartet components, respectively. This result is in perfect
agreement with the experiment, also regarding the larger in-
tensity of the inner lines. FromsDEo±DEid /mBB we find
ge

'=1.1±0.1 in all three QDs andgh
'=0.3±0.1 for QD#1

and QD#2.
The in-plane holeg tensor is diagonal in the coordinate

system defined by the intrinsic polarization axes. Here, it has
pseudoisotropic charactergxx=−gyy. The magnetic aniso-
tropy can be, in principal, also observed on the exciton in

FIG. 3. (a) and(b) Reconstruction of PL spectra in QD#1 under

rotation of the sample around thez axis for sBW 'zd. The spectra are

taken in linear polarizations alongseW iBW d and perpendicularseW 'BW d
to the magnetic-field directionsB=9 Td. The anglew is defined in
Fig. 1.

FIG. 4. Signal ratio of the outer and inner components for QD#1
as a function of the analyzer positionf for various field orientations
w. The data demonstrate that the lines are fully linearly cross polar-
ized. The polarization axes are independent on the magnetic field
but specific for the respective QDs.u=38° for QD#1 is in accord
with the zero-field measurements of Fig. 1.
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uncharged QDs. However, the exciton transitions are already
energetically split into linearly polarized components due to
electron-hole exchange. Thus, significantly stronger mag-
netic fields are required. In a previous study on diluted mag-
netic quantum wells,15 where the Zeeman coupling is giantly
enhanced, a pseudoisotropic in-planeg-factor has been de-
duced from polarized PL measurements. However, the polar-
ization degree is only in the 10% range and no splitting into
the characteristic quartet pattern is seen.

The above magnetic-field data has also important impli-
cations for the hole spin relaxation in QDs. If the QD sym-
metry is even belowC2, the hole ground state becomes
uch

±l=a±u±3/2l+b±u73/2l+g±u71/2l, enabling spin flip
via the admixture of theJz state of opposite sign. In a trans-
verse field, this will give rise to a diagonal magnetic cou-
pling in the hole ground state associated with a specific de-
pendence of the PL lines on the field orientationw. The fact
that such behavior is not observed experimentally shows that

deviations fromC2 symmetry are indeed small, making low
spin-flip rates feasible7.

In conclusion, distinct anisotropies of the hole states in
SK QDs have been uncovered by studying the trion feature.
In particular, a significant coupling to a transverse magnetic
field with a strongly anisotropic in-planeg-tensor is found.
While the magnetic field introduces strict linear optical po-
larization, the direction of the polarization is independent of
the field direction, but defined by shape and strain anisotro-
pies. Those anisotropies are hardly seen by direct morpho-
logical techniques. Our findings have various implications
for the use of QDs as single-spin elements. The anisotropies
enable to tailor magnetic superpositions in a desired way.
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