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W e rev iew our recent experiment al and t heoretical studies on ferroma g-

net /semicondu ctor hybrid structures and discuss the role of balli stic elec-
trons in such systems . W e focus in particular on tw o peculi ar features : Ùrst ,
balli stic electrons in semiconductors are show n to be in particular sensitive
to local details of an inhomogen eous stray Ùeld. W e argue that this can

pref erentially be used for nanomagnetometry . Second, w e show theoreticall y
that, in case of the inj ection of ballis tic electrons from a metallic ferromag-
net into a semiconductor, a spin- dep endent interf ace resistance arises due to

band- structure mismatch that causes spin Ùltering at the interf ace. Recent
band- structure calculati ons suggest that for an epitaxial interf ace a nearly
100% spin- polari zed current might be generated in a spin- inj ection experi-
ment.

PACS numb ers: 72.25.H g, 72.25.M k, 72.25.Dc, 73. 23.A d, 73.40.Sx, 75.60.Ej

1. I n t rod uct io n

Ferrom agnet(f m) /sem iconducto r(sc) hybri d structures are nowadays of in-
terest both for basic research in solid state physi cs and for appl icati ons in m agne-
to electronics and spintro ni cs [1, 2]. Ma gneti c pro perti es of nanostructured ferro-
m agnets are currentl y a research Ùeld of great interest [3{ 7] and are im porta nt for
nonvo latil e m agneti c storage [8] and for spin- injecti ng sources and spin-detecti ng
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dra ins in spin- tra nsport devi ces [9]. In the latter ki nd of devi ces, the spin of the
electron might be used as the inform atio n rather tha n the electronic charge. By
thi s m eans, intri guing new perspectives are ari sing. If , e.g., m agneti c and semicon-
ducti ng materi als were combined in hybri d structures , researchers and engineers
in the micro electronics busi ness m ight be able to real ize multi functi onal devi ces
whi ch com bine both, nonvo lati le data storage and ul tra fast data processing. In
addi ti on, the prospect would be a low power consumpti on. The spi n i tsel f as a
genui ne two -level quantum system can also serve as a qu b i t . In case of coher-
ent spin tra nsport in semiconducto rs one might theref ore also thi nk about such
vi sionary concepts like sol id-sta te im plem enta tio ns of quantum com puta ti on.

In thi s paper, we revi ew our recent work concerni ng bal l istic electrons in
ferrom agnet/ semiconducto r hybri d structures. W e focus on two im porta nt issues:
(i ) the e˜ect of stra y Ùelds ori ginati ng from ferrom agneti c conta cts and acti ng on
the orbi ta l m oti on of chargecarri ers in the semiconducto r [10], and (i i ) the e˜ect of
the spin-dependent interf ace resistance between a ferro magneti c metal and a I II{ V
semiconducto r. The latter is shown to give rise to the inj ection of a spin-polari zed
current vi a a pro cess whi ch is cal led spin Ùlteri ng [11{ 13]. The resul ts presented
here are di scussed in the fram ework of the spi n Ùeld-e˜ect tra nsi stor (spi n F ET)
whi ch was theo reti cal ly pro posed by Datta and Das [9] in 1990 (Fi g. 1).

The paper is organi zed as fol lows: in Sec. 2.1 we intro duce in brevi ty the
La ndauer{ B �utti ker f orm ali sm whi ch is the comm on theo ry in m esoscopic physi cs
to describe the tra nsport of bal l istic electrons. In Sec. 2.2 we di scuss stra y- Ùeld
e˜ects, in Sec. 2.3 we outl ine the idea of spin Ùlteri ng.

2. B al l i st ic el ect r on s in f er rom agn et / sem ico n du ct or hy b r id st r u ct u r es

In the spin FET as ori gina l ly pro posed by Datta and Das [9], the ball isti c
and coherent tra nsport o f spin-polari zed electrons is assumed to occur in a semi-
conducto r hetero struc ture whi ch exhi bi ts the Rashba e˜ect [14]. The latter is the
spi n{ orbi t intera cti on tha t can be tuned and contro l led vi a an electri c Ùeld in a

Fig. 1. Schematic side view on the spin Ùeld-e˜ect transistor prop osed by Datta and

Das (af ter [9]). Source and drain are ferromagnetic contacts, the white arrow s indi-

cate the direction of the magnetizatio n. Ballisti c and coherent spin- polari zed electrons

undergo a spin precession along the channel in case of spin {orbi t interaction (Rashba

e˜ect).
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compound semiconducto r lacking inversion symm etry [15{ 18]. In Fi g. 1, a gate
electrode on to p of a modul ati on-do ped I I I{ V semiconducto r hetero structure is
assumed to contro l the electri c Ùeld perpendicul ar to the plane of the electron
system , and by thi s m eans to vary the spin{ orbi t intera cti on whi ch causesspi ns to
precess. D atta and Das ha ve predi cted intri guing new spin tra nsport phenomena:
as a f uncti on of gate vol ta ge, the electron spins shoul d change thei r ori enta ti on
along the semiconducto r channel . Using thi s e˜ect, one could tune the m agne-
to resistance by an electri cal Ùeld. The pioneering theo reti cal wo rk was based on
a one-dim ensional electron system between the ferromagneti c source and dra in.
R ecent theoreti cal studi es [19] and exp erimenta l results [20, 21] suggest tha t a
m esoscopi c two -dim ensional electron system (2D ES), tha t exhi bi ts a latera l wi dth
on the micro meter length scale, might also be suita ble f or studyi ng spin- tra nsport
phenom ena of bal l istic electrons in a spin FET conÙgura ti on.

2.1. T ranspor t t heor y: Landauer {B �utt iker formal ism

In the f ol lowi ng we outl ine the Landauer{ B�utti ker form al ism whi ch is the
wel l -accepted tra nsport theo ry for bal l istic electro ns in m esoscopi c physi cs. In case
of a di ˜usi ve two -dim ensional electron system the conducti vi ty wo uld be given by
¥ = n se ñ , where n s i s the carri er density and ñ i s the m obi li ty. From thi s one
can calcul ate the conducta nce G from G = ( W =L ) ¥ , where W i s the wi dth and L

i s the length of the devi ce. Devi ati ons from the di ˜usi ve picture are expected to
occur i f the latera l sizes W and L are smal ler tha n the electron mean free path l e.
Then the bal l isti c tra nsport reg im e m ay be entered where the La ndauer{ B �utti ker
tra nsport theo ry is well establ ished. It suggests tha t, instead of being scattered as
parti cl es, the electrons are tra nsmi tted and reÛected l ike wa ves tra vel ling thro ugh
the devi ce. For exampl e, in case of a constri cti on the two- term ina l conducta nce is
given by

G = ( e 2 =h ) M T ; (1)

where M denotes the numb er of spin-nondegenerate m odes (in a m esoscopi c 2D ES
M = 2 È Int [ k F W =¤ ] ) and T ç 1 denotes the tra nsmission coe£ cient. A com -
prehensi ve overvi ew and deta i led di scussion on the Landauer{ B�utti ker form alism
and its appl icati on can be found in Refs. [22, 25]. The multi - term inal resistance is
calculated on the basis of quantum -m echanical ly deri ved tra nsmission coe£ cients
T m n . In case of a conÙgurati on l ike the one in the inset of Fi g. 3a whi ch wi l l be
di scussed in the next section the resistance R 2 4 ;1 3 reads [24]

R 2 4 ; 1 3 =
h

e 2
( T 2 4 T3 1 À T 2 1 T 3 4 )=D ; (2)

where the numb ers label leads. The param eter D i s positi ve and constant for a given
devi ce. The intri guing result of Eq. (2) is tha t a ne g ati v e resistance is expected i f
the current is appl ied around a bend and i f ba l l istic electrons are present. Thi s is
due to the tra nsmission coe£ cients T 2 1 and T 3 4 whi ch are larger tha n T 2 4 and T 3 1 .
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In the latter case electro ns have to turn round a corner whi ch is an unl ikel y pro cess
for electrons wi th a large forwa rd mom entum k . The negati ve resistance wa s ob-
served by T akagaki et al . in 1988 [26] on a m icron-sized 2D ES at low tem perature.
They also showed tha t the absolute value of the bend resistance was reduced by
appl yi ng a h o mog eneou s magneti c Ùeld perpendicul ar to the m esoscopi c 2D ES.
Accordi ng to Eq. (2) one coul d argue tha t the tra nsmission coe£ cients T 2 1 and
T 3 4 were reduced due to the Lo rentz force acti ng on the electrons.

2.2. Stray -Ùeld ẽ e ct on bal l istic elect rons

In the fol lowing we demonstra te tha t bal l istic electrons in a mesoscopic 2D ES
are extrem ely sensiti ve to an inhomo geneous m agneti c Ùeld [10]. For our experi -
m ents, we f abri cate 2D ES cross-juncti ons wi th a latera l size whi ch is smal ler tha n
the electron m ean free path and integrate perm al loy (Py), i.e., Ni 8 0 Fe2 0 , m icro -
m agnets on to p. By thi s m eans, we are able to generate characteri stic stra y- Ùeld
patterns wi thi n the juncti on region by changing the dom ain conÙgurati on of the
m icromagnets by an in-plane m agneti c Ùeld. Here we discuss our resul ts obta ined
on a cross-juncti on wi th a two- micro magnet system on to p (Fi g. 2). The latter is
one of the favo red systems for spin- inj ection/ spin-detecti on conta ct conÙgura ti ons
in a latera l spi n- tra nsport devi ce wi th sub- ñ m channel length [27{ 29].

Fig. 2. Ferromagnet/semiconductor hybrid structure for studying stray- Ùeld e˜ects.

T he etched mesa contains the mesoscopic 2DES 90 nm below the surf ace. The cap layer

of the heterostructure is insulati ng. T he ferromagnetic material is permallo y (lab elle d

N iF e).

Mi cron-sized cro ss-juncti ons ha ve been fabri cated in a GaAs/ Al 0 : 3 Ga0 :7 As
hetero struc ture usi ng electron-beam l i tho graphy and photo l i tho graphy fol lowed by
a wet etchi ng process.The electro nic wi dth of the devi ces is W = 1 : 7 ñ m . Conta cts
are fabri cated using evaporati on and l i ft- o˜ techni que. The 2D ES is 90 nm below
the surface wi th a carri er density of n s = 2:7 È 1011 cm À 2 and a mobi l it y of
ñ = 3 : 5 È 1 0 5 cm 2=( V s) . Al l exp eriments are perform ed at the tem perature of
T = 4 : 2 K. Then the electro n m ean free path is calcul ated to be le = 3 ñ m. Hence,
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the devi ce is operated in the bal l isti c reg ime. The numb er of bal l isti c m odes is
M = 7 0 .

Polycrysta l l ine Py m icrom agnets are integ rated using electron beam li tho -
graphy , evaporati on, and li ft- o˜ techni ques. They have been capped by a 9 nm
gold layer. T o moni to r the e˜ect of local Ùelds on the bal l isti c electrons bend- and
tra nsfer-resistance measurements [23, 24, 26] were perform ed in a 4 He cryostat
wi th a superconducti ng magnet at 4.2 K. The externa l m agneti c Ùeld was in the
pl ane of the 2D ES and along the easy axi s of the longer m icromagnet. The appl ied
Ùeld was swept in smal l steps of a few tenth of a mT. The current I of 3 ñ A
inj ected in the Hal l bar was modulated at 37 Hz.

Bend- resistance curves are shown in Fi g. 3 measured on the cross-juncti on
conta ining a two- m icro magnet system wi th a separati on d = 2 0 0 nm . In Fi g. 3a
the current is inj ected at the injector lead 2 wi th respect to lead 4 and the vol tag e
is m easured between leads 1 and 3. By thi s m eans, electro ns whi ch tra nsverse the
cro ss-juncti on bal l isti cal ly are measured at detecto r probe 1 [26]. The bend resis-
ta nce R 2 4 ; 1 3 exhi bi ts a hystereti c \ butterÛy " -l ike shape whi ch is reproduci ble in
several runs and cool ing cycles. Bro ken verti cal l ines and large letters on the to p
indi cate in-pl ane Ùelds where large v ariati ons (j um ps) are observed in the resis-
ta nce tra ce. These are interpreted to be due to i rreversi ble changes in the dom ain

Fig. 3. Measurements of the b end resistance in tw o di˜erent conÙguratio ns in an

in- plan e magnetic Ùeld B . The black traces are measured from positive to negative

Ùelds, the gray traces vice versa. Vertical lines indicate irreversible j umps observed in

the black traces. A negative o˜set value has b een subtracted from the data for clarity .

T he leads are lab elled in the inset of part (a) [30] .
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Fig. 4. Simulated domain conÙgurati on and stray- Ùeld comp onent 90 nm below the Py

tw o-micromagnet system at B x = À 3: 45 mT (lef t) and B x = À 78 mT [32]. T iny arrow s

and the background gray- scale color plot in the upp er panel represent the orientation of

the microscopi c magnetic moments.

conÙgurati on, whi ch in turn lead to vari ati ons in the m agneti c-Ùeld pattern in
the mesoscopic 2DES. In Fi g. 4 we have calcul ated the perpendicul ar com ponent
of the stray Ùeld 90 nm undernea th the tw o-micro m agnet system .

On the basis of Eq. (2) and Fi g. 4 we argue tha t, local ly, strong Lorentz forces
act on the electrons in such a way tha t tra nsmission coe£ cients are changed.
As a result, part of the bal l istic electro ns are deÛected. Thi s seems to depend
cri ti cal ly on detai ls of the stray- Ùeld pattern. Stri ki ng ly, we Ùnd tha t thi s e˜ect
is very sensiti ve to the lead conÙgurati on: in Fi g. 3b we have m easured
by intercha nging the leads. Now we observe a di ˜erent shape of the hystereti c
resistance tra ce. By changing current and vo l tage leads we have obvi ously probed
a di ˜erent region. Very intri guing ly, i rreversi ble jum ps, tho ugh di ˜erent in sign
and in height, are observed at Ùeld positi ons whi ch agree well wi th positi ons of
jum ps found in Fi g. 3a. Thi s underl ines tha t they originate from characteri stic
changes in the dom ain conÙgura ti on of the two -m icromagnet system. The ball isti c
electrons are scattered at smal l spots of strong m agneti c Ùeld [31].

W e have also perf orm ed tra nsfer- resistance m easurements on our hybri d
structures . Thi s m eans tha t the current leads and the vol ta ge probes are not
at one and the sam e cross-juncti on. In our case, the current was injected around
a bend tha t was m apart from the cross conta ining the two- micro magnet
system , i .e., the latera l distance between inj ector and detecto r was larger tha n
the m ean free path 3 m . In Fi g. 5 we show the hystereti c behavi or of the
m easured resistance. The peak-to -peak value in the resistance tra ce has decreased
by a factor of about 20 i f com pared to Fi g. 3 and jum ps are di m inished. Never-
thel ess, even at thi s large distance, whi ch is three ti m es the m ean free path ,
stra y- Ùeld e˜ects on the bal l istic electrons can sti l l be moni to red. Our results are
m uch m ore im porta nt since nonlocal resistance m easurem ents have been intro -
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duced recentl y to study spin- tra nsport phenom ena in ferrom agnet/ semiconducto r
hybri d structures [33]. As a resul t, we Ùnd tha t:

(i ) Bal l istic electrons are very sensiti ve to local Lorentz forces and are readi ly
deÛected. Thi s e˜ect can be used f or nanom agneto metry wi th hi gh spati al
resoluti on. By thi s means, we have recentl y investigated the switchi ng of
the nanom eter-sized end dom ains (com pare Fi g. 4b) tha t occur due to the
dem agneti zi ng e˜ect in m icro magnets [30].

(i i ) In a latera l spin- injecti on/ spi n-detecti on devi ce incorp orati ng a m esoscopic
2D ES wi th R ashba spin{ orbi t intera cti on bal l istic electro ns m ight exi st wi th
curved tra jectori es due to local Lorentz forces. Thi s coul d al ter the spin-
- tra nsport behavi or.

(i i i ) Stra y-Ùeld e˜ects are prom inent in a nonlocal measurement conÙgura ti on
(com pare Fi g. 5) if bal l istic electrons can reach the vol ta ge pro bes.

Fig. 5. Measurement of the nonlo cal transf er resistance, i.e., the separation betw een

the current inj ector and the voltage detector is 10 : 5 ñ m. A negative o˜set value has

b een subtracted for clarity .

In case of a semiconducto r channel between ferrom agneti c sources and dra ins,
i t is now evi dent tha t a deta i led kno wl edgeof the dom ain conÙgurati on of the ferro-
m agneti c conta cts and, in parti cul ar, of the evanescent stray Ùelds is an importa nt
prerequi site to interpret the tra nsport of bal l istic electrons.

2.3. Spin Ùlter ing of bal li stic elect rons
at the fer romagnet /semi conduct or int erf ace

Currentl y, there is a livel y di scussion by whi ch means e£ cient spi n inj ection
into semiconducto rs is possibl e i f a m etal l ic ferromagnet is used as a spin- inj ecting
source. If bul k conducti vi ti es of the two di ˜erent m ateri als were regarded and a
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spi n-dependent interf ace resistance wa s neglected, a basic obstacle for spin inj ec-
ti on was supp osed to exist in the d i f f u siv e tra nsport reg im e [34]. Recentl y, i t was
suggested tha t the situa ti on is signi Ùcantl y im proved i f a spin-dependent barri er
layer [35À 3 8 ] i s incorp orated at the interf ace. Thi s barri er can either be an ar-
ti Ùcial tunnel l ing barri er m ade from an oxi de or a Schottky barri er whi ch form s
natura l ly in m any casesof a m etal / semiconducto r conta ct (e.g. in case of GaAs).
No w there seems to be exp erimenta l evi dence tha t spin inj ection of hot electrons
vi a a barri er layer is feasible and e£ cient [38{ 41].

Fig. 6. Schematic representation of the spin- Ùlteri ng e˜ect: show n is the bottom con-

duction band edge and the Fermi energy E F (dotted horizontal line) in the fm/sc/f m

hybrid structure in case of (a) parallel and (b) antiparallel alignment of the magnetiza-

tion if no Schottky barrier is present. I n this scenario, the maj ority and minority spins

of the ferromagnet entering the 2DES as plane w aves (the states are split due to the ex-

change energy) exhibi t a d i f f er e n t band- structure mismatch, i.e., a di˜erent p otential

step, and obey spin- depend ent specular reÛection. T his results, in general, in dif f e r ent

transmissi on and reÛection coe£cients and leads to spin Ùltering at the fm/sc interf ace

and to a magnetoresistance e˜ect in a fm/sc/f m hybrid structure.

It has recentl y been discussed tha t in the bal l isti c tra nsport regim e e£ cient
spi n inj ection should be possible even wi tho ut intro duci ng a separate barri er layer
[11{ 13]. The idea is tha t the band-structure mismatch (Fi g. 6) at the interf ace
between a metal l ic ferrom agnet and a semiconducto r favors spin Ùlter ing whi ch
then generates a spin-polari zed current. In our appro ach, we Ùrst model led thi s
e˜ect on the basis of the Landauer{ B�utti ker form al ism (Eq. (1)) f or a point con-
ta ct using the ansatz of pl ane wa ves in a free-electron model. In thi s case, we
di stinguish between the two tra nsmission coe£ cients T " and T # for m ajori ty and
m inori t y spi ns, respectivel y, whi ch enter the semiconducto r from the ferromagnet.
In our m odel , for electro ns wi th a m omentum k perpendicul ar to the interf ace the
coe£ cients T are calcul ated from

T =
1

1 + Z 2
; (3)

wi th the param eter [43]

Z 2 =
( r v À 1 ) 2

4 r v

Ñ 0 ; (4)
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where the group velociti es v enter by r v = v sc =v fm . In the free-electro n m odel , we
ta ke the Ferm i vel ocity v F = ñhk F =m Ê at the Fermi energy E F (m Ê i s the e˜ecti ve
m ass of the electron in the materi al ). In the absence of spi n-Ûip scatteri ng, the
tra nsmission coe£ cients are in general di ˜erent for the two ortho gonal spin states
leading to spin-dependent specular reÛection (Fi g. 7). The latter e˜ect is the basic
concept of spin Ùlteri ng vi a band- structure mismatch. As im porta nt resul ts we Ùnd
tha t spin Ùlteri ng:

(i ) can ta ke place at the interf ace between a metal l ic ferrom agnet and a semi-
conducto r and should generate a spin-polari zed current,

(i i ) should depend on the speciÙc com binatio n of m ateri a ls due to variati ons in
the band structure and

(i i i ) should depend on the electron energy, i .e., in our case on E F .

Fig. 7. Spin{dep endent transmission probabil ities at the interf ace betw een a ferromag-

net (fm) and a semiconducto r (sc) plotted as a function of 2DES carrier density n s [ 13] .

W e assume the momentum k of the electrons to be perp endicul ar to the interf ace. T he ef-

fective mass in the sc is m , a reasonabl e value for electrons in an InA s{based

heterostructure. T he fm is Fe with 1 05 10 /cm and 0 44 10 cm [42] .

For the metal, w e to ok . T he value 35 10 cm corresp onds to a

Fermi energy of about 0.22 eV in the sc.

W ithi n the free-electro n model we Ùnd an e£ ciency of inj ecting a spin-
-polari zed current of the order of ten per cent. Here, Fe on InAs, tha t does not
form a Schottky barri er, m ight be one of the f avored combi natio ns [11, 13]. Spin
inj ection persists even i f we incl ude obl ique angles for the m omentum k wi th re-
spect to the interf ace. D etai led calcul ati ons for a ferrom agnet/ 2DES/ ferromagnet
hybri d structure wi th a mesoscopic 2D ES in InAs exhi bi ti ng spin{ orbi t intera c-
ti on can be found in Ref. [19]. The results show tha t incl udi ng spin Ùlteri ng in
the D atta -and- Das appro ach recovers the e˜ect of a gate- vol tag e modul ated m ag-
neto resistance due to spi n precession. In addi ti on, for the coherent spin tra nsport
Fabry{ Perot- l ik e resonances are predi cted to occur in the hybri d structures [19].

Very recentl y, ab initio band-structure calculati ons [44, 45] on the spin Ùl-
teri ng e˜ect f or epita xi al interf aces have been perf orm ed in case of vari ous di f-
ferent materi al com binati ons (T able). The m ain di ˜erence is here tha t (i ) the ful l
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T ABLE

Degree of spin polarizati on in the sc derived on the basis of band structure
calculati ons if an epitaxia l interf ace is assumed to exist betw een fm and sc. I n
case of ZnSe and GaA s a Schottky barrier with a w idth of 144 monolayers is
inserted in the calculati on [44] . T he degree of spin polariz atio n further impro ves

if this width is decreased. T he Fermi energy is 10 meV in Ref . [44] and 20 meV
in Ref . [45] .

Fm/sc hybrid structure Termination of sc Degree of spin p olariza tion Ref .

Fe/GaA s (001) Ga 99.97% [44]

Fe/GaA s (001) A s 97.6% [44]

Fe/ZnSe (001) Zn 77% [44]

Fe/ZnSe (001) Se 99.3% [44]

Fe/I nA s (001) I n 98% [45]

Fe/I nA s (001) A s 89% [45]

Bl och- wave ansatz and the latti ce-periodi c potenti als are incl uded, tha t (i i ) by
thi s means the electro n states in the tra nsiti on m etal are far better described and
tha t (i i i ) the chemical bonds at the interf ace are consi dered. The symm etry of the
electron wa ve functi ons for m ajori ty and m inori ty spins im pose such a mismatch
between the ferrom agnet and the semiconducto r tha t the spin Ùlteri ng is even m ore
pro minent (T abl e) tha n in the free-electro n m odel of Fi g. 7. The energy- dependent
tra nsmission coe£ ci ents T " and T # are now orders of m agnitude di ˜erent for m a-
jori ty and m inori t y spins [44]. Hence, alm ost ideal spin Ùlteri ng is expected leading
in som e casesto a spin polari zati on near 100%. T able shows tha t the spi n Ùlteri ng
is e˜ecti ve in case of an ohm ic fm / sc conta ct (F e on InAs) and in case of a Schot-
tky barri er (F e on ZnSe or GaAs). Band-structure calculati ons on fm / sc/ fm hybri d
structures predi ct very pro nounced magneto resistance e˜ects due to such highl y
polari zed spin currents [46]. Here, again, peculiar Fabry{ Perot- l ike resonances are
predi cted to occur.

3 . Co n cl usion s

W e have discussed the physi cs of bal l istic electrons in f erromagnet/
semiconducto r hybri d structures. They o˜er intri guing aspects: they are very
sensiti ve to local detai ls of the stra y Ùeld generated by m icromagnets. By thi s
m eans, spati al ly resolved studi es on the magneti zati on reversal in m icromagnets
are feasible. Bal listi c electro ns might also favo rably be used to inject e£ cientl y
spi n-polari zed currents into a semiconducto r.
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