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Giant anti-Stokes photoluminescence from semimagnetic heterostructures
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A giant anti-Stokes photoluminescence is observed at low excitation densities on specially designed semi-
magnetic II–VI asymmetric double quantum well structures by applying an external magnetic field. The signal
is due to a two-step absorption process, mediated by a long-living spatially indirect exciton, created via rapid
electron tunneling from the primarily excited direct exciton state.@S0163-1829~99!52748-3#
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Anti-Stokes photoluminescence~ASPL! is a phenomenon
in which the photon energy of the emission is larger than
one of excitation. It has been observed on various system
molecules, isolators, semiconductors, and quantum wells1–13

However, the efficiency is generally very low at practic
excitation levels. In this article we report on a giantly e
hanced ASPL signal, occurring in a specially designed se
magnetic heterostructure. Applying an external magn
field, the s,p-d exchange interaction between carriers
magnetic ions enables us to tune the band offsets in a de
way. Our study is based on an asymmetric double quan
well ~ADQW! structure. Conversely to standard tunneli
experiments,14,15 excitation of the well with lower optica
transition energy gives rise to strong emission from the s
ond well at higher photon energy. By applying an exter
magnetic field, a band alignment is achieved for which e
cient tunneling of the electrons takes place, whereas tun
ing of the holes is forbidden.16 As a result, a spatially indi-
rect or crossed exciton is formed in a first step, with
energy still lower than that of the primarily excited we
Because of the reduced electron-hole overlap, the lifetim
the crossed exciton is substantially increased and, befor
combining, it may thus absorb a second photon by
intraband-type transition. The two-step absorption crea
electron-hole pairs in the energy continuum of the ADQ
structure, which subsequently relax back towards the w
states, where they give rise to emission from both wells w
almost equal magnitude.

The ADQW structure consists of a magne
Zn12x2yCdxMnySe well ~MW! and a nonmagnetic
Zn12xCdxSe well ~NMW! (x50.15,y50.09), separated by
a ZnSe barrier, all of 6 nm thickness. The structure is on
of 1 mm ZnSe buffer layer, grown on~100! GaAs substrate
and capped by 20 nm ZnSe. A cw dye laser is used
optical excitation. Fig. 1~a! depicts photo-luminescence~PL!
spectra for various excitation densities at a magnetic field
B57.5T. The laser photon energy is resonant on the hea
hole~HH! exciton PL excitation peak of the MW~see Fig. 2!
and hence distinctly energetically below the optical tran
tions of the NMW. The PL of the MW is low-energy shifte
due to localization on alloy disorder. The striking feature
however, the occurrence of ASPL from the NMW on t
high-energy side, already for excitation densities as low
PRB 600163-1829/99/60~24!/16326~4!/$15.00
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40 mW/cm2. At 2 W/cm2, both PL signals are of the sam
order of magnitude. The spectral details of the ASPL are
minor importance in the present context. We thus mer
note that, in addition to the HH band, there is a low-ene
contribution, which increasingly dominates the signal
higher excitation levels. This behavior is consistent with
exciton emission, as previously observed on~Zn, Cd!Se/
ZnSe single quantum well structures.17,18 On the Stokes side
in Fig. 1~a! along with the HH-PL of the MW, a further PL
band is observed exhibiting a significant high-energy s
with increasing excitation density. In what follows we arg
that this feature is associated with a spatially indirect exci
state of the ADQW.

Fig. 1~b! summarizes PL spectra for various magnet
field strengths. The excitation is here above the ZnSe bar
The PL of the NMW undergoes virtually no shift up to 7.5
The feature located at low fields on the high-energy side
due to the spatially direct MW exciton. This band exhibits
strong shift to lower energies and crosses the NMW exci
state. Parallel, at aboutB51.5 T, the indirect exciton PL
appears. Its magnetic-field shift is markedly smaller than t
of the direct MW exciton. This is even more clearly seen
Fig. 2, where the PL excitation peaks of the HH-MW a
HH-NMW as well as the PL of the indirect exciton are plo
ted versus magnetic field. The reduced shift represents d
evidence for the fact that only one of the excito
constituents—namely the hole as demonstrated by the su
quent quantitative analysis—is experiencing coupling w
the Mn ions. The exciton energies of the ADQW can
written as

EX
I ,J5EG

I ,J1Eh
I 1Ee

J1Eb
I ,J ~ I ,J5MW,NMW !, ~1!

where the superscripts refer to states with the electron
hole dominantly localized in wellI andJ, respectively. The
zero-field bandgapsEG of the NMW ~2.616 eV! and MW
~2.644 eV! were determined on reference epilayers with t
same composition. The strain contributions for the ADQ
are included in the same way as in Ref.@16#. The single-
particle confinement energiesEe and Eh are calculated by
means of the transfer matrix method in envelope funct
R16 326 ©1999 The American Physical Society
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approximation and the exciton binding energiesEb using an
approach forwarded in Ref. 19. The key role in our study
played by the s,p-d exchange interaction, accounted fo
adding the terms

Hex
~p!5yeffN0Jpsz^Sz& ~2!

to the band-structure Hamiltonian of the MW. Here,yeff
5ay is the effective Mn concentration,N0Jp is the ex-
change integral for the conduction (p5e) and valence band
(p5hh), sz is the carrier spin, and̂Sz& is the thermal aver-
age of the Mn spin system, given in mean-field approxim
tion by

^Sz&52
5

2
B5/2~z!;z5

5mBB

kB~T1Q!)
~3!

with the Brillouin function B5/2. By phenomenologically in-
troducing the parametersu anda, clustering of the magnetic
ions, Mn-Mn superexchange as well as interface effects
taken into consideration. A nonideal interface is known
enhance the magnetic behavior.20,21 Directly induced field
variations, present also for the energy states of the nonm
netic layers, can be ignored in comparison with the mu
stronger influence of the s,p-d exchange interaction. F
the relevant parameters, the band masses (me50.143, mhh
50.75), exchange integrals (N0Je50.26 eV, N0Jhh5
21.31 eV) and the relative valence band offset~30%! for the

FIG. 1. ~a! Stokes and anti-Stokes PL spectra of a semimagn
ADQW structure at various excitation densities.~b! PL spectra at
various magnetic field strengths for an excitation energy above
ZnSe barrier.
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~Zn,Cd!Se/ZnSe heterointerface are available from literat
data.22,23 Excellent agreement between the experimental l
positions and the calculated exciton energies, likewise p
ted versus magnetic field in Fig. 2, is obtained witha
50.31, Q52.6 K, and a relative~Zn,Cd,Mn!Se/ZnSe va-
lence band offset of 60%. In principle, the crossed exci
provides very direct access to the latter quantity. Howev
the absence of this state in absorption due to its low osc
tor strength—in the fit of Fig. 2 we have postulated a
meV low-energy PL shift—makes the deduced value s
somewhat uncertain. Despite this, the data reveal unamb
ously a type-II band alignment of the ADQW, so that th
indirect exciton with electron in the NMW and hole in th
MW is indeed the state of lowest energy. This conclus
would be also valid for a much smaller or even revers
zero-field valence band offset between the NMW and M
since the exchange coupling of the holes is by far domin
(N0Jhh'5N0Je).

A further difference between the three exciton states c
cerns their excitation-intensity dependence@Fig. 1~a!#. There
is no measurable shift of the NMW exciton PL band. T
slight high-energy shift of the HH-MW feature is consiste
with heating of the Mn spin system via spin-spin scatter
or energy transfer to internal Mn21~3d5! transitions, both re-
ducing the effective momentum̂SZ& and by this the low-
energy shift caused by the exchange interaction. Those
fects can, however, not account for the much larger hi
energy shift of the crossed exciton. This strong intens
dependence is a characteristic feature of the spatially indi
state, associated with built-up of an electric field, when el
trons and holes populate different wells. The energy cha
of the direct exciton transitions induced by this field
DEdir'6(4pe2nid/2«)*dz z2@we

2(z)2wh
2(z)#, where w i

2( i
5e,h) denotes the respective single-particle probability d
tribution and nid the crossed exciton density. It is henc
much smaller than that of the indirect state, which percei
the total voltage drop across the ADQW. Ignoring for

ic

e

FIG. 2. Exciton energies of the ADQW versus magnetic fie
strength. Points are experimental data: PL excitation bands
HH-MW and HH-NMW, but PL for the crossed exciton. Curves a
calculated exciton energies. For the crossed exciton, a localiza
induced PL shift of 10 meV is estimated from the 15 meV lin
width. Inset: band alignments of the ADQW at low and high ma
netic fields.
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rough estimate any wavefunction penetration into the ba
ers (DEdir50), one readily obtainsDEind523.4e2nindd

2«.
For the present layer thicknesses ofd56 nm, densities in the
1017cm3 range are required to reproduce the experiment
observed shift. In view of the long lifetime, this density is
accordance with the low excitation levels in Fig. 1~a!.

After having clarified the energy structure of the sem
magnetic ADQW, we return to the mechanism of the hu
ASPL signal. The scenario described already in the introd
tion is again depicted schematically in Fig. 3. We emphas
that the ASPL occurs only beyond the magnetically induc
crossover of the direct exciton states. At lower magne
fields, tunneling of the hole from the NMW into the MW i
required. The energy separation between initial and fi
state is here, however, clearly below the 1-LO-phon
threshold of\vLO'30 meV~see Fig. 2!. In conjunction with
the heavier hole mass, this results in acoustic-phonon m
ated tunneling times of several 100 ps,24 excluding this pro-
cess in view of the shorter direct exciton lifetime~see be-
low!. In this way, the general requirement for efficie
ASPL, that carriers do not relax back to the low-bandg
material before radiatively recombining, Ref. 13 is automa
cally fulfilled. In contrast, tunneling by LO-phonon assi
tance, as energetically allowed for the MW exciton in t
initial state, is typically two orders of magnitudes faster.24

For a direct proof of the two-step absorption process
second cw laser (l5632.8 nm) was used for independe
excitation of the ADQW with a photon energy far below th
exciton transitions. The extra light can thus only drive t
second intraband-type transition. It is clearly seen in Fig
that additional excitation with low-energy photons increa
the ASPL signal, while it leaves the Stokes PL from the M
unchanged. The indirect exciton, being the initial state
the intraband absorption step, is low-energy shifted and
duced in intensity. Both features are entirely consistent w
depopulation of the indirect state. Enumeration of the sp
trally integrated signal change yields in fact that the gain
the ASPL equals closely the loss of the indirect exciton P
Our finding is different from related studies on GaAs/~Al,
Ga!As heterostructures, where stimulation of the ASPL
solely found for frequencies of the second beam above
GaAs bandgap Ref. 13. The present two-step absorption
viates also from the standard process with photon recyc
Refs. 7 and 8, since only one electron-hole pair is requ
for ASPL generation.

To understand in more detail the parameter constella
behind the strong ASPL, we have analyzed its intensity
pendence by using the standard rate equations for the 5-

FIG. 3. Scenario of the ASPL formation (B.4 T).
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system in Fig. 3. Letb be the cross section for the intraban
transition starting from the indirect exciton level~with ab-
sorption coefficientb indnind). Time-resolved PL measure
ments have yielded a life-time oftNMW550 ps andtMW
530 ps atB57.5 T for the direct NMW and MW exciton
respectively.25 These times are too short for efficient intr
band absorption involving the direct states. The indirect
citon lifetime t ind was not accessible by our 76 MHz repe
tion ps setup and is therefore at least several 10 ns.
hence certainly much longer than the time for the relaxat
back from the continuum into to the well excitons~assumed
to be same for all three states for simplicity!. Denoting the
electron tunneling time bytT, we find for the anti-Stokes
versus Stokes ratio in steady state

I AS

I S
5

tMW
~rad!

tNMW
~rad!

nNMW

nMW
5

tNMW

tNMW
~rad!

tMW
~rad!

tT

I exc

3I c12I exc
, ~4!

with the characteristic intensityI c5\v/bt ind . This formula
reproduces the experimental curve indeed adequately
~see inset of Fig. 4!. Under the reasonable assumption
equal radiative lifetimestNMW

~rad!>tMW
~rad! for the direct

excitons, one obtainstT570 ps andI c50.9 mW/cm2 from
the fit. The dipole moment of the intraband transition sca
like f3d, where the prefactor f depends on the details of
QW wavefunctions. Consideringd2 as an upper limit forb,
we find t ind>0.96ms. We recognize that the appearance
the ASPL at these exceedingly low excitation levels is
consequence of the very long indirect exciton lifetime. O
the other hand, the yield of the signal is inversely prop
tional to the tunneling time. Because of the electric-field
duced shift of the indirect state, the energy condition for
tunneling changes with optical power and drops eventu
below the LO-threshold. The 70 ps time, deduced from
saturation level ofI AS/I S in Fig. 4, is indeed consistent with
acoustic-phonon assisted tunneling of the five times ligh
electron. We note therefore that even higher ASPL effici
cies may be achieved by maintaining the LO-process.

In summary, we have reported on giant ASPL from
semimagnetic ADQW structure. The underlying mechani
is a two-step absorption process mediated by a spatially

FIG. 4. PL spectra for single-beam (\v152.595 eV) and two-
beam excitation (\v152.595 eV;\v251.959 eV). Inset: Ratio of
the spectrally integrated anti-Stokes and Stokes signals versu
citation intensity~single beam!, symbols: experiment, line: calcula
tion with Eq. ~4!.
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direct exciton. The very low excitation densities~mW/cm2!
required to observe the ASPL make this process an id
candidate for optical up-conversion. In the present case,
magnetic field was needed for achieving sufficiently f
direct-to-indirect tunneling. Similarly efficient ASPL will oc
al
he
t

cur in any type-II heterostructure with a parameter des
close to the present one.
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