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Fast spin r elaxati on of Mn 2 + ions in a magneti c quantum well of
C dMn T e wit h 1% Mn fraction is related to a very e£cient spin -Ûip interac-

tion betw een Mn ions and free carriers . T his mechanism of spin relaxatio n
b ecomes dominant at increased excitatio n densiti es. T he observed resp onse of
the photolumi nescence bands to the Mn 2+ magnetic resonance indica tes that
free carriers are heated at the magnetic resonance conditions . A decrease in

formation /recombinati on rates of free and trion excitons is observed. Donor
b ound exciton photolumi nescence is enhanced , w hich we relate to delocal-
i zation of free excitons, caused by interaction with microw ave heated free
carriers.

PAC S numb ers: 71.35.J i, 72.25.Rb, 76.70. Hb, 78.55.Et

1. I n t rod uct io n

Pro cesses of energy tra nsfer from inequi l ibri um carri ers to m agneti c ions were
studi ed by severa l autho rs [1{ 10]. The studi es were perform ed for vari ous di luted
m agneti c semiconducto r (D MS) system s conta ining Mn 2 + ions. It was concl uded
tha t hot carri ers relax thei r excess energy by f ast spin-Ûip relaxati on wi th Mn 2 +

ions, whi ch resul ts in an increase in Mn 2 + e˜ecti ve spin tem perature. It was also
concluded tha t such spin-Ûip processes are faster tha n spin- latti ce relaxa ti on pro-
cesses [3], even tho ugh the latter can be enhanced for D MS wi th an increased
Mn fracti on. Such enhancement of spin- latti ce relaxati on rate was expl ained by
a di ˜usi on of a spi n exci tati on to regions of an increased Mn concentra ti on [11].
Even in these cases spin- latti ce relaxa ti on is to o slow to account for dyna mics of
spi n-rela ted processes, e.g., for dyna m ics of m agneti c polaron form ati on [12].
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Much lessof attenti on wa s paid to spin relaxati on pro cessesof m agneti c ions.
These relaxa ti on pro cessesproceed in most of the cases by ine£ ci ent spin- latti ce
intera cti on, m ediated by acousti c phonons (see e.g. [3]). Thi s is why spin-Ûip
carri er-Mn intera cti ons can be dom inant for very di luted sam ples, for whi ch spin-
- latti ce relaxati on is fai rly ine£ cient [11]. Such possibi l i ty was al ready indi cated by
our previ ous opti cal ly detected m agneti c resonance (OD M R) investi gatio ns [6, 13].
If spin relaxati on of Mn 2 + ions is dom inated by Mn- to -free carri ers spin-Ûip inter-
acti ons, gas of free carri ers can be heated at the m agneti c resonance condi ti ons [6].
The latter can be observed in the OD MR as a change in intensi ty of relevant pho to-
lum inescence(PL) emission bands [6, 13]. In thi s wo rk we looked for such responses
of the PL spectra to m agneti c resonance condi ti ons. The OD MR study was per-
form ed to evaluate the e£ ciency of Mn- to -free carri ers spin-Ûip intera cti ons, by
studyi ng the OD MR signals and thei r spectra l responses for a low di mensional
D MS system of CdMnT e/ CdMg Te.

2. E x per i m en t a l

OD MR and electro n spin resonance (ESR ) inv estigatio ns were perform ed on
ei ther a Q -band (36 GH z) or 60 GHz m icrowave system devel oped by the autho rs,
wi th a m icrowave cavi ty mounted in a spli t- coi l m agnet of the Oxf ord Instru-
m ents, using either argon laser or semiconducto r laser diode (1.92 eV) f or the PL
exci ta ti on. In the OD MR experim ent we m easured the PL changes (a change of an
intensi ty or a shift of the PL spectra l positi on) at magneti c resonance condi ti ons,
whi ch were m easured synchro nously wi th on-o˜ m odul ated m icrowave power. The
exp eriments were perf orm ed on a CdMnT e/ CdMg Te single quantum well (QW )
structure wi th 1% Mn fracti on in the m agneti c QW and wi th 20% of Mg in the
CdMg T e barri ers. The structure was grown by m olecular beam epi ta xy on a GaAs
substra te covered wi th a thi ck CdT e bu˜er layer.

3 . Exp er i m ental r esu l t s an d di scu ssion

In the OD MR we observed a strong signal wi th Lande g - factor of 2, whi ch we
attri bute, based on a separate ESR study , to the Mn 2 + m agneti c resonance. The
OD MR signal was detected vi a a change in intensi ty and/ or in a spectra l positi on
of the relevant QW PL emissions. The m agni tude of the signal and sign (decrease
or increase in PL) depended on a m icrowave power used, on an exci ta ti on density ,
and on PL detecti on energy.

In thi s paper we concentra te on di scussion of spectra l responses of the PL
bands to OD MR signals, by m easuri ng the so-called OD MR -PL spectra. In the
OD MR -PL we measured modi Ùcati ons of the PL bands at the m agneti c resonance
condi ti ons. In parti cular, we studi ed the dependence of the OD MR -PL spectra
on an exci ta ti on density , using the above band gap excita ti on. The exci ta ti on
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intensi ty was varied between 0.01 and 15 W / cm 2 , i .e., we used relati vely low
exci ta ti on densiti es to avoid latti ce heati ng.

In Fi g. 1 we show the response of the exci toni c QW PLs to the m agneti c
resonance (Q -band data ), m easured at the lowest excita ti on density . At such exci -
ta ti on density the PL spectrum is dom inated by a free excito n tra nsiti on (X PL),
whi ch decreases in intensi ty and shifts up- in-energy at the m agneti c resonance.
X PL shi fts by about 2 meV, when we appl ied a microwave power at the Mn 2 +

m agneti c resonance condi ti ons. Such up- in-energy shift of the X PL indi cates a
signiÙcant decrease in the sampl e magneti zati on at the m agneti c resonance con-
di ti ons, as was al ready reported in the earl y OD MR investigati ons [13, 14]. The
resul ti ng suppression of a Zeeman spli tti ng (m agneti zati on) is large and at a m i-
cro wave power of about 200 mW can even reach 60%. The shift and decrease in
intensi ty of the X PL is accompanied by the appearance of a weak PL at the
low energy wi ng of the X PL in the OD MR -PL spectrum . Thi s new PL is due
to a donor bound exci to n (D BE) PL. The appearance of thi s PL indi cates some
delocal izati on of X exci to ns, as wi l l be expl ained later on.

Fig. 1. Resp onse of the QW PL emission s to the Mn 2+ magnetic resonance conditi ons,

observed for the low est excitation density used in our study .

T o account for the m acroscopic decrease in the sampl e magneti zati on, ob-
served in the OD MR , we must assume tha t T 1 spi n relaxa ti on for Mn 2 + ions is
slow, at low tem perature and at low exci ta ti on density . W e veri Ùed thi s state-
m ent by m easuri ng dyna mics of m agneti c resonance-induced PL changes, using a
ti m e-resolved OD MR experim ent. The ti me dependence of the signals was mea-
sured under pul se of m icrowave power, wi th a ti m e resoluti on of about 20 ns.
The relevant result is shown in Fi g. 2. W e m easured a decay of the X PL sig-
nal observed at a high energy up on the microwave pul se appl ied at the m agneti c
resonance condi ti ons, and an increase in the low energy X PL peak after turni ng
o˜ the m icrowaves. Both processes are characteri zed by the sam e characteri stic
ti m e of 1 0 ñ s, whi ch relates to a spi n relaxa ti on ti m e in our system . Thi s value
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of the spi n relaxati on ti m e is characteri sti c of the spin- latti ce intera cti on in bul k
CdMnT e wi th Mn fracti on of 1 % [ 1 1 ; 1 2 ] . W e thus veri Ùed tha t spi n relaxa ti on is
fai rl y slow at low exci ta ti on densiti es and tha t thi s relaxa ti on is dom inated by the
spi n-latti ce intera cti on.

Fig. 2. Dynamics of the microw ave induced (microw ave pulse at the Mn 2+ magnetic

resonance conditions ) modi Ùcation s of the X PL, by setting detection at high energy

X PL (at magnetic resonance conditio ns) and low energy X PL (observed at a turned

o˜ microw ave pow er).

A disti nctl y di ˜erent PL and OD MR -PL spectra are observed at hi gh exci -
ta ti on densiti es, as is shown in Fi g. 3 for the largest excita ti on density used by
us. An addi ti onal PL band, attri buted to a radiati ve decay of negati vel y charged
exci to ns (tri ons, labeled as X À PL), is observed to gether wi th X and D BE PL
emissions. The three PL bands do not change thei r spectra l positi ons and onl y
change thei r intensi ti es at the m agneti c resonance condi ti ons. The X and X À PLs
are reduced in intensi ty , whereas the DBE PL is enhanced once microwave power
is turned on (Fi g. 3).

A simi lar PL response we observed setti ng condi ti ons for the electro n cy-
cl otro n resonance (CR ) in the opti cal ly detecte d cycl otro n resonance (OD CR ,
see [15] for expl anati on of the techni que). The X and X À PLs are reduced in
intensi ty and the D BE PL is enhanced once we heat free electro ns at the CR
condi ti ons. W e also observed smal l up- in-energy shift of the X PL, by a local -
izati on energy, whi ch indi cates delocal izati on of exci to ns by intera cti ons wi th hot
carri ers. The OD CR inv estigatio ns indi cate thus tha t we must delocal ize excito ns
to enhance the DBE form ati on in CdT e or CdMnT e QW s [16]. The fact tha t we
observe identi cal PL responses in the OD MR (at hi gh exci ta ti on densiti es) and
OD CR indicates tha t free carri ers are heated at the m agneti c resonance condi -
ti ons, sim ilarl y to the situa ti on in the OD CR. Scatteri ng of hot carri ers (heated
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Fig. 3. Resp onse of the QW PL emission s to the Mn 2+ magnetic resonance conditi ons,

observed for the largest excitation density used in our study .

at either magneti c resonance or CR condi ti ons) on exci to ns may resul t in thei r
delocal izati on and/ or dissociati on, observed as changes of the PL intensi ti es. Thi s
expl ains the OD MR -PL spectra observed by us at high exci ta ti on densi ti es.

Cha nges in intensi ty of exci to nic PL emissions (see Fi g. 3) are not accom -
panied by spectra l shif ts of thei r positi ons. The shi ft gradua lly di sappears wi th
increasing exci ta ti on densi ty and is very smal l for density of 15 W / cm2 . W e thus
conclude tha t spin-exci ted Mn 2 + ions evidentl y recom bine m uch faster at increased
exci ta ti on densiti es, i .e., in the presence of free carri ers. The m agni tude of shorten-
ing of spin relaxati on ti m e, observed at increased exci ta ti on densiti es, could not be
estim ated by us, whi ch was due to a l im i ted ti m e resoluti on of our OD MR system .
From a separate ti m e-resolved PL exp eriment, perform ed for a sim i lar system , we
concluded tha t spi n relaxati on ti m e m ust be indeed very fast [17].

Co ncludi ng, our OD MR inv estigati ons indi cate a hi gh e£ ci ency of Mn 2 +

spi n relaxati on by spi n-Ûip intera cti ons wi th free carri ers, whi ch become dom inant
at increased exci ta ti on densiti es. W e expect tha t a high e£ ciency of such spin-Ûip
intera cti ons expl ains the observed puzzl ing shorteni ng of the Mn 2 + intra -shal l PL
decay ti m e, observed for several DMS system s [17].

Thi s work wa s partl y supp orted by the grant No . 5 P03B 007 20 of the State
Co mm ittee for Scienti Ùc Research granted for years 2001{ 2003.
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