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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 I1-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 ste80163-182@09)52748-3

Anti-Stokes photoluminescen¢ASPL) is a phenomenon 40 uW/cn?. At 2 W/cn?, both PL signals are of the same
in which the photon energy of the emission is larger than therder of magnitude. The spectral details of the ASPL are of
one of excitation. It has been observed on various systems asinor importance in the present context. We thus merely
molecules, isolators, semiconductors, and quantum Weffs. note that, in addition to the HH band, there is a low-energy
However, the efficiency is generally very low at practical contribution, which increasingly dominates the signal at
excitation levels. In this article we report on a giantly en-higher excitation levels. This behavior is consistent with bi-
hanced ASPL signal, occurring in a specially designed semiexciton emission, as previously observed @n, CdSe/
magnetic heterostructure. Applying an external magnetiZnSe single quantum well structurfs:®On the Stokes side
field, the s,p-d exchange interaction between carriers anih Fig. 1(a) along with the HH-PL of the MW, a further PL
magnetic ions enables us to tune the band offsets in a desirénd is observed exhibiting a significant high-energy shift
way. Our study is based on an asymmetric double quanturwith increasing excitation density. In what follows we argue
well (ADQW) structure. Conversely to standard tunnelingthat this feature is associated with a spatially indirect exciton
experimentg;}+® excitation of the well with lower optical state of the ADQW.
transition energy gives rise to strong emission from the sec- Fig. 1(b) summarizes PL spectra for various magnetic-
ond well at higher photon energy. By applying an externalfield strengths. The excitation is here above the ZnSe barrier.
magnetic field, a band alignment is achieved for which effi-The PL of the NMW undergoes virtually no shiftupto 7.5 T.
cient tunneling of the electrons takes place, whereas tunneFhe feature located at low fields on the high-energy side is
ing of the holes is forbiddetf. As a result, a spatially indi- due to the spatially direct MW exciton. This band exhibits a
rect or crossed exciton is formed in a first step, with anstrong shift to lower energies and crosses the NMW exciton
energy still lower than that of the primarily excited well. state. Parallel, at abolB=1.5T, the indirect exciton PL
Because of the reduced electron-hole overlap, the lifetime ofippears. Its magnetic-field shift is markedly smaller than that
the crossed exciton is substantially increased and, before ref the direct MW exciton. This is even more clearly seen in
combining, it may thus absorb a second photon by arFig. 2, where the PL excitation peaks of the HH-MW and
intraband-type transition. The two-step absorption createslH-NMW as well as the PL of the indirect exciton are plot-
electron-hole pairs in the energy continuum of the ADQWted versus magnetic field. The reduced shift represents direct
structure, which subsequently relax back towards the welevidence for the fact that only one of the exciton
states, where they give rise to emission from both wells withconstituents—namely the hole as demonstrated by the subse-
almost equal magnitude. guent quantitative analysis—is experiencing coupling with

The ADQW structure consists of a magneticthe Mn ions. The exciton energies of the ADQW can be
Zm_,,CdMn,Se well (MW) and a nonmagnetic written as
Zn; _,Cd,Se wel(NMW) (x=0.15,y=0.09), separated by
a ZnSe barrier, all of 6 nm thickness. The structure is on top
of 1 um ZnSe buffer layer, grown o(L00) GaAs substrate, EY=ER’+EL+EJ+EL (1,LJ=MW,NMW), (1)
and capped by 20 nm ZnSe. A cw dye laser is used for
optical excitation. Fig. (a) depicts photo-luminescen¢EL)
spectra for various excitation densities at a magnetic field oivhere the superscripts refer to states with the electron and
B=7.5T. The laser photon energy is resonant on the heavyhole dominantly localized in well andJ, respectively. The
hole (HH) exciton PL excitation peak of the M\(éee Fig. 2  zero-field bandgap&; of the NMW (2.616 eV} and MW
and hence distinctly energetically below the optical transi{2.644 eV} were determined on reference epilayers with the
tions of the NMW. The PL of the MW is low-energy shifted same composition. The strain contributions for the ADQW
due to localization on alloy disorder. The striking feature is,are included in the same way as in REI6]. The single-
however, the occurrence of ASPL from the NMW on the particle confinement energids, and E;, are calculated by
high-energy side, already for excitation densities as low asneans of the transfer matrix method in envelope function
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I i (Zn,CdSe/ZnSe heterointerface are available from literature
I | data??>?Excellent agreement between the experimental line
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2,62 2.64 positions and the calculated exciton energies, likewise plot-
ted versus magnetic field in Fig. 2, is obtained with
=0.31,®=2.6K, and a relative(Zn,Cd,MnSe/ZnSe va-
FIG. 1. (a) Stokes and anti-Stokes PL spectra of a semimagneti¢ence band offset of 60%. In principle, the crossed exciton
ADQW structure at various excitation densiti¢h) PL spectra at  provides very direct access to the latter quantity. However,
various mggnetic field strengths for an excitation energy above thghe ghsence of this state in absorption due to its low oscilla-
ZnSe barrier. tor strength—in the fit of Fig. 2 we have postulated a 10
meV low-energy PL shift—makes the deduced value still
approximation and the exciton binding energigsusing an  somewhat uncertain. Despite this, the data reveal unambigu-
approach forwarded in Ref. 19. The key role in our study ispusly a type-Il band alignment of the ADQW, so that the
played by the s,p-d exchange interaction, accounted for bjrdirect exciton with electron in the NMW and hole in the
adding the terms MW is indeed the state of lowest energy. This conclusion
(0)_ would be also valid for a much smaller or even reversed
Hex _yeﬁNOJpUZ<SZ> 2

zero-field valence band offset between the NMW and MW,
to the band-structure Hamiltonian of the MW. Hergy;  Since the exchange coupling of the holes is by far dominant
=ay is the effective Mn concentratioyJ, is the ex-

(NO‘]thSNO‘J_e)' )
change integral for the conductiop€e) and valence band A furthgr dlffergncg betwgen the three exciton states con-
(p=hh), o, is the carrier spin, andS,) is the thermal aver- C€MS their excitation-intensity dependerﬁEeg. 1(@]. There
age of the Mn spin system, given in mean-field approximaiS N0 m_easurable sh_lft of the NMW exciton P_L band_. The
tion by sl!ght hlgh-energy shift of _the HH-MW feat_ure is consistent
with heating of the Mn spin system via spin-spin scattering
or energy transfer to internal Mh(3cP) transitions, both re-
ducing the effective momenturS;) and by this the low-
energy shift caused by the exchange interaction. Those ef-
with the Brillouin function By,. By phenomenologically in- fects can, however, not account for the much larger high-
troducing the parametesand «, clustering of the magnetic energy shift of the crossed exciton. This strong intensity-
ions, Mn-Mn superexchange as well as interface effects ardependence is a characteristic feature of the spatially indirect
taken into consideration. A nonideal interface is known tostate, associated with built-up of an electric field, when elec-
enhance the magnetic behaviBf! Directly induced field trons and holes populate different wells. The energy change
variations, present also for the energy states of the nonmag@f the direct exciton transitions induced by this field is
netic layers, can be ignored in comparison with the muchAEy,~ * (4me’niy/2e) [dz Z[ ¢2(z) — ¢3(2)], where ¢(i
stronger influence of the s,p-d exchange interaction. From=e,h) denotes the respective single-particle probability dis-
the relevant parameters, the band masses=0.143, m,, tribution andny the crossed exciton density. It is hence
=0.75), exchange integrals NgJ.=0.26eV, NgJy,= much smaller than that of the indirect state, which perceives
—1.31eV) and the relative valence band off&39%) for the  the total voltage drop across the ADQW. Ignoring for a
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ers AEq=0), one rea_ldlly obtaind E;g= 23-43_7_1indd_ €. beam excitationf{w,=2.595 eV;%iw,=1.959 eV). Inset: Ratio of
For the present layer thicknesseslet 6 nm, densities inthe ¢ gpectrally integrated anti-Stokes and Stokes signals versus ex-

10" cm® range are required to reproduce the experimentallyitation intensity(single beary symbols: experiment, line: calcula-
observed shift. In view of the long lifetime, this density is in tion with Eq. (4).

accordance with the low excitation levels in Fidal

After having clarified the energy structure of the semi-
magnetic ADQW, we return to the mechanism of the hugesystem in Fig. 3. Leg be the cross section for the intraband
ASPL signal. The scenario described already in the introductransition starting from the indirect exciton levelith ab-
tion is again depicted schematically in Fig. 3. We emphasiz&orption coefficientS;,qning). Time-resolved PL measure-
that the ASPL occurs only beyond the magnetically inducednents have yielded a life-time ofyyw=50ps andryy
crossover of the direct exciton states. At lower magnetic=30ps atB=7.5T for the direct NMW and MW exciton,
fields, tunneling of the hole from the NMW into the MW is respectively?® These times are too short for efficient intra-
required. The energy separation between initial and finaband absorption involving the direct states. The indirect ex-
state is here, however, clearly below the 1-LO-phonorciton lifetime 7,,q was not accessible by our 76 MHz repeti-
threshold off w o~30 meV(see Fig. 2 In conjunction with  tion ps setup and is therefore at least several 10 ns. It is
the heavier hole mass, this results in acoustic-phonon medience certainly much longer than the time for the relaxation
ated tunneling times of several 100 excluding this pro-  back from the continuum into to the well excitof@ssumed
cess in view of the shorter direct exciton lifetintgee be-  to be same for all three states for simpligitpenoting the
low). In this way, the general requirement for efficient electron tunneling time byr;, we find for the anti-Stokes
ASPL, that carriers do not relax back to the low-bandgapsersus Stokes ratio in steady state
material before radiatively recombining, Ref. 13 is automati-
cally fulfilled. In contrast, tunneling by LO-phonon assis- I as
tance, as energetically allowed for the MW exciton in the
initial state, is typically two orders of magnitudes faster.

For a direct proof of the two-step absorption process, avith the characteristic intensity.=#% w/ B1i,q. This formula
second cw laserN=632.8nm) was used for independent reproduces the experimental curve indeed adequately well
excitation of the ADQW with a photon energy far below the (see inset of Fig. ¥ Under the reasonable assumption of
exciton transitions. The extra light can thus only drive theequal radiative lifetimesmy"@9= "% for the direct
second intraband-type transition. It is clearly seen in Fig. 4xcitons, one obtainst=70ps andl.=0.9 mW/cn? from
that additional excitation with low-energy photons increaseghe fit. The dipole moment of the intraband transition scales
the ASPL signal, while it leaves the Stokes PL from the MW like fXd, where the prefactor f depends on the details of the
unchanged. The indirect exciton, being the initial state forQW wavefunctions. Considerind? as an upper limit for,
the intraband absorption step, is low-energy shifted and rewe find 7;,;=0.96S. We recognize that the appearance of
duced in intensity. Both features are entirely consistent witthe ASPL at these exceedingly low excitation levels is a
depopulation of the indirect state. Enumeration of the speceonsequence of the very long indirect exciton lifetime. On
trally integrated signal change yields in fact that the gain ofthe other hand, the yield of the signal is inversely propor-
the ASPL equals closely the loss of the indirect exciton PLtional to the tunneling time. Because of the electric-field in-
Our finding is different from related studies on Ga®/  duced shift of the indirect state, the energy condition for the
GaAs heterostructures, where stimulation of the ASPL istunneling changes with optical power and drops eventually
solely found for frequencies of the second beam above thbelow the LO-threshold. The 70 ps time, deduced from the
GaAs bandgap Ref. 13. The present two-step absorption deaturation level of oo/l 5 in Fig. 4, is indeed consistent with
viates also from the standard process with photon recyclingcoustic-phonon assisted tunneling of the five times lighter
Refs. 7 and 8, since only one electron-hole pair is requireeélectron. We note therefore that even higher ASPL efficien-
for ASPL generation. cies may be achieved by maintaining the LO-process.

To understand in more detail the parameter constellation In summary, we have reported on giant ASPL from a
behind the strong ASPL, we have analyzed its intensity desemimagnetic ADQW structure. The underlying mechanism
pendence by using the standard rate equations for the 5-levisl a two-step absorption process mediated by a spatially in-

FIG. 4. PL spectra for single-beani ¢,=2.595 eV) and two-
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direct exciton. The very low excitation densities\W/cn?) cur in any type-ll heterostructure with a parameter design
required to observe the ASPL make this process an ideallose to the present one.

candidate for optical up-conversion. In the present case, the

magnetic field was needed for achieving sufficiently fast The authors acknowledge financial support by the Deut-
direct-to-indirect tunneling. Similarly efficient ASPL will oc- sche Forschungsgemeinschatft.
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