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M agnet ot ran sport prop ert ies of GaMn A s single layers and InGaMnA s/
I nGaA s superlatti ce structures were in vestigated at temp eratures from 4 K
to 300 K and magnetic Ùelds up to 23 T to study t he in Ûuence of carri -

ers conÙnement through di˜erent structures . Both single layers and super-
lattice structures show paramagneti c-to- ferromagneti c phase transitio n. I n
GaMnA s/I nGaA s superlatti ce beside the Curie temp erature ( T c ¤ 40 K ) , a
new phase transition is observed close to 13 K .

PAC S numb ers: 75.50.Pp, 75.70. {i

1. I n t rod uct io n

Since the di scovery of ferrom agneti sm in I I I{ V di luted magneti c semicon-
ducto rs, InMnAs in 1992 [1] and GaMnAs in 1996 [2], wi th the m axi mum cri ti cal
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tem peratures (T c ) of 50 K and 110 K respect ively, an increasing numb er of research
groups started to study m agneti c and tra nsport pro perti es of these m ateri als for
pro to typ e spi ntro nic devi ces. I I I{ V di luted magneti c semiconducto rs are prom is-
ing m ateri als for new semiconducto r spin devi ces since they are com pati bl e wi th
I I I{ V hetero structur es and they o˜er the opportuni ty to study spin related phe-
nom ena produced by hole m ediated orderi ng of the local Mn spi ns vi a the s p À d

intera cti on of Ruderm an{ Ki ttel { Ka suya{Yoshida (R KKY). Interesti ng phenom -
ena have been found both in sing le layers and multi lay er structures implem ent-
ing these m agneti c semiconducto rs. Mo reover, the tem perature of param agneti c
to ferromagneti c phase tra nsiti on in GaMnAs has been signiÙcantl y raised, up to
150{ 160 K due to the speciÙcpost-growth anneal ing procedures [3, 4]. In thi s work,
we focus on magneto tra nsport pro perti es of GaMnAs thi n layers (100{ 300 ¡A) and
short period superlatti ces wi th GaMnAs or InG aMnAs in magneti c layers and
GaAs or InG aAs in non-magneti c spacers.

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

The sam ples were grown by low tem perature molecul ar beam epita xy
(L TMBE) techni que. The In com positi on in InG aAs superlatti ce spacers and
InG aMnAs m agneti c layers was chosen to be equal to 50% whi le the Mn con-
centra ti on was equal to 5.5% in GaMnAs sing le layers and 6% in the m agneti c
layers of superla tti ce (SL) structures. The post-growth anneal ing kno wn to in-
crease T c and hole concentra ti ons in II I{ Mn{ V m agneti c semiconducto rs was not
used in thi s study . Al l the sam ples described here were not annealed intenti onall y
after the MBE growth process, however, due to the large num ber of repeti ti ons
(200) used for SL structures , the ti m e of the MBE growth process wa s 8{ 12 h, de-
pending on the structure. Growth rate of al l the sampl eswas the same and equal to
0.2 ML/ s, in the case of SLs structures the growth interrupti ons at interf aceswere
20{ 40 s long. Thi s, as we have shown elsewhere [5] im pro ves both m agneti c (T c )
and structura l (i ntensi ti es of X- ray di ˜ra cti on Bra gg satel l i te peaks) pro perti es
of SLs.

The thi n (150{ 300 ¡A) GaMnAs single layers were covered by a 30 ¡A thi ck
GaAs layer for pro tecti on against GaMnAs surface oxi datio n. Beside sing le
GaMnAs thi n Ùlm s, two typ es of superlatti ces were studi ed, di ˜eri ng in band
o˜sets between m agneti c layers and non-m agneti c spacers: GaMnAs/ GaAs and
InG aMnAs/ InG aAs SLs wi th very smal l band o˜sets between m agneti c and non-
-magneti c layers, and GaMnAs/ InG aAs SLs wi th magneti c layers as potenti al bar-
ri ers f or carri ers. D etai ls of the epi ta xi al growth condi ti ons of InG aMnAs/ InG aAs
SLs as well as basic structura l properti es were described elsewhere [6].

Ma gneto tra nsport m easurem ents were carri ed out using Hal l bars pro duced
by UV l i tho graphy techni que and chemical etchi ng, wi th Au Zn ohm ic conta cts.
The tem perature dependence of resisti vi ty was studi ed from 4 K to 300 K for both
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sing le layers and SL structures. In short period SL structures m agneto resistance
and Hal l e˜ect were investi gated at m agneti c Ùelds up to 23 T and tem peratures
from 4 K to 270 K. Previ ous magneti zati on measurements perf orm ed by SQUID
m agneto metry show tha t al l these sampl es present the paramagneti c to ferrom ag-
neti c phase tra nsiti on wi th T c ranging f rom 10 K to 104 K depending on the
sam ple [6, 7].

Fig. 1. Temp erature dep endence of the reduced resistivi ty (£ À £ 0 ) =£ 0 in

Ga 0 : 9 4 5 Mn 0 A s single layers: 100{150{200{ 300 ¡A thic k. £ is the resistivi ty at 4 K .

In the Ùrst set of sam ples,we have studi ed the resistivi ty temperature depen-
dence of thi n GaMnAs single layers wi th thi cknessesof 100, 150, 200, and 300 ¡A.
As shown in Fi g. 1, the resistivi ty tem perature dependence of tho se
GaMnAs sing le layers indi cates Curi e tem peratures of 104 K, 102 K, 93 K, and
75 K respectively. The layers are on the m etal side of the nonm etal { m etal tra nsi-
ti on wi th a local m axi mum in resisti vi ty at T [8]. These resul ts are in agreement
wi th previ ous studi es showi ng tha t T depends on the thi ckness of the sam ple. It
decreases wi th increasing the thi ckness [3, 7]. The second set of sampl es charac-
teri zed by m agnetotra nsport m easurements are GaMnAs/ GaAs, GaMnAs/ InG aAs
and InG aMnAs/ InG aAs SL structures wi th very thi n magneti c layers: 8 molecular
layers (ML) (23 ¡A), and thi n non-magneti c spacers (4{ 8 ML). The magneti c layers
thi ckness is below the thi ckness l im it for ferrom agneti sm in a sing le GaMnAs layer
( nm ) [7]. W e detected the f erromagneti c tra nsiti on in SLs wi th T between
10 K and 65 K depending on the SL structure. Co ncerni ng the GaMnAs(8 ML)/
GaAs(8 ML) SL, one can observe tha t i t has the same Hal l resistance and
resisti vi ty behavi our as observed in a single GaMnAs layer. Ano malous Hal l e˜ect
at low temperature reveals the conventio nal ferrom agneti c orderi ng (see the inset
in Fi g. 2).
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Fig. 2. Temp erature dependence of resistivi ty £ of the Ga 0: 94 Mn 0 : 06 A s( 8 M L ) =

GaA s( 8 ML ) È 200 superlatti ce at zero magnetic Ùeld. A t low magnetic Ùeld anomalous

H all e˜ect is prep onderan t (inset ).

In general, the Ha ll resistance in ferromagneti c m ateri als is described by the
fol lowi ng equati on:

R H all =
R 0

d
B +

R s

d
M ; (2 .1)

where R i s the ordi nary Ha l l coe£ cient, R i s the anomalous Ha l l coe£ cient, M

| the m agneti zati on of the sam ple and d | the thi ckness of conducti ve layers.
From these m easurements T f or GaMnAs(8 ML)/ GaAs(8 ML) SL was estim ated
to be near 60 K, using the Arro tt plots. The resistivi ty m easurem ents show the
sam e T . As shown in Fi g. 2, thi s sam ple shows a semiconducti ng behavi our wi th
therm al acti vati on below T .

The second SL structure inv estigated is InG aMnAs(8 ML)/ InG aAs(4 ML)
where previ ous SQUID magneti zati on measurements show a T close to 10 K

[6]. Thi s sam ple was to o resisti ve for Hal l measurements at low temperatures.
Neverthel ess, i t exhi bi ts an interesti ng feature near 200 K. The Hal l resistance
shows a change of the Hal l coe£ cient sign at low magneti c Ùeld (Fi g. 3). Thi s
behavi our wa s also observed in sing le InG aMnAs layers [9]. It has been suggested
[9] tha t the di ˜erent sign of the Hal l coe£ cient is pro babl y due to the spin- related
scatteri ng occurri ng above T at externa l magneti c Ùeld. If thi s argum ent is true
i t is not clear why thi s e˜ect wa s not observed in al l the structures wi th high Mn
content.

The last SL structure investi gated is GaMnAs(8 ML)/ InG aAs(4 ML) ,
wi th m agneti c layers as potenti al barri ers for carri ers. Fi gure 4 presents the tem -
perature dependence of resistivi ty . It can be seen tha t in thi s structure the para-
m agneti c to ferro magneti c tra nsiti on whi ch occurs at the Curi e tem perature (40 K)
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Fig. 3. H all resistance measurements of ( I n ; Ga ) 0 : 94 Mn 0: 06 A s( 8 ML ) =In0 : 5 Ga 0: 5 A s

( 4 ML ) È 200 SL. A t high temp erature ( > 200 K ) the H all coe£cient sign changes

at low magnetic Ùeld.

Fig. 4. Temp erature dependence of resistivi ty £ of the superlatti ce

Ga 0 : 94 Mn 0 : 06 A s( 8 ML ) = In0 5 Ga 0 5 A s( 4 ML ) È 200 SL at zero Ùeld. T he inset show s

the e˜ect of magnetic Ùeld b elow T c .

corresponds to an inÛection point. Thi s value is in good agreement wi th previ ous
m agneti zati on m easurements [6]. From anom alous Hal l e˜ect (Fi g. 5) we have de-
duced the same value of using an Arro tt plot [10]. These results indicate tha t
the side-j um p m echanism is responsi ble for the presence of the anom alous Hal l
e˜ect.
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Fig. 5. H all resistance measurements of Ga 0 : 94 Mn 0 : 06 A s( 8 ML ) =In0 : 5 Ga 0: 5 A s( 4 ML )

È 200 SL w ith temp erature as a parameter. T he inset show s the linear behaviour of H all

resistance at high magnetic Ùeld, from w hich the hole concentration w as calculated.

Assum ing tha t m agneti zati on of thi s sam ple at 20 K satura tes at hi gh m ag-
neti c Ùelds, we have estim ated R 0 and deduced the hole concentra ti on
(p ¤ 9 : cm ). Thi s is lower tha n the hole concentra ti on in a sing le
GaMnAs layer ( cm ). The reason f or tha t could be sim ply expl ained by
the fact tha t the Mn dopi ng is not present in the spacer layers. Mo reover, at no
externa l m agneti c Ùeld, a sharp increase in the electri cal resistivi ty wi th decreasing
tem perature occurs, and a bum p is observed at 13 K. Thi s f eature indi cates tha t a
new pha se wi th another typ e of orderi ng appears. It is the Ùrst evi dence, by tra ns-
port m easurements of a new m agneti c arra ngement in SL structures . As predi cted
by Jung wi rth et al . [11] f or GaMnAs/ GaAs superlatti ces, the anti ferromagneti c
al ignm ent of adj acent magneti c layers may appear at thi s tem perature.

A second expl anati on of thi s bum p in the resistivi ty could be the Mn di ˜usi on
in non-magneti c spacer wi th another orderi ng tha n the adjacent m agneti c layers.
Ano ther reason of the 13 K magneto resisti vi ty maxi mum could be related to the
conÙnement of carri ers in non-magneti c spacers. Such a tra nsi ti on has not been
observed in single GaMnAs layers.

W e ha ve studi ed magneti c pro perti es of di ˜erent ki nd of GaMnAs and
InG aMnAs structures (sing le layers and superlatti ces) vi a resistivi ty and Ha l l mea-
surements. These structures present a low tem perature ferrom agneti c phase tra n-
siti ons wi th T wi thi n the range of 10{ 104 K. Results for the GaMnAs/ InG aAs SL,
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wi th m agneti c layers as potenti al barri ers for holes, evidenced a new phase tra n-
siti on at the temperature lower tha n Tc . Further m easurements such as neutro n
reÛectivi ty , tra nsmission electron m icroscopy, or scanni ng tunnel ing m icro scopy are
needed to expl ain tha t. These com plementa ry investi gatio ns wi l l permi t to detect
the possible di ˜usi on of Mn ato ms in non-m agneti c spacers, and conÙrm / exclude
the possibi l i ty of anti ferrom agneti c interl ayer coupl ing as the ori gin of thi s new
orderi ng.
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