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Excitonic energy transfer to the 3 electrons of Mr?* in Cd;_,Mn,Te
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We studied the energy transfer between excitons and dhelétrons of MA" in Cd;_,Mn,Te crystals
within a Mn concentration range of 0sX<0.45 atT=2, 5, and 20 K by emission, excitation, and time-
resolved photoluminescence measurements. Time-integrated emission spectra show a strong quenching of the
L,-type exciton luminescence together with a strong increase of intensity 8T4@)—°A;(S)Mn?* lumi-
nescence if the Mn concentration is raised fram0.32 to 0.43. Excitation spectra of th&;(G)—5A,(S)
Mn?* luminescence give evidence of an excitonic energy transfer via free and intrinsically localized excitons
to the 31 shell of Mr?*. By time-resolved photoluminescence measurements we investigated the lapse of
luminescence at discrete energies in the exciton luminescence band using pulsed band-to-band excitation. The
luminescence shows a nearly exponential decay. We see a strong decrease of the luminescence decay time
when the MA™ ions act like energy absorbers for the exciton energ®8163-182607)04911-4

[. INTRODUCTION which broadens strongly with increasing Mn concentration
and shifts to lower energies with respect to the excitonic
Cd,_,Mn,Te belongs to the group of semimagnetic semi-structure obtained in reflectivity measureméfits. The
conductors(SMSC’y. They are mostly 1l-VI compounds broadening of the exciton luminescence band is explained,
doped with 8 or 4f transition metals with high magnetic on one hand, by an increasing band-gap fluctuation caused
moment, embedded in the host crystal on cation sites. Inteby the local fluctuations of the Mn concentratigrin these
esting physical properties can be observed in SMSC'’s, itighly mixed crystals. On the other hand, the influence on
particular, in Cd_,Mn,Te (e.g., large magneto-optical the exchange interaction between an exciton and the neigh-
effect$™), due to a strongs,p-d exchange interaction be- boring Mr?* ions on the exciton states leads to the formation
tween band carriers and the fn3d electrons~’ Therefore  of an excitonic magnetic polardiEMP) which is typical for
SMSC'’s have been subject to many studies in the last 1fhe semimagnetic semiconductor CgMn, Te8-%* Band-
years® 12 gap fluctuations, magnetization fluctuations, and the EMP
In Cd,_,Mn,Te the luminescence emission due to the in-effect disperse exciton states in the crystal and lead to a
ternal transitions within the @shell of Mr?* can be excited broadening of the exciton luminescence band which is usu-
by the direct absorption in the Mn ions or by the absorptionally labeled withL,. Intrinsic localization of excitons into
of light in the host crystal followed by an energy transfer tothe potential wells of the band-gap fluctuations and further
the emitting ions. This energy transfer may be realized as arelaxation by the exchange interaction with neighboring
exciton migration process. It is the aim of this paper toMn?* ions result in the observed shift of theg-type exciton
present some experimental results on the excitonic energyminescence band to lower energies with respect to the ex-
transfer in Cg_,Mn,Te. citonic structure of reflectivity measuremefts®
Cd,_,Mn,Te reflectivity measuremertfs'* of free exci- Time-resolved measurements of thetype exciton lumi-
tonsEg, reveal that the fundamental band-gap shifts linearlynescence in Cd ,Mn,Te have shown that the decay of
with the Mn concentratiorx [Eg(x)=1.595+1.59% for emission on the low-energy side of the exciton luminescence
0=<x=<0.7 andT~5 K.1® For x=0.37 an additional strong band, i.e., for deeply bound exciton states, is longer than the
absorption below the band gap is observed which has beeatecay of emission on the high-energy side of the exciton
ascribed to MA" intraionic transitions$'® Exciting above luminescence bard. The shorter decay of the exciton lumi-
this threshold a photoluminescence emission band centeregscence on the high-energy side of the exciton lumines-
near 2 eV is found for temperaturds<80 K. This is as- cence band is explained by a higher probability for these still
cribed to a multiphonon sideband of the intraionic ¥In  nonlocalized or weakly bound excitons to scatter and to
transition “T;(G)—°®A,(S).1® By band-to-band excitation a transfer their energy to nonradiative sites and to relax into
broad exciton luminescence band can be observed at highdeeper bound exciton states by intrinsic localizat{salf-
energies. trapping in potential wells of the band-gap fluctuatipaad
As it has been reported earlier, the exciton luminescencthe EMP effect. Similar effects of intrinsic exciton localiza-
of Cd,_,Mn,Te changes drastically when going from lower tion due to band-gap fluctuations have been shown in the
to higher Mn concentrations. For<0.05 the exciton lumi- mixed nonmagnetic semiconductor Gd$Se, 47-°
nescence is dominated by the recombination of acceptor and While the energy of the internal transitiofiT,(G)
donor bound excitons. This exciton luminescence is gener—°A,(S) of Mn?" does not change with increasing the
ally labeled withL; (A°X or D°X). In the p-type semicon- energy of excitons, following the change of the band gap,
ductor Cd_,Mn,Te acceptor bound excitons are dominat-does. There should be a threshold of energy transfer from
ing. Forx=0.05 an exciton luminescence band is observedxcitons to the 8 shell of Mr?™ whenx increases. Indeed
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TABLE |. Experimental data of the emission, excitation, and

SPC measurements. 7 T ' ' *
SPC
Emission Excitation measurements :@
[ o
Laser-pulse 200 ps 5 ps 5 ps/2 ps :
length ©
Repetition 82 MHz 4 MHz 4 MHz/1.8 MHz ;
rate B
Excitation = 2.54 eV 2.22 eV/2.68 eV §
energy £
Mean laser 500 nW  10-30 mwW 30 mW/30 mw k
i At T o

W r 1 1 1
powe 1.9 20 21 22 23

energy (eV)

this threshold neax=0.4 has been observed, above which

the emission due t6T,(G)—°A,(S) appears. This threshold ~ FIG. 1. Emission spectra(in logarithmical scalg of

is characterized by a significant change of the decay behavié#d; - xMnyTe for x=0.32,x=0.365,x=0.395, anck=0.43 excited

and intensity of the excitonic luminescence. at E=2.54 eV. Mif": *T{(G)—°A,(S) luminescence band at
E=2.0 eV, the energy of the exciton luminescence bdndtype)

Il EXPERIMENT varies with Mn concentratior from E=2.08 to 2.28 eV.

weighted sum of transients due to distinctly intrinsically re-

bulk crystals grown by the high-pressure Bridgman methoc!axed (localized anq bound(EMP) exmtons: This effect IS
more pronounced in the center of the exciton luminescence

within a Mn concentration range of 6=X<0.45 atT=2, 5, . . .

and 20 K. For the excitation of luminescence we used apand than on its low- or high-energy side. Therefore, when

' . detecting in the center of the exciton luminescence band we

mode-locked Ar-ion laser or a mode-locked synchronously’,”. .
) ; o Jobtained only an average value fowhereas on the far low-

pumped dye laser, respectively, with excitation power densi-

! or far high-energy side of the exciton luminescence band we
ggfn blitw_?ﬁg :r?]isks\,/i\(/)/r?ﬁ\j\?ansd dttglct\/\(/e/gné n;egs;pr\id ﬁgtg;ﬁultqbtained a unique value faraccording to a single exponen-
Iierpar'1d single-photon-countingSPQ ytechni uéFl) was Fal decay behavior due to the radiative recombination of still
P gle-p . d . free or deepest bound excitons, respectively. In this way we
used. The spectral resolution was near 1 meV for both emis-

sion and excitation spectra and between 0.1 and 0.4 meY < ¢ able o determine th? dom|nat|ng.decay timaf the
exciton luminescence at discrete energies of the exciton lu-

(detection windowin the SPC measurements. The emission_". .
S . minescence band with an accuracy of about 10 ps.
spectra were corrected in view of the characteristics of the Wh L ithin th K : f th .
spectrometer and of the sensitivity of the photomultiplier., . en registering within the peak maximum of the exci-
‘tonic emission(L, band, the maximum of the excitation

The excitation spectra were corrected Wlt_h respect to the dygpectra of Cg,Mn, Te with x~0.4 is shifted to energies
laser intensity. Table | shows the experimental data of thé " - . . 4
- o which are 15 meV higher than the luminescence maximum,
emission, excitation, and SPC measurements. . . . . L .
! . i.e., the detection energy. We ascribe this excitation maxi-
Using a 2-ps laser pulse for our time-resolved measure- . : )
. : . mum of the exciton luminescence to the generation of free
ments the SPC experimental set yielded a transient of 60-ps . : . =
full width at half maximum(FWHM). In order to improve excitons. Knowing the free exciton energ,(x) =1.595
. . ' P +1.59% at 5 K from reflectivity measuremeritand consid-
the time resolution of the SPC measurements we made a fit . ; .
; ; . ring a mean relaxation energy of about 15 meV into the
to the transients of the exciton luminescence. We convolute

. R radiative exciton states we are able to determine the local Mn
the transient of the 2-ps laser pulse, which implies all appa-

rative broadening effects, by one single exponential decaconcentratlon of our crystals with near to 0.4 by the ener-

curve[exp(—t/7), = hypothetical decay timeWe achieved a ¥;etic position o_f the exciton luminescence maximum with an
. ; accuracy ofAx=0.002.

good agreement between our fit and the experimentally mea-
sured transient when detecting on the far high- or on the far
low-energy side of the exciton luminescence band. In the
center of the exciton luminescence band we found only a Figure 1 shows, in a logarithmical scale, emission spectra
poor agreement. This seems to be because at each energyoinfour Cd,_,Mn,Te crystals with a Mn concentration of
the L ,-type exciton luminescence band we measure actuallx=0.32, 0.365, 0.395, and 0.43 using band-to-band excita-
the radiative recombination of excitons in different states oftion at 2.54 eV of a constant excitation intensity at 5 K.
energy relaxation. The state distribution of exciton energie®When going from the Mn concentratior=0.32, where still

in the crystal is mainly due to the spatial inhomogeneity ofno Mr?" luminescence can be seen, to higher concentrations
Mn ions leading to band-gap fluctuations and due to magnewe observe not only the well-known shift of the exciton
tization fluctuations. That is, at each energy we measure luminescence to higher energies but also a very strong de-

We investigated the photoluminescence of, CdMn, Te

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 2. Model of energy transfer from excitons to g (G) 814 516 218 220 222 224 296 298
excited state of Mf" ions in Cd_,Mn,Te. Shown are the free ’ ’ T i ! ' ’
exciton energy as a function of Mn concentration excitation energy (eV)
EEXZ(f):l'$92+1'595_( atT=5kK afte_r(Ref. 13, scﬁhematically the FIG. 3. Excitation spectra of the Mn emission in CgMn,Te
Mn . mg"“ph‘)”‘j” sidebands of emissi6my(G) —°Aq(S) and €X°  for x=0.37,x=0.395, anck=0.43. The arrow indicates the energy
citation "A(S)—"T4(G) and, represented by columns, the exciton ¢ e exciton luminescence bari.indicates the band edge.

luminescence bands from Fig. 1.
excitation energy of 2.54 eV. Therefore, by band-to-band

crease of the exciton luminescence intensity and an equallgxcitation, the energy transfer to the #nions has to take
strong increase of the intensity of the RMnluminescence. place via excitons.

The FWHM of the exciton luminescence band increases Forx=0.365 the high-energy side just overlaps the exci-
from 25 meV forx=0.32 to 46 meV fox=0.43 showing the tation threshold of the M luminescence so that only a
strong dispersion of exciton states due to the band-gap flugcery small energy transfer is possible. ¥ 0.395 nearly the
tuation and excitonic magnetic polaron relaxation with in-Whole exciton luminescence band overlaps the shoulder of

creasing Mn concentration as mentioned before. For ththe Mrf* excitation band. This implies that for lower exciton
crystal withx=0.32 we can observe on the low-energy side€nergies a weak, for higher exciton energies a more effective
of the exciton luminescence band a very weak luminescencgergy transfer to the Mn ions is possible. Finally for

intensity due to weak contributions X and DX bound Xx=0.43 the whole exciton luminescence band lies in the
[ange of strong excitation for the Mh luminescence. This

exciton recomblnatlon and not due to Mn Iumlnescence_z qheans that an effective energy transfer for all excitons is
we want to point out here. This can be deduced by a Ime'possible.
shape arjglysis of the exciton Ium_lnescence 'H*Q[ﬂ}nxTe In the same measure as Rnions are excited by energy
when raising the Mn concentration abowe-0.05:" For  yanefer from excitons or by reabsorption of photons which
x>0.1 a broad and asymmetric exciton Iummescenc(:)e b"’mére generated by the radiative recombination of excitons the
(Lo-type) is observed. Its asymmetry is dueABX andD°X  exciton luminescence is weakening. This is the reason for the
bound exciton recombination. For higher Mn concentrationsstrong quenching of the exciton luminescence when raising
as for instancex=0.32, this asymmetry in the line shape of the Mn concentratiox in Cd,_,Mn,Te crystals(Fig. 1).
the exciton luminescence is only appreciable in logarithmical Figure 3 shows the excitation measurements of thé'Mn
presentation of the luminescence intensity. luminescence of three crystals B&5 K. In contrast to the
The change of the luminescence of the, CdMn, Te crys-  crystal withx=0.43 we observe fox=0.37 and 0.395 still a
tals as a function of the Mn concentration and band-to-bandelatively weak(factor 5 excitation of the MA* lumines-
excitation, can be explained by a model of energy transfecence. Two other excitation features are obser¢&da rise
represented in Fig. 2. Figure 2 shows schematically thef intensity in the exciton region, the arrow indicates the
Mn?"  multiphonon  sidebands of the emission exciton luminescence band; an@ a weak modulation
4T,(G)—CA,(S) and of the excitation®A;(S)—*T,(G). marked byK. For both crystals the modulatidf is shifted
The  multiphonon  sideband of the  excitation to energies which are approximately 50 meV higher than the
6A,(S)—*T,(G) is drawn mirrorlike to the emission and exciton luminescence banéarrow) indicating the band
pinned to the excitation threshold of about 2.18 eV, which isedge!®
known from the excitation measurements of the?Miumi- As the model in Fig. 2 shows, we observe for the crystal
nescenceFig. 3). Figure 2 shows also the free exciton en- with x=0.43 below the free exciton energies a direct and
ergy as a function of the Mn concentration effective excitation. Going to higher excitation energies the
Eg(X)=1.595+1.59% at T=5 K and the exciton lumines- Mn?* luminescence decreases and is quenched. Obviously
cence bands from Fig. 1 represented by the columns. the emission is restricted to the range of the creation of ex-
When exciting at 2.54 eV, which is deep in the conduc-citons. Forx=0.37 the free exciton energy lies just at the
tion band, we create hot excitons which relax intrinsicallyexcitation threshold of the Mt luminescence and therefore
into radiative exciton stat€s:33Forx=0.32 we see in Fig. the Mrf" luminescence is controlled by the excitation of
2 that the exciton luminescence band lies far below thé'Mn excitons for all excitation energies. On the other hand, in the
excitation threshold and no energy transfer from these exciease ofx=0.395, we observe that the exciton luminescence
ton states to the M ions is possible. The fact that no K band lies just in the rise of the multiphonon sideband of Mn
luminescence can be observed fox0.32 (Fig. 1) demon-  excitation®A,(S)—*T,(G). Besides, in Fig. 3 we can rec-
strates that the Mii ions cannot be excited directly by the ognize that for this crystal the excitation maximum of the
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FIG. 4. Excitation spectra of the Mn emissiturve B, dashed
line) and of thel,-type exciton emissiorfcurve C, dotted ling
Curve A (solid line) is the emission spectrum of tHe, exciton
luminescence excited at 2.3 eV. The arrow at 2.206 eV indicates the
detection energy for curve C.

luminescence decay time (ps)

g

Mn luminescence coincides in energy with the position of
the exciton luminescence band as indicated by the arrow. To
simplify further discussion of the excitation behavior for the

Cd,_,Mn,Te crystal withx=0.395, we represent in Fig. 4 its o £ o
excitation spectrum of the Mn luminescen@& dashed ling -4 30 -20 -10 0 10 20 30 40
again together with its emission spectrum of the exciton lu- Ephom-Epeak (meV)

minescencéA, solid line) and its excitation spectrum of the

exciton luminescenceC, dotted ling. The detection energy g 5. Exciton decay time versus energy of five Gd ,Mn, Te

of the excitation spectrum of the exciton luminescence igyystals with variou at T=2 K. All curves are shifted to coincide
indicated in Fig. 4 by an arrow. In this figure we can observan peak energies of the time-integrated luminescence band. Lines
for the Cq_XMnXTe Crystal withx=0.395 a similar excita- are drawn to guide the eye.

tion behavior for both the M luminescence and the exci-

ton luminescence, i.e., the excitation maximum of the exci-¢ emission, some interesting features are observed. The first
ton luminescence can be seen reproduced as a shoulder gseryation to be mentioned is the decrease of the decay
the high-energy wing of the excitation maximum of the Mn ;e \when the temperature is raised fram5 to T=20 K.
luminescence. The latter coincide in energy with the excitoRrhe strongest shortening of the decay is observed in the case
luminescence band. These features indicate clearly an energy ihe crystal Cg,MngoeTe going from 7,,=250 to
. . . . . . max
transfer via free and b_oung excitons to the Wiions in the Tmax=120 ps. Simultaneously the luminescence intensity de-
Cdy_,Mn,Te crystal withx=0.395. _ _ creases to half its initial value, an unusual narrowing from 28
Figure 5 shows the decay time®f the exciton lumines- e\ FWHM to 22 meV and a shift of 7 meV of the exciton

cence of five Cd_,Mn,Te crystals with various measured  gmjssion band to higher energies is observed. These obser-
at different detection energies in the exciton luminescence

band atT=2 K. For clarity the curves are shifted so that the
peak energies of the exciton luminescence band coincide at 0

meV. Negative values of the energy scale refer to the low- 191} R Cd, Mn,Te ]

energy wing, positive values to the high-energy wing of the 7 x=0.2

exciton luminescence band. 7 T=2K
For all Mn concentrationg in Fig. 5 except forx=0.45, S 1901 ]

we observe a decrease of decay timgoing from the low- 2

energy to the high-energy wing of the exciton luminescence 5 1.89} .

band. This reflects the change from deeply bound exciton &

states as due to the excitonic magnetic polaron localized ina @ 188 )

potential well to less bound exciton states from which exci-
tons are able to diffuse with a higher probability to nonradi-
ative sites. Figure 6 shows the contour lines of 17 SPC mea- 0 560 10'00
surements at discrete energies in the exciton luminescence .
band of the CglgMn, ,Te crystal using the decay times given time (ps)
by Fig. 5. This diagram is similar to that given by Oka FIG. 6. Contour lines of 17 SPC measurements at discrete en-
et al3* ergies in the exciton luminescence band of g fh, ;Te crystal at

As for the influence of temperature upon the decay timer=2 K.

1500 2000
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vations are not in contradiction to other authdrs:’ We In the range of higher concentratidfor x=0.39 the ex-
conclude from these features that Bt20 K the deepest citation range of the Mf ions overlap with the exciton
exciton states are not yet reached, which implies that thenergies. In this concentration range the decrease,f
diffusion to nonradiative sites is much stronger thafats  from 100 ps to less than 20 ps may be explained by the
K. opening of an MA*-induced recombination channel for the
With increasing Mn concentration a strong decrease of thannihilation of excitons. Consequently, we ascribe this drop
longest decay time of the excitonic emission is observedof 7, to less than 20 ps to the onset of energy transfer
The interpretation of the change of the maximum decaypetween excitons and the K¥hions in Cd_,Mn,Te. In the
time 7,,,, can be given considering two Mn concentration case ofx=0.39 the*T,(G)—°A,(S) emission of MA™ can
ranges: In the first one, from=0.20 tox=0.32, 7,,,5x varies  already be observed, but we observe a relatively long decay
from 800 to 110 ps. As for the crystal with=0.39 having a  time (,,,,=100 p3. This can be explained by the fact that
decay time of7,,,=100 ps no significant change is regis- only the high-energy side of the exciton luminescence band
tered. In the second range, f=0.39, where the Mn lumi-  covers the range of effective excitation of the Mrions (see
nescence is already observabig,, drops below 20 ps for Fig. 2). The excitons reaching the deep states still recombine
x=0.45. radiatively. Finally in the case of=0.45 all exciton energies
In the low-concentration rang&x<0.32) the strong de- are overlapping with the range of effective excitation of the
crease Ofr,,,, from 800 to 110 ps is still unclear. It seems to Mn®* luminescence. Therefore all exciton states are able to
be the result of an increasing defect density in the crystatontribute to the energy transfer to thd 8hell of Mrf™.
when raising the Mn concentration. Consequently, the rate ofhis explains the significant drop &f,,,. We would like to
nonradiative transitions to these defect sites can increaspoint out that this drop ofr,., to lower than 20 ps gives
Recently it has been shown that potential fluctuations indirect evidence for an energy transfer from the excitons to
crease strongly due to increasing spatial inhomogeneity ahe Mr?* ions, i.e., that the Mfi ions do not only reabsorb
Mn ions in the crystal when raising the Mn concentrationthe energy after a radiative recombination of the excitons.
abovex=0.12528 By intrinsic exciton localization in poten- Reabsorption would not change the decay time, but only
tial wells of band-gap fluctuations and a more pronouncedveaken the intensity of the exciton luminescence. Finally, it
EMP effect due to increasingly more Kfhions in the exci- should be mentioned that any reliable determination of the
ton Bohr radius, one would even expect an increase of thdase time and therefore of the kinetic of the excitonic energy
longest decay time;,,, When raising the Mn concentration. transfer is impossible because of the band-gap fluctuation of
Compared to free exciton energies, both exciton localizatiomur mixed crystals.
and EMP formation lead to a higher density of states for
excitons at lower energies. These deeper bound excitons
should have a lower probability for scattering at nonradiative
sites. Obviously the energy relaxation into these deeply
bound exciton states is strongly confined which results in the The experimental evidence of the energy transfer between
observed decrease of exciton decay times, i.e., the decreasgcitons and the®electrons of MA" in Cd,_,Mn,Te crys-
of 7,ax Observed in our crystals when raising the Mn concen+als are given by the following.
tration. Okaet al3” measuredas well with the SPC tech- (1) Exciton luminescence quenching. Strong exciton lu-
nique for a Cd,_,Mn,Te crystals withx=0.18, also grown minescence quenching is observed when raising the exciton
by the Bridgman method, a maximum decay time of 1300 psenergy with the Mn concentration in €dMn,Te crystals
This shows in comparison to our crystals witk0.2 less above the excitation threshold of the Rin emission
scattering at nonradiative sites and fits into the trend ob*T;(G)—°A,(S).
served in our crystals of a decreasing decay time with in- (2) Excitation structures. The excitation structure of the
creasing Mn concentration. In contrast to our results MacktMn?" luminescence in Cd ,Mn,Te crystals is determined
et al? observed in molecular-beam epitaxy grown epilayersby the excitation of excitons for all excitation energies.
of Cd;_,Mn,Te (x<0.34 with increasing Mn concentration (3) Longest decay time quenching. The change in the
an increase of decay time. In their case, they determined tHengest decay times,,, from 100 to less than 20 ps when
decay time from the energy-integrated exciton luminescenceaising the Mn concentration abowe=0.4 can be explained
band(L ,-type). Here we are not able to resolve this discrep-by the opening of a recombination channel for excitons: the
ancy but it may indicate that our crystals grown by theenergy transfer between excitons and theZMrons in
Bridgman method seem to be of a lower quality, i.e., with aCd, _,Mn, Te crystals.
higher impurity density, than those €dMn,Te epilayers
studied by Mackhet al. Finally, the fact that we observed
nearly the same values @af,,, for x=0.32 and 0.39, i.e., 110 ACKNOWLEDGMENTS
and 100 ps, respectively, may indicate a saturation in the The author is grateful to Dr. H.-E. Gumlich and to Dr. U.
balance for the nonradiative energy transfer in ourStutenbamer for stimulating discussion and experimental
Cd;,_Mn,Te crystals. support.

IV. CONCLUSIONS
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