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A n overv iew of neutron scatterin g stu dies of ferro magnetic and anti -
ferromagnetic all- semicond uctor sup erlatti ces is presented . Di ˜raction ex-

p eriments on Mn Te/ C dT e, MnT e/ ZnT e and EuT e/ PbT e superlatti ces show
pronounced correlations betw een the MnT e and EuT e layers across the non-
-magnetic spacers, even though these layers are antif erromagnetic and the
systems are nearly- insu latin g. Current theory status of these systems is dis-

cussed. Di˜ractometry and reÛectometry data from Eu S/PbS superlatti ces
reveal pronounced antif erromagnetic coupli ng betw een the ferromagnetic
EuS blo ck. First polari zed neutron reÛectometry data from superlatti ces
prepared of a novel ferromagnetic \spintronics " material, Ga(Mn )A s, are

also presented.

PACS numb ers: 75.25.+ z, 75.50. Pp, 75.75.+ a

1. I n t rod uct io n

R ecent successes in synthesi zi ng a new generati on of epita xi a l ferrom agneti c
(F M) semiconducto rs based on the I I I{ V com pounds open bro ad opportuni ti es
for new studi es [1, 2]. The characteri zati on of m icro scopic m echani sms underl y-
ing the ferro magneti c nature of these m ateri als is a ta sk of considerable current
im porta nce [3]. One ẽ ect tha t may o˜er much insight into long-range exchange
intera cti ons between the Mn ions in these systems is the recentl y observed [1]
m agneti c coupl ing between two Ga(Mn)As Ùlms separated by up to 30 ¡A of pure
non-magneti c GaAs. Such a range of interl ayer coupl ing is typi cal ly seen in bi -
nary superlatti ces (SLs) composed of ferrom agneti c/ non-m agneti c m etals. It is
now Ùrmly establ ished tha t in m etal l ic system s the exchange tra nsfer across the
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non-magneti c spacer is m ediated by conducti on electro ns [4, 5]. The f act tha t in
Ga(Mn)As the carri er concentra ti on atta ins values close to tho se in typi cal m etals
suggests tha t in the Ga(Mn)As/ GaAs/ Ga(Mn)As tri layers the coupl ing is also con-
veyed by a carri er-assisted m echanism. It shoul d be noted, however, tha t m agneti c
coupl ing across spacers thi cker tha n 30 ¡A was observed in other al l -semiconducto r
m ulti layered structures in whi ch the density of carri ers was several orders of m ag-
ni tude lower tha n in m etals [6{ 12]. Al tho ugh not al l results from tho se system s
are yet clearly understo od, the experim ental facts pro vi de stro ng evidence for the
exi stence of m echanism s capable of tra nsferri ng m agneti c intera cti ons across thi ck
layers of non-m agneti c semiconducto rs wi tho ut the inv olvement of m obi le carri ers.
Tho se observati ons from the system s m ade of \ Ùrst-generati on" m agneti c semicon-
ducto rs are certa inl y of interest in the context of studi es conducted on the novel
FM m ateri als.

In thi s paper, we present an overvi ew of the exi sting resul ts of interl ayer cou-
pl ing studi es in al l -semiconducto r SLs. Exp erim ental search for such e˜ects was
started in the earl y 1990s. At tha t ti m e the system s avai labl e for experim enta -
ti on were m ade exclusivel y from anti f erromagneti c (AFM) semiconducto rs (EuT e,
MnT e). The only research to ol capabl e of detecti ng correl ati ons between AFM lay-
ers is neutro n di ˜ra cti on. Hence, thi s m etho d played a key ro le in the earl y studi es
of semiconducto r SLs. Recently, a successful techno logy of fabri cati ng EuS/ PbS
SLs has been devel oped [13]. It made possibl e the use of neutro ns for inv estigati ng
correl ati ons between FM semiconducti ng layers. One can, in pri nci ple, detect such
correl ati ons by other metho ds (e.g., SQUID m agnetom etry). Yet, neutro n to ols
| conventio nal di ˜ra ctom etry and the techni que of neut ron reÛectometry whi ch
is parti cularly well suited for studyi ng thi n FM layers | sti ll play a leadi ng ro le
in thi s research, as they o˜er a m ore di rect insight into the correl ati on tha n other
exp erimenta l m etho ds. The appl icati on of polarizati on analysis m ay even further
streng then the potenti al of neutro n scatteri ng techni ques. An i l lustra ti on for tha t
m ay be the latest polari zati on-analysis reÛectom etry studi es of Ga(Mn)As/ GaAs
superla tti ces [14], also discussed in thi s arti cle.

In Sec. 2 of thi s paper i t is expl ained in a conci se f orm how neutro n tech-
ni ques are used for probing interl ayer magneti c correl ati ons. An overvi ew of the
exi sting experim ental results from four di ˜erent al l-semiconducto r SL system s and
a bri ef descripti on of related model studi es are presented in Sec. 3. Thi s materi al
is f ollowed by a short discussion and closing comm ents in Sec. 4.

2. N eu t ron scat t er ing t oo ls

There are two powerful neutro n scatteri ng techni ques tha t can be used for
studyi ng magneti c superlatti ces: conv enti onal (\ wi de-angle" ) di ˜ra ctometry and
neutro n reÛectom etry . In di ˜ract ion regime, the neutro ns di rectl y pro be the cor-
relati ons between indi vi dual m agneti c spins in the scatteri ng system. Theref ore,



Studies of Int er layer Magnet ic Coupl i ng . . . 23

thi s m etho d can be used for investi gating a n y typ e of m agneti c order in a crys-
ta l | FM, AFM, or any other m ore com pl icated arra ngement. Sim i larl y, i f the
scatteri ng system consists of larger \ bl ocks" of ordered spins (e.g., of magneti cal ly
ordered layers in a sup erlatti ce structure), neutro n di ˜ra cti on is sensiti ve to corre-
lati ons between such blocks. As an il lustra ti on i t is instructi ve to consi der a simpl e
exam ple. Let us suppose tha t a superlatti ce is made up of al terna ti ng m agneti c
and non-magneti c layers, consisti ng, respecti vel y, of m and n ato m ic m onolayers
(Fi g. 1). The magneti c ato ms have only two Ising-l ike spin states, \ up" ( p = 1 )

and \ down" ( p = À 1 ) . The scatteri ng intensi ty I ( Q ) f or such a system can be
obta ined usi ng a standard equati on of di ˜ra cti on theo ry [15]:
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where Q is the wave vecto r tra nsfer, f ( Q ) i s the magneti c form factor, and r j =

( x j ; y j ; z j ) i s the positi on of the j -th m agneti c atom . In studi es of superlatti ces
the relevant Q -scans are tho se para l lel to the growth axi s ( z ) , so tha t in Q onl y
Q z 6= 0 . Thus the exponenti a l f uncti on argum ent becomes iQ z z j , whi ch m eans
tha t the spin positi on wi thi n i ts host monolayer does not m atter. Hence, summ ing
over indivi dual spins can be replaced by summ ing over spi n monolayers, and the
sum

P
p j for a given m onolayer k can be repl aced by i ts net m agneti zati on M k .

The equati on can be further m odi Ùed by ta ki ng adv anta ge of the superlatti ce
periodi city and factori ng out the sum correspondi ng to the \ uni t cell " in the
m ulti layered structure (cal led the \ sing le-layer structure facto r" and denoted as
F s: l : ( Q z ) ). Now the sum is over the l = 1 ; . . . ; N m agneti c layers in the SL chain
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where d i s the spacing between monolayers, D = ( m + n ) d i s the SL period. The
P l coe£ ci ent is +1 if the spin conÙgura ti on in the l -th layer is the sam e as in the
l = 1 layer, and { 1 if i t is reversed (see Fi g. 1).

The structure factor F s: l :( Q z ) describes the peak pro Ùle tha t wo uld be ob-
ta ined by m easuri ng di ˜ra cti on from a single layer. It has the shape of a broad
m axi mum accom pani ed by weak subsidi ary m axi m a (the dashed curves in Fi gs. 2a
and b). For ferromagneti c layers the m ain m axim a occur at Q z = ( 2 ¤ =d ) ¿ points
(¿ = 1 ; 2 ; 3 ; . . . ), and for anti ferrom agneti c ones at Q z = (2 ¤ =d ) ² points ( ² =

; ; ; . . .) | i .e., at the same positi ons where Bra gg peaks would occur f or bul k
crysta ls wi th the same spin structure.
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Fig. 1. Simple mo dels of superlatti ces w ith Ising- like magnetic atoms and (a) ferro-

magnetic and (b) antif erromagnetic layers. Layers l = 1 and 2 in the chain (a) are

ferromagnetical ly correlated, and layers 2 and 3 are antif erromagnetical ly correlated.

T he A FM layers 1 and 2 are positively correlated, and 2 and 3 are \anticorrelated". T he

meaning of the symb ols used in the text is explained in the graph.

The ri ght- side squared m odul us expression in Eq. (2) can be wri tten as the
sum of \ self-correl ati on" and \ layer{ layer correl ati on" term s

NX

l

P l ei lD Q z = N +
X

k 6= l

P k P l ei ( k À l D Q z : (3)

If there are no interl ayer correl ati ons, then the P l coe£ cient for successive layers
ta kes the value of +1 or { 1 in a random f ashion | and, for large N , the layer{ layer
correl ati on term disappears on stati stical averaging and I ( Q z ) N f ( Q z )

F s: l : ( Q z ) . Since f ( Q ) i s a slowl y varyi ng functi on, the spectrum has essen-
ti al ly the sam e shape as the squared sing le-layer structura l f actor.

If there are interl ayer correl ati ons in the system , the spectrum shape de-
pends on the typ e of order in the layers (FM or AFM) and on how they are
correl ated. FM layers can be correl ated ei ther \ ferrom agneti cal ly" (net magneti -
zati on always in the same di recti on) or \ anti ferromagneti cal ly" (the m agneti zati on
sequence in successive layers is up-down- up-down. .. ). In the form er case al l the P l

coe£ cients have the sam e sign, and the ri ghtm ost squared sum in Eq. (2) be-
comes sin ( N D Q z ) = sin ( D Q z ) . Thi s functi on has a sequence of sharp m axim a
at Q z = 2 ¤ n= D points (n = 0 ; 1 ; 2 ; . . .) . These m axim a are \ enveloped" by the
F s: l : ( Q z ) functi on, whi ch resul ts in a spectrum shape shown as the sol id-l ine

curve in Fi g. 2a. For AFM interl ayer correl ati ons, on the other hand, the P l coef-
Ùcients are +1 for odd l 's, and { 1 for even l ' s, and now the squared sum in Eq. (2)
becomes cos ( N D Q z ) = cos ( D Q z ) , whi ch has m axi ma at Q z = 2 ¤ ( n + ) =D

points and pro duces a spectrum shape as shown in Fi g. 2b. Let us note tha t for FM
interl ayer correl ati ons there is a centra l peak at the Bra gg point wi th sym m etri c
pai rs of \ satel l ites" , wherea s in the case of AFM correl ati ons there is an int en-
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si ty mi nimum at the Bra gg positi on in between two \ fri nges" wi th equal heights.
Such a clear di ˜erence in the spectrum shapes enabl es an easy identi Ùcati on of the
correl ati on typ e.

In the case of AFM layers the rul es are less stra ightf orward. Fi rst, let us
note tha t such layers m ay ha ve a zero net m oment (f or even m values), and then
i t does not make sense to describe the interl ayer correl ati on as \ FM" or \ AFM" .
A better choice seems to be \ positi ve correl ati ons" i f the monolayer m agneti zati on
sequence is the sam e in al l layers, and \ anti correl ati ons" i f the sequence in the
k -th layer is reversed in the ( k + 1 ) -th layer. It can be readi ly checked tha t the
spectrum shape shown in Fi g. 2a occurs in the case of positi ve correl ati ons when
( m + n ) i s an even num ber, and anti correl ati ons when ( m + n ) i s an odd numb er;
in other cases, the spectrum has the pro Ùle depicted in Fi g. 2b.

Fig. 2. Q z di˜ractio n pro Ùles for: (a) a superlattice with FM correlations b etw een FM

layers, (b) a one with A FM correlations betw een FM layers. T he spectra w ere calcula ted

for model superlattices depicted at the top of each part. T he dashed curve plotted in

b oth parts is the shap e of the squared single- layer structure factor j F s : l : j
2 , w hich is also

the di˜racti on proÙle for a p erfectly uncorrelated superlatti ce.

N eutron reÛectometry . The ref racti ve index n of m ost condensed m atter sys-
tem s for neutro n waves is slightl y lesstha n 1 (by 1 0 ) , so tha t neutro ns im ping-
ing a Ûat surface at a grazing angle ˚ lower tha n the cri ti cal angle ˚ = 2 (1 n )

are to ta l ly reÛected [15]. The reÛectivi ty R (˚ ) just above ˚ i s a rapi dly decreasing
functi on. If there is a superlatti ce structure made of two materi als wi th di ˜erent re-
fracti ve indi cesdeposited on the reÛecting surf ace, the R ( ˚ ) characteri sti c addi ti on-
al ly exhi bi ts sharp m axi ma at ˚ values sati sfyi ng the Bra gg equati on ² Ñ = 2 D sin ˚

(where Ñ i s the neutro n wa velength, D i s the SL period, and ² = 1 ; 2 ; 3 ; . . .) [16]. In
a ma g n e t iz ed FM m ateri al the intera cti on between the neutro n magneti c mom ent
ñ and ato mic mom enta gives rise to an addi ti onal term ñ B =2 E in n , where B

i s the magneti c Ùeld wi thi n the m ateri al , E i s the neutro n energy, and the sign de-
pends on the ori enta ti on of the neutro n spin relati ve to [15, 16]. Thi s enabl es one
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Fig. 3. ReÛectivity proÙles from a multilayered structure w ith: (a) FM, and (b) A FM

correlation s betw een ferromagnetic layers. The maxima in the solid curve are the struc-

tural Bragg peaks, and the shaded proÙles show the positio ns of the magnetic peaks

arising below T C .

to determ ine the typ e of interl ayer correl ati ons in FM superlatti ces. If the layers
are ferromagneti cal ly coupl ed, the neutro ns \ see" a magneti c superlatti ce whi ch
has the sam e periodici ty as the ato mic structure, and the m agneti c peaks occur at
the same positi ons as the structura l ones (Fi g. 3a). An AFM coupl ing e˜ecti vel y
doubl es the magneti c periodicity , and the peaks occur hal f-way in between the
structura l ones (Fi g. 3b). It shoul d be noted tha t the intensi ty and resoluti on in
reÛectometry is considerabl y better tha n in di ˜ra cti on experim ents. However, thi s
m etho d cannot be used for studyi ng AFM layers in whi ch B is always zero due to
the zero net mom ent.

3 . Over vi ew of ex p er im ental an d m od el r esul ts

3. 1. II { VI based systems

I I{ VI/ Mn{ VI superlatti ces were the Ùrst m agneti c semiconducto r epi ta xi al
structures investigated by neutro n techni ques [9, 17, 18]. In these epita xi a l sys-
tem s the magneti c consti tuents, MnSe and MnT e, crysta l l ize in the m etastable zinc
bl ende (ZB) structure, not found in bul k. The ZB m odi Ùcati ons are strongly frus-
tra ted fcc anti ferromagnets tha t at low tem peratures form the so-cal led typ e I I I
AFM.

Pro nounced interl ayer coupl ing e˜ects were observed in two II{ VI/ Mn{ VI
structures , CdT e/ MnT e and ZnT e/ MnT e wi th [001] growth axi s [6{ 8]. Al tho ugh
the chemical form ulae are very sim i lar, these tw o system s are m agneti cal ly qui te
di ˜erent. Thi s com es from the fact tha t the typ e I I I AFM order in the frustra ted
spi n latti ces is very sensiti ve to sym metry- breaki ng stra ins.

The unstra ined cubi c latti ce param eter of CdT e is larger tha n tha t of ZB
MnT e. Theref ore, in the CdT e/ MnT e structures the MnT e layers are stret ched |
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i .e., the latti ce period a x y along the [100] and [010] in-plane axes is elongated,
whi le the period a z in the [001] growth di recti on is shortened (a z < a M nT e < a x y ).
Such a latti ce distorti on causes a tra nsiti on from the comm ensurate typ e II I order
to a new structure in whi ch the Mn spi n di recti ons are arra nged in a helical fashion
[17]. The axi s of the spi n hel ix is para l lel to one of the in-plane axes, and the hel ix
pi tch is incommensurat e wi th the ato m ic latti ce period.

A theo reti cal expl anati on of the e˜ects seen in the CdT e/ MnT e has been
recentl y proposed by R usin [19] who pointed out tha t even tho ugh there are no
m o bil e carri ers in the system at low T , CdT e does conta in carri ers tha t are bound
by im puri ti es or defects, form ing \ hydro genic centers" wi th the Bohr radius of
several tens of ¡A. In di luted m agneti c semiconducto rs such centers may polari ze
m agneti c ions wi thi n the Bohr orbi t, g ivi ng ri se to an e˜ect kno wn as \ bound
m agneti c polaron" (BMP). Thus in the Rusin model the centers located in the
spacer act in a simi lar wa y on the interf ace Mn spi ns from the two adjacent MnT e
bl ocks, \ synchro nizing" thei r polari zati on and thus e˜ecti vel y intro duci ng m ag-
neti c correl ati ons between the spin hel ices.

In contra st to CdT e/ MnT e, in ZnT e/ MnT e the MnT e layers are compr essed
because a ZnT e < a M nT e. Such a distorti on does not change the typ e I I I AFM order
[7, 8]. The coupl ing in ZnT e/ MnT e shows an unusua l temperature behavi or, not
seen in CdT e/ MnT e. At low tem peratures the system pro duces a magneti c di ˜ra c-
ti on proÙle of the typ e di splayed in Fi g. 2a (wi th a centra l l ine and sym metri cal ly
positi oned \ satel l i tes" ). W i th increasing T , however, i t gradual ly changes into a
spectrum of the typ e depicted in Fi g. 2b, wi th an intensi ty mi ni mum at the pre-
vi ous centra l line locati on. The m echanism responsi ble for thi s peculiar behavi or
is not yet clearl y understo od.

3. 2. EuT e and EuS based systems

EuT e/ PbT e is another AFM semiconducto r superlatti ce system tha t has
been tho roughly studi ed by neutro n di ˜ra ctom etry . [(EuT e)m j (PbT e)n ]N sampl es
wi th [111] growth axi s prepa red by MBE on BaF2 substra tes are of rem ark ably
good crysta l l ine qual i ty [20]. EuT e is an fcc anti ferrom agnet wi th T N = 9:6 K. The
Eu spins are arranged into ferromagneti c \ sheets" on (111)- typ e planes, and these
sheets are anti ferrom agneti cal ly coupled to one another (the arra ngement of spins
in the (111) EuT e/ PbT e system s closely resembl es the model situa ti on depicted
in Fi g. 1b).

Neutro n di ˜ra cti on studi es [9, 10, 21], perform ed on a large num ber ( ¤ 5 0 )
of specim ens wi th many di ˜erent combi nati ons of m and n , have revealed di s-
ti nct interl ayer correl ati on satel li tes in sam ples wi th n up to 20. It shows tha t the
intera cti on between adj acent EuT e can be tra nsferred across non-magneti c PbT e
spacers as thi ck as 70 ¡A. As can be seen in Fi g. 4, wi th increasing n the satel l i te
peaks become less sharp, whi le a pronounced \ hum p" appears undernea th; the
ini ti al set of well - resolv ed l ines gradual ly changes into the characteri stic smooth
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Fig. 4. Measured magnetic di˜racti on peak proÙles from several [(EuT e) m j (MnT e) n ]N

superlatti ce samples, illu stratin g a gradual transition from strong interlayer coupling for

smaller n values to an almost completely uncorrelated state in a system with n = 3 0 .

T he solid curves are Ùts of calculated proÙles obtained from the \partial correlation "

mo del (see text).

pro Ùle of the j F s: l : ( Q z ) j functi on. Thi s pro cessindicates tha t | not surpri singly |
the interl ayer correla ti ons gradual ly weaken wi th increasing PbT e thi ckness. The
change of the spectrum shape can be described using a phenom enological \ par-
ti al correl ati on" m odel , presented in greater deta il in R efs. [22]. Yet, thi s m odel
does not expl ain the physi cal m echani sm responsible for the coupl ing. Because
the carri er concentra ti on in the EuT e/ PbT e system is several orders of magni -
tude lower tha n in m etals (1 0 À 1 0 cm ), the observed coupl ing cannot be at-
tri buted to Ruderm an{ Ki ttel { Ka suya{Y oshida (R KKY) intera cti on or any other
carri er-assisted m echanism. It should also be noted tha t the coupl ing m odel pro-
posed by Rusi n [19] for the CdT e/ MnT e system cannot be appl ied to EuT e/ PbT e
because there are no donor centers of the ri ght typ e in PbT e. An interesti ng new
devel opm ent in the probl em is a recent wo rk by Bl inowski and Ka cman (B{ K)
[23] who expl ored the possibi l i ty tha t the interl ayer intera cti ons are conveyed by
valence electroni c states in PbT e. Some of the B{ K model results appear to be
in a good qual i ta ti ve agreement wi th the exp erim ental data | e.g., the theory
predi cts tha t the coupl ing strength is a relati vely slowl y decreasing f uncti on of the
PbT e spacer thi ckness, thus expl aining the long range of the observed coupl ing. A
m ore rigorous testi ng of the B{ K theo ry based on the exi sting resul ts is not yet
possible because neutro n data alone do not o˜er quanti ta tiv e inf orm ati on about
the interl ayer coupl ing strength in AFM superlatti ces.

EuS/ PbS is another SL structure based on the Eu chalcogenides tha t has
been investi gated by neutro n to ols [11, 12]. EuS is an fcc ferrom agnet wi th T c =
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16:6 K. The SL specimens were prepa red on KCl substra tes wi th a [001] growth
axi s. D i ˜ra cti on scans carri ed out at low tem peratures revealed m agneti c spec-
tra wi th a characteri stic doubl e-peak pro Ùle, a clear signature of ant i fer romag-
net ic coupl ing between the FM layers (see Fi g. 5a). Thi s AFM interl ayer coupl ing
showed up even m ore clearl y in reÛectivi ty spectra (Fi g. 5b) whi ch exhi bi ted siz-
abl em axi ma at positi ons corresponding to the doubled structura l periodicity of the
m easured specimen. Such peaks were observed for system s wi th the non-m agneti c
spacer thi ckness D P bS up to 90 ¡A.

Fig. 5. (a) Di˜raction spectrum from an EuS/PbS SL specimen with a

( 60 ¡A /23 ¡A ) È 1 5 comp ositi on. Purely magnetic contribution obtained by subtracting

data sets taken below and above T C . T he characteristic double- peaked proÙle is a clear

signature of A FM coupling betw een the EuS layers (af ter [11] ) ; (b) ReÛectivi ty data

from the same EuS/PbS specimen. Open circles show the spectrum measured above

the C urie point, w ith a small structural p eak corresp ondi ng to the SL p erio dici ty . T he

spectrum taken below T C and at zero external Ùeld (Ùlled circles) exhibits an additi onal

large peak corresp onding to doubled SL perio dici ty arising from A FM coupling betw een

the EuS layers. A n external Ùeld of 185 Gs enforces a transition to a FM conÙgurati on,

so the magnetic peak shif ts to the structural position (triangles).

The fact tha t the FM layers have a net magneti c m om ent m akes i t possible
to mani pul ate the arrangement of layers in the SL chain. A su£ cientl y stro ng
externa l m agneti c Ùeld enforces a tra nsiti on to an FM sequence. For D PbS up
to about 20 ¡A, thi s process was found to be reversi ble. In thi s region, the Ùeld
B sat needed to atta in a ful l AFM ! FM tra nsiti on provi des a di rect measure of
the interl ayer coupl ing strength. For thi cker spacers the EuS layers do not return
to the AFM conÙgurati on even af ter removi ng the Ùeld, evidentl y locked in the
FM positi ons by m agneti c ani sotro py . Here the B sat value reÛects the ani sotro py
m agni tude rather tha n the coupl ing strength.
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Mo del studi es on EuS/ PbS were perform ed by Bl inowski and Ka cman using
the sam e appro ach as in the earl ier work on the EuT e/ PbT e system [12]. Since the
ato m ic m onolayers in SLs wi th [001] growth axi s consist of both ani ons and cati ons
(i n contra st to the situa ti on in the [111] EuT e/ PbT e structure s whi ch consist
of alterna ti ng ani on-only and cati on-only m onolayers), a more sophi sti cated 3D
m odel version had to be constructe d tha n the previ ously used 1D chain. From the
calculati ons i t was obta ined tha t an AFM al ignm ent of layers al w ay s leads to lower
energy tha n the FM one. Thi s is indeed consi stent wi th the resul ts of m easurem ents
on sampl eswi th spacer thi cknessesf rom 4 to 90 ¡A, whi ch al l show AFM interl ayer
correl ati ons (exp erim ents for larger spacer thi cknesseshave yet to be perf orm ed).
The calculated coupl ing strength decreases wi th the PbS spacer thi ckness roughl y
l ike 2 À n . Such a fast decrease is also consi stent wi th the observati ons. The m odel
also passes favorably a basic quanti ta ti ve test, as the calcul ated coupl ing energy
values are of the sam e order of m agni tude as the values determ ined from the
observed satura ti on Ùelds B sat .

3. 3. Ga(Mn )A s/GaA s super latti ces

The newl y synthesi zed FM semiconducto r Ga(Mn)As is the obj ect of great
current interest as a pro to typi c m ateri al for devel oping \ spintro nics" (i .e., spin-
-polari zed electroni cs). The materi al is also hi ghly interesti ng from the vi ewp oint
of funda m ental magneti c studi es | a novel aspect is tha t here the FM intera c-
ti ons between the ato m ic m oments are mediated by hol es , not electrons, as is
the case in practi cal ly all previ ously kno wn system s exhi bi ti ng carri er-mediated
m agneti sm. Insi ght into the basic magneti c properti es of Ga(Mn)As is theref ore of
considerable current im porta nce. Al tho ugh the ferrom agneti sm in Ga(Mn)As has
been extensi vel y studi ed by macroscopic techni ques, such data sti l l do not pro vi de
conclusi ve inf orm ati on about the r ang e of the FM orderi ng. Because of the rel -
ati vel y low concentra ti on of the m agneti c ions (up to 7%), one can suspect tha t
the ferro magneti sm is actua lly of a \ spin-glass typ e" | or tha t i t consists of very
smal l m icrodomains. From the vi ewpoint of spintro ni cs appl icati on such a nature
of the Ga(Mn)As ferrom agneti sm would be a serious compl icati on, since the most
desirable situa ti on is tha t the m ateri al sponta neously form s a sing le-dom ain FM
state, thus reduci ng the need of externa l m agneti c Ùeld. Insi ght into thi s issue can
be obta ined onl y by metho ds capabl e of probi ng the magneti c correl ati on on a m i-
cro scopic level. Neutro n scatteri ng to ols seem to be extrem ely wel l suited f or tha t
purp ose. Ho wever, since Ga(Mn)As is avai labl e only in the form of extrem ely thi n
epi ta xi al Ùlm s or mul ti lay ers, the appl icati on of conventio nal \ wi de-angle" di ˜ra c-
to m etry for studyi ng thi s FM system is not possible, because the magneti c di ˜ra c-
ti on peaks occur at the same positi ons as the several orders of m agni tude stro nger
Bra gg reÛections from the GaAs substra te. The substra te reÛection probl em can
be elim inated by growi ng the sampl esin the superlatti ce form of Ga(Mn)As/ GaAs
superla tti ces and using the techni que of neutro n reÛectom etry . Yet, reÛectometry
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studi es using an unp olari zed neutro n beam (as was the case in exp eriments on the
EuS/ PbS system discussed above) appear to be sti l l qui te chal lenging as the m ag-
neti c contri buti on to the reÛectivi ty maxi ma is sti l l m uch weaker (10{ 20%) tha n
the nucl ear contri buti on. Ho wever, the appl icati on of the sophi sticated techni que
of polarizati on-analysis neutro n reÛectom etry m akes possible a nearl y to tal sepa-
rati on of the m agneti c and nucl ear components. Exa mpl esof polari zati on-analysis
reÛectivi ty data from a Ga(Mn)As/ GaAs SL specim en obta ined in a recent study
[14] are shown in Fi g. 6. Each part in the Ùgure shows the resul ts of scans thro ugh
the Ùrst reÛectivi ty Bra gg peak for al l four combina ti ons of the \ spin-up" (+) and
\ spi n-down" ({ ) states of the incident and the scattered neutro n beam .

Fig. 6. Polarized neutron reÛectometry scans through the Ùrst Bragg peak for the

[(Ga 0 : 9 4 Mn 0 : 0 6 A s) 50 j ( GaA s) SL specimen. Four sets of data point in each part show

the spectra obtained for four combinations of the spin p olarizati on of the inciden t and

the reÛected b eam (see text). Part (c) show s data obtained above the C urie temp erature.

Data in part (a) w ere recorded af ter cooling the sample in zero external Ùeld (during the

measurements the sample was exposed to an upw ard- oriented 2 Gs stray guide Ùeld).

T he peak in the mode indica tes that the sample is magnetized dow nward. A fter

applyi ng an upw ard- oriented 100 Gs external Ùeld (part (b)), the magnetization , as

expected, changes its direction.

In the \ spin-Ûip" (SF) modes, (+ ) or ( +) , one m easures purel y mag-
net ic scatteri ng associated wi th a m agneti zati on component. In the
non-spin-Ûip (NSF) m odes, (++) and ( ) , the to ta l scatteri ng ampl itude is, re-
spectivel y, the di ˜erence and the sum of the nucl ear scatteri ng am pl itude and the
m agneti c scatteri ng ampl itude due to the m agneti zati on com ponent. It
should be noted tha t in the system studi ed the sum of the nucl ear and m agneti c
scatteri ng am pl itudes for satura ted m agneti zati on is nearl y equal to the scatteri ng
am pl i tude of pure GaAs. Hence, for the sampl e m agneti zed in the verti cal di rec-
ti on, the scatteri ng contra st nearl y di sapp ears for one NSF mode, and is enhanced
for the other.

The data in Fi g. 6c, ta ken above the Curi e point ( 30 K), show peaks
onl y in NSF modes resulti ng from purel y nucl ear scatteri ng. Af ter cool ing below
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T C in zero externa l Ùeld the scans (Fi g. 6a) shows onl y a peak in the ( ÀÀ ) m ode,
and only negl ig ibl e e˜ects in the (++) and the SF m odes, indi cati ng tha t duri ng
the cool ing process the bul k of the sam ple becam e sponta neously m agneti zed in
the downw ard di recti on. Thi s resul t is indeed very im porta nt because i t pro ves
tha t:

¯ the FM order tha t sponta neously form s in each Ga(Mn)As layer is trul y
long-range, sing le-dom ain state (any spin-glass l ike or micro dom ain struc-
ture, or a mul tido main arra ngement woul d produce peaks in al l four modes);

¯ the Ga(Mn)As layers are ferrom agneti cally coupl ed across the interveni ng
non-magneti c GaAs spacers.

The latter resul t pro vi des a di rect conÙrmati on of the existence of signi Ùcant
interl ayer coupl ing e˜ects in Ga(Mn)As/ GaAs structures, whi ch was Ùrst indi rectl y
deduced from SQUID m agneti zati on measurements on tri layers [1].

4 . Co n cl u d i ng r em ar ks

Neutro n di ˜ra cti on experim ents on the MnT e/ I I{ T e and EuT e/ PbT e m ulti -
layers have dem onstra ted two im porta nt facts: (i ) pro nounced interl ayer m agneti c
coupl ing may occur in superlatti ces m ade of nearly- insul ati ng semiconducto rs;
(i i ) in such system s, coupl ing between AFM layers is possible.

The model studi es discussed in Sec. 3 show tha t the tra nsfer of intera cti ons
wi tho ut the assistance of carri ers m ay be expl ained on the grounds of the electro nic
theo ry of semiconducto r. However, much m ore theo reti cal and experim enta l insi ght
is sti l l needed. The mechanism proposed by Rusi n [18] is deÙnitel y of great interest
because it o˜ers the possibi l i ty of contro l l ing the coupl ing streng th. Yet, the m odel
requi res testi ng by addi ti onal exp eriments. The change of intera cti on sign seen in
ZnT e/ MnT e is indeed extrem ely intri gui ng; hopeful ly a theoreti cal expl anati on
of thi s phenom enon wi l l soon emerge. The Eu{ VI/ Pb{ VI structures are qui te
attra cti ve from the vi ewp oint of theo reti cal analysis because the same form alism
is used to the AFM EuT e/ PbT e and the FM EuS/ PbS. Som e model elements can
be tested by experi ments on EuS/ PbS and then used for expl aining e˜ects seen
in EuT e/ PbT e, for whi ch i t is not possible to di rectl y m easure the strength of
interl ayer coupl ing.

The resul ts of polari zed neutro n reÛectom etry studi es of Ga(Mn)As/ GaAs
SLs clearl y demonstra te tha t neutro n to o ls may o˜er valuable insight into the
m icroscopi c spin structure of epi ta xi al spintro ni cs m ateri als. Ma ny new materi als
of thi s ki nd (e.g., stro ngly p -typ e Ga(Mn)N or Zn(Mn)O) are expected to emerge
in the near f uture, and neutro n to ols wi l l certa inly be employed for studyi ng thei r
m agneti sm.
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