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Th e low di mension al str uctures containin g I I I { V ferromagnetic semi-
conductors w ere intensi vely investigated in the last few years because of the
variety of their potential applicati ons. T he aim of the present wor k w as to

study the interlayer exchange coupling in the short perio d Ga Mn A s/GaA s
superlattice s containing 16 or 8 GaMnA s monolayers. Samples w ith the mag-
netic layers corresp ondi ng to the mixed crystal comp osition with 5% or 6% of

Mn w ere grow n by M BE techni que and characteri zed by both high- resolu tio n
X -ray di˜raction and Raman scattering metho ds. Folded acoustic phonons
w ere observed for the Ùrst time for this particul ar quantum system in the
Raman scattering spectra. T he interlayer exchange coupling in selected su-

p erlattices was investigated by both elastic neutron scattering (di˜ractio n)
and p olarized neutron reÛectivi ty measurements. Presence of the smooth
interf aces and the stability of the superlatti ce perio d w ere conÙrmed by

neutron reÛectometry data. Ferromagnetic correlation of the magnetizatio n
vector in subsequent GaMnA s magnetic layers w as demonstrated by both
experimental metho ds.
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1. I n t rod uct io n

GaMnAs belongs to the new classof di luted m agneti c semiconducto rs based
on the I II { V com pounds. It has been obta ined for the Ùrst ti m e only a f ew years
ago [1]. The low di mensional structures conta ining I I I{ V ferrom agneti c semicon-
ducto rs have been intensi vely inv estigated in the last years because of thei r po-
tenti al appl icati ons in m agneti c memori es, spin valves and spin in jection or quan-
tum com puti ng devi ces. In parti cul ar, the superlatti ces (SLs) wi th the m agneti c
GaMnAs layers and non-magneti c Al GaAs or InG aAs spacers are of special inter-
est. The di sappearance of f erromagneti c properti es of GaMnAs sing le layers has
been observed when the layer thi ckness decreases below a value equal to ¤ 5 0 ¡A
[2{ 5]. Thi s opini on can be also found in the revi ew papers (see e.g. [6]).

Very recentl y, the ferrom agneti c pro perti es of the short period (GaMnAs) m =

(G aAs) n SLs (where 8 ç m ç 1 2 , 4 ç n ç 8 ) conta ining 7% of Mn have
been found in [7]. These Ùndings demonstra ted tha t a set of very thi n GaMnAs
layers (wi th each separate layer thi ckness well below 50 ¡A) can also exhi bi t fer-
rom agneti c behavi or. R esults of recent Mo nte Carl o sim ulati ons of the ferro-
m agneti sm in GaMnAs/ Al As quantum wel l (based on the conÙnement- adapted
R uderm an{ Ki ttel { Kasuya{Y oshida (R KKY) indi rect exchange intera cti on) pre-
di ct f or the presence of the ferrom agneti sm in GaMnAs a layer thi ckness l im i t of
9 m olecular layers (ML), corresp ondi ng to a thi ckness equal to ¤ 2 5 ¡A [8]. Results
of these sim ulati ons are in contra dicti on to the opinion given in [2{ 6] but, on the
other side, are in agreem ent wi th recent experim ental data shown in [7].

The interl ayer exchange coupl ing in structures grown on the basis of
GaMnAs has been found and reported in a f ew papers onl y. Mo st of tho se papers
concern the physi cal properti es of tri layer structures . GaMnAs/ Al GaAs/ GaMnAs
tri layer properti es were investi gated in [9] by the m agneto tra nsport and m agne-
ti zati on m easurements. The thi ckness of the m agneti c layers was equal to 300 ¡A.
It wa s shown tha t carri ers present in the non-m agneti c layer m ediate the cou-
pl ing between the two ferrom agneti c layers whi ch has a f erromagneti c character.
Simi lar resul ts were obta ined very recentl y in [10, 11]. Ana lysis of the pro perti es
of MnAs/ GaMnAs/ MnAs tri layers dem onstra tes the presence of ferrom agneti c or
anti ferromagneti c coupl ing in dependence of the GaMnAs layer thi ckness [12{ 14].
Small f erromagneti c coupl ing was found for MnAs/ GaAs/ MnAs tri layer [15, 16].
Very recentl y the change of the character of the magneti c coupl ing wa s observed for
such tri layer, inÛuence on the heati ng on the carri er concentra ti on was suggested
as possibl e expl anati on of thi s ẽ ect [17]. The only superlatti ces inv estigated ti l l
now were of GaMnAs/ Al As typ e [2, 4] and the f erromagneti c character of the
interl ayer coupl ing has been suggested for thi s system.

There exi sts very l im ited inform ati on about the interl ayer coupl ing for
GaMnAs/ GaAs superlatti ces. Theo reti cal analysis predi cted the oscil lati ons of the
ferrom agneti c coupl ing wi th the GaAs spacer thi ckness f or thi s system [18]. Such
non-monoto nic behavi or in the m agneti zati on pro perti es of the short period SLs
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were real ly found recentl y for the system under considerati on [19]. Very recentl y,
the interl ayer exchange coupl ing in GaMnAs/ GaAs SLs wi th a thi ck (50 ¡A or
m ore) GaAs spacers was a to pic of studi es wi th the use of a neutro n reÛectometry
[20]. Thus, the aim of the present work was to study possible interl ayer exchange
coupl ing in the short period GaMnAs/ GaAs SLs by m eans of the neutro n scat-
teri ng and neutro n reÛectometry m easurements. Up to our kno wl edge the Ùrst
m etho d has never been appl ied f or a system based on II I{ V di luted m agneti c
semiconducto r.

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

Two typ es of sam pl es (conta ining 16 or 8 GaMnAs ML) were grown for
the purp ose above m enti oned. Sam ples wi th the m agneti c layers corresp ondi ng
to the mixed crysta l com positi on wi th 4.5% or 6% of Mn have been grown by
the low-tem perature m odiÙcati on of MBE techni que di rectl y on (001) oriented
semi-insul ati ng GaAs substra te. Inv estigated SLs have 150 or 200 periods, the
thi ckness of pure GaAs spacer layer was equal to 4, 5, 6, 8, or 10 MLs. D etai led
inf orm ati on related to the GaMnAs/ GaAs SLs growth can be found elsewhere [7],
an inf orm atio n about the growth of the single layers can be found, e.g., in [21].

Al l SLs were characteri zed by the high-resoluti on X- ray di ˜ra cti on (HR XR D )
m etho d. The rocking curves were measured for 004 X- ray reÛex. Selected sampl es
wi th 8 GaMnAs MLs were also characteri zed by the Ram an scatteri ng. Ram an
spectra were taken at room tem perature in a wi de spectra l range (f orm 3 to
300 cm À 1 ) using Jo bin-Yvo n U1 000 spectrom eter equipped wi th a S20 m ulti pli er
and photo n counti ng system .

In order to inv estigate the interl ayer exchange coupl ing in selected SLs, both
elastic neutro n scatteri ng (di ˜ra cti on) and polari zed neutro n reÛectivi ty m easure-
m ents have been perform ed using the cold sources in Orphee reactor at Laborato i re
Leon Bri l louin. SLs were placed in hel ium exchange gas, the lowest sam ple tem per-
ature was equal to about 11 K. Part of the neutro n m easurements wa s perform ed
in the presence of externa l m agneti c Ùeld (up to about 0.15 T for the scatteri ng
exp eriments and up to a few T for the reÛectom etry m easurements).

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

Hi gh sam ple qual i ty was dem onstra ted by di ˜erent characteri zati on metho ds
in spite of a very large numb er of period repeti ti ons (equal to 150, 200, or 250 in
di ˜erent SLs). In HR XR D spectra wel l-deÙned,narro w SLs satel l i tes were observed
for al l investigated sampl es whi ch conÙrm ed the SLs period stabi li t y and good
qual i ty of the interf aces. Al l m easured X- ray di ˜ra cti on spectra were very well
repro duced by the resul ts of num erical simulatio ns, whi ch enable us to determ ine
the values of som e param eters describing the properti es of investi gated sampl es
(exa ct chemical com positi on, period, etc.).
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The Ram an spectra ta ken for vari ous short- period SLs show in the low-f re-
quency spectra l range the sharp, not very intense structures . These structures were
identi Ùed as due to acousti c phonon (LA) foldi ng. It is the Ùrst observati on of such
foldi ng in GaMnAs/ GaAs SLs. It should be stressed tha t the folding above m en-
ti oned is an evidence of wel l -deÙned, sharp interf aces in investigated SLs because
the opti cal density of GaAs and GaMnAs conta ining a few percent of Mn onl y
is not very di ˜erent. Observed folded acousti c m ode frequency depended on the
SL period (on the corresp ondi ng to thi s period wa ve vecto r) and such dependence
wa s wel l described by the linear appro xi m ati on resul ti ng from the known acousti c
wa ve velocity in pure GaAs.

Apa rt from the GaAs opti cal phonon related l ines some addi ti onal structures
were found in the high frequency part of the R am an spectra. These structures
resul ted from the presence of arseni c in low-tem perature (L T) GaAs. Thi s arsenic
wa s intro duced into the sampl es in the techno logy pro cess. The Ram an scatteri ng
spectrum f or a sing le, 0.5 m icrometer thi ck LT- GaAs layer was also measured
for the comparison. Sim i lar As- related structures were observed in thi s spectrum
whi ch conÙrms our interpreta ti on given above. InÛuence of the access of the As
in LT- GaAs on the Ram an spectrum layers has been analyzed recentl y in [22, 23]
where m ore deta iled discussion of thi s probl em can be found. An exampl e of the
R aman spectrum obta ined for one of our sam ples is shown in Fi g. 1.

Fig. 1. Raman scattering spectrum taken at room temp erature for GaMnA s/GaA s

superlatti ce w ith 8 magnetic and 8 non- magnetic M Ls (details in the text).
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Fig. 2. Small angle neutron scattering spectra corresp ondi ng to tw o SLs w ith di˜erent

p eriods taken at T = 11 K ( k i = 1 :55 ¡A À 1 and 2 0
0 collimati ons). Observed structure is

the satellite line due to the superlattice character of investigated samples. Open circles

| data for (GaMnA s)8 /(GaA s) SL, full squares | for (GaMnA s) /(GaA s) SL (in

b oth cases magnetic slabs contain about 6% of Mn).

Presence of the good qual i t y interf aces and the stable SLs period wa s also
conÙrmed by neutro n reÛectom etry data whi ch show the smooth wa ve vector de-
pendence of m easured signal . Smal l angle neutro n scatteri ng (di ˜ra cti on) wa s mea-
sured in the vi cini ty of the wa vevecto r corresp ondi ng to the positi on of the satel l i te
resul ti ng from the superlatti ce character of inv estigated sam ples. Com pari son of
the relevant spectra m easured for tw o di ˜erent sam ples is shown in Fi g. 2. In
general , the to ta l intensi ty of observed satel l i te is due to both the contri buti on
resul ti ng from the neutro n scatteri ng on the chemical (crysta l structure) periodi c-
i ty and the contri buti on resul ti ng from the m agneti c neutro n scatteri ng. Ana lysis
of the tem perature dependence of thi s peak intensi ty enables one to check the
hyp othesis about the presence of the f erromagneti c interl ayer coupl ing at low tem -
peratures (Fi g. 3). As one can see, thi s intensi ty slightl y increaseswi th decreasing
tem perature at tem peratures below about 30{ 35 K. It is an evidence of the cou-
pl ing above m enti oned. Such coupl ing was found for SLs wi th 16 m agneti c MLs
and 5 or 6 GaAs MLs, as well as for a system wi th 8 m agneti c MLs only and
6 GaAs MLs. An appl icati on of the externa l magneti c Ùeld resulted in the slight
increase in the intensi ty of investi gated satel l i te. An increase in thi s intensi ty equal
to about 10% wa s observed at the m agneti c Ùeld close to 0.15 T. It m eans tha t
onl y a parti al m agneti c correl ati on of the magneti zati on vector exists in the sub-
sequent GaMnAs m agneti c layers and the satura ti on e˜ect could be obta ined by
the appl icati on of the strong enough externa l m agneti c Ùeld.
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Fig. 3. Intensity of the sattelite p eak for (GaMnA s)1 0 = ( GaA s) 6 SL containing 6% of

Mn versus temp erature. A n increase in the neutron scattering intensity at temp eratures

b elow about 35 K is due to the presence of ferromagnetic correlation s betw een magnetic

slabs.

The presence of interl ayer m agneti c coupl ing and i ts ferrom agneti c charac-
ter wa s also conÙrm ed by m eans of the neutro n reÛectometry . No tra ce of possible
m agneti c satel l i te due to the contri buti on of the anti ferromagneti c coupl ing was
detected by both exp erimenta l neutro n m etho ds. At the present stage of our stud-
ies i t is di£ cul t to veri fy the Ùndi ngs suggesting the oscillato ry character of the
coupl ing as a functi on of the non-magneti c spacer thi ckness. Mo re exp erimenta l
data corresp ondi ng to di ˜erent superlatti cesare clearl y requi red for such purp ose.
Thi s work is in pro gress and possible results wi l l soon app ear.
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