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First, a simple semiclassi cal approach has been applied to the problem of
a quantum phase acquired by an electron carryin g both the charge and spin,
w hich tra vels in an electromagnetic Ùeld. Basic hyp othetical devices whose
operation relies on the quantum interf erence, includ in g spin- related inter-
ference, are discussed in the follow ing. Finall y, exp erimental results demon-
strating tw o-beam interf erence in a planar quantum dot are presented.

PACS numb ers: 73.23. {b, 85.30.De

1. I n t rod uct io n

T he concept of quantu m inte rf erence tra nsistor (QUIT) has been considered
in the l i tera ture since m ore tha n one decade [1{ 4]. In conventio nal Ùeld ẽ ect
tra nsistor (FET) an appl ied gate vol ta ge m odul ates the source{ dra in current by
varyi ng the carri er concentra ti on in the conducti on channel . Instea d, in the ori gi -
na l version of QUIT the current is m odul ated owi ng to the interf erence of electron
wa ves passing thro ugh two conti nuous channels by the appl icati on of a gate vol tag e
tha t di ˜erenti ates the quantum phases in the channels. The necessary condi ti on
of the interf erence is preservati on of quantum phase coherence along al terna ti ve
electron tra jectori es up to the point of thei r recom binati on. Inel astic scatteri ng
destro ys the phase coherence and thi s l im its the coherence length of electrons in
semiconducto rs usual ly to several hundreds of nanometers at l iqui d helium tem -
peratures.

QUITs have been exp ected to exhi bi t several advanta ges, such as very l i t-
tl e power dissipati on and a hi gh speed of operati on. Unf ortuna tel y, a l i ttl e f aul t
to lerance excludes QUIT as a candi date for a successor to FET. Neverthel ess, one
observes now a revi vi ng interest in the quantum -in terf erence devi ces [5, 6] m ainly
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in the context of the electron ' s spin tha t coul d be used, in addi ti on to electron' s
charge, in future nanoelectro nics. Thi s paper presents a bri ef survey of the sub-
ject, whi ch incl udes a few novel results and pays an attenti on to the spin- related
interf erence devi ces.

2. Q uan t um -m echan ica l ph ase

Pro babi l i ty am pl i tude in quantum m echanics is given by a compl ex num -
ber tha t can be wri tten in an exponenti a l form whose argum ent, ' , is cal led the
quantum -mechanica l phase. In semiclassical appro xi mati on the phase ' acqui red
by an electron tra veling along a given tra jectory expresses i tself thro ugh the cl as-
sical acti on S , and the Planck constant ñh = h =2 ¤ , as

' =
S

ñh
²

1

ñh

Z

L dt ; (1)

where L i s the Lagrangian of the electron (being an expl icit functi on of the elec-
tro n' s positi on and vel ocity), and the integrati on is perform ed over tra vel ing ti m e.
It should be emphasized tha t the semiclassical appro xi m ati on gives exact resul ts
in reg ions where the electro n is subj ect to the e˜ect of a consta nt potenti al, and
onl y such cases wi l l be consi dered in thi s paper.

In classical m echani cs the Lagrangian equals ki neti c minus potenti al energy,
L = T À U , whereas in electro dyna m ics i t conta ins an addi ti onal term , À eA v, tha t
is due to the intera cti on of a tra veling electron wi th the vecto r potenti al A of a
m agneti c Ùeld. Theref ore the Lagrangian can be wri tten as

L = T À U À eAv =
m v 2

2
+ e V À eAv ; (2)

where m; À e, and v denote respecti vely the electron' s e˜ecti ve mass, charge, and
vel ocity . Here, À eV i s the electrostati c potenti al energy, where V stands for the
scalar potenti al of an electri c Ùeld.

W e can also ta ke into account the spin of the electro n, in a phenom eno-
logical approach, by incl udi ng into the potenti al energy addi ti onal term s À ñ B +

ñ (v È E ) =2 c2
² À ñ B e˜ , where c i s the vel ocit y of l ight. Here, À ñ B is the energy

of intera cti on of the m agneti c mom ent ñ wi th the m agneti c Ùeld of the inducti on
B , and ñ ( v È E )=2 c2 i s the energy of relati vi sti c intera cti on of a tra vel ing m agneti c
m oment ñ wi th the electri c Ùeld E (i ncl udi ng the so-cal led Tho m as precession),
whi ch is called the spin{ orbi t intera cti on. W ithi n thi s appro xi m ati on the gener-
al ized Lagrangian of an electro n tra veling in an electro magneti c Ùeld ta kes the
fol lowi ng form :

L =
mv 2

2
+ eV À eAv + ñ B À

ñ ( v È E )

2 c 2
: (3)

It is frequentl y conveni ent to intro duce into thi s expression the to ta l energy of
an electro n W = T + U . In a system being very close to equi l ibri um the to ta l energy
of an electron at the Ferm i energy m ay be assumed to be constant thro ughout
the system . Then, integ ra ls of the typ e

R
W dt are identi cal for al l al terna ti ve

tra jectories and thus thei r contri buti on to the resul ti ng phase di ˜erence cancel.
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W hen a tra vel ing electron is subj ect to an e˜ecti ve m agneti c Ùeld B e˜ , whi ch
is not uni form , and the electro n' s spin fol lows adiabati cal ly di recti on of the m ag-
neti c Ùeld, then the electro n acqui res an addi ti onal geom etri cal Berry phase [7].
Up on returni ng the vecto r B e˜ to i ts ori ginal di recti on duri ng electron tra vel ing,
the electron acqui res a geom etri cal phase given by hal f the solid angle subtended
by B e˜ wi th a sign depending on the spi n sense.

3. Ah ar on ov { Bo h m int er fero m eter

A proto typ e of quantum - in terf erence tra nsistor is the so-cal led Aha ronov{
Bohm (AB) interf erometer. It represents a conducti ng ri ng of m esoscopic size,
whi ch is suppl ied wi th two current leads at opposite points of ring periphery . Thi s
is a doubly connected conducto r tha t conta ins two separate bra nches l inki ng a
source of electro ns to thei r dra in (Fi g. 1). It is assumed in the fol lowi ng tha t
each branch represents a quasi-one-dim ensional conducto r (qua ntum wi re) wi th
onl y sing le tra nsversal mode propagati ng in i t. Mo reover, i t is assumed tha t the
conducti on is due to electro ns at the Ferm i level, and tha t the electrons tra vel
ba l l istical ly.

Fig. 1. A harono v{Bohm ring w ith a gate attached capacitively to one of its branch.

An electron emanati ng from the source has two al terna ti ve tra jectories to
reach the dra in. W hen the two branches of the ri ng are identi cal then the interf er-
ence at the dra in is constructi ve. Di ˜erenti ati on of the quantum -mechanical pha ses
in these branches can be achieved by either m agneti c Ùeld or electrostati c potenti a l.
Ha vi ng in m ind devi ce appl icati ons i t is pref erred to contro l the interf erence by
an electrostati c potenti al . Theref ore, the fam ous m agneto stati c Aha ronov{ Bohm
e˜ect [8] wi l l be excluded from the present considerati ons. Instea d, we wi l l refer
to the electro stati c AB e˜ect in whi ch the quantum phase can be contro l led by
a scalar potenti al . Such a devi ce, in whi ch an externa l vol ta ge is appl ied to a
gate tha t is capaciti vel y coupl ed to one branch of the AB ri ng, has been indeed
pro posed in the li tera ture [1, 3]. W e have shown, however, tha t operati on of such
devi ce would be rather doubtf ul because of a quantum -m echanical l imi ta tio n [9].

In fact, when a moderate vo lta ge is appl ied to the gate, i ts pri m ary resul t
is the Ùeld e˜ect owi ng to whi ch the ring segment underneath the gate becomes
charged. W hen the gate potenti al is positi ve, thi s charge is carri ed by incom ing
electrons tha t occupy empty quantum states of the wi re. Thi s charge deÙnes,
thro ugh the density of sta tes in the wi re, a change in the potenti al of the segment
who se length is l . The resulti ng phase di ˜erence at the dra in can be wri tten as
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Â ' = Â k F l , where Â k F denotes a changeof the Ferm i wa venum ber in the segment
undernea th the gate caused by the induced charge. One may wri te a form al rela ti on

Â ' = Â k F l =

˚
dE ( k )

dk

dn ( E )

dE

Ç
À 1

N ; (4)

where E ( k ) is the electro n energy as a functi on of i ts wa ve num ber, and N i s an
average numb er of the electro ns induced in one branch of the ring. The second
facto r in the parenthesi s represents the one-dim ensional density of sta tes tha t is
just proporti onal to the recipro cal of the Ùrst f actor

dn ( E )

dE
=

2

¤

˚
dE ( k )

dk

Ç
À 1

: (5)

Inserti ng Eq. (5) into Eq. (4), one gets

Â ' =
¤

2
N : (6)

It is seen tha t al ready a sing le electron charge induced resul ts in an essential
phase di ˜erence, Â ' = ¤ =2 . Vari ati on of the charge by a quanti ty À 2 e alters the
constructi ve interf erence into the destructi ve one and vi ce versa. It m eans tha t the
electrostati c AB interf erom eter belongs in fact to the categ ory of sing le-electron
devi ces.

Such a devi ce wi l l su˜er from charge Ûuctua ti ons tha t app ear on the gate{ wi re
capacito r. Tho se Ûuctua ti ons, well kno wn in the physi cs of sing le-electro n phenom -
ena in sol ids, can be of either therm al or quantum -mechani cal ori gin. In order for
the electri c charge on the capacita nce C to be deÙned wi th an accuracy better
tha n e, against a background of therm al and quantum Ûuctuati ons, the fol lowi ng
inequal i ti es had to be fulÙlled, respecti vely:

e 2

2 C
ƒ k B T ; R ƒ

h

e2
: (7)

Here, T i s the tem perature, k B i s the Bol tzm ann constant, and R i s the resistance
thro ugh whi ch the capaci tance C i s charged. In pri nci ple, the therm al Ûuctuati ons
can always be reduced below an arbi tra ry level by lowering the tem perature. In-
stead, the quantum Ûuctua ti ons cannot be avo ided because the second inequal i ty
in Eq. (7) can hardl y be ful Ùlled in the considered case.

4. T-s hap ed st r uct u re

Instea d of the AB ri ng, one can use a T- shaped structure (b eing an analog
of the m icrowave T- juncti on) tha t has been Ùrst pro posed by Sols et al . [2] and
D atta [3]. It is a m esoscopic structure tha t consists of a conducti ng longi tudi nal
arm l inki ng the source of electrons to thei r dra in, whi ch is coupl ed to a tra nsverse
arm of a length l (Fi g. 2). The tra nsverse arm is term inated wi th the Schottky
gate and thus a vol ta ge appl ied to the gate can contro l i ts length. Vari ati on of thi s
length tunes the quantum -m echanical tra nsmission between the source and dra in.

The reason is tha t ampl itudes of the electro n wave functi ons in the tra nsverse
and longi tudi nal arm s m ust Ùt at the j uncti on. There are incident and reÛected
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Fig. 2. T -shap ed structure with gate- controlled length of the transverse arm.

wa ves runni ng in the tra nsverse arm , whi ch com bine into a standi ng wa ve whose
one node is located at the arm ' s term inal . W hen the second node is located at the
juncti on, i.e. when k l = ¤ n ( n = 1 ; 2 ; 3 . . .), the am pli tude of a runni ng wave in
the longi tudi na l arm m ust be zero and then, the devi ce conducta nce also is zero.
Instea d, the conducta nce reaches a m axi mum when an arro w of the standi ng wa ve
app ears at the juncti on, i .e. when k l = ¤ ( n À 1 =2 ):

Such a devi ce coul d be electrostati cal ly deÙned in a two- di mensional elec-
tro n gas (2D EG) of a GaAs-based hetero structure using the spl i t- gate techni que.
If the arm s represent quasi-one-dim ensional conducto rs, the swi tchi ng between
conducti ng and blocki ng states of the devi ce requi res a change in the length of
the tra nsverse arm by a quarter of the Ferm i wa velength tha t is typi cal ly 40 nm .
W e have estim ated the gate vol ta ge requi red to switch the devi ce, ta ki ng into ac-
count the exp erimenta l ly found m agnitude of the latera l shi ft of the depleti on- layer
bounda ry per uni t gate vo l tage (see Sec. 8), to be about 100 m V.

5. Sp in -rel ated int erf eren ce

The spi n of electro n bri ngs into Lagrangian the term ñ B e˜ , where the ef-
fecti ve magneti c Ùeld B e˜ includes both an externa l m agneti c Ùeld and an ap-
parent m agneti c Ùeld experienced by the tra veling electron in the presence of a
tra nsverse electri c Ùeld. Each of these two contri buti ons resul ts di ˜erentl y in the
energy spli tti ng between spin-up and spin-down states (f or whi ch pro j ection of the
spi n angular mom entum is respectivel y para l lel and anti para ll el to B e˜ ) (Fi g. 3).
Semiclassical ly, a spin- related pha se is connected wi th the La rm or precession of

Fig. 3. (a) Zeeman splittin g in an external magnetic Ùeld, (b) Rashba ' s spin{orbi t
splitti ng.
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spi n magneti c m oment around the e˜ecti ve magneti c Ùeld di recti on. The La rm or
frequency, ! L = g ñ B B e˜ =2 ñh , where g i s the Lande g -facto r, and ñ B i s the Bohr
m agneto n, deÙnes the resulti ng spli tti ng energy, 2 ñh! L . In order for the interf er-
ence to be dom inated by a spin contri buti on, the spli tti ng energy shoul d exceed
the Fermi energy, whi ch usual ly requi res appl yi ng very stro ng m agneti c Ùelds.

The situa ti on woul d become more plausibl e i f to expl oi t di luted m agneti c
semiconducto rs (D MS) tha t exhi bi t a giant Zeeman spli tti ng. Unf ortuna tel y, D MSs
conta in a high density of magneti c ions, whose presence coul d dra mati cal ly reduce
the electron phase-coherence length due to the inelastic spin-Ûip scatteri ng.

An al terna ti ve way to obta in a large Zeeman spli tti ng in a 2D EG is to use hy-
bri d ferromagnet{ semiconducto r structures in whi ch microm agnets are deposited
on the to p of a semiconducto r hetero structur e and who se stra y Ùeld penetra tes
the acti ve region of the devi ce.

Fi nal ly and fortuna tel y, one can also expl oi t the spin{ orbi t coupl ing, whi ch
wi l l be discussed in Sec. 7.

6. Sp in Ùl t er

Co nsider now the Zeeman spli tti ng due to externa l m agneti c Ùeld. It resul ts
in a di ˜erenti ati on of the wave numb ers of conducti on electro ns wi th opposite spin
ori enta ti ons. The new wa ve numb ers of electrons at the Ferm i level, k " , k # , are
given by the rela ti on

E F =
ñh

2
k 2

" ; #

2 m
Ï

g ñ B B

2
; (8)

where E F i s the Ferm i energy in zero m agneti c Ùeld, and the signs Ï correspond
to the spin-up and spin-down states. Thi s e˜ect al lowed us to pro pose a novel
quantum -in terf erence devi ce tha t might be cal led the spi n Ùlter, whi ch is based on
the T- shaped structure .

Na mely, because electro ns wi th opposite spin polari zati ons have di ˜erent
Ferm i wa velengths, one can so adjust the magneti c inducti on, B , and the tra ns-
verse-arm length, l , tha t the devi ce wi l l only tra nsmi t electrons wi th one deÙnite
spi n ori entati on. To reach thi s goal one should assure at the juncti on sim ulta ne-
ousl y a node for one wa velength and an arro w for the other, i.e. k " l = ¤ n and
k # l = ¤ ( n À 1 =2 ) . Thi s requi rem ent leads to the fol lowi ng relati ons:

g B l 2 = ¤

±
n

4
À 1

²
h

e
; k F l = ¤

˚

n 2
À

n

2
+

1

8

Ç

; (9)

where k F i s the Ferm i wave numb er in zero m agneti c Ùeld. From Eq. (9) we Ùnd,
for instance, tha t for 2 ¤ =k F = 40 nm , g = 2 , and n = 3 a 100% spin Ùlteri ng woul d
be reached at l = 0 : 7 ñ m and B = 2 : 5 È 1 0 3 T.

7. D evi ce wi t h spi n{ or bi t co up l in g

R ecently, an attra cti ve possibi l i ty of mani pula ti ng the spi n{ orbi t intera c-
ti on, in order to contro l the quantum -mechanical phase, has been revealed. It has
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been establ ished tha t in 2D EG app eari ng in narrow- gap semiconducto rs a con-
siderable energy spli tti ng between spin-up and spin-down states occurs even in
zero m agneti c Ùeld [10{ 12]. Thi s e˜ect, kno wn as the R ashba spin{ orbi t spl i t-
ti ng [13, 14], ari ses from intera cti on of a tra vel ing spin m agneti c m oment wi th a
perpendicul ar electri c Ùeld tha t exi sts at hetero structu re interf ace. The spli tti ng
energy is comm only wri tten as 2 k F ˜ , where the coe£ cient ˜ i s pro porti onal to the
exp ectati on value of the electri c Ùeld at the interf ace. In several narro w- gap semi-
conducto r system s conta ini ng quantum well ˜ has been found to be of the order
of 1 0 À 1 1 eV m . Mo reover, i t has been shown tha t a gate vol ta ge can e˜ecti vel y
contro l thi s coe£ cient [12]. In parti cul ar, Ni tta et al . [10] have shown tha t in an
inv erted In 0 : 53Ga0 :47As = In 0 :52 Al 0 :4 8As quantum wel l a change of the gate vol tag e
from +1 .5 V to { 1 V enhances the spi n{ orbi t coupl ing coe£ cient ˜ from 0.65 to
1 : 0 5 È 1 0 À 1 1 eV m.

Fig. 4. A harono v{Boh m ring in w hich a unif orm spin{orb it splitti ng is controlled by
a gate voltage.

Basing on thi s Ùndi ng, Ni tta et al . [5] have proposed a spi n devi ce tha t
wo uld work wi tho ut any externa l magneti c Ùeld. It represents an AB ri ng in whi ch
a gate electro de covers the who le ri ng area (Fi g. 4). A vol ta ge appl ied to the gate
vari es the spi n{ orbi t spl i tti ng uni form ly in the ring. El ectron wa ves, whi ch fo llow
al terna ti ve tra jectori es in upp er and lower branch of the ring, recom bine at the
dra in wi th opposite wa ve vecto rs. Theref ore, they contri bute to the Lagrangian
wi th di ˜erent signs and thus give rise to a phase di ˜erence

Â ' = Ï

¤ R g ñ B E

c 2 ñh
² Ï

2 ¤ R ˜ m

ñh
2

; (10)

where R is the ring radius, and the signs Ï corresp ond to opposite spin orienta ti ons.
T aki ng into account the exp erimenta l v alues of ˜ , one Ùnds by Eq. (10) tha t in
AB ring wi th R = 0 : 3 ñ m a gate vol ta ge of the order of 1 V would assure 100%
conducta nce m odul atio n.

It is worth noti ng tha t the phase di ˜erence is here independent of the electron
wa ve numb er, whi ch m eans tha t contri buti ons from di˜erent propagati ng m odes
in a multi mo de interf erom eter woul d sum to a net interf erence e˜ect. It shoul d be
also added tha t because an apparent m agneti c Ùeld has here the radial ori enta ti on
an electron woul d acqui re a geom etri cal Berry phase, whi ch however does not enter
into the resulti ng phase di ˜erence.
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8 . Two -b eam int erf er ence in a pl an ar qu an t um dot

The above consi derati ons are to be com pleted wi th presenta ti on of some of
our experim ental resul ts, whi ch | al tho ugh do not concern di rectl y the system s
di scussed before | are very instructi ve. Our experim ent was perform ed using an
open quantum dot deÙned electrostati cal ly in a 2DEG accum ulated at the interf ace

Fig. 5. (a) Secondary- electro n image of the quantum dot, (b) main tra jectories of bal-

listic electrons.

of an Al 0 :3 Ga0 :7 As/ GaAs m odul atio n-doped hetero struct ure [15]. Meta l Schottky
gates deposited on the to p of the hetero structur e deÙned a square quantum dot of
a l i tho graphic size 0 : 8 È 0 : 8 ñ m2 (Fi g. 5a). Smal l openings in f ront and back gates
of the dot acted as the entry and exit ports for electrons.

W e m easured the conducta nce thro ugh the dot as a functi on of the potenti al
di ˜erence between opposite side gates, keeping the sum of these potenti als con-
stant. Typi cal result obta ined at the temperature 4.2 K is shown in Fi g. 6 where
Ùve oscil lati on cycl es of the conducta nce are seen. Af ter appl yi ng a weak m ag-
neti c Ùeld norm al to the 2D EG sheet, positi ons of the oscil lati on cycl es di splace
them selves along the vol ta ge scale.

These results are expl ained as fol lows. Som e of the electrons enteri ng the
dot fol low the stra ight- l ine tra jectory tha t l inks di rectl y the entry wi th the exi t
(Fi g. 5b). Thi s tra jectory contri butes dominantl y to the conducta nce. Other en-
teri ng electrons are di ˜ra cted to di recti ons consi derabl y away from thi s tra jectory
and underg o specular reÛections at dot bounda ri es. Am ong them one can disti n-
gui sh two sym metri c tra j ectori es,whi ch underg o a sing le reÛection at opposite side
wa lls before recom binatio n at the exit. They subsequentl y contri bute to the con-
ducta nce. Interf erence between parti al wa ves fol lowing these tra jectori es is tuned
by the potenti al di ˜erence appl ied to the side-wa ll gates, whi ch di ˜erenti ates the
lengths of these tra jectori es.Ma gneti c Ùeld appl ied norm al to the dot plane changes
the interf erence pattern owi ng to the m agneto stati c AB e˜ect.
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Fig. 6. C onductance oscillati ons in the dot as a function of the potential di ˜erence ap-
plied to the side gates. I n the inset: displacemen t of conductance maxima w ith magnetic

Ùeld.

Thi s experim ent shows tha t a gate vol ta ge can indeed contro l the electron
interf erence in a planar structure. From the period of the conducta nce oscil lati ons
we have found the latera l shift of the depleti on area boundary per uni t gate vol tag e
to be ¤ 0 :1 ñ m/ V.

9. Co n cl usion s

T o operate at reasonabl e temperatures the dim ensions of quantum - in ter-
ference devi ces should be reduced down to the quantum length scale, whi ch is
determ ined by the Ferm i wa velength (typi cal ly 40 nm for a 2DEG in GaAs).
Structures wi th thi s length scale could be fabri cated using the present ti m e epi-
ta xy and li tho graphy. Unf ortuna tel y, a l i ttl e faul t to lerance seems to consti tute an
insup erable barri er for a wi de appl icati on of such devi ces.

Ho wever, spi n- related interf erence devi ces might Ùnd a niche in the emerg-
ing bra nch of electronics tha t is cal led spintro ni cs. Tho se devi ces wo uld have an
adv anta ge over other spi n- related devi ces, whi ch have been consi dered by now,
since they do not need inj ection of spin-polari zed electrons. New ideas concerni ng
spi n-rela ted interf erence devi ces are sti l l expected.
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