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0

We report on optical measurements performed on two 53 and 106 A wide ZnSe quantum wells
0

separated by a 350-A-thick ZnQ 73MnQ 27Se barrier. The measurements were done by means of cw photo-
luminescence, cw photoluminescence excitation, and time-resolved photoluminescence spectroscopies at
low temperature and under a magnetic field up to 5.5 T. They allow us to determine the strain state of
the different layers and the valence-band offset between the ternary and binary alloys. Moreover mag-
netic tailoring of the nature of the fundamental optical transition from a type-I light-hole exciton to a
type-II heavy-hole exciton is evidenced. Calculations taking into account the strain, Zeeman, and exci-
tonic effects are presented and support the experimental findings.

I. INTRODUCTION

Among the various II-VI compounds, the ZnSe-based
materials are particularly interesting because of their blue
emission. The first blue laser emission was obtained with
ZeSe-based compounds. ' Among II-VI wide-gap materi-
als, sernimagnetic heterostructures like ZnSe/(Zn, Mn)Se
or ZnSe/(Zn, Fe)Se are of particular interest because of
their remarkable magneto-optical properties, due to the
exchange interaction between the spin of the carriers and
the spin of the paramagnetic Mn + or Fe + ions located
in ternary alloy layers. ' The application of an external
magnetic field at low temperature, inducing the so-called
giant Zeemann effect of the band edges, gives rise to the
possibility of magnetic tuning of the barrier heights ex-
perienced by the carriers. In particular, the giant Zee-
man effect can lead to the formation of a spin superlattice
structure in which the carriers can be separated and spa-
tially localized according to their spin. '

In this paper we show that, in a ZnSe/(Zn, Mn)Se het-
erostructure, it is possible to change the nature of the
fundamental optical transition from a type-I light-hole
exciton to a type-II heavy-hole exciton by tuning the ap-
plied magnetic field.

In Sec. II we will report on experimental results ob-
tained for a ZnSe/Zno '73Mno $7Se heterostructure by
means of optical techniques: cw photoluminescence and
photoluminescence excitation spectroscopy, and time-
resolved photolurninescence spectroscopy. All measure-
ments were performed at low temperature (T ~ 10 K) and
under a magnetic field up to 5.5 T. In Sec. III we present
calculations performed in order to interpret the experi-
mental findings: the energy of the different optical transi-
tions is obtained, taking into account the strain effects,
the giant Zeeman effect, and the excitonic effect on the
band structure. In Sec. IV, a comparison between theory
and experiment is done. This comparison allows us to
specify the band structure of our heterostructure; we can

estimate some relevant parameters, such as the strain
state of the different layers and the valence-band offset
between ternary and binary alloys. Moreover, we can
ascertain the magnetic tailoring of the nature of the fun-
damental optical transition, from a type-I light-hole exci-
ton to a type-II heavy-hole exciton.

II. EXPERIMENTAL RESULTS

A. Sample and experimental setup

The heterostructure has been grown by molecular-
beam epitaxy along the (100) axis on a GaAs substrate. It
consists in two 53- and 106-A ZnSe quantum wells,
separated by a 350-A-thick Zno73Mno27Se layer. The
double quantum well is grown on a 1200-A
Zno 73Mno z7Se 1ayer deposited on a 9700-A-thick ZnSe
buffer layer. The cap layer consists in a 350-A
Zno 73Mno 27Se layer.

This heterostructure was investigated by means of cw
and time-resolved optical experiments at low tempera-
tures (1.7, 4.2, and 10 K). Additionally, magnetic fields

up to 5.5 T were applied by a superconducting magnet in
order to perform magneto-optical experiments in the
Faraday configuration. The excitation source for cw pho-
toluminescence experiments was the 363-nm line of an
Ar+ laser. In photoluminescence excitation and time-
resolved spectroscopy, excitation was provided by a
mode-locked and frequency-doubled Ti-Sa laser, produc-
ing 2-ps pulses with a 82-MHz repetition rate in the
4200—4500-A range. A multifiber optical guide was used
to send the excitation light to the sample and to collect
the outgoing photoluminescence signa1. The photo-
1uminescence signal was then analyzed by a double
Jobin-Yvon f=25 cm monochromator with a spectral
resolution of about 1 meV. The detection was provided
by a synchroscan streak camera. In excitation spectros-
copy measurements time-integrated spectra were record-
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ed when in time-resolved photoluminescence measure-
ments the overall temporal solution was about 15 ps. The
excitation power, taking into account the absorption
losses in the optical fiber, was 30 mW, corresponding to
an excitation density of 10' cm

B. cw experiments
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Figure 1 shows the photoluminescence spectrum of the
heterostructure at zero magnetic field. Four lines with
widely different intensities are observed. The two strong
lines labeled PLII,(2.773 eV) and PLT (2.808 eV) corre-
spond to the excitonic recombination of the wide and
thin wells, respectively. The other two lines are much
weaker. The energy position of the 2942-meV one (PLtI)
is coherent with the value of the band gap of a
ZnQ 73MnQ 27Se layer. ' We will comment below on the
nature of the 2830-meV one (PLT ).

The excitation spectra (SEIr) and (SET) of the PLn
and PL& lines, respectively, are shown in Fig. 2. SE~ is
performed at the detection energy 2.764 eV and SEz at
2.795 eV. Each excitation spectruID exhibits two exciton-
ic lines confirming the bidimensional character of the
density of states: the fundamental excitonic transitions
XLH and XLH and the 61st excitation transitions XHH

XHH for the wide and thin wells, respectively. We re-
mark first that the Stokes shifts between the photo-
luminescence lines and the first lines of the corresponding
excitation spectra (6 meV for the thin well and 2 meV for
the wide well} are small, indicating the good quality of
the heterostructure. The two wells are clearly uncoupled,
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FIG. 2. Photoluminescence (full line) and photoluminescence
0 0

excitation spectroscopy SE& and SET of the l06-A and 53-A
quantum wells, respectively, at zero magnetic field and low tem-
perature (4.2 K). SE~ (dashed-dotted line) was performed at
Ed„=2.764 eV and SET (dashed line) at Ed„=2.795 eV.

the two excitation spectra (SEII ) and (SET) being in-

dependent. They will be treated in this paper as single
quantum wells. Moreover, the PLT line lies at the same

energy as XHH, which is the first excited transition of the
thin well. The PLT line is actually an excited transition
in the photoluminescence spectrum, which is observed
because of the electronic temperature caused by a strong
excitation power.
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FIG. 1. Photoluminescence spectrum of the heterostructure,
performed with the 363-nm line of an Ar+ laser, at zero mag-
netic field and low temperature T=4.2 K. PL~, PLT, and PL&
lines are associated with the excitonic recombinations
in the wide quantum well, the thin quantum well, and the
Zno 73Mno 27Se barriers, respectively. The PL&. line is associated
with an excited optical transition of the thin well.

In fact, we expect the excitonic transition energies to
be largely affected by the magnetic field due to the ex-
istence of the giant Zeeman effect in the ZnQ 73MnQ 27Se
layers. Thus we have applied a magnetic field parallel to
the growth axis of the heterostructure (Faraday
configuration). The temperature was kept at 4.2 K. Fig-
ure 3 shows the variation of the four aforementioned
photoluminescence lines as a function of the magnetic
field. The redshift of the barrier photoluminescence PLtI
[Fig. 3(a)] is very large: 30 meV for 5.5 T. This value is
consistent with the large redshift of the optical funda-
mental heavy-hole transition usually observed in a
semimagnetic (Zn, Mn)Se layer. ' The PLIr line [Fig.
3(d)] does not move at all with the magnetic field and the
PLT line [Fig. 3(c)] exhibits a small redshift, 7 meV for
5.5 T. Finally, the PLT line [Fig. 3(b)] is seen only up to
1.5 T and, when observable, its redshift is quite parallel to
the PL& redshift.

Figure 4 shows the evolution of the excitation spectra
of the thin well [Fig. 4(a)] and wide well [Fig. 4(b)] for
different magnetic fields. The Zeeman splitting of the
XHH and XHH lines into two components o.+ and o is
large. On the contrary, the Zeeman splitting of the XLH
and X„H lines is too small (less than 1 meV for 6 T, see
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Sec. IV) to be resolved in these spectra due to the large
spectral width of the lines (more than 5 meV). The small
Zeeman splitting of the X„H and XLH lines is an indica-
tion of the light-hole character of the fundamental exci-
tonic transition in the two wells, at least at low magnetic
field; the large Zeeman splitting of the XHH and XHH
lines indicates the heavy-hole character of the first excit-
ed optical transition in the two wells. '

Note also that the variation with the magnetic field of
the transition energies of the XHH and XHHO com-
ponents is smaller than the one of the cr+ components.
The behavior of the a+ component of XHH in Fig. 4(a) is

particularly noticeable. When the magnetic field in-
creases, this component is strongly redshifted, while the
energy of the XIH line is practically independent of the
magnetic field. Thus these two lines approach each oth-
er. For 2(B( 3.5 T, the large width of the lines does
not allow us to distinguish the two peaks. But at high
magnetic field (B=5.5 T), two peaks can be resolved
again: the XIH and XHH(o. +) lines have crossed each
other. Such a crossing is not observed in the excitation

spectrum of the wide well [Fig. 4(b)] in this magnetic-field
range.

C. Time-resolved experiments

CO

c

(a) THIN WELL (535)

"HH

=OT

Time-resolved photoluminescence spectroscopy al-
lowed us to study the recombination time of the carriers
in the thin and wide wells, as a function of the magnetic
field for diS'erent temperatures (1.7, 4.2, and 10 K).
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FIG. 3. Magnetic-field-induced variation of the four ob-
served photoluminescence lines of Fig. 1, up to 5.5 T, at low

temperature T=4.2 K: (a) barrier photoluminescence PL&, {b)
PL& line corresponding to the first excited optical transition of
the thin well, (c) photoluminescence of the thin well PLT, and

(d) photoluminescence of the wide well PL .

cO
iz
uJ B= OT

CD

CD
cO

C3

CL

2.8T

)

5.5 T

I I I I I I I I I I I I I I I l I I l

276 2.78 280 2.82 284
ENERGY ( eV )

a

FIG. 4. Evolution of the excitation spectra of the 53-A thin
well [(a) E~„=2.794 eV], and of the 106-A wide well [{b)
Ed„=2.764 eV] for different magnetic fields, at low temperature
(4.2 K).
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In time-resolved experiments, the heterostructure was
excited well above the (Zn, Mn)Se gap energy, at 3.379
eV. This excitation preferentially creates carriers in the
barrier layers. The recorded emission profiles were fitted

by appropriately choosing an efFective relaxation time jef
and an overall recombination time ~. r,& takes into ac-
count the carrier capture from the barrier layers into a
quantum well and the relaxation to the fundamental sub-

band. Excitonic recombination can be either radiative or
nonradiative with characteristic times va and ~Na, re-

spectively, so that
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Due to the time scales involved here, the efFective relaxa-
tion time r,s determines the rise of the profiles, while the
photoluminescence decay is given above all by the recom-
bination time r Fur. thermore the profile analysis took
into account the finite resolution time of our experimen-
tal setup (pulse duration plus spectrometer plus streak
camera).

Typical time-resolved photoluminescence spectra of
the thin well (line PLr} are shown in Fig. 5 for two
values of the magnetic field at low temperature (1.7 K).
The rise times are found to be very short (r,it=10-20 ps),
and the decay can be well fitted by a single exponential
with recombination times ranging from 110 ps for low
magnetic fields to 240 ps for high magnetic fields.

The determination of the recombination time requires
a great deal of caution because of the relatively wide and
inhomogeneous photoluminescence lines. For example,
in Fig. 6 we report the cw photoluminescence line of the
thin well at 8=0 T and T=1.7 K, whose full width at
half maximum is 17 meV, and the recombination times
obtained when the detection energy scans this line. On
the low-energy side, localized excitons bound to impuri-
ties may account for a decrease in recombination time,
while carriers generated at the high-energy side of the
photoluminescence line possess two channels of
relaxation-intersubband and intrasubband relaxation

Energy (eV)

FIG. 6. Photoluminescence line of the thin well at B=O T
and T=1.7 K, and recombination times (squares) measured at
the corresponding detection energy and reported with their un-

certainty.
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(the excitation power is large) —thereby decreasing the
lifetime as well. It has been noted in our sample that the
maximal of value of r is obtained when the detection en-

ergy corresponds to the maximum of the cw photo-
luminescence line. Thus, in order to be able to compare
the recombination times for difFerent magnetic fields, we

were very careful to detect systematically the time-
resolved photoluminescence signal at an energy corre-
sponding to the maximum of the cw line.

Figure 7 exhibits a variation of the recombination time
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FIG. 5. Typical time-resolved luminescence spectra of the
thin well at T=1.7 K for two values of the magnetic field:
B=0.5 and 3.3 T.
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FIG. 7. Recombination time as a function of the magnetic
field for three different temperatures; T= 1.7 (dots), 4.2
(squares), and 10 K (triangles) for the luminescence of (a) the
thin well and (b) the wide well.
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in the thin well [Fig. 7(a)] and r in the wide well [Fig.
7(b)] versus the magnetic field for three different tempera-
tures: 1.7, 4.2, and 10 K. A great difference in the
behavior of the recombination times of the thin and wide
wells is observed. When the magnetic field is increased
from 0 to 2.5 T, the recombination time of the thin well

at T=1.7 and 4.2 K rises by a factor of about 2 (from
110 to 240 ps), slightly slower in the latter case. From
8=2.5 T onwards they remain constant. For T=10 K,

grows much more slowly, reaching a plateau only at
8=4.5 T. In contrast, the recombination time in the
wide well ~ increases much less markedly than v versus
the magnetic field for the three temperatures (~ at
B=5.5 T is only 20% larger than r at B=O T).

Furthermore, time-resolved resonant measurements
have been performed for several magnetic fields by excit-
ing the heterostructure resonantly with the energy of the
fundamental and first excited optical transitions observed
in the cw excitation spectra [XzH or XHH(o+) and

XtH]. As in the time-resolved experiment described
above, the detection energy is set to the maximum of the
photoluminescence line. For both wells, we found equal-
ly short rise times (10—20 ps) and a similar behavior of
the recombination times as a function of magnetic field,
as in the nonresonant experiment described above. We
therefore conclude that the process of carrier collection
froxn barriers in the wells situated only 350 A apart from
the sample surface does not considerably inhuence our
time-resolved spectra.

b,,E, b,,Ehh
—= —1.64s eV for the heavy holes

6 E 5 Eg = 6.946 eV for the light holes
(4)

Thus the energy gap of a compressed layer increases, and
the increase is much larger for light-hole transitions than
for heavy-hole transitions.

B. Zeeman effect

In bulk Zn& „Mn„Se, when a magnetic field parallel to
the growth axis is applied, the shift of an electron state
due to the exchange interaction between the Mnz+ ions
and carrier spins is given by

DATE, (J, )=J,Noax(S, ) .

The corresponding term for the valence band reads

(5)

bv = —1.2 eV, a, —a„=5.4 eV, ' and a„=—1.4 eV (Ref.
13) are the deformation potentials of ZnSe, and
S&i =2.26. 10 " m N ' and Si2= 0.85. 10 "m N
are the ZnSe elastic constants. ' The deformation poten-
tials and the elastic constants in (Zn, Mn)Se layers are tak-
en to be the same as in ZnSe ones. c. is the relative
mismatch of the considered layer E=(a —a )/a, where a
is the parameter of the whole strained structure and a
the strain-free lattice constant [a =5.666 A for ZnSe and
5.666+0.268x A for Zn, „Mn„Se (Ref. 15)].

From Eqs. (2) and (3) we deduce that the energy-gap
variation is

III. THEORY

A. Strain efFects

Because of the great lattice mismatch between the
binary and ternary alloys, large strains are present in the
structure and strongly modify the potential profile along
the growth axis (z axis) through the strain Hamiltonian. '

In fact, the strain effect produces shifts of the conduction
and valence-band extrema in each strained layer, which
for a ( 001 ) heterostructure" are

5,E,= —Sea, ,

E,Ehh = —Sc.a, +S'c.b

h,E&z = —Sca —S'eb

(2)

where

2(S„+2Si2)S=
S)(+S)2

Si) Si2

S), +S)2

(3)

In this section we present a theoretical calculation of
the transition energies of our ZnSe/(Zn, Mn)Se hetero-
structure. Strain effects resulting from the lattice
mismatch between the binary and ternary alloys, the Zee-
man effect, the excitonic effects, and the diamagnetism of
the exciton are taken into account.

(Sz) is the thermal average of the z component of the
Mn + spin, which involves a Brillouin-like function B5&2
depending on the magnetic field and the temperature:

—gpg8
qk(T +T )o

(7)

where g=2, pz, and kz are the Lande g factor, Bohr
magneton, and Boltzmann constant, respectively. Sp and

Tp are phenomenological parameters which take into ac-
count the antiferromagnetic interaction between the
Mn + ions.

J, is the component of the angular momentum along
the z direction (J,=+—,

' for electrons, and +—', and +—,
' for

heavy and light holes, respectively). No is the number of
unit cells per unit volume, a and P the exchange integrals
[we have taken the experimental values Noa=0. 29 eV
and NOP= —1.4 eV (Ref. 2)]. Note that the exchange in-
teraction is much stronger for the valence band than for
the conduction band, and three times stronger for the
heavy holes than for the light holes. The effect of the
magnetic field on the band structure is then to decrease
(increase) the energy gap of Zn, „Mn Se for transitions
involving holes with a negative (positive) angular momen-
tum, that is to say for the o+ (o ) transitions.

To calculate the effect of magnetic field on the poten-
tial profile, we neglect the Zeeman splitting in the non-
magnetic layer ZnSe, compared with the giant Zeemann
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effect in (Zn, Mn}Se layers. Moreover, it has been proved
that the Landau quantization can be neglected in our sys-
tem for the range of applied magnetic fields.

C. Kxcitonic effects

Because of the large strain effects' and large Zeeman
effect' on the valence-band structure, the band align-
ment of our heterostructure can become type II, that is,
to say electrons are localized in the ZnSe layers and holes
in the (Zn, Mn)Se layers. The Coulombic interaction be-
ing very different for type-I or type-II structures, a pre-
cise knowledge of the excitonic effects is necessary to un-
derstand the experimental results.

We have calculated the exciton binding energy by a
variational method, detailed in Ref. 18. We assumed that
the electron longitudinal motion is unaffected by the
Coulombic interaction. On the contrary, the valence-
band offset can be very small and even negative in the
case of a type-II structure, and the hole wave function is
calculated in an effective potential profile averaged on the
electronic motion. When a magnetic field is applied, the
diamagnetic shift of the exciton is taken into account,
and is estimated using first-order perturbation theory. '

We have taken 9.25 (Ref. 19) for the relative dielectric
constant and Ez =19 meV for the three-dimensional ex-
citon binding energy in bulk ZnSe. The effective masses
along the z direction are m, =0.15mo, mhh=0. 78mo,
and m» =0.14mo for electron, heavy, and light holes, re-
spectively (the Luttinger parameters deduced from the
values of mz„and m, z are y, =4.212 and y2=1.465).

IV. INTERPRETATION

To know completely the band structure of our double
quantum well, we have to determine two parameters: the
strain state and the potential profile along the growth
axis without strain. This potential profile is character-
ized by the strain-free relative valence-band offset q„,
which is the percentage of the band-gap discontinuity be-
tween the ternary and binary alloys lying in the valence
band. The comparison between cw experimental results
at zero magnetic field and the calculation of excitonic
transitions can provide knowledge of the strain state, but
is not sufficient to determine q„. This parameter will be
deduced from the cw magneto-optical experiments.

A. cm experiments

1. Zero magnetic field

Figure 8 confronts experimental results with the calcu-
lated excitonic transition energies: XLH and XHH for the
wide we11, and XIH and XHH for the thin well, at 8=0 T,
as a function of the relative mismatch in the (Zn, Mn)Se
layers, cz„M„s,. The calculations were performed

1 —x x
with q„=10%, which is a mean value between all the
values found in the literature ' (0&q, &20%). We also

0
assume that the 9700-A-thick ZnSe buffer layer is com-
pletely relaxed on the GaAs substrate. The 1200-A
(Zn, Mn}Se layer, whose thickness is smaller than the crit-
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FIG. 8. Calculated energies of the excitonic transitions XI H,

XHH for the wide well, and XLH, XHH for the thin well, vs the
relative mismatch of the (Zn, Mn)Se layer: cz„M„S,. We have

taken a strain-free relative valence-band offset q„=10%. The
arrows correspond to experimental energies which are reported
with their uncertainty.

ical thickness, is not fully relaxed on the ZnSe buffer lay-
er. ' Then, assuming an elastic accommodation of the
ZnSe lattice parameter with the (Zn, Mn)Se one, we can
calculate the relative mismatch az„s, of the ZnSe layers.
The infiuence of the strain state on the band structure is
then determined using Eqs. (2) and (3). In Fig. 8, note
that the light-hole transitions are very sensitive to the
value of az„M„s„contrary to the heavy-hole transi-

1 —x x

tions [see Eq. (4)], and that the nature of the fundamental
optical transition depends on the value of cz„M„s,. For
example, in the thin well, the fundamental excitonic state
is a light-hole exciton for ~ez„M, s, ~

&0.95% and a

heavy-hole exciton for ~az„M„s,~
)0.95%. The com-

1 —x x

parison between experimental and calculated results (Fig.
8) explains why the fundamental optical transitions XLH
and XtH are light-hole excitons, while the first excited
transitions XHH and XHH are heavy-hole excitons. Using
the fact that the light-hole transition energies are very
sensitive to the value of sz„M„s„and comparing the

experimental positions of X„H and X„H (reported in Fig.
8 with their uncertainty) with the calculation, we esti-
mate ez„M„s,= —0.55%+0.03%.

1 —x x
This estimation of c.z„M», depends a priori on the

1 —x x

value of q„ taken in the calculation. Thus we have calcu-
lated the variation of the excitonic transition energies
Xzz and XIH versus the relative valence-band offset q„,
as shown in Fig. 9. For the whole q„range considered in
Fig. 9 the light-hole band structure is type I. It is well
known that the transition energy of a type-I structure is
almost independent of the precise value of q„. Actually,
the experimental energy positions of XiH and XLH, re-
ported in Fig. 9 with their uncertainties, are compatible
with the calculated ones for all values of q„considered
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offset q, . The relative mismatch of the (Zn, Mn)Se layer:
c.z„«s, is taken as cz„M„s,= —0.55%. The arrows cor-

1 —r r 1 —r r
respond to experimental energies which are reported with their
uncertainty.

is larger than the redshift of the PLn, line (the o+ com-
ponent of XiH ).

The Zeeman splitting of the XHH and XHH lines is
much larger than the Zeeman splitting of the light-hole
transitions (Fig. 4), the exchange interaction being three
times larger for the heavy holes than for the light holes.
Moreover, the band alignment tends to become type II
under a magnetic field for the —

—,
' component of the

heavy holes, as has been found in CdTe/(Cd, Mn)Te het-
erostructures. ' When the structure becomes type II, the
heavy-hole wave function is principally localized in the
(Zn, Mn}Se layers, and the exchange interaction between
the carriers spins and the Mn + spins is enhanced.

In order to understand the particular behavior of the
X„H and XHH(o+ ) lines at high ma, gnetic field in the ex-
citation spectrum of the thin well [Fig. 4(a)], we have
calculated the energies of the XLH(o+), XLH(o ),
XHH(o+), and XHH(o ) excitonic transitions versus the
magnetic field for two values of the relative valence-band
offset: qo=5% [Fig. 10(a)] and q, =20% [Fig. 10(b}].

here. Thus our previous estimation of c,z„M„s, does
l —x r

not depend on q„.
In Fig. 9 we have also plotted the variation of the exci-

tonic transition energies XHH and XHH with q„. For
q„) 15%, the band structure of the heavy holes is type I,
and the heavy-hole excitonic transition energies are prac-
tically constant. On the contrary, for q„(15%, due to
the strain effects, the heavy-hole transition is type II and
the transition energies are very sensitive to q„. The ex-

perimental positions of XHH and XHH are reported in Fig.
9 with their uncertainty. We determine a lower limit for
q„(q„)0%},but at this stage it is impossible to deter-
mine an upper 1imit for q„.
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2. Nonzero tnagnetic field

Let us first consider the PL+ line. Under magnetic
field, its redshift (Fig. 3) behaves like a Brillouin function,
and the order of magnitude of the redshift is coherent
with the decrease of the tr+ heavy-hole optical transition
energy in (Zn, Mn}Se. ' The optical fundamental transi-
tion in the (Zn, Mn)Se layer is thus a heavy-hole exciton,
thereby confirming a compressed (Zn, Mn)Se layer [Eq.
(4)].

The behavior of the light- and heavy-hole excitonic
transitions of the two wells under a magnetic field is quite
coherent with earlier findings. The XI H and X&8 transi-
tions are insensitive to the magnetic field, while the Zee-
man splitting of the heavy-hole transitions XHH and XHH
is well observed (Fig. 4}. The light-hole band structure is

type I, and the light-hole wave functions are principally
localized in the nonmagnetic ZnSe layers. The interac-
tion between the carriers and Mn + ion spins is not
favored, leading to a small Zeeman splitting. In Fig. 3,
note that, in the case of the thin well, due to a larger
penetration of the carrier wave function in the barrier,
the redshift of the PLT line (the o.+ component of Xi H )
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FIG. 10. Energy position of the different lines observed in the
0

excitation spectrum (at low temperature T=4.2 K) of the 53-A
thin well and their full width at ha1f maximum (vertical seg-
ments) vs the magnetic Seld. The lines show the calculated exci-
tonic heavy- (dashed line) and light-hole (sohd line) transition
energies for two values of the strain-free relative valence-band
omset: (a) q„=S%, (b) q„=20%%uo.
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The band offsets were calculated for each magnetic-field
value using the experimental magnetic-field dependence
of PLe [Fig. 3(a)] and Eqs. (5)—(7).

We note the presence of a crossing between the
XHH(a+) curve and the XLH(o+) and XLH(o ) curves
for q„=5% at B=3.3 and 3 T, respectively [Fig. 10(a)].
In the parabolic model we used for our calculation, the
interaction between heavy holes and light holes is not
taken into account. As a consequence, a crossing (and
not an anticrossing) appears in Fig. 10(a). In Fig. 10 we
also reported the energy positions of the different experi-
mental lines Xr H (sr+ ), Xt H(cr ), XHH (0 +

), and

XHH(o ) with their full width at half maximum. In
spite of the limited resolution due to the spectral width of
the lines, we can note good agreement between the exper-
iment and the calculation for q„=5%, while the calcula-
tion for q„=20% does not reproduce the experimental
results at all. Thus the excitation spectrum [Fig. 4(a)]
above 4.5 T can easily be interpreted: the fundamental
optical transition is the XHH(o+ ) heavy-hole exciton and
the first excited transition is the X„H light-hole exciton
[XtH(o+) and X„H(0 ) merge in the same line, called

XLH]. Figure 10(a) shows clearly the crossing between
the XzH and XHH(o+) transitions, and so the existence
of a critical magnetic field B, for which a transition in
the nature of the fundamental state occurs: for B &B„
the fundamental optical transition is a light-hole exciton;
for B )B„the fundamental optical transition is a heavy-
hole exciton. The value of B, depends on the value of the
relative valence-band offset, and a measurement of B, can
therefore directly provide information about q„. 4'e esti-
mate 5% &q„&10%.

In Fig. 11 we reported the band structure for
ez„M„s = —0.55%%uo and q„=5% at zero magnetic

field. The band structure is type I for light holes, and due
to the strain effects is type II for heavy holes. Note that,
in spite of the type-II character of the band structure, the
oscillator strength of the heavy-hole transitions (Fig. 2)
seems to be of the same order of magnitude as the oscilla-
tor strength of the light hole transitions. In fact, as can
be seen in Fig. 12, the Coulombic interaction is responsi-
ble for the formation of interface excitons, ' ' that is to
say that the density of probability for the heavy holes is
important near the interfaces. Moreover, from Fig. 12 it
becomes clear that the magnetic-field-induced transition
which occurs at the critical magnetic field B, is a transi-
tion from a type-I light-hole exciton (for B &B, ) to a
type-II heavy-hole exciton (for B & B,).

The dependence on the magnetic field of the photo-
luminescences lines (Fig. 3) and the heavy hole lines ob-
served in the excitation spectra of Fig. 4 is in agreement
with the previous interpretation. The redshift of the cr+
component of XHH and XHH is of the same order of mag-
nitude as the one for the (Zn, Mn)Se photoluminescence
line PLe [Fig. 3(a}]. In particular, the redshift of the
PLT. line (the cr+ component of XHH ), which is observed
up to 1.5 T, is quite parallel to the redshift of PLe (Fig.
3}. The magnetic field reinforces the type-II character of
the band structure for the —

—,
' spin component of the

heavy holes, and the behavior of XHH(cr+ ) confirms the

q„=5% e „„„,=-0.55K

(Zn, Mn)Se ZnSe (Zn, Mn}Se ZnSe (ZnP+Se
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FIG. 11. Calculated potential profile along the growth axis of
the heterostructure taking into account the strain effects on the
band structure. The strain-free relative valence-band offset is
taken as q„=5%, the strain in (Zn, Mn)Se layers is taken

~zn& Mn Se

large penetration of the —
—,
' spin component heavy-hole

wave function in (Zn, Mn)Se, as shown in Fig. 12. Note
that no evidence of the magnetic-field-induced transition
can be clearly observed in the magnetic-field dependence
of the photoluminescence line (PLT) energy in Fig. 3.
Several reasons can be put forward. First, it can be seen
in Fig. 10(a) that, above the critical magnetic field (that is
to say above 3.5 T), the magnetic-field dependence of the
XHH(o+) line begins to saturate. Second, around the
transition, peaks XHH(o+) and XLH(o+) are close to
each other [Fig. 10(a)] and are not resolved up to 5 T due
to the width of the lines. The same phenomenon occurs
in the photoluminescence spectrum, the full width at half
maximum of the PL&- line being about 17 meV. In fact a
mean value of the heavy- and light-hole exciton energies
is measured in the photoluminescence spectra. Third, the
photoluminescence measurements involve extrinsic
characteristics such as excitons bound on defects or im-
purities. So it has been chosen to demonstrate the ex-
istence of the magnetic-field-induced transition exclusive-
ly on the excitation measurements, which are more reli-
able because they involve intrinsic characteristics.

Finally, note the behavior of the o. component of
XHH, which is detailed in Fig. 4(a). Up to B=1 T, the
o and o. variation energies are symmetric, as for a
type-II structure. For B& 1 T, however, XHH(o )

remains practically constant, as in the case of a type-I
structure. In fact, the eSect of the magnetic field is to
transform the type-II structure in a type-I structure for
the +—', spin component of the heavy hole (see Fig. 12).
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FIG. 12. Schematized poten-
tial experienced by the holes tak-
ing into account the Coulomb
interaction for two difFerent
magnetic fields: (a) 8=0 T and
(b) 8 & B,. The energy levels are
also reported for the difFerent
spin components of the light and
heavy holes.

For sz„M„s,= —0.55% and q„=10% this transition

is calculated at 1.4 T.
The excitation spectra of the wide well versus the mag-

netic field [Fig. 4(b)] do not show a crossing between the
Xi H line and the XHH (o.+ ) line as do the excitation spec-
tra of the thin well. In fact, such a transition is expected
at a higher critical magnetic field (about 5 T at T=4.2
K). The dependence of the critical magnetic field on the
thickness of the well can be understood by looking at the
valence band schematized in Fig. 12(a). For a large well
the energy difference between the light- and heavy-hole
transitions at zero magnetic field is increased. This is due
to the decrease of the confinement energy of the light
hole and to the fact that the interface exciton binding en-

ergy of the type-II heavy-hale exciton is smaller for a
wide well than for a thin well (the overlap between the
electronic and heavy-hole wave functions is smaller).

B. Time-resolved experiments

Let us now consider time-resolved measurements. In
fact, the smaller overlap of the electron and hole wave
functions in a type-II exciton compared to a type-I exci-
ton should cause an increase in radiative lifetime. The in-
crease of the recombination time of the thin well with
magnetic field seems to be correlated with the existence
of the crossing between the XLH and XHH (o +

) lines,
since for the wide well no such crossing and also no vari-
ation of the recombination time are observed. Moreover
the onset of the plateau observed in the magnetic-field
dependence of the photoluminescence decay time of the
thin well occurs at 2.5 T (for T=4.2 K), and the crossing
the excitonic levels is calculated at 3 T (for T=4.2 K,
sz, Mn se= —0.55% and q, =5%).

The observed recombination time of the type-I light-
hole exciton of around 110 ps for low magnetic field is
quite consistent with the usual values obtained for type-I
structures such as GaAs/(Ga, A1)As (Ref. 24) or
CdTe/(Cd, Mn)Te. On the contrary, typical type-II
recombination times are 1—10 ns, whereas the experi-
mental values saturate above 8=2.5 T at about ~=240
ps. This latter value is rather coherent with characteris-
tic times of nonradiative processes.

We therefore conclude that nonradiative processes,
which are faster than radiative ones, dominate the recom-
bination of the type-II excitons at high magnetic fields,
thereby hiding to a certain extent the large increase of the
radiative lifetime. Nevertheless, assuming a constant
value for ~NR (rNR=240 ps), the observed rise of the
overall recombination time ~ by a factor of 2 originates
from a large rise in ~R [according to Eq. (1)] and confirms
the idea of a magnetic-field-induced type-I to type-II
transition. Moreover, at T=10 K in Fig. 7(a), we find

that the higher value of the recombination time is

reached for a higher magnetic field (B,=4 T} than for
T=1.7 or 4.2 K (B,=2.5 T}. In fact, the Zeeman effect
decreases drastically when the temperature increases be-
cause of the B/(T+To) term in the expression of the
Brillouin function [Eq. (7}] reducing the redshift of the
XHH(o+) line. As a consequence, the crossing between

XLH and XHH(o+) will occur at a higher magnetic field;
this crossing is calculated at 2.7, 3.3, and 3.8 T for 1.7,
4.2, and 10 K, respectively, in good agreement with ex-
perimental findings. In the wide well, the fundamental
optical transition remains a type-I light-hole exciton tran-
sition for the applied magnetic fields and for all three
temperatures, with therefore a constantly short recom-
bination time [Fig. 7(b)].

V. CONCLUSION

In summary, we have shown how the dependence on
magnetic field of the fundamental and excited optical
transition energies in heterostructures like
ZnSe/(Zn, Mn)Se which contain a sernirnagnetic corn-
pound can provide precise and clear information about
the nature of these transitions: a low magnetic-field vari-
ation is the signature of a light-hole transition and/or of
a wave function which does not penetrate in the
sernimagnetic layer; a large magnetic-field variation indi-
cates a heavy-hole transition and/or a wave function
which is largely localized in the semirnagnetic layer.

From a comparison between theoretical calculations
(which take into account the strain effect, the Zeeman
effect, the excitonic effect, and the diamagnetism of the
exciton) and experiments, we find that, due to the strain
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effect, the fundamental transition at zero magnetic field
involves a type-I light-hole exciton, while the first excited
optical transition is a type-II heavy-hole exciton. We
show that a magnetic-field-induced transition in the na-
ture of the excitonic fundamental transition of a 53-A
ZnSe quantum well occurs for a critical magnetic field
BC=3 T. The value of Bc provides a measurement of
the relative valence-band offset which is found to be
5% & q„& 10%. Moreover, time-resolved experiments
show the transition at Bc from a type-I exciton to a
type-II exciton.

This whole study shows that a fundamental transition
involving a light-hole exciton with large oscillator

strength and a heavy-hole-like in-plane density of states
can be obtained in such structures. The application of a
magnetic field allows the tailoring of the wave functions.
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