
Vol . 103 (2003) A CTA PHY SIC A POLO NIC A A No . 6

P ro ceed i ng s o f t h e XXX I I I n t ern at io n al Sch oo l o f Sem icond uct i ng Co m p ou n ds, Ja szo wi ec 200 3

M agnet ot ran sp ort t h ro ugh

N an ocon str ic tion in Ferro m agn etic

Sem ic on ductor (G a,Mn ) As

T . F igi el sk ia , T. W osi ¥ski a , O. Pe l yaa , J. Sado w sk i a; b,

A . Mo ra w sk i a , A . M ¨ kosa a , W. Do brow ols k i a ,

J. Ja gie l ski c an d J. Wr § bel a

a Inst it ut e of Physics, Pol ish Ac ademy of Sciences

al . Lotni k§w 32/ 46, 02-668 Warszawa, Poland
b Ma x-lab, Lund Uni versi ty , 22100 Lund, Sweden

c Insti tute of El ectroni c Ma teri als Technology, 01-919 W arszawa, Poland

W e st udied narr ow (su bmi cron ) constrictions in t he layers of ferro -
ma gnetic semiconducto r (Ga ,Mn) A s. W e have demonstrated a contribution
of the quantum lo cali zati on e˜ects to the magnetoresistance of the con-

stricted samples. W e have also found a negative contribution of a domain
w all trapp ed in the constriction to the resistance, due presumably to the
erasing of the locali zati on e˜ects by the domain w all.
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1. I n t rod uct io n

The obj ect of thi s study is a ferrom agneti c semiconducto r (Ga,Mn)As, in
whi ch a few percent of Ga ato m s has been replaced by Mn ato ms. R ecent adv ance
in the growth of ferrom agneti c semiconducto rs based on I II { V com pounds brought
about a uni que possibi l i t y for the integ rati ng electro nic and magneto electronic
devi ces, whi ch might create a basis for future spin electronics [1, 2].

Our interest is focused on the phenomena, whi ch occur in a narro w constri c-
ti on fabri cated from thi s m ateri al (Fi g. 1a), parti cul arl y, on the charge tra nsport
thro ugh a m agneti c dom ain wal l (D W ) tra pped in the constri cti on. Tha t subj ect
has just emerged as a hot to pic in the physi cs of ferrom agneti c nanostructures [3, 4].
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2 . Sam p les

In our study we used the waf ers, whi ch consisted of 50 nm -thi ck layers of
Ga0 : 9 9 Mn 0 :0 1 As, grown by the low- temperature molecular- beam epi taxy (L T- M BE)
on insul ati ng GaAs(0 01) substra tes [5]. The Curi e tem perature, TC , in these layers
wa s 17 K. The layers exhi bi t m etal l ic p-typ e conducti vi ty . Indi vi dual sampl es of
an area (1 È 3 ) m m2 were separated in the grown layer by etchi ng of a 2 0 ñ m -wi de
groove around them . W e m easured the sampl e conducta nce, G , as a functi on of a
m agneti c Ùeld, B , usi ng the standard lock- in techni que.

The ref erence non-constri cted sampl es exhi bi t at low tem peratures a large
positi ve m agneto conducta nce (MC) extendi ng far outsi de the Ùeld range of ferro-
m agneti c hysteresis loop. Thi s MC has been basical ly understo od as the reducti on
of spin-dependent carri er scatteri ng due to the al igni ng of local ized Mn spins by
an appl ied Ùeld. For a m agneti c Ùeld perpendicul ar to the layer plane, addi ti on-
al ly, a smal l negati ve contri buti on to the MC appears in a narro w range around
B = 0 . Thi s feature has been usually attri buted to the rota ti on of Mn spi ns f rom
i ts ori gina l in-plane di recti on to the perpendicul ar di recti on. However, as far as we
kno w, no quanti ta ti ve expl anati on of the MC in thi s m ateri al has been proposed,
except for tem peratures close to TC [1, 2].

Fig. 1. Geometry of the constricted sample of ferromagnetic layer (a) ; atomic-

force- microscop e image of the constriction created by chemical etching (b).

Beginni ng the work, we Ùrst fabri cated narro w constri cti ons in the ferro-
m agneti c layers using electro n-beam l itho graphy and chemical etchi ng; Fi g. 1b.
Unexp ectedly, the sampl eswi th submicron constri cti ons obta ined in thi s way were
non-conducti ng at l iqui d hel ium tem peratures, al tho ugh thei r conducti vi ty could
be induced by i l lum inati on [6]. Presum abl y, the quenchi ng of sampl e conducta nce
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is connected wi th an extra surface area denuded by the etchi ng, whi ch either en-
abl espenetra ti on of oxyg en into the constri cted channel or generates a hi gh density
of tra pping surface states.

Since the chemical etchi ng turned out to be useless for the ta i loring of
nanoconstri cti ons, we next appl ied for thi s aim an ion im planta ti on metho d. W e
found tha t im planta tio n of oxygen ions wi th energy of 25 keV and a dose of
5 È 1 0 1 3 ions/ cm 2 caused a suppression of both the conducti vi ty and ferrom ag-
neti sm in the layer [6]. W e im planted oxyg en ions into the layer thro ugh a m ask,
whi ch consisted of a thi ck resist deposited on the to p of the layer and conta ined
wi ndows patterned by electron-beam l i tho graphy . The l i tho graphi c wi dths of the
constri cti ons were in a range of 0.2À 0 : 6 ñ m .

3. Ma gnet oco n du ct an ce

Af ter ta ilori ng, the MR of the constri cted sampl es di splays new interesti ng
features, whi ch are clearl y seen in Fi g. 2, where the sam pl em agneto conducta nce is
pl otted as a functi on of a magneti c Ùeld appl ied perpendicul ar to the layer plane.

Fig. 2. Magneto condu ctance, [G(B){G(0) ] =G(0), of the constricted sample of

Ga 0 : 99 Mn 0 : A s, created by oxygen ion implantation , as a function of decreasing (a)

and increasin g (b) magnetic Ùeld applied perp endi cul ar to the layer plane, at a temp er-

ature of 1.5 K .
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Going from stro ng (p ositi ve) to weak Ùeld one meets a crossover from the pos-
i ti ve to the negati ve MC, whi ch has beenalso observed in reference non-constri cted
sam ples. But now, as the Ùeld is reduced f urther, the positi ve MC app ears again
and, moreover, af ter cro ssing the point B = 0 (i .e. after reversal of the m agneti c
Ùeld di recti on) a sharp peak of an enhanced conducta nce appears.

Fig. 3. The same as in Fig. 2 but for a magnetic Ùeld applied parallel to the layer

plane.

Ana logical dependence of the MC is observed i f to start from the opp osite
di recti on of B . Positi ons of the peaks of enhanced conducta nce reÛect the hysteresi s
loop and coinci de wi th the coercive Ùeld, j H c j = 300 Oe. Sim ilar features have been
also observed in a weak m agneti c Ùeld para l lel to the layer pl ane; Fi g. 3.

4. E ˜ ect s of dom ai n wal l

T o understa nd these results we must keep in m ind tha t a m agneti c dom ain
wa ll tends to local ize i tsel f near the constri cti on, in order to m inimi ze i ts energy.
Mo reover, such a geom etri cal ly constra ined wal l di ˜ers f rom tha t in a bul k ferro-
m agnet (i t is neither Bl och nor N Çeel wal l ) [7].

Several autho rs, cf . [8], studi ed theo reti cal ly the e˜ect of electron scatteri ng
at domain wal ls on the resistivi ty of ferrom agneti c metals. Theo ri es predi ct gener-
al ly a large positive contri buti on of D W to the resisti vi ty i f the wal l is thi n enough
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compared to the Ferm i wa vel ength, and i f the charge tra nsp ort thro ugh the wa ll
is bal l istic.

On the contra ry , in our constri cted sam ples we observe a distinct increase
in the conducti vi ty at the H c , i .e. when a domain wa ll is nucl eated in the con-
stri cti on. Thi s clearl y shows a negative contri buti on of D W to the resistivi ty . Thi s
is, however, not very surpri sing since several autho rs have also identi Ùed a nega-
ti ve contri buti on of dom ain wal ls to the resisti vi ty in m etal lic ferrom agneti c m i-
cro wi res [9].

In turn, Tata ra and Fukuy ama [10] predi cted tha t a DW destro ys the electron
phase coherence necessary for weak local izati on in the case of a di rty m etal , leading
to a negati ve contri buti on of DW to the resisti vi ty . Basical ly, thi s predi cted e˜ect
is due to m isali gnment of the local ized spins insi de the wa l l. W e believe tha t our
resul ts are just m ani festati on of such an e˜ect.

5 . Q uan t um local i zat io n

The ferrom agneti c semiconducto r studi ed by us di ˜ers from typi cal ferro-
m agneti c m etals by a high di sorder and fal ls into the categ ory of di rty m etals. In
fact, the product k F l ( k F i s the Ferm i wa ve numb er and l is the hole m ean elastic
free path) is of the order of uni ty at l iqui d hel ium tem peratures. In tha t case the
semiclassical pi cture of charge tra nsport fai ls.

Ho wever, as shown by Mi nko v et al . [11], the conducti vi ty m ay be then sti l l
trea ted as quasi-di ˜usi ve but wi th quantum correcti ons due mainly to the quantum
interf erence. In the fol lowing we wi l l di scuss our results adopti ng the conventi onal
pi cture of weak local izati on.

W eak local izati on (W L) arises due to the constructi ve interf erence between
pai rs of parti al waves correspondi ng to an electron tra vell ing di ˜usi vel y along
a cl osed tra jectory in opposite di recti ons. Tha t interf erence enhances electron
backscatteri ng, and leads to a negati ve contri buti on to the conducti vi ty . Ma gneti c
Ùeld suppresses W L as i t intro duces a phase di ˜erence between the ti m e-reversed
paths, cf . [12].

It is worthwhi le to pay attenti on here to a surpri sing general sim i lari t y be-
tween the Ùeld-dependent MC of ferrom agneti c (Ga,Mn)As and the MC observed
in non-magneti c meta l lic Ùlm s tha t has been expl ained in term s of W L theo ry [12].
W e wi l l not discuss thi s issue here, instead, we pro pose tha t the positi ve MC ap-
peari ng in the constri cted sam ples around B = 0 i s a m ani festati on of the local -
izati on in a narro w quasi-1D channel . It is actua lly possible to Ùt our MC data to
the conventi onal W L theo ry [13] assuming reasonabl e m ateri al parameters, whi ch
wi l l be discussed elsewhere.

Our pri nci pal observati on is tha t a sharp conducta nce peak appears in a
m agneti c Ùeld equal to the coercive Ùeld, i .e. j ust when a dom ain wal l is nucl eated
in the constri cti on. Thi s can be understo od as due to the erasing of quantum local -
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izati on by a D W in the constri cti on, just as predi cted by Tata ra and Fukuya ma [10]
and other autho rs [14, 15]. Thi s is the main conclusi on of thi s work.

6. Fi nal rem ar k

W e sti l l wa nt to pay attenti on to an interesti ng mechani sm of the dephasing
due to a D W tra pp ed in nanoconstri cti on. If the wi dth of a D W is com parabl e
to the constri cti on wi dth, the rota ti ng m agneti zati on di recti on can be inhom oge-
neous in two di mensions instead of one as for a long D W. For instance, we could
im agine ourselves tha t a D W has a m ixed Bl och{ NÇeel character, where the relati ve
contri buti on of each com ponent changes across the constri cti on wi dth.

Then, if the spin of a tra vel l ing parti cle fol lows adi abati cal ly the di recti on
of local magneti c Ùeld, B i , inside a D W, and the parti cle m akes a closed loop to
return to i ts starti ng point, i ts wa ve functi on acqui res an addi ti onal geom etri cal
Berry- phase [14]. A measure of thi s pha seis the sol id anglesubtended by the vecto r
B i experienced by the tra vell ing parti cle, mul tipl ied by a factor dependi ng on the
spi n v alue and the di recti on of circul ati on. So, when thi s sol id angle is di ˜erent f rom
zero, the di ˜erence in the geometri cal -phasesbetween the ti m e-reversed paths wi l l
tend to destro y the constructi ve interf erence and to erase the local izati on e˜ects.
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