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W e present a study of t ime-dependen t transmission spectra of a modu-
lation- dop ed C d1 À x Mn x Te/C d1 À y À z Zn y M gz Te quantum w ell w it h varia ble

hole gas concentration . W e study the inÛuence of pump pulses on exci-
tonic absorption in subpicosecond time scale. A spectrally broad prob e pulse

of duration of 40 femtoseconds w as used to record the absorption spectra
at controlled delay . Studies of temp oral evolution of exciton energies re-
vealed coherence decay of linearly p olari zed excitons and thermaliza tion of
non- equil ib riu m exciton states. W e found that a characteristic timescale for

thermalizati on of non- equil i bri um p opula tion s of photo created excitons is
b etw een 0.8 and 3.6 ps. T he timescale of this pro cess depends on the hole
concentration in quantum w ell : for higher hole concentration the decay is
faster. Long- lived photo- induced magnetizati on accompanied by heating of

the magnetic system w as also observed.

PACS numb ers: 78.40.Fy , 78.47.+ p, 78.67.De

1. I n t rod uct io n

The spectroscopy of quantum wells conta ining m oderate concentra ti on of
carri ers has been studi ed extensi vely duri ng last years. It is kno wn tha t the opti cal
spectra near energy gap are dom inated by two sharp l ines related to neutra l and
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charged exci to ns [1{ 7]. These tra nsiti ons are observed in di ˜erent exp erimenta l
conÙgurati ons such as absorpti on, photo lum inescence, Faraday rotati on, four wa ve
m ixi ng (FW M), etc. So far extensi ve studi es of thei r properti es were carri ed out in
both conti nuo us wave (CW ) [1{ 3, 7] and ti m e-resolved experim ents [8, 9, 6, 10].

The ti m e-resolved studi es were mostl y focused on the ti m escale from several
to hundred of picoseconds. Such range is a proper scale for charged exci to n form a-
ti on from neutra l exci to ns and carri ers [11] as wel l as the radi ati ve recom binati on
[9, 10] or spin Ûip pro cesses. In the present wo rk we focused on subpi cosecond
ti m escale. In order to obta in such tem pora l resoluti on we perform ed pum p-pro be
exp eriment wi th the laser pul se of dura ti on of 40 fs.

2 . Sam p le an d exp er im ent

The present study was carri ed out on a modulati on doped structure consi st-
ing of a single 80 ¡A quantum wel l (QW ) of Cd 1 À x Mn x T e (x ¤ 0 : 0 0 1 8 ) embed-
ded between Cd 0 :66Zn 0 :27 Mg 0 : Te barri ers grown pseudomorphi cal ly on a (100)
Cd : Zn : T e substra te. Mo dul ati on -dopi ng was assured by a ni tro gen-doped
layer placed at 200 ¡A from the QW . The hole gas concentra ti on in the QW was
contro l led by an addi ti onal i l lum inati on pro vi ded by a tung sten halogen lam p wi th
a bl ue Ùlter. The m echani sm of the hole gas concentra ti on contro l in the QW is
described in detai l in [3]. The experim ent was perform ed in a typi cal pum p-pro be
conÙgurati on (see Fi g. 1). Pum p and pro be femto second pul sesseparated by a con-

tro l led delay were focused on the sam ple to a com mon spot of a diameter smal ler
tha n m . The angle between the two beam s was about 5 . The pul ses were
generated by a Ti :Al O laser at a repeti ti on rate of 100 MH z. They had dura-
ti on of 40 fs, spectra l wi dth 22 nm , and were centered at 765 nm . The power of
both pul ses was contro l led independentl y, the pum p-to -probe rati o being at least
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Fig. 2. T ransmission spectra for four di˜erent delays betw een pump and prob e pulses.

T w o upp er spectra are for negative delays | the prob e pulse precedes the pump pulse.

T w o absorption lines related with neutral and charged exciton are clearly visible. A t

zero delay both pulses reach the sample at the same time.

20:1. The avera ge power of the pum p beam was typi cal ly 16 mW whi ch is equiv-
alent to creati on of about 6 È 1 0 1 0 cm À 2 exci to ns in each pul se. The spectrum
of the pro be pul se tra nsmi tted thro ugh the sam ple wa s recorded as a functi on of
delay between pum p and probe pulses. Ti m e resoluti on was 40 fs. The sam ple was
m ounted stra in- free in a superconduct ing magnet and im mersed in superÛuid he-
l ium . The tem perature was 1.8 K. The m easurem ents in magneti c Ùeld were done
in the Faraday conÙgura ti on. Typi cal spectra for f our di ˜erent delays are shown
in Fi g. 2.

In som e exp eriments the pum p beam wa s polari zed circul arly. The circul ar
polari zati on of the pum p pul se selects di ˜erent tra nsiti ons between spin subba nds:
polari zati on ¥ + creates electro ns in conducti on band wi th spi n value { 1/ 2 and
holes in valence band wi th angular mom entum value +3 / 2. For opposite circul ar
l ight polari zati on also the values of the hole and electro n angul ar m omentum are
opp osite. The probe beam was polarized l inearl y and detected after the sampl e at
both circul ar polarizati ons. Li near polari zati on of the pum p pul se was also used
in som e other experim ents.

3. T em p er at ure of t h e m an gan ese sys t em

The intense pum p pul seswarm up the sam ple. Due to thi s fact we found the
tem perature of the m anganese ions varyi ng as a functi on of power of the pum p
pul se. T o determ ine the temperature of the Mn spi ns, m easurem ents of the Zeeman
e˜ect were done wi th a CW l ight source. Standard tra nsmission of l ight obta ined
from the halogen lamp was m easured under il lum inati on wi th a strong pum p beam.
The Zeeman e˜ect reÛects averaged m agneti zati on of CdMnT e m ateri al in QW
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Fig. 3. Zeeman splitting for di˜erent pow ers of the pump pulse: 16 mW (rectangles )

and 1 mW (circles). T he inset show s the dep endence of the temp erature of the Mn ions

on p ower of the pump pulse.

[12{ 14]. In Fi g. 3 the energy of the neutra l exci ton versus m agneti c Ùeld (Zeeman
e˜ect) is presented. The m agneti c Ùeld was changed between +1 T and { 1 T. The
presented data were obta ined for di ˜erent powers of the pum p beam. W e found the
tem perature of the Mn ions about 4.9 K at 16 mW pum p beam power (recta ngles
in Fi g. 3) and ¤ 2 K at 1 m W (ci rcl es). The Mn spin temperature is plotted in
the inset in Fi g. 3 versus pum p beam power.

4. P h ot o ind uced m agnet i zat io n

It is known tha t circul arl y polari zed l ight can induce m agneti zati on in di -
luted m agneti c semiconducto rs [15]. D ue to thi s fact for a circul arl y polari zed
pum p beam a Zeeman spl itti ng shoul d be observed for both exci toni c absorpti on

Fig. 4. Faraday rotation versus photon energy at delay of {4 ps (a). T ransmission of

the sample (b). T he continuous lines w ere obtained from Ùtting.
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l ines between the two circul ar polari zati ons of the probe beam . T o Ùnd the value of
thi s photo induced m agneti zati on the Faraday e˜ect was m easured [7]. Thi s mea-
surement wa s done for delay { 4 ps (the probe pul se was reachi ng the sampl e 4 ps
before the pum p pul se and about 10 ns after the previ ous one). At tha t mom ent
al l carri ers created by the previ ous pum p pul se have al ready recombi ned [9] and
there is no di rect m odiÙcati on of absorpti on by the photo carri ers.

Fi gure 4 shows the Faraday rota ti on as a functi on of photo n energy (upp er
panel ) and the avera ge ¥ + =¥ À tra nsmission spectrum (l ower panel ). The rota ti on
is observed due to the Mn m agneti zati on created by the previ ous pum p pul se.
From Faraday rota ti on we found the spl itti ng and di ˜erence between osci llato r
streng th of neutra l and charged exci to n between the two ci rcul ar polari zati ons of
the probe beam . W e use the X- spl itti ng to determ ine the photo induced m agneti za-
ti on, obta ini ng 0.56% in uni ts of satura ti on magneti zati on at 16 m W pum p power.

5. E vo lut io n of X en er gy | b lu e shi ft

The behavi or of both exci to nic absorpti on l ines wa s investigated for l inear
polari zati on of the pum p beam and the same polari zati on of the probe beam . At
zero delay a signiÙcant blue shift of both excito n l ines was observed, gradual ly di s-
app eari ng therea fter. Gaussian Ùts of both lines al lowed us to determ ine tempora l
evoluti on of thei r energy positi ons and intensi ti es. Fi gure 5 represents neutra l ex-
ci ton energy versus delay of the pro be pul se relati ve to the pum p pul se, measured

Fig. 5. Energy shif t versus delay for neutral exciton. The open squares are the exper-

imental data. Solid lines represent Ùtted exp onential functions. p denotes hole concen-

tration: (a) p < 2 È 10
1 0 cm 2 , (b) 10 cm 2 , (c) 10 cm 2 . is the

characteristic decay time found from Ùtting exponential functions to the data.



684 P. P¤ochocka et al .

for di ˜erent hole concentra ti ons ((a) p < 2 È 1 0 1 0 cm À 2 , (b) p = 4 È 1 0 1 0 cm À 2 ,
(c) cm ).

The X energy shi ft decays exp onenti al ly wi th characteri sti c ti m e smal ler tha n
1 ps independentl y of the hole concentra ti on. The l inearl y polari zed pum p pul se
exci tes a coherent combi natio n of both excito ni c spin states. Decay of coherence
of these states contri butes to the observed decay of the blue shift.

A simi lar exp eriment was perf orm ed for circul ar polarizati on of the pum p
pul se. The ini ti al ly l inearly polari zed pro be pul se was detected in both circul ar po-
lari zati ons. The di ˜erence between tw o circul ar polari zati ons of the probe pul se in
neutra l exci to n l ine positi on | the X spli tti ng | for di ˜erent hole concentra ti ons
is presented in Fi g. 6 versus delay.

For negati ve delays the value of X spli tti ng is consta nt and related to the
photo induced m agneti zati on, previ ously di scussed. For delay equal to zero the
spl itti ng grows up rapidl y, and then decays exp onenti al ly wi th ti m e constant
decreasing wi th hole concentra ti on f rom 3.6 ps to about 0.8 ps. The ori gin of
the X spl itti ng can be expl ained in the fol lowi ng way: the pum p pul se creates a
non-equi l ibri um popul ati on of exci to ns. W hen the polarizati ons of pum p and probe
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pul ses are the sam e, phase space blocki ng m akes the bi ndi ng energy of excito ns
smal ler. For opposite polarizati ons of pum p and probe pul ses only (p olarizati on
independent) screening e˜ects rem ain. The decay of the X spl i tti ng is a relaxa ti on
of non-equi l ibri um popul ati on of exci to ns created in the QW by the pum p pul se.
The observed stro ng inÛuence of the carri er concentra ti on suggests importa nt ro le
of the Coul omb intera cti ons wi th carri ers present in the QW .

7. Co n cl usion s

W e observed a strong inÛuence of the pum p pulse on exci to nic absorpti on in
the quantum well on subpi cosecond ti m escale. Lo ng-l ived pho toinduced magneti -
zati on accompanied by heati ng of the magneti c system was also observed. Studi es
of tem pora l evoluti on of exci ton energies revealed coherence decay of l inearly po-
lari zed exci to ns and therm alizati on of non-equi l ibri um excito n states.
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