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W e have observed a parama gnet ic-to- ferromagn etic phase transitio n in
short perio d InGa Mn A s/I nGaA s sup erlattices . T he thic knesses of magnetic
I nGaMnA s layers in the structures studied w as chosen to be 4 or 8 molecular

layers ( 12 ¡A or 24 ¡A ). T he non- magnetic InGaA s spacer layers are 12 ¡A
thick. T he comp osition (I n content) in I nGaMnA s and InGaA s w as chosen
in such a w ay that magnetic layers w ere: deep potential w ells, high potential

barriers, or shallow potential w ells. For superlattices with 8 monolayer thick
I nGaMnA s magnetic layers and 4 monolayer thick I nGaA s non-magnetic
spacers the temp eratures of paramagnetic- to- ferromag neti c phase transitio n
do not depend on the band o˜sets betw een InGaMnA s and I nGaA s adj usted

by the In content.

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

1. I n t rod uct io n

InG aMnAs belongs to the fam ily of I II{ Mn{ V ferromagneti c semiconduc-
to rs, whi ch has been extensi vel y studi ed in recent years by many research groups.
The m ain interest in m agneti c semiconducto rs nowadays is associated wi th the
newl y studi ed phenom ena inv olvi ng spins of charge carri ers, whi ch can potenti al ly
be appl ied to create the new ki nd of electronic (spi ntro nic) devi ces [1]. The two
terna ry compounds from the low In and hi gh In compositi on boundary , nam ely
InMnAs [2, 3] and GaMnAs [4{ 8] have been studi ed for a coupl e of years and
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paramagneti c-to -ferrom agneti c phase tra nsiti on was found in both of them , wi th
the m axi mum cri ti cal tem peratures (T c ) of 50 K and 110 K, respectivel y. Recentl y
i t has been reported [9] tha t InG aMnAs wi th In content close to 50% exhi bi ts en-
hanced temperatures of paramagneti c-to -ferrom agneti c phase tra nsiti on, in com -
pari son to GaMnAs wi th the same Mn content, for Mn com positi ons exceeding
6%. The m axi mum T c for InG aMnAs wi th 50% In and 9% Mn was found to be
above 100 K [9].

Our work concentra tes on m agneti sm in short period InG aMnAs/ InG aAs su-
perlatti ce structures (SLs). W e have al ready studi ed in detai l the short period su-
perlatti ce structures conta ini ng GaMnAs m agneti c lay ers and GaAs non-m agneti c
spacers [10] and found the presence of param agneti c-to -ferrom agneti c phase tra n-
siti on in the structure s wi th very thi n GaMnAs layers (22 ¡A). Neutro n di ˜ra c-
ti on m easurements dem onstra ted tha t in the superlatti ces of thi s ki nd the ad-
jacent GaMnAs layers are f erromagneti cal ly coupl ed [11, 12]. In short period
GaMnAs/ GaAs SLs we found tha t the tem perature of ferrom agneti c phase tra n-
siti on depends on the thi ckness of non-m agneti c spacer layers. Superlatti ces con-
ta ining InG aAs in the spacer layers and InG aMnAs in m agneti c layers open two
addi ti onal degrees of f reedom concerni ng adjusti ng both the valence band o˜sets
between m agneti c layers and non-magneti c spacers and the stra in state of the
system .

2. Sam p le pr ep ar at i on

As is well kno wn, II I{ Mn{ V m agneti c semiconducto rs can only be grown by
a low tem perature molecular beam epi ta xy (LT MB E) techni que. Low tem perature
m eans the tem perature in the range of 1 8 0 £ C to 3 0 0 £ C. The exact MBE growth
tem perature is dependent on Mn content since hi gher concentra ti on of Mn ions
enteri ng the Ga sites dem ands lower growth tem peratures [6, 8]. The other growth
parameters such as As to Ga Ûux rati o are also very importa nt, since besides
the growth temperature thi s Ûux rati o determ ines the concentra ti ons of As anti -
site defects (As G a) in the I I I{ Mn{ V m ateri al [13]. As has been shown by several
groups both theoreti cal ly [14, 15] and experim ental ly [16, 17] the concentra ti on
of AsG a is cruci al for magneti c pro perti es of GaMnAs, such as T c and satura ti on
m agneti zati on.

The SLs were grown on epi ready GaAs(1 00) substra tes. Bef ore the LT
GaMnAs growth the standard pro cedure of growi ng 0.1{ 0.5 m icrometer thi ck,
hi gh temperature (HT) GaAs bu˜er layer has been f ollowed. In the case of struc-
tures conta ini ng In either in the m agneti c layer or in the non-magneti c spacer a
thi ck (0.3{ 1.5 m icro meter), InG aAs bu˜er was grown at 500À 5 3 0 £ C. The com -
positi on of thi s bu˜er was chosen to match the latti ce param eter of subsequentl y
grown InG aMnAs/ InG aAs SL. The growth of thi ck HT InG aAs bu˜er was then
fol lowed by a thi n (0.01{ 0.2 m icrom eter) LT InG aAs bu˜er wi th the sam e In con-
tent. In the case of GaMnAs/ GaAs sup erlatti ce only a thi n LT GaAs bu˜er was
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deposited. As is well kno wn, the latti ce constant of GaMnAs (a G aM nA s) is slightl y
bi gger tha n tha t of GaAs. The dependence of a G aM nA s on the Mn content depends
on the growth condi ti ons, namely growth tem perature [18] and As to Ga Ûux rati o
[19]. In the MBE growth condi ti ons used by us: the substra te tem perature (T s )
wa s close to 230£ C and As to Ga Ûux rati o close to 2. W e use arseni c dim ers
(generated by valved cra cker D CA e˜usi on cell ) for the MBE growth, whi ch o˜ers
possibi l i ti es of preci se contro l of As Ûux, di£ cult to achi eve using the standard
As 4 source. In our case extra polati on of the a G aM nA s dependence on Mn content
gives the latti ce constant of hyp otheti cal zinc-bl ende MnAs compound of 5.90 ¡A.
Assum ing a l inear dependence of GaMnAs latti ce param eter on Mn content, whi ch
as we have found [19] is true only for Mn content hi gher tha n the content of AsG a

defects, we get the latti ce constant for GaMnAs conta ini ng 6% Mn equal to 5.67 ¡A.
Thi s means tha t the stra in between Ga0 :9 4 Mn 0 :0 6 As and GaAs(1 00) substra te is
equal to 0.3%. W ith thi s smal l stra in i t is possible to grow single GaMnAs Ùlms
wi th the same in-plane latti ce consta nt as GaAs substra te up to the thi ckness of
2 microm eters. In connecti on to thi s i t is clear tha t i t is not necessary to deposit
the relaxed bu˜er layer latti ce m atched to the GaMnAs/ GaAs SL. In the case of
InG aMnAs/ InG aAs SLs tha t is not the case, since the In com positi on chosen for
al l the structure s is equal to 50%. In al l the sam ples the Mn content in m agneti c
layers wa s chosen to be 6%.

The growth of each SL structure was m oni to red by reÛecton high energy elec-
tro n di ˜ra cti on (R HEED ) system . Growth rate m easurements based on
R HEED intensi ty oscil lati ons were perf orm ed f or: GaAs, InG aAs and GaMnAs
pri or each SL growth. Thus both the com positi on and thi cknesses of the con-
sti tuent SL layers have been caref ul ly measured. At each interf ace a 30 s growth
bra ke was used in order to smooth the surfacesof each of the SL consti tuent layers.
The param eters of sampl es are listed in Table.

TABLE
Parameters of InGaMnA s/I nGaA s superlatti ces structures. In all the structures Mn

content is equal to 6 at. %.

Sample Magnetic layer Spacer layer Bu˜er N umb er of

numb er rep etition s

1 InGaMnA s(8 M L) GaA s(4 ML) I n0 : 33 Ga 0 : 6 7 A s 200

2 InGaMnA s(4 ML) I nGaA s(4 ML) In0 : 5 Ga 0 : 5 A s 200

3 GaMnA s(8 ML) GaA s(4 ML) { 200

4 GaMnA s(8 ML) I nGaA s(4 ML) I n0 : 167 Ga 0 : 833 As 200

5 InGaMnA s(240 ML) { In0 5 Ga 0 5 A s {
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3 . X -r ay d i ˜ ract ion r esul t s

Since in the case of structures conta ini ng 50% In in m agneti c layers or/ and
in non-m agneti c spacers the latti ce m ismatch between InG aMnAs and InG aAs to
GaAs is hi gh (7%) we have grown the thi ck, relaxed InG aAs bu˜er lay ers wi th
the compositi on adj usted to the calcul ated latti ce constant of the free standi ng
(unstra ined) SL structure. Fi gure 1 shows the X-ray di ˜ra cti on results for sam -
pl e 1 | InG aMnAs/ GaAs SL and sampl e4 | GaMnAs/ InG aAs SL. In the case of
sam ple 1 (Fi g. 1a) | the SL structure wi th 8 ML thi ck (In 0 :5 Ga0 :5) 0 : 94Mn 0 : 06As

Fig. 1. X -ray rocking curves for (004) Bragg reÛection for: (a) sample 1 | InGaMnA s

(8 ML)/GaA s(4 ML) È 200 superlattice, (b) sample 4 | GaMnA s (8 ML)/I nGaA s

(4 ML) È 200 superlatti ce.
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and 4 ML thi ck GaAs. The InG aAs bu˜er latti ce m atched to the SL structure
is In 0 :3 3 Ga0 : 6 7 As. For sam ple 4 conta ining 8 ML thi ck Ga0 :9 4 Mn 0 :0 6 As and 4 ML
thi ck In 0 : 5 Ga0 :5 As the latti ce matched bu˜er is In 0 :1 6 7 Ga0 : 8 3 3 As. The Ùrst peak
at the left side to the GaAs substra te 004 Bra gg reÛection in both cases com es
from HT InG aAs bu˜er. Perf orm ing recipro cal space m ap m easurem ents f or asym -
m etri c (224) Bra gg reÛection we veri Ùed tha t for both sam ples thi s bu˜er is par-
ti al ly relaxed. Ana lyzi ng the RHEED di ˜ra cti on patterns recorded duri ng InG aAs
bu˜er depositi on we veri Ùed tha t after a few monolayers of coherentl y stra ined
InG aAs wetti ng layer (8 m onolayers in the case of In 0 : 1 6 7 Ga0 :8 3 3 As and 4 mono-
layers f or In 0 :5 Ga0 : 5 As) the growth m ode changes from two - to three- dim ensional
(i .e. InG aAs quantum dots are form ed), but shortl y afterwa rds these dots are
overgrown by InG aAs and two -dim ensional growth m ode is recovered after less
tha n 10 m onolay ers of InG aAs deposited. R ecipro cal space m aps showed tha t In-
GaAs bu˜er is parti al ly relaxed and parti al ly stra ined to the GaAs substra te. It
can be seen in Fi g. 1 tha t the perpendicul ar latti ce parameter of InG aAs bu˜er
is slightl y larger tha n m ean perpendicul ar latti ce param eter of superlatti ce, since
the angul ar positi on of InG aAs(0 04) Bra gg reÛection is slightl y smal ler tha n the
angular positi on of zero order SL peak. The latti ce consta nt of InG aAs for each
SL was calcul ated to perfectly match the InG aAs bu˜er latti ce constant on the
assumpti on tha t InG aAs is ful ly relaxed, whi ch is not the case. Neverthel ess the
latti ce m ismatch between InG aAs bu˜er and superlatti ce is very smal l in each
case, so the sup erlatti ces are ful ly stra ined to the bu˜ers. Thi s has been conÙrm ed
by reci procal space m aps perf orm ed f or asymm etri c (224) reÛections.

From al l the sam ples l isted in T abl e, in m ost of the cases m agneti c super-
latti ce layers are under compressive stra in. The onl y sampl e for whi ch m agneti c
layers are in tensi le stra in state is sam ple 4 | the SL structure wi th 8 m onolayers
GaMnAs and 4 m onolayers In 0 : 5 Ga0 :5 As grown on In 0 :1 6 7 Ga0 :8 3 3 As bu˜er.

4. Ma gn et ic pr oper t ies

Ma gneti zati on of al l the sampl es was measured by superconducti ng quan-
tum interf erence devi ce (SQUID ). The magneti zati on (M ) versus tem perature
(T ) curves shown in Fi g. 2 show tha t the ferromagneti c orderi ng tem peratures are
dependent mainl y on the compositi on of magneti c lay ers, di ˜eri ng substanti ally for
SL structure s wi th GaMnAs and InG aMnAs layers. The main pl ot in Fi g. 2 shows
M vs. T curves for two superlatti ces wi th GaMnAs magneti c layers di ˜eri ng in
the com positi on of spacer layers: GaAs or In 0 :5 Ga0 :5 As in sampl es3 and 4, respec-
ti vel y. It can be seen tha t the com positi on of 4 ML spacer layer has no signi Ùcant
inÛuence on T c . For both structures wi th GaMnAs m agneti c layers T c values are
cl ose to 40 K. It should be noted however, tha t sam ples 3 and 4 di ˜er also in the
stra in state of magneti c GaMnAs layers | compressive stra in for sampl e 3 and
tensi le stra in for sampl e 4.
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Fig. 2. Temp erature dep endence of magnetization for SL structures w ith magnetic

GaMnA s layers (main Ùgure) and GaA s spacer (sample 3) or I nGaA s spacer (sample 4).

T he inset show s magnetization for SLs with magnetic InGaMnA s layers (sample 1 and 2)

and a ref erence single I nGaMnA s (sample 5).

The inset to Fi g. 2 shows M vs. T curves for two superlatti ces wi th
InG aMnAs m agneti c layers, and GaAs (sampl e 1) or In 0 :5 Ga0 : 5 As (sam ple 2) spac-
ers. A m agneti zati on versus tem perature curve for a ref erence 700 ¡A thi ck sing le
InG aMnAs layer (sampl e 5) is also shown. Thi s is interesti ng to noti ce tha t T c in
superla tti ces wi th InG aMnAs is about 10 K lower tha n T c of sing le InG aMnAs
layer wi th the same compositi on. The com parison of m agneti zati on tem perature
dependence for these two superlatti ces m ay indi cate the inÛuence of the conÙne-
m ent of holes on magneti c properti es. In the case of sam ple 1 magneti c InG aMnAs
layers are potenti al wells for holes and non-m agneti c GaAs spacers are barri ers. In
the case of sam ple 2 the band o˜sets between InG aAs and InG aMnAs are much
smal ler tha n f or sampl e 1 since they result only from the very small compositi on
di ˜erence. As can be seen in Fi g. 2 the M (T ) curves for these two sampl es di ˜er
signiÙcantl y. It should be noted however tha t also the stra in state of m agneti c
InG aMnAs layers is di ˜erent in both structures: InG aMnAs is under qui te im por-
ta nt compressive stra in in the case of sam ple 1, whereas in the case of sampl e 2
the stra in resul ts only from the di ˜erences between latti ce param eters of low tem -
perature InG aMnAs/ InG aAs layers and the high tem perature In 0 : 5 Ga0 :5 As bu˜er.
Mo re studi es are needed to clari fy the inÛuence of both stra in and valence band o˜-
sets between m agneti c and non-magneti c layers in SLs structures of thi s ki nd. W e
should stress however tha t to our kno wl edge our results are the Ùrst observati on
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of param agneti c-to -ferrom agneti c phase tra nsiti on in InG aMnAs based structures
wi th thi ckness of m agneti c layers as low as 4 and 8 m olecular layers.

5. Co n cl usion s

W ehave found a param agneti c-to -ferrom agneti c phasetra nsiti on in the short
period InG aMnAs/ InG aAs superlatti ces. For the thi cknessof m agneti c layers equal
to 4 or 8 m olecular layers (12 ¡A and 24 ¡A, respectively) and the thi ckness of
non-magneti c InG aAs spacer of 4 ML we observed a ferromagneti c phase tra n-
siti on in both typ es of structures: wi th m agneti c layers being potenti al barri ers
or wells for valence band holes. The di ˜erence in the tem perature dependence of
m agneti zati on in di ˜erent typ e of structures can be associ ated both wi th di ˜er-
ence in band o˜sets or di ˜erent stra in state of magneti c layers in the superlatti ce
structures .
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