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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 observed in
CdTe/CdMnTe quantum wells. Although the polarization is induced by a magnetic field, neither the
magnitude of the polarization nor the orientation of its plane vary when the field is rotated in the
quantum well plane. An analysis shows that this can be accounted for by a low-symmetry perturbation
of the crystal lattice that gives rise to a mixing of the valence subbands leading, in turn, to an
anisotropy of the in-plane heavy-hatefactor. [S0031-9007(99)08866-3]

PACS numbers: 78.66.Hf, 75.50.Pp, 78.55.—m

In diamond and zinc blende semiconductors, such as Siescence in (001)-Cd7€dMnTe quantum wells on the
GaAs, or CdTe, the valence-band states are fourfold dedirection of an in-plane magnetic field. We show that the
generate at the Brillouin zone cenfer The top of the va- anisotropy of the hole ground stagefactor manifests it-
lence band consists of the heavy- and light-hole subbandsglf not only as a difference betwegn and smallg, ; in
each twofold degenerate in angular-momentum projectiorfact, the transversg factor is found to be also essentially
The heavy-hole subband states are characterized by the amisotropic,g.. # g,,. This anisotropy may range from
gular momentum projections of3/2, and the light-hole moderatelg..| > |g,y|, to ultimately strongg,. = —gyy,
subband states, by 1/2. depending on the QW width and/or the barrier height. All

A biaxial strain usually present in quantum-well (QW) the results can be understood assuming that the elegtron
structures, as well as the difference between the light anfhctor is isotropic. In the case of narrow QWSs, however,
heavy-hole effective masses result in a partial lifting ofwhere the magnetic polaron effect is significant, one has
valence band degeneracy. Unless there is a strong tenstie take into account a correlation between the electron and
in-plane strain of the QW, the states which are highehole magnetic moments.
in energy are those of the heavy-hole subband, and it is The experiments were performed on CdTeMnTe
these states that determine properties of the recombinati@tructures grown by molecular-beam epitaxy (MBE) on
radiation emitted from QWs. The spin-orbit interaction (001) GaAs substrates with®2miscut to [110]. First
results in a strong anisotropy of the Zeeman splitting of thé).2 um ZnTe, 0.8 um CdTe, and2 um Cd;—,Mn,Te
hole states [1,2]. In an ideal QW havii,; symmetry, buffers were deposited. Structure | contained four CdTe
only the longitudinal component of the heavy-hgfe  QWs 20, 40, 60, and 100 A wide, separated by 500-A-thick
factor tensog., is appreciable. The in-plane, or transverseCd, -, Mn, Te barriers withk = 0.3. Structure Il consisted
components are determined by the Luttinger paramgter of three QWSs 40, 60, and 100 A wide; the barriers were
which describes cubic corrections to the spin Hamiltoniammade of x = 0.1 material. The magnetoluminescence
and which is small in value. measurements were carried out at 2 K. An external mag-

Let us note that the transvergéactor is connected with netic field was oriented in the plane of the structures. The
the spin relaxation efficiency. A vanishing transvegse luminescence, excited by a helium-neon or argon laser of
factor would suppress the most effective channels of thaboutl W /cn? power, was detected along the growth axis
hole spin relaxation, contrary to numerous optical pumping.. The pump light polarization did not affect in any way
experiments performed on low-dimensional systems whiclthe polarization of the luminescence in our experiments.
evidence a fairly high efficiency of this process [3]. Small- To characterize fully the linear polarization of the light,
ness ofg, in QWs made of diluted magnetic semiconduc-one has to measure two quantities. In the experiments,
tors, where the anisotropy of the hole exchange field giveae measured the parametgisand p4s defined as
rise to an anisotropic spin structure of the magnetic polaron -] I — I
state [4,5] and an unusual spin dynamics [6—9], has even po= =——F pus = ——F (1)
more specific consequences. la + 1 Lo + Ip:

The present Letter reports observation of a strong dewhere the directiong and 8 in the QW plane are per-
pendence of the linear polarization of the photolumi-pendicular and parallel to the magnetic field, respectively,
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the directionsa’ and 8’ are rotated relative tawe and 3 magnetic-field domain, where the field-induced variations
by 45° about thez axis, I, denote the intensities of the of the tensor components are bilinear in the field,
radiation polarized along the corresponding directions. symm __ 40

Figure 1a displays the spectra of the luminescence and (EaEp)>™ = Agp + AapysByBs. (2)
of its linear polarization for 60 A wide QW in structure I. one finds that the angular dependencpgih an ideal QW
Here we shall focus on the polarization of the luminescenc&ith D,; symmetry can contain only the zeroth and fourth
lines which in analogous structures were identified [10Jharmonics (and that gbss—only the fourth harmonic).
as due to recombination of quantum-confined heavy holés we have seen, none of the QWSs studied by us exhibits
excitons. In the absence of the field, the amount of lineaa relation of this kind. If we assume, however, that the
polarization in the luminescence does not exceed 2%. Isymmetry of the system is lowered for some reason from
a magnetic field of about 1 T, the polarization is by anD,, to C;,, the minimum distortion making the [110] and
order of magnitude greater, withy and p4s increasing [110] axes nonequivalent, then the result is expected to be
with the field first quadratically, and after that, linearly different. For the sake of convenience, we shall first write
(Fig. 1b). By fixing the field and rotating the crystal, it in the parameter system related to the crystal reference
we were able to obtain angular scansmfand pys for  frame:
different QWs. The three qualitatively different types of
these relations are shown in Figs. 2a, 3a, and 3b. Let us
note that in all the cases the observed anisotropy is quite o 2
strong. Itis remarkable that applying the field along [110] pis = cDB sin2¢, ()
and[110] one obtains different results, while for an ideal to be later transformed to the magnetic field reference
structure withD,,; symmetry these axes are equivalent.frame, i.e., to the directly measured parameters:
It should be pointed out that the nonequivalence of [110]

- ; . i ) . b+ ¢ b —c

and[110] directions in low-dimensional systems based on  p, = DBZ< + acos2e + cos4go>,
GaAs/AlAs (manifesting itself in the fine structure of the 2 2
exciton spectrum) has recently been revealed in ODMR (5)
[11] and optical orientation [12] experiments. In our case,
however, manifestation of the exciton fine structure can
hardly be expected, because the corresponding splittings
are usually of the order of tens qgfeV, whereas the
interaction energy of localized carriers with magnetic
fluctuations in semimagnetic semiconductors is estimate = As + Ags — A, ¢ — 4Ag, where indices 1, 2,

to be a few meV [13]. and 6 are used to replace pairs andxy (x and
It is convenient to start the analysis of the angular re- place paws, yy, andxy (x andy

lations with symmetry considerations. The linear polar—bg'rgg da:onmgn[éiggr?ge@%g%’se 'Sar?éoc?grgﬂgal (;zetgﬁlm-
ization of light is described by the symmetric part of the umi ! y pends Y.

o 0 Parametersp), and pjs in Egs. (3) and (4) are defined
polarization tensoKE, Eg). Limiting oneself to the weak similarly to Eq. (1), but for the light polarized along

[110], [110] and [100], [010], respectively. Presenting

pb = DB*[a + bcos2e], (3)

b —c¢

pas = DB2<a sin2¢ + Sin4qo>. (6)

¢ in Egs. (3)—(6) is the angle between the [110] axis and
§1€ magnetic field,a = Ayl — Ay — Ay + Ap, b=

results in the form given by Egs. (3) and (4) will prove
b
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FIG. 1. (a) Spectra of intensity (solid line) and degree ofFIG. 2. Luminescence polarization degreas (open circles)
linear polarization (squares) of the radiation emitted by 60-A-and p.s (closed circles) vs angler between the in-plane
thick QW in structure 1, and (b) field dependence of the degreemagnetic fieldB = 2.67 and [110] crystal axis (60-A QW

of polarization (40-A-thick QW, structure 1). The luminescencein structure I): (a) direct measurements; and (b) data obtained
lines visible in (a) are due to recombination of heavy holeby reduction to crystal-axis-related parameters. The solid lines
excitons localized by QW thickness fluctuation®) @nd bound in (a) are fits of the data according to Egs. (5) and (6) with
to neutral donorsi§®Xx). aD = 0.016T72, b = ¢ = 0.
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. " " T malism. We shall see that the behavior of the linear po-
| 5f T larization under crystal rotation is naturally related to the
/‘\ in-plane anisotropy of the heavy-hafefactor.
The spin splitting of the hole subbandg, = +3/2
sl % v and J, = *£1/2, is much smaller in our case than the
N subbands separation. This permits us to relate the Kramers

doublet +3/2 to states of a particle with a pseudospin
Jj =1/2 and an anisotropig factor, J, = gagjg, In

[4)]

Y

o
3

polarization, %

-15} a standard way [14]. To write out the tensggg, we
-0} ! use the Hamiltonian of heavy holes in a magnetic field
0 0 180 o0 90 180 270 360 B = (B,,B,,0) derived [15,16] for a QW having,,

¢ (degrees) symmetry. After transforming this Hamiltonian to the

FIG. 3. Same as in Fig. 2a but for the 40-A QW in struc- basisx = [110]andy = [110], it takes the form
ture Il (a) and for the 20-A QW in structure | (b). Fit- 1% 1%
ting parameters (i ~2): (a) aD = 0.10, bD = ¢D = —0.05; H = 2upl(q1 + g2)JiBx + (1 — 2)J3By],  (7)
(b) aD = 0.008, bD = —0.008, cD = —0.006.
where we account for the exchange-induced enhancement
of the field acting on holes [17] by replacing with an
convenient later. Equations (5) and (6) can be directlyexchange field’B. The coefficientg;; andg, determine
compared with the angular relations displayed in Figs. 2&€avy-holeg factor, with g, being C», invariant. As
and 3. is evident from Eq. (7), the factor is diagonal in this
As seen from Egs. (5) and (&), symmetry allows the basis, and its components can be expressegh and g.:
zeroth, second, and fourth harmonics to appear in the ag=x = 3(q1 + g2), &,y = 3(q1 — q2).
gular dependencey(¢) [and, accordingly, the second and ~ Let us calculate now the matrix element of the opti-
fourth harmonics irpss(¢)]. The form of the coefficient cal transition. The pseudospin formalism allows one to
a multiplying the second harmonic implies that it does notpresent the spin wave functions of the electron and the
vanish for this symmetry because theandy directions hole oriented at angleg,. and ¢, respectively, relative
are not equivalent. Formal description of our experiment0 x axis in a unified form [4]
tal data by means of Egs. (5) and (6) usiagb, and ¢ 1 1 ‘ 1 .
o . . . _ - —i )/2 - i )/2
as fitting parameters gives a good agreement in all differ- [¢,) = <|+ > p>e eric+ ‘ > p>e “r )

V2

ent types of behavior. This argues for the above sugges-

tion concerning the real symmetry of the structures, while (8)
not revealing how the angular relations transform fromong , = ¢ or 1), and then one readily finds the transition
type to another. matrix element

We take thepo(¢) relations to analyze the results of the . i(or+o. . iy
fit. The second harmonic in Eq. (5) alone was sufficient Vet * (ex + ie))e! P e/ + (o) — ie))eOrF e/,
to fit the results presented in Fig. 2a. For the 40-A QW )
in structure Il (Fig. 3a), the coefficients of the zeroth andHeree, ande, are unit vectors along andy. As seen
second harmonics are found to differ from zero. Finally.from Eq. (9), radiation propagating normal to the QW
all three harmonics allowed ly,, symmetry are required plane is linearly polarized, and the plane of polarization is
to describe the behavior of the thinnest QW (Flg 3b) Thl%t an ang|d¢h + @e)/z to thex axis. The final expres-
holds also forpss(¢) dependencies, the only difference sjons forp(, and pis are determined by the product of the
being that neither the theory nor the experiment contaifnean values of electron spift), = A.B.u5g.B. and

the zeroth harmonic in this case. hole pseudospifj)e = AyBrupgaaBas @ = x O y:
The case of the first 60 A wide QW is of particular in-

terest. Its essence can be most clearly conceived if onep) = kg, B*[(g.x — gyy) + (gxx + 8yy) COS2¢], (10)
transforms the experimental angular dependengig®)

andpss(¢) to thep( (), pis(¢@) system related to the crys- pis = kgeBX(gxx + 8yy)SIN20, (11)

tal axes (Fig. 2b). We obtain that(¢) and pis(¢) are

practically independent of, i.e., the coefficientd and wherek = AeAhBe,Bh,u%. The factorsA, andA,, are the

¢ in Eqgs. (3) and (4) are zero. This leads to the follow-coefficients describing the enhancement of the spin split-
ing paradoxical conclusiorthe magnetic field induces a ting due to the exchange interaction with localized mag-
linear polarization of the luminescence, but neither thenetic moments in diluted magnetic semiconductors [17],
magnitude of this polarization nor its orientation in the the coefficients3, and 3, are related to the mechanism of
crystal depend on the magnetic field directiotn or-  spin polarization in a magnetic field [in the simplest case,
der to understand this result we carried out the calculatiothey have the meaning ¢kz7)"']. Equations (10) and
presented below, based on the heavy hole pseudospin fqt1) differ from the symmetry expressions (3) and (4) in
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that the coefficients of the second harmoniesahdc in  diffraction studies of MBE grown films [21,22] in fact re-
Egs. (3) and (4)] are the same in Egs. (10) and (11). ThisealedC,,-symmetric distortions and related their occur-
means that the present model does not yield symmetryrence to differences of dislocation mobilities along [110]
allowed fourth harmonics in the angular dependencies ofind[110] directions. Note that our model takes into ac-
po and pys [see Egs. (5) and (6)]. The “remarkable” re- count the semimagnetic feature of the structures through
sult presented in Figs. 2a and 2b corresponds to an e trivial magnetic-field renormalization, so that the results
treme anisotropy of thg factor, g, = —gy, (91 < g2,  obtained here should be valid, after inessential corrections,
i.e., the in-plane holg factor is governed by’,, pertur-  for nonmagnetic QWs. We believe that optical studies of
bation), and the result in Fig. 3a, to a moderate anisotropythe holeg-factor anisotropy may become a tool for prob-
lgxxl > lgyyl (g1 ~ q2). ing the true QW symmetry.

The presence of the fourth harmonic in the angular rela- Sincere thanks are due to E.L. Ivchenko and K.V.
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