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Extreme In-Plane Anisotropy of the Heavy-Holeg Factor
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A paradoxical behavior of the linear polarization of luminescence has been observ
CdTeyCdMnTe quantum wells. Although the polarization is induced by a magnetic field, neithe
magnitude of the polarization nor the orientation of its plane vary when the field is rotated i
quantum well plane. An analysis shows that this can be accounted for by a low-symmetry pertu
of the crystal lattice that gives rise to a mixing of the valence subbands leading, in turn,
anisotropy of the in-plane heavy-holeg factor. [S0031-9007(99)08866-3]

PACS numbers: 78.66.Hf, 75.50.Pp, 78.55.–m
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In diamond and zinc blende semiconductors, such a
GaAs, or CdTe, the valence-band states are fourfold
generate at the Brillouin zone centerG. The top of the va-
lence band consists of the heavy- and light-hole subba
each twofold degenerate in angular-momentum projec
The heavy-hole subband states are characterized by th
gular momentum projections of63y2, and the light-hole
subband states, by61y2.

A biaxial strain usually present in quantum-well (QW
structures, as well as the difference between the light
heavy-hole effective masses result in a partial lifting
valence band degeneracy. Unless there is a strong te
in-plane strain of the QW, the states which are hig
in energy are those of the heavy-hole subband, and
these states that determine properties of the recombin
radiation emitted from QWs. The spin-orbit interacti
results in a strong anisotropy of the Zeeman splitting of
hole states [1,2]. In an ideal QW havingD2d symmetry,
only the longitudinal component of the heavy-holeg-
factor tensorgzz is appreciable. The in-plane, or transve
components are determined by the Luttinger parametq
which describes cubic corrections to the spin Hamilton
and which is small in value.

Let us note that the transverseg factor is connected with
the spin relaxation efficiency. A vanishing transversg
factor would suppress the most effective channels of
hole spin relaxation, contrary to numerous optical pump
experiments performed on low-dimensional systems wh
evidence a fairly high efficiency of this process [3]. Sma
ness ofg' in QWs made of diluted magnetic semicondu
tors, where the anisotropy of the hole exchange field g
rise to an anisotropic spin structure of the magnetic pola
state [4,5] and an unusual spin dynamics [6–9], has e
more specific consequences.

The present Letter reports observation of a strong
pendence of the linear polarization of the photolu
0031-9007y99y82(15)y3176(4)$15.00
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nescence in (001)-CdTeyCdMnTe quantum wells on the
direction of an in-plane magnetic field. We show that t
anisotropy of the hole ground stateg factor manifests it-
self not only as a difference betweengzz and smallg'; in
fact, the transverseg factor is found to be also essentiall
anisotropic,gxx fi gyy . This anisotropy may range from
moderate,jgxxj . jgyyj, to ultimately strong,gxx ­ 2gyy ,
depending on the QW width and/or the barrier height. A
the results can be understood assuming that the electrg
factor is isotropic. In the case of narrow QWs, howev
where the magnetic polaron effect is significant, one h
to take into account a correlation between the electron
hole magnetic moments.

The experiments were performed on CdTeyCdMnTe
structures grown by molecular-beam epitaxy (MBE)
(001) GaAs substrates with 2± miscut to [110]. First
0.2 mm ZnTe, 0.8 mm CdTe, and2 mm Cd12xMnxTe
buffers were deposited. Structure I contained four Cd
QWs 20, 40, 60, and 100 Å wide, separated by 500-Å-th
Cd12xMnxTe barriers withx ­ 0.3. Structure II consisted
of three QWs 40, 60, and 100 Å wide; the barriers we
made of x ­ 0.1 material. The magnetoluminescenc
measurements were carried out at 2 K. An external m
netic field was oriented in the plane of the structures. T
luminescence, excited by a helium-neon or argon lase
about1 Wycm2 power, was detected along the growth ax
z. The pump light polarization did not affect in any wa
the polarization of the luminescence in our experiment

To characterize fully the linear polarization of the ligh
one has to measure two quantities. In the experime
we measured the parametersr0 andr45 defined as

r0 ­
Ia 2 Ib

Ia 1 Ib

, r45 ­
Ia0 2 Ib0

Ia0 1 Ib0

, (1)

where the directionsa and b in the QW plane are per-
pendicular and parallel to the magnetic field, respective
© 1999 The American Physical Society
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the directionsa0 and b0 are rotated relative toa and b

by 45± about thez axis, Is denote the intensities of th
radiation polarized along the corresponding directions.

Figure 1a displays the spectra of the luminescence
of its linear polarization for 60 Å wide QW in structure
Here we shall focus on the polarization of the luminesce
lines which in analogous structures were identified [1
as due to recombination of quantum-confined heavy h
excitons. In the absence of the field, the amount of lin
polarization in the luminescence does not exceed 2%.
a magnetic field of about 1 T, the polarization is by
order of magnitude greater, withr0 and r45 increasing
with the field first quadratically, and after that, linear
(Fig. 1b). By fixing the field and rotating the crysta
we were able to obtain angular scans ofr0 and r45 for
different QWs. The three qualitatively different types
these relations are shown in Figs. 2a, 3a, and 3b. Le
note that in all the cases the observed anisotropy is q
strong. It is remarkable that applying the field along [11
and f11̄0g one obtains different results, while for an ide
structure withD2d symmetry these axes are equivale
It should be pointed out that the nonequivalence of [1
andf11̄0g directions in low-dimensional systems based
GaAsyAlAs (manifesting itself in the fine structure of th
exciton spectrum) has recently been revealed in OD
[11] and optical orientation [12] experiments. In our ca
however, manifestation of the exciton fine structure c
hardly be expected, because the corresponding splitt
are usually of the order of tens ofmeV, whereas the
interaction energy of localized carriers with magne
fluctuations in semimagnetic semiconductors is estima
to be a few meV [13].

It is convenient to start the analysis of the angular
lations with symmetry considerations. The linear pol
ization of light is described by the symmetric part of t
polarization tensor,kEaEbl. Limiting oneself to the weak

FIG. 1. (a) Spectra of intensity (solid line) and degree
linear polarization (squares) of the radiation emitted by 60
thick QW in structure I, and (b) field dependence of the deg
of polarization (40-Å-thick QW, structure I). The luminescen
lines visible in (a) are due to recombination of heavy ho
excitons localized by QW thickness fluctuations (X) and bound
to neutral donors (D0X).
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magnetic-field domain, where the field-induced variatio
of the tensor components are bilinear in the field,

kEaEblsymm ­ A0
ab 1 AabgdBgBd , (2)

one finds that the angular dependence ofr0 in an ideal QW
with D2d symmetry can contain only the zeroth and four
harmonics (and that ofr45 —only the fourth harmonic).
As we have seen, none of the QWs studied by us exhi
a relation of this kind. If we assume, however, that t
symmetry of the system is lowered for some reason fr
D2d to C2y , the minimum distortion making the [110] an
f11̄0g axes nonequivalent, then the result is expected to
different. For the sake of convenience, we shall first wr
it in the parameter system related to the crystal refere
frame:

r0
0 ­ DB2fa 1 b cos2wg , (3)

r0
45 ­ cDB2 sin2w , (4)

to be later transformed to the magnetic field referen
frame, i.e., to the directly measured parameters:

r0 ­ DB2

µ
b 1 c

2
1 a cos2w 1

b 2 c
2

cos4w

∂
,

(5)

r45 ­ DB2

µ
a sin2w 1

b 2 c
2

sin4w

∂
. (6)

w in Eqs. (3)–(6) is the angle between the [110] axis a
the magnetic field,a ­ A11 2 A21 2 A22 1 A12, b ­
A11 2 A21 1 A22 2 A12, c ­ 4A66, where indices 1, 2,
and 6 are used to replace pairsxx, yy, and xy (x and y
being along [110] andf11̄0g), D is proportional to the in-
verced luminescence intensity and depends onw weakly.
Parametersr0

0 and r
0
45 in Eqs. (3) and (4) are define

similarly to Eq. (1), but for the light polarized alon
[110], f11̄0g and [100], [010], respectively. Presentin
results in the form given by Eqs. (3) and (4) will prov

FIG. 2. Luminescence polarization degreesr0 (open circles)
and r45 (closed circles) vs anglew between the in-plane
magnetic fieldB ­ 2.6T and [110] crystal axis (60-Å QW
in structure I): (a) direct measurements; and (b) data obtai
by reduction to crystal-axis-related parameters. The solid li
in (a) are fits of the data according to Eqs. (5) and (6) w
aD ­ 0.016T22, b ­ c ­ 0.
3177
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FIG. 3. Same as in Fig. 2a but for the 40-Å QW in stru
ture II (a) and for the 20-Å QW in structure I (b). Fi
ting parameters (inT22): (a) aD ­ 0.10, bD ­ cD ­ 20.05;
(b) aD ­ 0.008, bD ­ 20.008, cD ­ 20.006.

convenient later. Equations (5) and (6) can be dire
compared with the angular relations displayed in Figs.
and 3.

As seen from Eqs. (5) and (6),C2y symmetry allows the
zeroth, second, and fourth harmonics to appear in the
gular dependencer0swd [and, accordingly, the second an
fourth harmonics inr45swd]. The form of the coefficient
a multiplying the second harmonic implies that it does n
vanish for this symmetry because thex and y directions
are not equivalent. Formal description of our experim
tal data by means of Eqs. (5) and (6) usinga, b, and c
as fitting parameters gives a good agreement in all dif
ent types of behavior. This argues for the above sug
tion concerning the real symmetry of the structures, wh
not revealing how the angular relations transform from o
type to another.

We take ther0swd relations to analyze the results of th
fit. The second harmonic in Eq. (5) alone was suffici
to fit the results presented in Fig. 2a. For the 40-Å Q
in structure II (Fig. 3a), the coefficients of the zeroth a
second harmonics are found to differ from zero. Fina
all three harmonics allowed byC2y symmetry are required
to describe the behavior of the thinnest QW (Fig. 3b). T
holds also forr45swd dependencies, the only differenc
being that neither the theory nor the experiment con
the zeroth harmonic in this case.

The case of the first 60 Å wide QW is of particular i
terest. Its essence can be most clearly conceived if
transforms the experimental angular dependenciesr0swd
andr45swd to ther

0
0swd, r

0
45swd system related to the crys

tal axes (Fig. 2b). We obtain thatr
0
0swd andr

0
45swd are

practically independent ofw, i.e., the coefficientsb and
c in Eqs. (3) and (4) are zero. This leads to the follo
ing paradoxical conclusion:the magnetic field induces
linear polarization of the luminescence, but neither t
magnitude of this polarization nor its orientation in th
crystal depend on the magnetic field direction.In or-
der to understand this result we carried out the calcula
presented below, based on the heavy hole pseudospin
3178
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malism. We shall see that the behavior of the linear
larization under crystal rotation is naturally related to
in-plane anisotropy of the heavy-holeg factor.

The spin splitting of the hole subbands,Jz ­ 63y2
and Jz ­ 61y2, is much smaller in our case than th
subbands separation. This permits us to relate the Kram
doublet 63y2 to states of a particle with a pseudosp
j ­ 1y2 and an anisotropicg factor, Ja ­ gabjb, in
a standard way [14]. To write out the tensorgab, we
use the Hamiltonian of heavy holes in a magnetic fi
B ­ sBx , By , 0d derived [15,16] for a QW havingC2y

symmetry. After transforming this Hamiltonian to th
basisx ­ f110g andy ­ f11̄0g, it takes the form

H ­ 2mBfsq1 1 q2dJ3
x B̃x 1 sq1 2 q2dJ3

y B̃yg , (7)

where we account for the exchange-induced enhance
of the field acting on holes [17] by replacingB with an
“exchange field”B̃. The coefficientsq1 andq2 determine
heavy-holeg factor, with q2 being C2y invariant. As
is evident from Eq. (7), theg factor is diagonal in this
basis, and its components can be expressed byq1 andq2:
gxx ­ 3sq1 1 q2d, gyy ­ 3sq1 2 q2d.

Let us calculate now the matrix element of the op
cal transition. The pseudospin formalism allows one
present the spin wave functions of the electron and
hole oriented at angleswe and wh, respectively, relative
to x axis in a unified form [4]

jcpl ­
1

p
2

µÇ
1

1
2

, p

¿
e2iwpy21

Ç
2

1
2

, p

¿
eiwpy2

∂
(8)

(p ­ e or h), and then one readily finds the transitio
matrix element

Veh ~ sex 1 ieydeiswh1wey2d 1 sex 2 ieyde2iswh1wey2d.
(9)

Here ex and ey are unit vectors alongx and y. As seen
from Eq. (9), radiation propagating normal to the Q
plane is linearly polarized, and the plane of polarization
at an angleswh 1 wedy2 to thex axis. The final expres
sions forr0

0 andr
0
45 are determined by the product of th

mean values of electron spinksla ­ AebemBgeBa and
hole pseudospink jla ­ AhbhmBgaaBa, a ­ x or y:

r0
0 ­ kgeB2fsgxx 2 gyyd 1 sgxx 1 gyyd cos2wg , (10)

r0
45 ­ kgeB2sgxx 1 gyyd sin2w , (11)

wherek ­ AeAhbebhm
2
B. The factorsAe andAh are the

coefficients describing the enhancement of the spin s
ting due to the exchange interaction with localized m
netic moments in diluted magnetic semiconductors [1
the coefficientsbe andbh are related to the mechanism
spin polarization in a magnetic field [in the simplest ca
they have the meaning ofskBT d21]. Equations (10) and
(11) differ from the symmetry expressions (3) and (4)
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that the coefficients of the second harmonics [b andc in
Eqs. (3) and (4)] are the same in Eqs. (10) and (11). T
means that the present model does not yield symme
allowed fourth harmonics in the angular dependencies
r0 andr45 [see Eqs. (5) and (6)]. The “remarkable” r
sult presented in Figs. 2a and 2b corresponds to an
treme anisotropy of theg factor, gxx ­ 2gyy (q1 ø q2,
i.e., the in-plane holeg factor is governed byC2y pertur-
bation), and the result in Fig. 3a, to a moderate anisotro
jgxx j . jgyyj sq1 , q2d.

The presence of the fourth harmonic in the angular re
tions for narrow QWs (Fig. 3b) remains so far unexplain
However, one has to remember that in narrow CdTy
CdMnTe QWs the magnetic polaron effect is significa
[18]. When heavy hole forms a polaron, the magnetic m
ment of Mn ions deviates from the direction of the extern
field, and the electron spin will no longer align with ma
netic field even if itsg factor is isotropic [4]. This fact can
be taken into account and, indeed, in this way one can
tain angular relations containing the fourth harmonic [1
Let us note that a similar result is obtained if the ele
trong factor becomes anisotropic in narrow QWs for som
reason.

Consider once more the results displayed in Fig. 1.
seen in Fig. 1a, the polarization reverses its sign within
D0X band. This observation can be explained as follo
The ground state of the two-electronD0X complex is the
spin singlet. The energy of the photon emitted when h
recombines with one of the electrons in a magnetic fi
depends on the Zeeman energy of the remaining elec
This results in a splitting of the recombination line in
two lines, with the long- (short-)wavelength compone
corresponding to annihilation of the electron with sp
along (opposite to) the magnetic field. The magnitude
we of these two electrons differs byp, but one can readily
see from Eq. (9) that a replacement ofwe with we 1 p

turns the plane of polarization bypy2, and therefore
the linear polarization of the Zeeman components of
luminescence differs in sign. Spectrum exhibit the sum
two shifted and oppositely polarized lines, which accou
for the polarization sign reversal.

One can now readily explain the crossover from t
quadratic to linear field dependence of the degree
polarization (Fig. 1b). It is associated with a small value
the in-planeg factor of holes compared to that of electron
In low fields,k jla andksla (a ­ x, y) vary linearly with
the field, whence the quadratic growth of the polarizati
but subsequentlyksla saturate to make polarization linear
dependent of the field.

In summary, our experimental results allow a straig
forward interpretation if one assumes the existence o
low-symmetry perturbation mixing the heavy- and ligh
hole states in a QW. Symmetry considerations sugges
candidates for this perturbation uniaxial in-plane strain
the QW [12], interface anisotropy [20], or anisotropy
the hole in-plane localization potential. The first possib
ity seems to us the most likely. Recent extensive x-
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diffraction studies of MBE grown films [21,22] in fact re
vealedC2y-symmetric distortions and related their occu
rence to differences of dislocation mobilities along [11
and f11̄0g directions. Note that our model takes into a
count the semimagnetic feature of the structures thro
a trivial magnetic-field renormalization, so that the resu
obtained here should be valid, after inessential correctio
for nonmagnetic QWs. We believe that optical studies
the holeg-factor anisotropy may become a tool for pro
ing the true QW symmetry.
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