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W e repor t on an overgro w t h of quantu m stru ctures consisting of di luted

magnetic semiconductor C dMn Te quantum w ells w ith non -magnetic barriers
made of C dMgT e or ZnT e on ferromagnetic Mn A s and GaMnA s Ùlms by
molecular b eam epita xy . A tomic force microscopy images of the quantum
structures grow n on MnA s demonstrated the existence of two typ es of regions

on the surf ace: protruded islands with micrometric sizes, surrounded by areas
of small- scale roughness. Magnetic force microscopy study of these samples
revealed a magnetic domain structure only on the above mentioned islands.

T he ( I I ,Mn ) V I quantum w ells grow n on GaMnA s Ùlms exhibited relatively
smooth surf ace, but no magnetic force microscopy signal was measurable
either before or after magnetizin g the sample. In the lumines cence spectra
of all our quantum structures the emission attributed to C dMnT e quantum

w ells w as observed. T he inÛuence of magnetization on the lumines cence line
p osition w as investigated.

PAC S numb ers: 81.15.H i, 07.79. Pk, 78.55. {m

1. I n t rod uct io n

D i luted m agneti c semiconducto rs (D MS) are studi ed intensi vel y duri ng the
last f ew years, wi th emphasis on I I I{ V compounds, such as (G a,Mn)As and
(Al ,Mn)As, whi ch exhi bi t carri er- induced ferrom agneti sm at relati vel y hi gh tem -
peratures, and thus m ay be suita ble for appl icati ons in new devi ceswi th m agneti c
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and spin-dependent functi ons. However, i t is di £ cul t to intro duce large am ounts
of Mn ions substi tuti ng for Ga or Al . On the other hand, in the case of I I{ VI
D MS, Mn can replace up to 100% of the group I I elements. But the ferrom agneti c
state for classical (I I,Mn)VI semiconducto rs is achi eved at extrem ely low tem per-
atures [1]. There are a few publ icati ons describing growth and inv estigatio n of
non- latti ce-m atched hybri d I I{ VI/ I I I{ V structures or superlatti ces, whi ch consist
of magneti c ZnMnSe or CdMnT e and non-m agneti c GaAs QW [2]. Mo st of them
are devoted to the study of electri cal in jection of spin-polari zed carri ers across the
I I{ VI/ I I I{ V interf ace. R ecently, the inÛuence of f erromagneti c Ùlms on D MS was
di scussed in term s of an inÛuence of f ring ing Ùelds on vari ous spin- related prop-
erti es of such structures : it wa s dem onstra ted in hybri d structure s com posed of
a ferrom agneti c m etal l ic layer (such as Fe, Ni / Fe, Co) and a semiconducto r tha t
such an inÛuence can lead to an addi ti onal local izati on of exci to ns in II{ VI D MS
QW s [3].

In thi s work we present the results of an overg rowth of CdMnT e QW wi th
CdMg T eor ZnT ebarri ers on f erromagneti c layers of MnAs and GaMnAs (the latter
conta ining inten ti onall y ferrom agneti c MnAs preci pi ta tes). W einvesti gate here the
to pography , m agneti c force m icroscopy (MFM) images,and photo lum inescence of
such structures.

2. E x per i m ent a l d et ai ls

The overgrowth of (I I,Mn)VI quantum structures was perf orm ed in a m olec-
ul ar beam epita xy (MBE) system on tw o typ es of (I I I, Mn)V Ùlms, referred to here
as substra tes. MnAs substra tes consisted of high tem perature (HT) GaAs(0 01)
and low tem perature (LT) 120 nm thi ck f erromagneti c MnAs({ 1100) lay ers grown
on semi- insulati ng GaAs(0 01) [4]. The second typ e of substra tes, the so-cal led
GaMnAs substra tes, consi sted of HT and LT GaAs bu˜ers covered by 50{ 62 nm
GaMnAs layers wi th 1.9{ 14.0% of Mn ; subsequent anneal ing of thi s layer at a high
tem perature (about 600{ 650£ C) leads to the form ati on of ferromagneti c MnAs
cl usters wi th a typi cal size of 3{ 20 nm [5]. A thi n As am orpho us layer to protect
the surf ace from aging covered some of the GaMnAs substra tes. Af ter the growth
of both typ es of the substra tes they were exposed to ai r and tra nsferred to another
MBE apparatus dedicated to I I{ VI materi als. To rem ove the As layer, or in order
to deoxi di ze the surface of the substra tes, they were heated up to 650£ C in the
depositi on chamb er before the overgrowth of (I I, Mn)VI materi als wa s com menced.

The overgrown structures were composed of a quantum wel l of CdMnT e
(1{ 4% of Mn), sandwi ched between CdMg T e(10{ 15% of Mg ) or ZnT ebarri ers. The
growth was perform ed at substra te temperatures of 2 8 0 £ C (f or CdMg Te/ CdMnT e/
CdMg T e structures) and 3 2 5 £ C (f or ZnT e/ CdMnT e/ ZnT e) wi th 0.2 and 0 : 5 ñ m/ h
growth rate. By choosing the wi dth of the Ùrst barri er to be only 250 ¡A, we
intended to m ake the magni tude of the f ringe Ùelds (i f any) as large as possible



T opographi cal, Magnet ic and Optical Studi es . . . 651

in the QW region. On the other hand, by growi ng a wi de (5000 ¡A) barri er we
could impro ve structura l qual i ty of the overg rown m ateri al thro ugh reduci ng the
num ber of dislocati ons. The quantum wel l and the cap were 25{ 150 ¡A and 750 ¡A,
respect ively. The overgrowth of CdMg T e barri ers was ini ti ated by depositi ng a
very thi n (5 m onolayers) ZnT e bu˜er in order to reduce e˜ects rel ated to the large
latti ce mismatch between (G a,Mn)As and CdMg T e( ¤ 1 0%); or wi th ZnT e( ¤ 7%).
R eÛection hi gh-energy electron di ˜ra cti on (R HEED ) was used for in sit u growth
contro l . Duri ng the overg rowth on ferrom agneti c MnAs substra tes the reÛections
in the RHEED pattern had a streaky character, wi th streaks being som ewhat
shorter and broader at thei r end points compared to norm al I I{ VI MBE growth in
our system . On the other hand, very narro w streaks were observed in the RHEED
patterns duri ng the growth on GaMnAs substra tes.

Af ter the growth the sam ples were m agneti zed in a magneti c Ùeld of 5 T for
30 m inutes. The Ùeld wa s kept paral lel to the growth di recti on. Ex si tu to pogra-
phy and m agneti c dom ain patterns were studi ed at room tem perature by m eans
of ato m ic force m icroscopy (AFM) and m agneti c f orce m icroscopy (D igi ta l Instru-
m ents Mul ti Mo de SPM). Further in the text we use two parameters describing the
surf ace roughness: (i ) standa rd height devi ati on R MS and (i i ) avera ge di ˜erence
in height between the Ùve highest peaks and Ùve lowest vall eys, term ed 10pt mean.

Mea surements of photo - (PL) and micro photo lum inescence(ñ -PL) were per-
form ed in the tem perature range from 4 to 40 K. For spati al ly resolved ñ -PL mea-
surements, an argon laser beam (Ñ = 4 7 7 nm ) was focused on the sam ple as a
1.5 ñ m diam eter spot by an opti cal microscope. The emi tted line was col lected
by the same microscope and dispersed in a 1 m doubl e monochro mator. A sampl e
wa s mounted on a special ly designed cold-Ùnger holder in a conti nuous-Ûowhel ium
cryo stat.

3 . R esul t s an d d iscu ssio n

3.1. AFM and MFM studies

3.1. 1. (II, Mn )VI QW on MnA s substrat es

The to pographi cal studi es of MnAs substra tes before the overgrowth re-
vealed very wel l ordered para l lel pro trusi ons about 400 nm wi de and 3 nm hi gh,
wi th som e sites where tw o neighb ouri ng protrusi ons joined each other (Fi g . 1a).
MFM im age ta ken pri or to the m agneti zati on showed stro ng out- of-pl ane com -
ponent of the sam ple m agneti zati on, whi ch is di rectl y related to the to pography
(Fi g. 1b). W hen the sam ple was m agneti zed, the dark- whi te contra st of the MFM
signal shi fted from the steepest part of the to pographi cal slope to wards the to p of
each protrusi on (see Fi g. 1c, d), showi ng tha t the externa l magneti c Ùeld reori ented
the dom ains.

AFM imagesof the (I I, Mn)VI (wi th the narro w Ùrst barri er) grown on MnAs
showed two ki nds of reg ions | about one hal f of the sampl e area shows hom o-
geneously di stri buted, relati vel y smal l gra ins of nanom etri c size, whi le the other
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Fig. 1. A FM (a, c) and MFM (b, d) images of MnA s substrate ( N o. M 6332#1) b efore

overgrow th, scan size 2 ñ m È 2 ñ m. T he panels on the left show the high proÙle and

the magnetic phase proÙle, respectively . T he scans were made before (a, b) and af ter

(c, d) magnetizati on pro cedure (5 T for 30 minutes at 300 K , Ùeld perp endicul ar to the

Ùlm). Di ˜erent areas of the same sample are imaged on (a, b) and (c, d).

hal f form s slightl y (a few nanometers) pro truded islands of i rregul ar shape. These
compl etely separated islands are latera l ly tens of microm eters large and easily rec-
ogni zabl e even under an opti cal microscope. On tho se islands some ki nd of para l lel
structures were observed in the case of ZnT e/ CdMnT e/ ZnT e, but these canno t be
di rectl y related to the para l lel to pographi cal protrusi ons of the underl yi ng MnAs
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substra te (see Fi g. 2a,c; RMS = 4 nm , 10pt mean = 30 nm ). The MFM signal is
m easura ble onl y on the above m enti oned islands, and no magneti c signal com es
from the side (Fi g. 2b). The MFM im age was checked also after the m agneti c Ùeld
had been appl ied to the sampl e. A more pronounced out- of-pl ane m agneti zati on
component wa s registered from the islands in the case of ZnT e/ CdMnT e/ ZnT e
(Fi g. 2d) overl ayer com pared to the non-m agneti zed one. There is also a qual i ta -
ti ve change in the MFM im age: the dom ains are reduced about twi ce in size and
the weak to pography- magneti zati on correl ati on | as in Fi g. 2a,b | disapp ears.
In contra st, there was no qual i ta ti v e di ˜erence between the MFM im ages in the
case of CdMg Te/ CdMnT e/ CdMg Te before and after m agneti zing the sam ple.

Fig. 2. A FM /MFM images of ZnT e/C dMnT e/ZnT e on a MnA s substrate (sample

N o. 101002B), scan size 10 ñ m È 10 ñ m: (a) and (b) top ography and MFM b efore

magnetizin g the sample in an external magnetic Ùeld (the same conditi ons as in Fig. 1) ;

(c) and (d) af ter magnetizing : top ography and MFM. Di˜erent areas of the same sample

are imaged on (a, b) and (c, d).
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The form ati on of islands m ay occur due to the Volmer{ W eber or the
Stra nsky{ Kra stanov m odes of growth of (I I, Mn)VI. An al terna ti ve reason of such
to pography and magneti c properti es of the overg rown sampl esm ay ori ginate f rom
a chemical destructi on of some parts of the surf ace, whi ch then does not show
m agneti c properti es.

3.1. 2. (II, Mn)V I QW on GaMnA s substrat es

GaMnAs substra tes im aged by AFM revealed rem arkably Ûat surfaces(R MS
= 1.2 nm , 10pt mean = 8 nm ) consisti ng of homogeneousl y distri buted crysta l -
l i tes of nanom etri c size. In parti cular, we did not observe any MFM signal f rom
the substra te tha t coul d be associ ated wi th MnAs clusters. Mo st probably either
the size was to o smal l or the m agni tude of the e˜ect of thei r m agneti zati on at
the sampl e surf ace wa s to o smal l to lead to observable e˜ects. Al terna ti vel y, our
substra tes did not conta in any clusters at al l , in spite of thei r anneal ing at high
tem perature, whi ch wa s reported to lead to form atio n of such clusters [5].

The to pographi cal AFM images of the overgrown quantum structure wi th
a narrow botto m ZnT e barri er revealed circul ar islands of m icro metri c diam eters
pro trudi ng about 1 nm from the surro undi ng area. On the other hand, to pograph-
ical images of (I I,Mn)VI wi th a wi de barri er dem onstra ted a relati vel y smooth
hom ogeneous surface. No MFM signal wa s m easurabl e f or the two typ es of sam -
pl es, either before or af ter m agneti zati on.

3.2. Measurements of t he lumi nescence

Fi gure 3 dem onstra tes the PL spectra measured at 6 K for non-magneti zed
and m agneti zed CdMg T e/ CdMnT e/ CdMg Te (wi th narrow barri er) structures

Fig. 3. PL spectra of CdMgT e/C dMnT e/C dMgT e (w ith thin bottom barrier) on MnA s

substrate (sample N o. 080902A ): (1) as-grow n and (2) magnetized at 5 T for 0.5 h.
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grown on MnAs. In both spectra we observe an emission l ine characteri sti c of
CdMnT e (wi th 4% of Mn) QW at 1.68 eV. The absence of any shift in the
spectrum obta ined for a magneti zed sam ple may stem from the f act tha t the
average m agneti c dom ain size is considerably smal ler tha n the PL exci ta ti on
and detecti on spot. Al so, we di d not observe any qual i ta ti ve di ˜erence in the
CdMg T e/ CdMnT e/ CdMg Te MFM im ages before and af ter m agneti zing the sam -
pl es. The spati al ly resolved m easurements show tha t the peak positi on for these
sam ples depends on the positi on of m easurement (m agneti c islands emi tted the
l ight of higher (1.71 eV) energy), but not on the tem perature in the range 4{ 40 K.
Thi s m ay indi cate tha t the vari atio n is related to , e.g., inhom ogeneous stra in Ùeld
rather tha n magneti zati on in the D MS QW .

The ñ -PL m easurements of ZnT e/ CdMnT e/ ZnT e grown on GaMnAs sub-
stra te showed a very wi de ( ¤ 1 5 0 m eV) line attri buted to CdMnT e QW wi th
interdi ˜used rather tha n sharp interf aces. Thi s may be due to higher tha n usual
tem perature of growth of our CdMnT e QW . The other possibi l ity is tha t at such
elevated growth tem peratures the form ati on of self-assembled quantum dots oc-
curs, whi ch is kno wn to lead to bro ad lum inescence structures. However, as is well
kno wn, typi cal quantum dot ñ -PL spectra break into a series of very narro w peaks.
Since thi s does not occur in our case, the second expl anati on is less probable.

Fi gure 4 demonstra tes the PL spectrum m easured for the CdMg Te/ CdMnT e/
CdMg T e sampl ewi th a wi de botto m barri er grown on a GaMnAs substra te. In the
spectrum we observe two emission lines characteri stic of the CdMnT e (wi th 1% of
Mn) QW exci toni c recombi nati on at 1.61 eV and CdMg Te barri er at 1.85 eV. The
narro w emission l ine means tha t we succeeded in growi ng a quantum structure

Fig. 4. PL spectrum of quantum structure w ith thick C dMgT e barrier betw een

C dMnT e QW and GaMnA s substrate (sample N o. 040203B). The inset presents the

PL peak of the QW measured for (1) as-grow n sample and (2) sample magnetized at

5 T for 0.5 h.
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wi th CdMnT e quantum well tha t conÙnes the carri ers. The inset shows spectra
of as-grown and m agneti zed sam ples. Contra ry to the results described for the
quantum structure s wi th a narro w botto m barri er, the emission l ine characteri s-
ti c of thi s QW structure is slightl y shi fted to lower energy after the sam ple was
kept in a m agneti c Ùeld. T o expl ain the ori gin of thi s shift we are pl anni ng in the
near future to perform PL measurements at lower tem peratures (down to 2 K),
incl udi ng spati al ly resolved ñ -PL measurements.

4. Su m m ar y

The epi ta xi al overg rowth of (I I, Mn)VI quantum structures wa s perform ed
on two typ es of substra tes: (i ) ferrom agneti c MnAs, havi ng a wa vy to pography,
and a m agneti c dom ain structure (as revealed by MFM) di rectl y correl ated to the
to pography of the surface; and (i i ) on GaMnAs conta ini ng ferrom agneti c MnAs
cl usters, havi ng a smooth surface, but exhi bi ti ng no m agneti c signal .

The surface topography of the structures grown on MnAs substra tes revealed
the existence of two ki nds of regions: protruded islands consisti ng of larger gra ins or
possessing higher sym metry , surro unded by areas of smal l-scale roughness. MFM
patterns showed the magneti c dom ain structure only on the to pographi cal islands.
There was no drasti c di ˜erence in the m agneti c MFM im age before and af ter
m agneti zati on. In the case of GaMnAs substra tes no MFM signal was measurable
ei ther before or after depositi ng the structure s, independent of whether the sampl e
wa s magneti zed or not.

In the PL spectra of al l (I I, Mn)VI quantum structure s wi th narrow bot-
to m barri er grown on both typ es of substra tes we observed the emission l ine
characteri sti c of the CdMnT e QW . Spati a lly resolved ñ -PL measurements on
CdMg T e/ CdMnT e/ CdMg Te grown on MnAs showed tha t the peak positi on de-
pends on where on the sampl e the m easurement wa s made (m agneti c islands emi t-
ted l ight of higher energy), but not on the tem perature. The very wi de emission l ine
obta ined for ZnT e/ CdMnT e/ ZnT e grown on GaMnAs substra te coul d be related
to the poor crysta l l ine quali ty of the quantum well or to form atio n of quantum
dots. On the other hand, the narrow emission l ine attri buted to QW exci to nic
recombi nati on m easured for CdMg T e/ CdMnT e/ CdMg T esam ple wi th a wi de bot-
to m barri er grown on GaMnAs indicates tha t we succeeded to grow a quantum
structure wi th CdMnT e quantum wel l of good qual i ty on thi s substra te.
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