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In thi s paper , w e present the results of magnetotransp ort exp eriments
p erforme d on a single barrier Ga As/A lA s/GaA s heterostru ctures . Tunnel
current was measured as a function of magnetic Ùeld for di ˜erent values of

bias voltage and hydrostatic pressure. W e observed that the amplitud e of
the magneto oscil lation s of tunnel current quenched w hen the requirements
for resonant tunnelli ng were met and it reco vered in out -of-resonance con-

ditions. T his e˜ect was observed both for tunnelli ng through donor states
and through X -minimum related quasiconÙn ed conduction band states. T he
fact that also in the latter case the amplitud e w as restored suggests that

this pro cess involved X z subbands and to ok place w ithout a participati on of
phonons (the so-called k k -conserving pro cess).

PAC S numb ers: 73.43.Jn, 73.63.H s

1. I n t rod uct io n

Al tho ugh the tunnel tra nsp ort thro ugh a sing le barri er in GaAs/ Al As/ GaAs
hetero struc ture has al ready been intensi vel y studi ed [1, 2], there sti l l rem ain many
interesti ng unsolved probl ems. The aim of the studi es was to investigate the ẽ ect
of resonant tunnel ling on m agneto oscil lati ons of tunnel current.
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Fig. 1. Schematic conduction band alignmen t for GaA s/A lA s/GaA s heterostructure

w hen no voltage is applied (in fact there is a small potential b ending next to the barrier

due to ionised Si donors).

The schemati c vi ew of band proÙle of the structure is presented in Fi g. 1.
Al As is an indi rect gap m ateri al wi th the m inimum of the conducti on band at X
point of the Bri l loui n zone, whi le in GaAs the mini mum is at À point. The bands
are al igned in a way tha t Al As layer form s a barri er for the electrons from À val ley
(sol id l ine), and a quantum well (QW ) for X- valley electrons (dashed line). The
exi stence of X- vall ey QW gives ri se to quasiconÙned X subba nds. They can serve
as tunnel channels in the tunnel l ing process. In Al As layer, beside X- minimum
related subba nds, there exi st also shal low donor states, whi ch are below X m in-
im um in the energy scale. Due to quantum conÙnement and biaxi al stra in the
ori enta ti onal degeneracy of X m inimum is removed and X z val ley (where z i s the
growth di recti on) is no m ore equivalent to X x and X y (X x y ) mini ma and thei r
energies are di ˜erent [3]. X z and X x y m inima are not equivalent also from the
point of vi ew of m om entum conservati on duri ng tunnel ling thro ugh Al As layer.
Since there is no tra nslati onal sym metry in z di recti on, k z i s not a good quantum
num ber. Ho wever, k

k
should be conserved in the process. For the tunnel l ing vi a

states related to X z m inimum , where k
k

i s smal l , mom entum can be conserved
wi tho ut a parti cipati on of addi ti onal quasiparti cle, wherea s f or the tunnel l ing vi a
X x y the assistance of phonons is necessary as for these val leys para l lel momentum
is very bi g. Conservati on of k

k
inÛuences the probabi l i ti es of the tra nsfer and the

shape of I À V curves.

2. Ex p er im ent

The m easurem ents were perform ed on sam ples grown by MBE on (001)
GaAs substra te. They consisted of: 510 nm of n + Si-doped (4 È 1 0 1 8 cm À 3 ) GaAs,
100 nm of GaAs (2 È 1 0 1 6 cm À 3 ), 100 nm of undoped GaAs, 10.2 nm of Al As
barri er wi th the £ -doping layer of shal low donors (Si ) in the centre (1 È 1 0 1 0 cm À ),
100 nm of undo ped GaAs, 100 nm of GaAs (2 È 1 0 cm À ), 1000 nm of n -GaAs
(4 È 1 0 cm À ).

The dependences of tunnel current versus m agneti c Ùeld ( I À B curves) were
m easured at dc bias, under hydro stati c pressure up to 8 kbar, at l iqui d hel ium
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tem perature. W hen an externa l bias vo l ta ge is appl ied to the structure , the en-
ergy proÙle changes and so does the energy al ignm ent of the emi tter states and
the states in Al As layer and thus for som e parti cul ar bias condi ti ons, the resonant
tunnel l ing is possible. Under pressure the relati ve energy distance between X m in-
im um in Al As and À m inimum in GaAs decreases. Theref ore, X-m inimum related
states are avai labl e in the tunnel l ing pro cess at lower vol ta ges tha n at ambient
pressure. The appl icati on of m agneti c Ùeld para l lel to the growth di recti on (z )
im posesthe Landau quanti sati on on the emi tter. W hen m agneti c Ùeld is varied,
the Landau levels pass thro ugh the Ferm i level, whi ch in the experim ent is seen
as oscil lati ons of tunnel current.

Fig. 2. Oscilla tion s of tunnel current vs. magnetic Ùeld. The experiment w as perf ormed

at constant bias U = À 1: 3 V for di˜erent values of hydrostatic pressure. T he sequence

of pressures is (f rom the bottom to the top): 0. 0 kbar, 0.5 kbar, 1.5 kbar, 2. 5 kbar,

3. 5 kbar, 4.0 kbar, 5.0 kbar, 5. 6 kbar, 6.3 kbar.

Fig. 3 Oscillatio ns of tunnel current vs. magnetic Ùeld. T he exp eriment w as perf ormed

at constant bias U = 1 :8 V for di˜erent values of hydrostatic pressure. The sequence of

pressures is (f rom the bottom to the top): 0.0 kbar, 0. 5 kbar, 1.5 kbar, 2.5 kbar, 3.5 kbar,

4. 0 kbar, 5.0 kbar, 5.6 kbar, 6. 3 kbar.

The evoluti on of oscil lati ons f or di ˜erent values of hydro stati c pressure at
two di ˜erent biases is shown in Fi g. 2 and Fi g. 3. W e see tha t the oscil lati ons
occur only up to a certa in pressure ( ¤ 6 kba r) ; f or hi gher pressures the curves get
smooth. Unti l thi s pressure is reached, the period of the oscillati ons as a functi on
of inverse m agneti c Ùeld rem ains appro xi matel y constant, i .e. the free electron
concentra ti on in the emitter does not change wi th pressure. Ano ther feature is
tha t at som evalues of pressure the ampl itude of oscil lati ons quenches and then, as
the pressure is increased, i t is restored. These phenom ena happen at ¤ 1 : 5 kba r in
Fi g. 2 (f or bi as equal to { 1.3 V) and ¤ 3 : 5 kba r in Fi g. 3 (f or bias equal to 1.8 V).
Al tho ugh the ampl itude gets m uch smal ler the oscil lati ons are sti l l there.
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Fig. 4. Di˜erential conductance given in mS as a function of bias voltage for hydrostatic

pressure of (a) 1.5kbar and (b) 3.5 kbar. In the inset a magniÙcati on of low voltage region

is presented w here donor- related structures are visibl e.

In order to ascribe the structures observed in the tunnel l ing to parti cul ar
resonant states we perform ed di ˜erenti al conducta nce versus vol tag e (¥ À V ) mea-
surements. The resul ts are shown in Fi g. 4a and b. We see tha t at pressures and
vo l tages, at whi ch oscil la ti ons quench, there are m ini ma in ¥ À V . T o expl ain thi s
behavi our we should recal l tha t each maximum in ¥ À V corresp onds to a pro cess
of swi tchi ng on of a new tunnel l ing channel , whereas the subsequent dro p of signal
m eans tha t the switchi ng on of a new channel has al ready been com pleted, i .e. tha t
the probabi l i ty of the tunnel l ing has i ts m axi mum . Thi s m eans tha t the channels
are acti ve in the tunnel ling pro cess.W e identi Ùed the structure s in Fi g. 4a and b
as being due to the tunnel l ing vi a donor states and vi a X- m inimum conducti on
band states, respecti vely [2]. Thi s identi Ùcati on wa s based on the exp erimenta l
fact tha t the structure s presented in Fi g. 4a were observed only in doped sam ples,
whi le tho se from Fi g. 4b observed at hi gh vo lta ge were seen in al l the sampl es
(do ped and undo ped).

3 . D iscu ssio n

The decrease in the ampl itude of m agneto oscil lati on for the tunnel l ing re-
al ised vi a donor states has al ready been observed by Itskevi ch et al . [1]. Ho wever,
in our results we observed the same phenomenon for the tunnel l ing vi a quasicon-
Ùned states. Quenchi ng of oscil lati on at resonance can be expl a ined in term s of
bro adening of the Landau levels, whi ch com es from shorteni ng of electro n l i feti m e
in the emi tter at resonance.

The f act tha t the oscil lati ons are restored suggests tha t the tunnel l ing chan-
nel swi tches o˜. As far as donor states are concerned thi s statement is obvi ous,
since they have wel l-deÙned, di screte energy (a l tho ugh i t can be smeared by ran-
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dom spati al di stri buti on of donors in the barri er or by therm al exci ta ti ons). But
in the case of X-wel l sta tes the situa ti on is more com plex.

The tunnel l ing can be realised by tw o ki nds of states: X z wi th smal l k
k

and
X x y , where k

k
i s substa nti al . For the so-cal led k

k
-conserving tra nsfer (wi th no ad-

di ti onal quasiparti cl e invo lved), the tunnel l ing starts when not only the energy,
but also k k of both emi tter and X- related subband are the sam e. It conti nues at
a constant ra te, as the numb er of accessibl e states is constant, unti l the botto m
of X subband is below the one in the emi tter [4]. Then the pro cess stops and the
tunnel current decreases. Thi s can be the case for the tunnel l ing vi a X z states.
For k k -non-conserving tunnel l ing (an abbrevi ati on describi ng pro cesses in whi ch
needed mom entum can be suppl ied e.g. by an addi ti onal quasiparti cle) onl y the en-
erg ies should be properly matched. Theref ore, the tunnel l ing starts appro xi matel y
when the botto m of X- well subba nd reaches the Ferm i energy in the emi tter. As
there is no need of mom entum matchi ng between emitter and X- well sta tes, the
num ber of avai lablestates increases,and thus the current is bigger and bi gger unti l
al l occupied emi tter sta tes parti cipate in the pro cess. Mo reover, there is no such
noti on as a stop in tunnel l ing | the tunnel l ing can be real ised vi a states whi ch are
hi gh above the botto m of a subband. Such situa ti on corresp onds to the tunnel l ing
vi a X x y subba nds. In our case, as the am pl itude of m agneto oscil lati ons is restored
after i ts quenchi ng even for resonant tunnel l ing vi a X- val ley related states, there
is a clear indi cati on tha t thi s should be the k

k
-conservi ng process, so i t m ust be

realised vi a X z subba nd.

4. Co n clusion s

R esonant- tunnel l ing induced quenchi ng of magneto oscil la ti ons of current
associ ated wi th tunnel l ing thro ugh quasilocalised X-m inimum states wa s observed
for the Ùrst ti me. Since the ampl itude of the oscil lati ons recovers at higher pres-
sures, i t m eans tha t thi s tunnel l ing channel swi tches o˜. Thi s is the clear indi cati on
tha t thi s process is a k

k
-conservi ng one and therefore tha t X z -minimum related

states are engaged in resonance. Further increase in pressure (or bias vol ta ge) leads
to very e£ cient both resonant and non-resonant tunnel l ing thro ugh X- minimum
QW and m agneto oscil l lati ons di sappear compl etely.
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