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PACS numbers: 01.10.Fv 

Scientific Session of the Division of General Physics 
and Astronomy of the Russian Academy of Sciences 
(26 October 1994) 

On 26 October 1994, a scientific session of the Division of 
Genera l Physics and A s t r o n o m y of the Russ ian Academy 
of Sciences was held in the P L Kap i t za Ins t i tu te of 
Physical Prob lems . The following papers were presented: 

(1) Zh I Alferov, D Bimberg, A Yu Egorov, A E Zhukov, 
P S Kop'ev, N N Ledentsov, S S Ruvimov, V M Ustinov, 
I Kheidenraikh "S t ra ined-submonolayer and q u a n t u m - d o t 
supers t ruc tu res" ; 

(2) A A Gorbatsevich, V V Kapaev, Yu V Kopaev 
"Nondiss ipa t ive dynamics of electrons in n a n o s t r u c t u r e s " ; 

(3) A A Bykov, Z D Kvon, E B Ol'shanskii, A L Aseev, 
M R Baklanov, L V Litvin, Yu V Nastaushev, V G 
Mansurov, V P Migal', S P Moshchenko "Quasibal l is t ic 
q u a n t u m in ter ferometer" ; 

(4) V D Kulakovskii, L V Butov "Magne toop t i c s of 
q u a n t u m wires and q u a n t u m dots in semiconduct ing 
hetero s t ruc tu res" ; 

(5) V T Petrashov " N e w p h e n o m e n a in metall ic m e s o -
s t ruc tu re s " ; 

(6) N S Maslova, Yu N Moiseev, V I Panov, S V Savi-
nov "Effects of localised states and interpart icle in teract ions 
on the S T M / S T S and A S M nanos t ruc tu re d iagnos t ics" . 

Below brief summar ies of the ta lks are given. 

PACS numbers: 73.90.+f 

Strained-submonolayer and 
quantum-dot superstructures 
Z h I Alferov, D Bimberg, A Y u Egorov, A E Zhukov, 
P S Kop'ev, N N Ledentsov, S S Ruvimov, V M Ustinov, 
I Kheidenraikh 

The self-organisation effects involved in the growth of 
semiconduct ing heteros t ructures , and their use in the 
fabrication of quas i -one-dimensional and quasi -zero-
dimensional s t ructures, have been receiving increasing 
a t tent ion in recent years . 

In the present work a new m e t h o d of fabricat ing 
strained I n A s / G a A s he teros t ruc tures is repor ted , consist­
ing of successively deposi t ing InAs and G a A s 
submonolayers on a (110)- or (31 l ) -or iented G a A s sub­
strate ( ' submonolayer epi taxy') . It is shown tha t the 
p roposed me thod improves substantial ly the opt ical p r o p e r ­
ties of strained I n A s / G a A s heteros t ructures . 

Uspekhi Fizicheskikh Nauk 165 (2) 2 2 4 - 2 3 8 (1995) 
Translated by E G Strel 'chenko; edited by H Milligan 

The s tructures were grown with the use of the molecular 
beam epitaxy a p p a r a t u s EP-1203. W h e n differently oriented 
substra tes were used, they were placed one next to ano ther on 
the same m o u n t . The s tructures intended for pho to lumines -
cence and t ransmiss ion electron microscopy studies were 
grown on semi-insulating G a A s substra tes and consisted of a 
1 4 0 - 4 0 0 0 A G a A s layer which was b o u n d e d by a shor t -
per iod G a A s / A l A s super lattice to prevent nonequi l ibr ium 
carriers from escaping into the subst ra te or onto the surface. 

In the middle of the G a A s layer, submonolayer 
I n A s / G a A s sub lattices or G a A s layers were placed. The 
InAs pa r t of the s t ructure was grown at a lower t empera tu re 
( 2 5 0 - 4 9 0 °C) and at increased As beam intensity; the rest 
of the s t ructure was grown at 600 °C. 

Photo luminescent InAs submonolayer s t ructures exhib­
ited an intense and n a r r o w peak in their spectra (less t han 
1 meV at 5 K ) , whose long-wavelength shift was governed 
by the a m o u n t of coat ing applied. 

The luminescence excitation spectra for the peak showed 
very distinctive lines cor responding to excitonic heavy-hole 
and light-hole resonances . The heavy-hole exciton peaks 
showed no Stokes shift in their photo luminescence and 
luminescence excitation spectra. 

Samples covered with an InAs submonolayer exhibited 
an i so t ropy in b o t h their photo luminescence and lumines­
cence excitation spectra. Linear polar isa t ion in the (011) 
direction reached 2 0 % . 

The results obta ined imply a uni form bu t aniso t ropic 
dis t r ibut ion of I n A s molecules on a submonolayer -coa ted 
G a A s surface and are quali tat ively consistent with the 
format ion of oriented chains of I n A s molecules. 

The luminescent studies of 120 A q u a n t u m well s t ruc­
tures based on the I n ^ G a ^ A s solid solut ion were 
performed for the same average composi t ion (x = 0.17) 
for (1) usua l solid solution, (2) a monolayer ( M L ) super-
lattice consist ing of 1 M L I n A s / 5 M L G a A s , and (3) a 
submonolayer 1 A I n A s / 5 A G a A s superlatt ice, and 
showed the submonolayer superlat t ice to be superior 
b o t h in te rms of luminescence efficiency and emission 
line width . 

Exper iments involving long (up to 1000 s) growth 
in te r rupt ions showed tha t even a monolayer InAs 
deposit , i.e. one having a far-from-critical thickness, is 
no t stable and t ransforms into 2 - 3 monolayer thick 
InAs clusters, with the rest of the surface being coated 
in a submonolayer fashion. Submonolayer coat ing remains 
stable under long growth in ter rupt ions . These results 
explain the superior luminescence proper t ies of s u b m o n o -
layer-epi taxy-grown structures. 

Wi th the use of the strain-related mechanism, q u a n t u m -
dot GaAs-ma t r i x s t ructures were fabricated b o t h with 
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submonolayer epi taxy-grown solid solut ions and with 
deposi t ion of pu re InAs . The mon i to r ing of the process 
led to the conclusion tha t in the I n A s / G a A s case the critical 
thicknesses depend on the I n / G a rat io and tha t the 
format ion process itself m a y be slowed down considerably 
by reducing the growth t empera tu re . 

Direct t ransmiss ion electron microscopy showed tha t , 
b o t h in growing a submonolayer 1 A I n A s / 1 A G a A s 
superlatt ice and in deposi t ing pu re InAs of equivalent 
12 — 14 A average thickness fairly ordered systems of 
py ramida l q u a n t u m dots form. The dots are abou t 120 — 
140 A in height and their bases are [010]- or [001]-oriented 
squares of 30 A side. 

The atomical ly resolved cross-sectional image of the 
q u a n t u m dots showed the (320) faces to be mona tomica l ly 
smooth . It was also found tha t a p lanar G a A s surface is 
res tored on growing over the dots a 50 - 70 A layer. 

Photo luminescent q u a n t u m dot s t ructures displayed an 
intense luminescence line strongly shifted t oward longer 
wavelengths from the expected locat ion of the uni form well. 
The m a x i m u m wavelength (1.2 um) was obta ined for the 
s t ructure with an average InAs layer thickness of 12 A. 

U p o n a local e lectron-beam excitation, the smooth 
luminescence line, with a halfwidth of abou t 2.0 meV 
(for 5 K) , became a series of supe rna r row (about 
0.1 meV) luminescence lines, each of which originated 
from its respective individual q u a n t u m dot and retained 
its halfwidth as the t empera tu re was increased. This is direct 
spectroscopic evidence for the delta-like behaviour of the 
density of states in q u a n t u m dots . 

The luminescence efficiency of q u a n t u m dot s t ructures 
was at all t empera tu res (1.6 K < F < 300 K ) comparab le to 
tha t of high-qual i ty G a A s / A l A s q u a n t u m well s tructures. 

A separate-confinement A l G a A s - G a A s laser s t ructure 
with varying refractive index in the opt ical confinement 
region was grown. The fabricat ion process involved the 
in t roduct ion of an I n G a A s q u a n t u m - d o t layer into the 
middle of the 140 A thick G a A s recombina t ion region. 

Wi th the aid of injection excitation at 300 K, laser 
emission via q u a n t u m dot states was obta ined for the first 
t ime, with a threshold current density be low 1 kA c m - 2 and 
differential q u a n t u m efficiency up to 7 0 % . 

In the t empera tu re range 50 - 120 K, a t empera tu re 
dependence of the threshold current density was observed. 
The characteris t ic t empera tu re T0 = 350 K exceeded the 
theoret ical value for q u a n t u m well lasers. 

PACS numbers: 72.90.+y 

Nondissipative dynamics of electrons 
in nanostructures 
A A Gorbatsevich, V V Kapaev, Y u V Kopaev 

Recent ly [1, 2], a new data t r a n s m i s s i o n - d a t a processing 
me thod has been p roposed , based on control led redisloca-
t ion of electron wave functions \j/{r, t) in nanos t ruc tures . 
Such redislocat ion cor responds directly to the desired da ta 
t rans format ion mode . The da ta carrier is here the integral 
probabi l i ty | * A ( r ) | 2 m some region of the nanos t ruc tu re . 

1. Redis locat ion m a y be achieved by electric voltage, 
when to different vol tage values there cor respond different 
s ta t ionary electronic states with the required dis t r ibut ions 

\\//(r)\2. A change from one dis t r ibut ion to ano ther (a 
redis locat ion) in accord with a prescribed law \j/{r, t) can 
be achieved by adiabat ic appl icat ion of a voltage U(t), 
whose t ime dependence m a y be determined by employing 
the adiabatic-quasiclassical ana logy p roposed by L a n d a u 
[3]. This me thod is valid only for slow redislocat ions. 

In the opposi te extreme, when the vol tage cor responding 
to a new s ta t ionary state, with a required dis t r ibut ion 
| i /f(r) | 2 , is switched on in a step fashion, q u a n t u m beats 
appear in accordance with the t ime-dependent Schrodinger 
equat ion . 

The new s ta t ionary (free-of-beats) state is only es tab­
lished via dissipative processes. As a result, redislocat ion is 
a ra ther slow process involving dissipation of electric power 
and heat release. It then becomes impossible to implement 
the necessary t ime dependence of redislocat ion. 

Is it possible to m a k e the switching fast (ant i -adiabat ic) 
and nondiss ipat ive? 

The present work shows tha t the aforement ioned 
analogy between the t empora l and spatial p rob lems , 
established by L a n d a u [3] for the adiabat ic regime, is 
amenab le to extension: when one needs to consider only 
two electronic levels, the t empora l p rob lem reduces to a 
static spatial scattering p rob lem, where the t ime-dependent 
electric vol tage is related to a po ten t ia l which is a function 
of the spatial coordinates . 

As regards the latter, it is k n o w n tha t nonreflecting 
potent ia ls exist. A n example is resonance tunnell ing. Thus , 
for a given nanos t ruc tu re a var ia t ion of vol tage with t ime 
can be found for which q u a n t u m bea ts are absent , i. e. the 
t ransi t ion induced by a vol tage with a prescribed t ime 
dependence will cor respond to a m o n o t o n i c t ransi t ion from 
one s ta t ionary state (with no voltage) to ano ther (with 
vol tage present) . 

It is shown tha t a nonreflecting state (no q u a n t u m beats) 
can be approx imate ly reached for a two-level mode l by 
switching on the vol tage in two steps. The vol tage applied in 
the first step must then cor respond to the resonance 
tunnel l ing condi t ion, with the dura t ion of the step equal 
to the half-period of the q u a n t u m beat at resonance. D u r i n g 
this t ime a complete redislocat ion occurs as a result of 
resonance tunnell ing. If the voltage is at this m o m e n t 
abrup t ly increased, with inversion of the electronic levels 
relative to the original state, the ampl i tude of the q u a n t u m 
bea ts will become smaller as one moves away from the 
resonance . 

A three-level mode l requires tha t vol tage be switched on 
in three steps, the first step cor responding to the resonance 
between the first and the second levels, and the second to 
the resonance between the second and the thi rd levels. As 
before, the third step is needed to move the levels out of 
resonance , thus ensuring tha t the bea ts are small. 

W h a t is impor t an t for pract ical appl icat ion is tha t 
approximate ly the same type of electron evolut ion can 
be obta ined for a vol tage increasing monoton ica l ly (say, 
linearly) in t ime, by appropr ia te ly choosing the slope and 
the dura t ion . 

F o r a three-well system, a switching regime can be found 
for which the electron concent ra t ions in the end wells differ 
considerably at each instant of t ime. Such behaviour proves 
to be impor t an t for devising a q u a n t u m ana logue to a 
system of complementa ry field t rans is tors [1, 2]. 

2. W e have also considered an al ternat ive way of 
control l ing electron redislocat ion, which involves an elec-
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t romagne t ic field with a frequency cor responding to the 
separat ion between electronic levels. Since nanos t ruc tu re 
dimensions are typically of the order of 10~ 6 cm, and the 
level separa t ions are of the order of 10~ 2 eV, fields 
E ~ 1 0 3 - 1 0 4 V c m - 1 can be regarded as s t rong. The effect 
of the field on the electrons is conveniently described by the 
me thod of F loque t functions combined with the quas i -
energy representa t ion. 

W e have in t roduced a t empora l ana logy of the K r o S -
n i g - P e n n e y model , with the dependence E(t) = E0coscot 
replaced by a t ime-periodic sequence of rec tangular pulses. 
In the two-level case, the mode l enables m a n y results to be 
obta ined analytically. F o r a multiwell system, numer ica l 
s imulat ion is considerably simplified compared to the 
E(t) = E0 cos cot case. 

A convenient concept to in t roduce is the Bril louin zone, 
no t in m o m e n t u m space as for spatially per iodic potent ia ls , 
bu t ra ther in energy space. The characterist ic po in ts in the 
var ia t ion of the qua si-energies with field ampl i tude E0 (or 
field frequency co) are the ant icrossing poin ts (where the 
quasi-energies are pushed apar t when app roach ing one 
ano ther ) and the crossing po in t s (where they cross). F o r 
symmetr ic systems, an ant icrossing poin t cor responds to a 
resonance with an odd number of p h o t o n s (weak field R a b i 
oscillations), and the crossing po in t s to an even number . 

If the electronic and field pa rame te r s are those cor re ­
sponding to the crossing points , the tunnel l ing between the 
q u a n t u m wells is effectively suppressed (redislocation 
suppression) . F o r the ant icrossing points , the reverse 
s i tuat ion obta ins . 

In the weak field case, a (mul t ipho ton) o d d - p h o t o n 
resonance cor responds to oscillations with the probabi l i ty 
ampl i tude uni ty (Rab i oscillations) for inter level t ransi t ions . 
The oscillation frequency depends on the field intensity and 
tu rns out to be much less t han the field frequency. Level 
popu la t ion oscillations cor respond to the per iodic redis­
locat ion between the wells. 

Increasing field intensity increases the frequency of the 
R a b i oscillations, and in s t rong fields oscillations arise 
whose ampl i tude is uni ty at the field frequency and is 
appreciable at mult iples of co. Since a mult iple frequency 
gives rise to electron redislocat ion, it also causes a change in 
polar isa t ion , with a dipole m o m e n t p ropo r t i ona l to the size 
of the nanos t ruc tu re (about 10~ 6 cm). F o r this reason, a 
massive generat ion of higher ha rmon ics is to be expected. 

N o t e tha t such generat ion occurs in the case of a weak 
field, when the system of asymmetr ic q u a n t u m wells ha s its 
levels equidis tant and it is t h rough these levels tha t 
mu l t i pho ton absorp t ion takes place [4]. F o r strong-field 
mu l t i pho ton resonance , such equidis tant levels are in effect 
induced by the field, since the quant i ty to be given a direct 
physical mean ing is quasi-energy, defined to within an 
a rb i t ra ry number of p h o t o n energies Hco (by ana logy 
with u m k l a p p processes). 

The p rob lem of level-to-level t rans i t ions and associated 
field-induced redislocat ion in a two-well system is a n a l o ­
gous to tha t of mu l t i pho ton a tom ionisat ion. In the latter 
case we have a t ransi t ion from the g round state to 
con t inuous spectrum and, on ionisat ion, electron escape 
to infinity. Since the mu l t i pho ton ionisat ion probabi l i ty is 
appreciable only if the field is sufficiently large, ionisat ion 
by tunnel l ing becomes impor tan t . 

The work of Keldysh [5] has demons t ra ted tha t , if the 
field a m p l i t u d e - f r e q u e n c y relat ion is such tha t the field 

per iod is larger t han the tunnel l ing t ime th rough the barr ier 
(where the barr ier is due to the C o u l o m b poten t ia l and the 
wave electric field of the wave), then the dominan t 
ionisat ion mechanism is by tunnel l ing. F o r our p rob lem 
(interwell electron redislocat ion) , of pract ical impor tance is 
a redislocat ion probabi l i ty of order uni ty, i. e., one implying 
the proximi ty of an ant icrossing point . 

F o r a symmetr ic q u a n t u m well system, to the ant ic-
rossings lying in the (co, E0) (frequency - ampl i tude) p lane 
there cor responds a set of con t inuous curves characterised by 
the number of p h o t o n s involved in the resonance. The field 
frequency a long the curves increases monotonica l ly with 
ampl i tude , owing to the m o n o t o n i c (and field sign symmet­
ric) increase in the level separat ion. As a result, the 
mu l t i pho ton cont r ibu t ion to the redislocat ion p redomina tes 
over the tunnel l ing one, because for a symmetr ical system the 
resonance tunnel l ing condi t ion is met in the absence of the 
field, and increasing the field moves the system away from 
the resonance. 

In contras t , for a nonsymmet r i c system resonance 
tunnel l ing occurs at finite Ex and only for one par t icular 
sign of the field. In the other half-wave, the system moves 
away from the resonance tunnel l ing condi t ion. 

A n impor t an t feature in this context is the difference in 
electron level separa t ions between the posit ive and negative 
field half-waves. As a consequence, the ant icrossing mul t i ­
p h o t o n resonance occurs only for a discrete set of po in ts in 
the f r e q u e n c y - a m p l i t u d e p lane for which the rat io of level 
separa t ions in the posit ive and negative half-waves cor re ­
sponds to a rat io of integers. 

N o t e tha t p h o t o n resonances in the posit ive and 
negative half-waves cor respond to different n u m b e r s of 
p h o t o n s . In the (co, E0) p lane there exists a region near Ex in 
which the set of ant icrossing poin ts cor responds to min ima 
(in frequency) characterised by the n u m b e r of resonance 
p h o t o n s for either half-wave. In this region, resonance 
tunnel l ing domina tes redislocat ion. 

A similar discrete set of po in ts exists in the (co, E0) p lane 
for the quasi-energy crossing (i.e. redislocat ion suppression) 
condi t ion. 

The d ramat i c change in redislocat ion probabi l i ty on 
field ampl i tude or frequency change in the t ransi t ion from 
crossing to ant icrossing m a y be used in optoelect ronic 
componen t s for the pu rpose of convert ing an e lec t romag­
netic signal to an electric one. 

It is expected tha t the above features of the interact ion 
of the electromagnet ic field with electrons in q u a n t u m wells 
m a y p rove to be of relevance to the opera t ion of inter-
subband t ransi t ion lasers. 
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Quasiballistic quantum 
interferometer 
A A Bykov, Z D Kvon, E B OPshanskii , A L Aseev, 
M R Baklanov, L V Litvin, Y u V Nastaushev, 
V G Mansurov, V P MigaF, S P Moshchenko 

Ni l 

Since the communica t ion by Webb et al. [1], r ing-shaped 
electron interferometers have been studied for several years 
now, par t icular ly after the observat ion of A h a r o n o v -
B o h m oscillations in the quasiballistic regime, with a mean 
free pa th / > L (where L = 7 i J e f f / 2 ) [2, 3]. 

This interest stems pr imari ly from the fact tha t the 
electron interferometer lies at the hear t of the q u a n t u m 
interference t ransis tor , which promises orders-of-magni tude 
switch power reduct ion compared to classical t ransis tors . 
The development of the interference t ransis tor has a l ready 
run into difficulties, owing pr imari ly to the suppression of 
interference effects by the f luctuating poten t ia l of impuri t ies 
and defects [4]. One way to resolve this is to reduce the size 
of the device. 

In wha t follows we repor t on the fabrication and 
proper t ies of a quasiballist ic electron interferometer with 
an effective r ing diameter d e f f = 600 — 700 n m and conduc t ­
ing channel width W < 20 nm. The au tho r s are not aware of 
any descript ions of an interferometer tha t small. Because of 
the size of the device it p roved possible, for the first t ime, to 
achieve a single-mode interferometer opera t ion and to 
observe the interference of b o u n d a r y current states. 

The interferometer was fabricated by electron beam 
l i thography and reactive ion etching on the basis of a 2D 
electron gas in an A l G a A s / G a A s heterojunct ion grown by 
molecular beam epitaxy with a thin spacer layer. The 
electron gas pa rame te r s at T = 4.2 K were as follows: 
surface electron density Ns = (7 — 9) x 1 0 1 1 c m - 2 and the 
mobil i ty \i = 10 5 c m 2 V - 1 s _ 1 . This cor responds to an 
electron mean free p a t h / = 1.5 um. 

W e emphasise tha t it is the use of a heterojunct ion with 
a thin (3 n m ) spacer layer and hence with a high density of 
2D electrons which enabled an interferometer with a very 
n a r r o w conduct ing channel (W < 20 n m ) to be developed. 

Electron l i thography was conducted in a raster electron 
microscope (Stereoscan S-2A) with the use of the image 
genera tor E L P H Y - 1 . The interferometer was formed on a 
Hal l mesos t ruc ture obta ined by s tandard pho to l i thography . 
The br idge width and the po ten t iometer contact separat ion 
were 10 and 100 um, respectively. The interferometer r ing 
was fabricated by exposing a circle of 400 n m diameter with 
a circular space 200 n m wide, framed by 200 n m wide lines. 

The electron-resist image development was followed by 
reactive ion etching of G a A s and A l G a A s conducted so as 
to finish the etching process in A l G a A s . The raster electron 
mic rograph of the interferometer is given in Fig. 1. Fig. 2 
shows a schematic cross-sectional d iagram of the device and 
indicates its basic dimensions. 

The interferometer magnetores is tance was measured at 
t empera tu res T = 0 . 0 2 - 4 . 2 K in magnet ic fields up to 10 T. 
Resis tance measurements were m a d e on an a l ternat ing 30 
H z signal with a four-probe scheme using a phase detector. 

Fig. 3 presents the results of these measurements as a 
function of magnet ic field for T < 0.1 K. In the figure one 
sees A h a r o n o v - B o h m oscillations, whose ampl i tude is 

1 |im 

Figure 1. Scanning electron micrograph of the interferometer 
(x27 500). 
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Figure 2. Cross section of the ring structure, with basic dimensions. 

comparab le with the to ta l sample resistance, and whose 
per iod in magnet ic field is AB = 0.0115 T, which cor re ­
sponds to the quant i sa t ion of a magnet ic q u a n t u m flux 
0 = h/e t h rough an area with effective diameter d e f f = 660 
n m (h/e oscillations). 

Ano the r feature apparen t in Fig. 3 is tha t the oscillation 
ampl i tude depends strongly on the magnet ic field. At 
5 = 0.75 T it was a m a x i m u m when AR/R0 = 0.35 [5]. 
To date , the m a x i m u m ampl i tude seen was in the experi­
men t s of Refs [3, 6], with AR/R0 = 0.2. In addi t ion to the 
fundamenta l oscillation there are also beats , whose per iod is 
10 t imes the fundamenta l one. The fundamenta l ampl i tude 
is s trongly reduced the instant the bea ts set in (virtually 
down to zero for certain fields). 

The bea ts are apparen t ly due to the finite width , W, of 
the interferometer conduct ing channels . Knowledge of the 
beat per iod allows one to est imate the width W from the 
relat ion 4W/d = AB/BH (where BH is the beat per iod) . The 
result is W = 15—20 nm. A n est imate shows tha t at such 
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Figure 3. Interferometer resistance plotted against magnetic field for 
T < 0.1 K (inset: Aharonov - Bohm oscillations close to the beat 
minimum). 

values of W only the fundamenta l one-dimensional subband 
is filled. This est imate is suppor ted by the exact numer ica l 
calculat ions, carried out by Tkachenko and coworkers , of 
the electron energy spectrum and of the form of the 
electron-wave-carrying well. 

T h u s we can conclude tha t our device a t ta ins the single-
m o d e electron waveguide regime. It is for this reason tha t 
the present work yields large A h a r o n o v - B o h m ampl i tudes 
even t hough the two-dimens iona l electrons are much less 
mobi le when compared to the da ta of Refs [3, 6]. 

The above da ta also suppor t the interesting theoret ical 
predict ion [7] tha t A h a r o n o v - B o h m oscillations in a one -
dimensional r ing interferometer m a y be large even if 
electron scat tering is s t rong. 

Together with the h/e oscillations described above, h/2e 
A h a r o n o v - B o h m oscillations were observed. These latter 
are an order -of -magni tude smaller in ampl i tude and appear 
as either inflections or addi t iona l min ima in the regions 
domina ted by the fundamenta l oscillations. They m a y 
domina te , however, at the instant when bea ts occur (see 
the inset in Fig. 3). 

It should be no ted tha t the h/2e oscillations in this case 
are unre la ted to the weak localisation effects, because these 
oscillations exist in magnet ic fields which prevent weakly 
localised h/2e oscillations [8]. W e believe tha t they are due 
to the interference of two independent back-scat ter ing 
trajectories. A similar pic ture was observed by F o r d 
et al. [3]. 

Owing to the n a r r o w conduct ing channels of the device, 
it has proved possible for the first t ime to observe effects 
due to the interference of edge current states and to 
resonance tunnel l ing between them. These effects are 
manifested as magnetores is tance oscillations, which differ 
in frequency and appear in the s t rong magnet ic fields 
cor responding to the incipient q u a n t u m Ha l l effect regime 
[9]. 

The occurrence of these effects is also greatly influenced 
by r andom- impur i t y poten t ia l f luctuations, which m a y 
render the conduct ing channels nonun i fo rm in width . 

The result is tha t while in some regions of the inter­
ferometer the edge states are well separated, in o thers 
channel na r rowing causes a substant ia l increase in the 
wave function overlap between opposi te edge states. This 
enables the electrons to move from one edge to the other as 
a result of tunnel l ing opera t ing s imultaneously with 
poten t ia l f luctuation scattering. 
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Magnetooptics of quantum wires 
and quantum dots in semiconducting 
heterostructures 
V D Kulakovskii, L V Butov 

Artificial electronic systems with small d imensions are of 
considerable interest b o t h for fundamenta l reasons and 
from the poin t of view bo th of theory and of device 
appl icat ion. The unidi rect ional quant i sa t ion of electronic 
mo t ion is easily achieved in semiconduct ing he tero junc-
t ions grown by molecular beam epitaxy. Studies of quas i -
two-dimens iona l (2D) electronic systems in q u a n t u m wells 
(QW) with high qual i ty interfaces have revealed a range of 
novel p h e n o m e n a in bo th their t r anspor t and optical 
proper t ies . 

F u r t h e r major changes in proper t ies are expected to 
occur when the dimensions of the system in the Q W plane 
are reduced to the nanomete r scale. The mos t c o m m o n 
me thod for ob ta in ing ID and 2D quasi-systems ( q u a n t u m 
wires and q u a n t u m dots) is high-resolut ion electron beam 
l i thography followed by etching of the Q W layer. 

A n indicat ion of the quant i sa t ion of the in-plane 
electronic mo t ion is usual ly the shift u p w a r d s in exciton 
energy. However the shift m a y be of some other origin, such 
as addi t iona l strains in the system, etc. 

Sufficiently reliable da ta on QW-p lane quant i sa t ion m a y 
be obta ined by measur ing t rans i t ion energies between the 
excited subbands tha t result from the d imensional quan t i sa ­
t ion of the in-plane mot ion of the carriers. This is mos t 
conveniently done on I n G a A s / G a A s wells, which have 
simple conduct ion b a n d s and a simple valence b a n d 
(owing to the large strains in the I n G a A s layer caused 
by the difference in lattice pa rame te r s between I n G a A s and 
GaAs) . 

The Q W heterojunct ions for fabricat ing q u a n t u m wires 
and q u a n t u m dots were grown by molecular beam epitaxy 
on the (100) surface of u n d o p e d G a A s . The s tructures 
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Figure 1. Exciton emission photo excitation spectra for a quantum wire 
with Lv = 4 0 - 5 0 nm. 

consisted of a 500 n m G a A s buffer, 4.9 n m I n G a A s well 
with 9 to 20% In content , and a 15 n m G a A s layer on the 
I n G a A s surface. The fabrication me thod employed h igh-
resolut ion electron beam l i thography, Al masking , and 
selective chemical etching. The etching agent removes the 
surface G a A s layer between the Al masks , thus causing 
poten t ia l modu la t ion in the Q W plane. 

As a first approx imat ion , the regions can be considered 
as G a A s / I n G a A s / G a A s and v a c u u m / I n G a A s / G a A s . The 
dimension of the q u a n t u m wires and q u a n t u m dots in the 
Q W plane was varied from a few hundred n m to 25 nm. 
The width of a q u a n t u m wire was determined by the use of 
a scanning electron microscope. 

Quan tum-wi re emission spectra at low excitation den­
sities are domina ted by the exciton emission line. F o r a 
q u a n t u m wire with Ly > 60 nm, the line posi t ion is virtually 
independent of Ly. As Ly is decreased further, the t ransi t ion 
energy increases due to the in-plane quant i sa t ion . The half-
width of the emission line remains unchanged as Ly is 
decreased down to 40 nm. F o r lower Ly, it increases 
because of quan tum-wi re width f luctuat ions. Es t imates 
show tha t the f luctuat ions in Ly are within 7 nm. 

The exciton-emission photoexc i ta t ion spectra for q u a n ­
t u m wires with Ly = 4 0 - 5 0 n m are shown in Fig. 1. The 
long-wavelength peak cor responds to the resonance emis­
sion in the exciton g round state eu—hu. 

Of par t icular interest, in connect ion with pho toexc i t a ­
t ion spectra, are addi t iona l spectral features, denoted as 
e\2-hhn and e 1 3 - / z / z 1 3 , which cor respond to the addi t iona l 
quant i sa t ion of the in-plane mot ion of electrons and holes. 
These peaks are absent from the emission spectrum of the 
Q W used in q u a n t u m wire fabricat ion. As Ly is increased, 
the peaks are shifted toward higher energies owing to the 
increased energy of the y axis quant i sa t ion . 

Figure 2. Quantum dot photoluminescence spectra as a function of 
magnetic field at high excitation density. 

Add i t iona l peaks , due to the QW-p lane quant i sa t ion of 
the electrons and holes, are also seen in the luminescence 
spectra at excitation densities large enough for the p h o t o -
excited carriers to occupy several of the subbands tha t result 
from the d imensional in-plane quant i sa t ion . 

C o m p a r i s o n shows tha t the t rans i t ion energy differences 
e n - h h n and e u - h h u differ considerably in the p h o t o -
excitation and photo luminescence spectra. The reduct ion in 
the t ransi t ion energy splitting observed in q u a n t u m wires 
with a high density of photoexci ted carriers is due to the 
e l e c t r o n - e l e c t r o n and e l e c t r o n - h o l e interact ions. 

On going from the case of the q u a n t u m wire to the 
q u a n t u m dot , the reduced dimensional i ty causes the 
t ransi t ion energy to increase faster with decreasing q u a n ­
t u m dot size. A marked increase in the energy of the 
fundamenta l t rans i t ion in the q u a n t u m dot can be seen even 
at L ^ 70 — 80 n m (where L is the q u a n t u m dot diameter) . 
To detect higher state emission, higher excitation densities 
were used. Of par t icular interest in this case is the behaviour 
of the t rans i t ion energies in a magnet ic field B n o r m a l to the 
q u a n t u m dot p lane . 

In Fig. 2 the q u a n t u m dot photo luminescence spectra 
are p lot ted as a function of magnet ic field [1]. In zero field 
one sees the lines \e — \h and 2e — 2h for the allowed 
t rans i t ions involving states from the first and second 

http://Ino.09Gao.91As
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Figure 3. Transition energies in quantum dot photoluminescence 
spectra versus magnetic field. 

d imensional quant i sa t ion levels. In a magnet ic field, line 
splitting is observed. 

The t rans i t ion energies as a function of magnet ic field 
are shown in Fig. 3, where they are seen to behave 
quali tat ively differently from the 2D q u a n t u m well m a g n e -
toexci ton states. Thus , in two dimensions the dependence of 
the energy of optically active 2D magnetoexc i tons on B has 
the shape of an open fan [2]. In a q u a n t u m dot , in addi t ion 
to the diverging lines 1 and 4 characterist ic of the q u a n t u m 
well, there are lines 2 and 3, whose energies increase with 
magnet ic field m o r e slowly than does the energy of the 
fundamenta l t ransi t ion (7). The presence of such te rms is a 
specifically q u a n t u m dot feature [3, 4]. 

The appea rance of such te rms can be quali tat ively 
explained by considering the strong-field limit (magnet ic 
length LB <^L). In this limit the confinement of excitonic 
mo t ion to the xy p lane , due to the weak q u a n t u m dot 
potent ia l , m a y be t reated as a pe r tu rba t ion . The sequence of 
lower exciton levels is then determined by the d imensional 
quant i sa t ion of the magnetoexci ton centre-of-mass mo t ion 
in the q u a n t u m dot potent ia l . 

As a consequence, the state energy splitting AE is 
determined by the magnetoexc i ton effective mass M e x = 
2H2/E0IB ~ B1/2 > me + mh (where E0 = \^/ne2/slB is the 
magnetoexci ton b inding energy) and decreases with field. 
Thus , for a parabol ic q u a n t u m dot [4] the splitting is 

AE • 
m e f l g + m h f l j ^ 1 / 2 

where QE and £2h are electron and hole frequencies for the 
parabol ic q u a n t u m dot potent ia l . 

The large l inewidths found in the measured emission 
spectra of the artificial (i.e. fabricated by l i thography or 
etching) q u a n t u m dots are due pr imari ly to dot size 
f luctuat ions. The s tudy of s ingle-quantum-dot spectra is 
limited by the ra ther low q u a n t u m yield tha t current 
technologies offer for q u a n t u m dots in direct contact 
with a surface. 

However , the physics of the quasis ta te 0D in semi­
conduct ing s tructures can be studied not only on artificial 
bu t also on so-called na tu ra l q u a n t u m dots formed by 
r a n d o m potent ia l f luctuat ions due (for example) to Q W 
width or composi t ion f luctuations. 

Convenient na tu r a l q u a n t u m dots to s tudy are electric-
field-tunable A l A s / G a A s coupled wells [5]. Their a d v a n ­
tages are the long lifetime of indirect excitons and the 
possibili ty of the resonant injection of carriers on to G a A s 
q u a n t u m dot levels. 

The he teros t ruc tures were grown by molecular beam 
epitaxy wi thout g rowth in te r rupt ions and took the form of 
n+ — i — n+ d iodes with a pair of A l A s / G a A s layers between 
Alo.48Gao.52As barr iers . 

The b a n d d iagram of the active pa r t of the s t ructure at a 
negative gate vol tage (—Vg) is given in the left inset in 
Fig. 4. The relative energies of the T electrons in G a A s and 
X electrons in AlAs were rear ranged by varying V g thus 
enabl ing a T-X t ransi t ion. In an indirect regime, the 
exciton lifetime increased up to T > 100 ns, much longer 
t han the direct-regime lifetime of T < 1 ns. The V g depend­
ences of the photo luminescence energies in the direct 
(EQ — ^ ^ 0 ) a n d indirect (EQ — HH0) t rans i t ions are 
shown in the right inset of Fig . 4. The theoret ical depend­
ences (neglecting T-X mixing) are shown as solid lines. 

Fig. 4 shows the photo luminescence spectra in the 
indirect regime for two values of the excitation spot 
diameter d. In Fig. 4a id = 1 0 0 um) the direct 
(EQ — ^ ^ 0 ) a n d indirect (EQ — HHQ) t rans i t ions are 
seen. The line shapes are characterist ic of nonuni formly 
b roadened photo luminescence lines for q u a n t u m wells of 
un in te r ruped growth . Decreas ing the excitation spot d i am­
eter leads to quali tat ively new spectral features, the sharp 
lines 1 - 7 in Fig. 4b. 

In recording na r row-gap spectra, the l inewidth is abou t 
0.2 meV. These n a r r o w lines are reminiscent of the p h o t o ­
luminescence spectra of 0D excitons in a single artificial 
q u a n t u m dot [6]. The lowest energy photo luminescence 
peak is 30 meV below the D line and 38 meV below the 
direct absorp t ion edge, in app rox ima te cor respondence to a 
two-mono layer f luctuation in the G a A s well width . 

A l though strictly reproducible for a fixed poin t on the 
sample, the photo luminescence spectrum changes consider­
ably when the Q W plane is scanned. Whereas the posi t ion 
of the Ef — HH0 line is determined by the gate vol tage Vg 

(see the left inset in Fig. 4), the posi t ion of the sharp lines is 
virtually V g independent . The lack of Stark shift in and the 
high intensity of the sharp lines detected indicate tha t they 
cor respond to direct t rans i t ions from the 0D states in the 
local po ten t ia l min ima in the G a A s well. 

By s tudying the manne r in which the sharp-l ine pa t t e rn 
changes with the posi t ion of the excitation spot on the 
sample surface it p roved possible to investigate the poten t ia l 
m a p of the G a A s well. The pic ture obta ined is in agreement 
with the idea of the well as a disordered a r ray of arbi trar i ly 
sized q u a n t u m dots . The splitting between the sharp lines 
conta ins informat ion abou t the extent of the poten t ia l 
m in imum. 

Analysis reveals a large var ia t ion of Q W width fluctu­
at ions in the xy p lane . F luc tua t ions in poten t ia l destroy the 
overlap between the delta-like cont r ibu t ions of different 
q u a n t u m dots to the density of states, and lead to the 
nonun i fo rm b roaden ing of the latter . 

http://Alo.48Gao.52As
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Figure 4. Photoluminescence spectra of GaAs/AlAs coupled QWs 
(3 n m / 5 nm) in the indirect regime (T = 4.8 K, Vg = - 0 . 2 V): 
(a) d — 100 um; (b) d — 2 urn. Insets: schematic band diagram; the 
observed transition energies versus gate voltage. 

Because the na tu ra l q u a n t u m dots under s tudy are 
strongly quant ised in the z direction and weakly quant ised 
in the xy p lane, the response of in te rband t rans i t ions to the 
magnet ic field should be different depending on whether the 
field is in (B\\), or n o r m a l to the Q W plane. The 
posi t ion of the sharp lines as a function of B± and B\\ is 
shown in Fig. 5. Since changing the direction of the field 
relative to the Q W plane required a replacement of the 
sample, the da ta obta ined cor respond to different q u a n t u m 
dots on the Q W surface. The diameter of the excitation spot 
in our experiment was abou t 10 um, so lines from only a few 
potent ia l min ima were present in the spectrum. 

In Fig. 5 it is seen tha t whereas B\\ has little or no effect 
on the posi t ion of the sharp lines, marked line shifts, 
splittings, and anticrossings are observed for B±. The 
complexity of the da ta is par t ly due to the fact tha t 
cont r ibu t ions from several po ten t ia l min ima are 
involved. Nevertheless , the dependence of the posi t ions 
of the lowest four lines (which p resumably cor respond to 
one potent ia l m in imum) are in quali tat ive agreement with 
the theoretical ly predicted magnet ic field dependence of the 
q u a n t u m dot exciton te rms [3]. 

The spectroscopy of semiconduct ing s tructures with 
high spatial resolut ion enables the exciton proper t ies of 
na tu r a l q u a n t u m dots to be investigated. This avoids the 
labour- intensive fabricat ion of artificial q u a n t u m dots . 

Recently, sharp OD-state photo luminescence lines from 
single q u a n t u m wells have been found [7, 8]. In contras t to 

1722 

Figure 5. Positions of sharp lines in the emission spectra of natural 
quantum dots in GaAs/AlAs coupled QWs (3 nm/4 nm) as a function of 
a magnetic field parallel (By) and normal (B±) to the QW plane 
(V g = 0.1 V). 

their coupled counte rpar t s , for which there is the possibili ty 
of resonance injection of long-lived carriers, single Q W s 
require higher spatial resolut ion for 0D states to be 
detectable. In Ref. [8] bo th excitons and biexcitons were 
examined in na tu ra l q u a n t u m dots . 
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New phenomena in metallic 
mesostructures 
V T Petrashov 

Introduction. The last few years have seen the appea rance 
of a new area in mesoscopic research, the investigation of 
'hybr id ' metall ic mesoscopic s t ructures m a d e up of 
mater ia ls widely different in their electronic and magnet ic 
proper t ies . Such systems conserve the coherence of 
electrons in their interlayer mot ion , and exhibit q u a n t u m 
mechanica l mechanisms by means of which the inner and 
external bounda r i e s affect the electron t r anspor t . This is 
reminiscent of the effects of mi r ro r s in optical inter­
ferometers. 

Of par t icular interest are hybr id s t ructures from whose 
bounda r i e s electrons are reflected in a m a n n e r which per­
mits cont ro l of their phase shift. Examples are s t ructures 
consist ing of n o r m a l (N) and superconduct ing (S) layers 
[ 1 - 1 2 ] . On reflection from an N / S interface the electron 
phase alters in a determinist ic way and the coherence is no t 
violated. A reflected n o r m a l electron creates a Cooper pair 
in the S layer and becomes a hole, which retraces the 
electron p a t h in the reverse direction (Andreev reflection, 
Ref. [13]). 

There is a fundamenta l relat ionship between the 
'microscopic ' phases of n o r m a l quasipart icles reflected 
from the N / S interface and the macroscopic phase (j) of 
the superconduct ing condensate . A reflected hole acquires 
an addi t iona l phase shift equal to the phase (j) of the 
superconductor . Accordingly, reflection tu rns the hole into 
an electron whose phase is shifted by —(j). 

If the interfering part icles are reflected from var ious 
superconduc tors or from var ious po in ts of the same 
superconductor , with phases 4>l and 0 2 , the result of the 
interference, and hence the q u a n t u m conduct ivi ty correc­
t ions, will depend on the phase difference A 0 = 4>l — (j)2-
These phase-sensit ive mater ia ls are of interest not only from 
a scientific poin t of view, bu t also from the pract ical 
viewpoint , because they offer the prospect of exploit ing 
phase-control led conduct ivi ty in electron device design. 

The following is a brief survey of the work on 
mesoscopic N / S structures . Emphas i s is placed on exper­
imenta l results because a complete theory of the observed 
p h e n o m e n a is still lacking. 

Experimental. The m a x i m u m size of a mesoscopic s t ructure 
should no t exceed the conduct ion-elect ron phase-break ing 

1/2 1 
length Lcj) = (DT^) 1 , where is the sum over the ra tes 
of the phase-break ing scat tering processes, and D is the 
electron diffusion constant . 

Because the values of L(j) in disordered thin-film samples 
are in the range 100 - 1000 nm, the fabricat ion of metall ic 
interferometers with mi r ro r s of different mater ia ls requires 
mult i layer l i thography with submicron precision for the 
a l ignment of different layers. Examples of hybr id meso ­
scopic s t ructures are shown in Fig. 1. They are n o r m a l th in-

f*- H 
ummu ut tu W M ft 

Figure 1. Examples of hybrid mesostructures. Shaded: normal 
conductors of cross section 100 x 50 nm; unshaded: superconductors; 
i—i and U—U are the current and potential electrodes, respectively. 
Rings are 1 um in diameter. 

film structures with controi led-geometry islands with super­
conduct ing mater ia l deposited on the surface. 

The n o r m a l pa r t s of the s t ructures were disordered 
silver, b i smuth , or nickel films. The t r anspor t mean free 
p a t h in such films was abou t 10 nm, cor responding to a 
diffusion cons tant of D « 10 c m 2 s _ 1 . The conduc to r s were 
100 x 50 n m in cross section. The superconduct ing mate r i ­
als used were a luminium, tin, lead, and n iob ium. 
Measu remen t s were conducted at t empera tu res of 0 . 0 2 -
4.2 K at frequencies of 3 0 - 3 0 0 H z and magnet ic fields up 
to 10 k G . 

Anomalous proximity effect and 'dielectrisation' of meso­
scopic N / S structures. Accord ing to the 'classical ' theory 
(see, for example, [14]), a thin normal -meta l layer adjacent 
to a superconductor must become superconduct ing as a 
result of superconduct ing correlat ion ( 'proximity effect'). 
W h e n a mesoscopic system develops superconduct ing 
regions, it has been shown [4] tha t its n o r m a l regions 
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m a y t ransform into states with either increased or reduced 
conductivi ty. 

The s tructures studied were m a d e of silver with an Pi-
like pa r t and s tubs k 1.2 \xm long (Fig. l a ) , with a lumin­
ium strips S at var ious distances L from the poin t b. The 
resistance of the segment ab, 0 . 2 - 0 . 3 um long, was 
measured with a four-point technique. The measurements 
were conducted s imultaneously on s imultaneously fabri­
cated s t ructures shar ing the same substra te . 

It was found tha t different s t ructures differed not only 
in the magn i tude of the effect bu t even in its sign. As the 
t empera tu re was lowered, some of the samples exhibited a 
sharp increase in the resistance RAB near the t ransi t ion of the 
a luminium film to a superconduct ing state. Such behaviour 
cannot be explained in te rms of the usua l p roximi ty effect, 
which predicts a d rop in the resistance of a n o r m a l 
conduc tor in contact with a superconductor . 

As the current or magnet ic field was increased, the 
v o l t - a m p e r e characterist ics and magnetores is tance curves 
exhibited t rans i t ions to lower or higher resistance states. 
The signs and magni tudes of the effects were the same for 
the field, current , and t empera tu re . 

In addi t ion to the higher resistance t ransi t ions , one 
further surprising result was the s t rong influence exerted 
by the superconductor at distances m o r e t han an order of 
magn i tude greater than the n o r m a l meta l coherence length. 
The change in the conduc tance G = \/R (where R is the to ta l 
resistance) exceeded AG = =L103e2//z, indicat ing the violat ion 
of the universali ty rule, AG = =bl, in the s t ructures studied. 

F u r t h e r exper iments [5] showed tha t the a n o m a l o u s 
long-range proximi ty effect exists even in ferromagnet ic 
mesoscopic s t ructures and therefore is no t connected with 
the o rd inary superconduct ing correlat ion, the violat ion of 
which occurs in ferromagnet ics at abou t in te ra tomic 
distances. 

A complete theory of the a n o m a l o u s proximi ty effect 
is no t available. Numer i ca l calculat ions [15] suggest the 
possibili ty of t rans i t ions to higher-resistance states for 
mesoscopic systems with superconduct ing islands. 

One further s t ructure tha t was investigated is shown in 
Fig. l b . Across a n a r r o w strip of a n o r m a l metal , quite 
closely spaced strips of superconductor S are deposited. 
W h e n the lead strips became superconduct ing , the resis­
tance of the segment ab increased. 

It was found tha t , in te rms of magnet ic field values, 
there exist two regions where the resistance changes are 
par t icular ly sharp: relatively s t rong fields close to the 
critical field BC for the superconductor , and weak fields 
B <^ BC. The t empera tu re dependence of magnetores is tance 
was different in these regions. 

F o r B « BC, the to ta l resistance change was practically 
t empera tu re independent . In weak fields, the resistance 
change was sensitive to b o t h the t empera tu re and the 
me thod of sample p repa ra t ion . This means tha t m a g n e ­
toresis tance mechanisms for weak and s t rong fields are 
different and m a y involve different electron g roups [11]. 

'Giant' Aharonov-Bohm oscillations and oscillation 
frequency doubling. The t empera tu re -dependen t magne to re ­
sistance in weak fields m a y be due to the Andreev-
reflection enhanced cont r ibut ion of weakly localised 
electrons. Because of reflection, some of the n o r m a l 
electrons are unab le to escape to ' infinity' via the current 
leads and so are localised in the n o r m a l region. 

The N / S interface then does no t prevent the passage of 
electric current , and this leads to free b o u n d a r y condi t ions 
for the diffusion equat ion for the q u a n t u m interference 
conduct ivi ty correct ion [16]. W h a t h a p p e n s is, in a sense, a 
'coherent t r a p p i n g ' of conduct ion electrons in the n o r m a l 
region. 

As a consequence, one expects a large increase in the 
ampl i tude of A h a r o n o v - B o h m oscillations in the n o r m a l 
r ings between superconduct ing 'mi r ro r s ' , because the 
oscillations are of identical na tu re to the weak-local isat ion 
magnetores is tance . 

The oscillation enhancement effect was observed exper­
imental ly [2] on rings with superconduct ing strips deposi ted 
on current leads (Fig. lc) . 

The enhancement of the A h a r o n o v - B o h m effect m a y 
also be due to sources unre la ted to the t r app ing of electrons 
between the mir rors . If the n o r m a l regions near super­
conduc to r s display coherent p h e n o m e n a similar to those 
seen in superconduc tors near the superconduct ing t rans i ­
t ion, then oscillations with the same per iod and a larger-
t h a n - n o r m a l ampl i tude can be expected [17]. 

The cont r ibu t ions of the above mechanisms were 
determined by experiments [3] on three types of silver 
rings, the geometry of which is shown in Figs lc - le . In 
the case (c), the superconduct ing mi r ro r s were placed on the 
current leads, as in the experiments of Ref. [2] ( ' long­
i tud ina l ' or L mir rors) . In (d), they were located at 
silver s tubs (which were set perpendicular to the current 
lines) at approximate ly the same distances from the r ings as 
in the (c) case ( ' t ransverse ' or T mirrors) . 

While in te rms of the usua l proximi ty effects the 
influence of the superconduc tors on the r ing conduc tance 
must be the same in b o t h cases, in the T geometry the 
electrons were free to leave the r ings via the current leads 
and hence no t r app ing occurred. F o r compar i son purposes , 
measurements on rings with no superconduct ing mi r rors 
were also m a d e (Fig. le) . 

The three s t ructures were found to be quite different in 
their t r anspor t proper t ies . In weak magnet ic fields, the 
ampl i tude of the magnetores is tance oscillations with a 
per iod cor responding to the q u a n t u m <P0 = h/2e was 
enhanced by two orders of magn i tude in r ings with L 
mi r ro r s compared to tha t of r ings wi thout mir rors . In the 
spectrum of T-mirror r ings, it was found tha t , in addi t ion to 
the enhanced h/2e componen t , at sufficiently low t empera ­
tures an h/4e per iodic componen t existed. 

The doubl ing of the oscillation frequency was qua l ­
itatively explained as being due to the effect exerted on 
weak localisation by the quasipart icles coun te rp ropaga t ing 
in closed (self-intersecting) diffusion trajectories with 
Andreev reflections from different superconduc tors . Such 
trajectories were first considered in Ref. [18]. As the 
superconduc tors develop a phase difference Acj) between 
each other , the coun te rp ropaga t ing electron waves acquire a 
phase difference of 50 = 2A0 [18]. 

In a magnet ic field, the to ta l wave phase difference 
includes the A h a r o n o v - B o h m phase , 2n$/$0, and the 
Andreev reflection phase , where also A0 = 27r<P/<P0 

(where <P is the magnet ic flux th rough the electron 
trajectory); see Ref. [14]. Wi th the phase shifts added, 
the oscillation per iod becomes <P0/2 = hc/4e. 

In principle, a doubl ing of oscillation frequency should 
also be observed in the L geometry, bu t this requires the 
adiabat ic i ty condi t ion or, in other words , rules out the 
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re ta rda t ion effect: the phase difference change between the 
superconduc tors must be small dur ing the t ime the electron 
diffuses between them. W h e n the measurement current 
flows in the L geometry, a po ten t ia l difference U develops 
between the superconductors , and, by the Jefferson relat ion, 
the phase difference is t ime dependent , Acj)(t) = 2eUt/h. 

A sufficiently s t rong current invalidates the adiabat ic i ty 
condi t ion, which is why no h/4e per iod is present . By 
decreasing the measurement current in the L geometry it is 
possible to transfer to the adiabat ic regime and to observe 
the h/4e componen t in the magnetores is tance oscillation 
spectrum. Such a t ransi t ion was seen in Ref. [6]. 

R e t a r d a t i o n effects, and, as a consequence, the d i sap­
pearance of the h/4e componen t , m a y also be observed in 
the T geometry, in which a finite po ten t ia l difference 
between the mi r rors m a y result from the fact tha t the 
quarter-circle arcs of the rings are in pract ice different in 
resistance [7]. 

The enhancement of the hc/2e oscillation b o t h in the L 
and T geometr ies raises the quest ion of whether the 
' t r app ing ' of the part icles between the mi r ro r s is indeed 
impor tan t . However , when electrons are prevented from 
leaving the r ing via the current leads, it has been shown [18] 
tha t the oscillation ampl i tude increases considerably. 

To demons t r a t e this effect, silver r ings with n o r m a l 
b i smuth current leads were studied. In this case the r i n g -
lead interface acts as a semi t ransparent mir ror for electrons 
because of the large difference in the size of the F e r m i 
surfaces of b i smuth and silver. 

Mesoscopic interferometers with phase control. There are 
several ways in which the phase difference between T 
mir rors , and hence the conduct ivi ty of a mesoscopic 
s t ructure, m a y be control led. 

If T mi r rors are connected to different po in t s on a 
current-carrying superconduct ing wire, a phase difference 
must form, p r o p o r t i o n a l to the phase gradient in the 
superconductor which in its tu rn is p ropo r t i ona l to the 
super cur rent . Such a system must give rise to per iodic 
resistance oscillations as a function of the supercurrent : a 
direct result of the transfer of the macroscopic phase from 
superconduct ing condensa te to n o r m a l quasipart icles. This 
p h e n o m e n o n was repor ted in Refs [9, 10]. 

The geometry of the experiment is shown in Fig. If. It is 
similar to T geometry. The only difference is tha t the T 
mi r ro r s of Fig . If are connected with an a luminium wire 
ME FGHIJKLN. Compar i sons were m a d e with conduct ivi ty 
measurements on a s t ructure with a singly connected cross-
shaped conduc tor instead of a r ing (dashed line in Fig. If). 

F ig . 2 presents the resistance of the segment AB of the 
n o r m a l cross-shaped s t ructure as a function of super­
conduct ing current in the a luminium wire at 0.02 K. 
N o t e the per iodic var ia t ion of the n o r m a l resistance with 
supercurrent . Similar oscillations were seen in r ing-shaped 
n o r m a l s t ructures connected to a superconductor . 

The oscillations can be accounted for by the fact tha t the 
cont r ibu t ion of the interfering electrons to the conduct ivi ty 
is changed as the phase of the superconduct ing condensa te 
is t ransferred to n o r m a l electrons in an Andreev reflection. 
In the absence of a magnet ic field, pass ing a supercurrent I 
gives rise to a phase shift, between the electrons reflected 
from the N / S interfaces at C and Z), a m o u n t i n g to 
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Figure 2. Resistance of the segment AB of the normal (silver) part of 
the cross-shaped structure (Fig. If) versus superconducting current 
through the aluminium wire ME FGHIJKLN at T = 0.02 K [10]. 

H ere Leff is the effective inductance of the superconduct ing 
wire segment between po in t s E and L. 

Oscil lations are also observed in a magnet ic field 
perpendicular to the substra te . A n example for a n o r m a l 
r ing-shaped s t ructure is i l lustrated in Fig. 3. The high 
oscillation frequency cor responds to the pene t ra t ion of 
the flux q u a n t u m <P0 t h rough the area b o u n d e d by the 
middle line of the superconduct ing loop. The upper and 
lower envelopes are due to the pene t ra t ion of q u a n t u m 
fluxes $0/2 and <P0 t h rough the n o r m a l r ing. 

A l though the origin of the oscillations m a y be con­
sidered established, their detailed mechanism is no t yet 
unde r s tood . N o satisfactory explanat ion has been given for 
the line shape, nor for the per iod and phase of the 
oscillations, or the pa t t e rn of oscillation in a magnet ic 
field (Fig. 3). A quant i ta t ive theory would tu rn the above 
measurements into a un ique and powerful investigation tool . 

Figure 3. Resistance of the segment AB of the normal part of the ring 
structure (Fig. I f ) versus magnetic field normal to the substrate, at 
T = 0.02K [10]. L 
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Effects of localised states and 
interparticle interactions on the 
STM/STS and AFM nanostructure 
diagnostics 
N S Maslova, Y u N Moiseev, V I Panov, S V Savinov 

The advent of scanning tunnel l ing microscopy (STM) 
provided a number of novel m e t h o d s b o t h for n a n o ­
s t ructure diagnost ics and for investigating physical 
processes t ak ing place on solid surfaces and interfaces. 
These m e t h o d s have recently been given the generic n a m e 
' nanoscopy ' and include S T M / S T S , a tomic force mic ro ­
scopy ( A F M ) , opt ical near-field microscopy, and capaci tor 
and magnet ic s trength microscopy. 

However , only S T M / S T S and A F M permi t a tomic 
spatial resolut ion and enable a wide variety of proper t ies 
and processes to be investigated in nanos t ruc tures , and it is 
pr imar i ly these m e t h o d s which are being used to modify the 
topological and electronic proper t ies of the near-surface 
layers of solid-state and molecular s t ructures . 

However , in spite of the n u m e r o u s exper iments carried 
out with these me thods , m a n y quest ions remain as to the 
effect tha t individual localised states and interpart icle 
in teract ions have on tunnel l ing processes in n a n o m e t e r -
sized contac ts and on the S T M / S T S and A F M data . 

F o r this reason, we will be mainly concerned with 
exper imental and theoret ical results which involve the 
influence of localised states and of interpart icle in teract ions 
on tunnel l ing and which enable adequa te description of 
S T M / S T S and A F M experiments . 

The influence of localised states on tunnel l ing processes 
in nanos t ruc tu res and low-dimensional systems is signifi­
cant for the following reasons: 

(1) reducing the tunnel l ing barr ier width to an in tera­
tomic scale causes a significant r ea r rangement of the initial 
electron spectrum owing to hybr idisa t ion effects; 

(2) when a characterist ic localisation length and the size 
of the tunne l junc t ion are of the same order , the na tu re of 
tunnel l ing m a y be determined by the proper t ies of a 
localised state; 

(3) in low dimensions, the energy levels of b o u n d 
localised states m a y shift into the gap even if the initial 
impur i ty levels are be low the valence b a n d edge; 

(4) the finite re laxat ion t ime of nonequi l ibr ium electrons 
considerably changes the t ime characterist ics of the tunnel 
current , par t icular ly when localised states are present . 

Exper imenta l studies were m a d e in which the S T M / S T S 
and A F M m e t h o d s were used. In nanometer-s ized tunne l ­
ling s t ructures formed by the STM point and the surfaces of 
var ious ordered monomolecu la r layers, per iodic charge 
density wave ( C D W ) structures, b o t h commensura t e and 
incommensura te with the molecular lattice per iods , were 
seen (Fig. 1). 

The C D W periodic s t ructures can be seen in an STM 
image at energy eVt <^ A (where A is the C D W energy gap, 
A > kT). This indicates tha t b o u n d localised levels asso­
ciated with tunnel l ing channels exist in the gap . 

Because of the hybr idisa t ion effects, such in-gap levels 
(i) cause an ab rup t (two to three orders of magni tude) 
tunnel l ing conduct ivi ty increase as the STM p o i n t - s u r f a c e 
distance is reduced by Az « 0.1 n m ; (ii) give rise to negative 

Figure 1. STS image of the v o l t - a m p e r e characteristic at the surface 
of a monomolecular Langmuir film. 
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Figure 2. V o l t - a m p e r e characteristic of a tunnelling junction above 
various port ions of a monomolecular Langmuir film. 

conduct ivi ty por t ions in the tunnel l ing v o l t - a m p e r e char ­
acteristic / t ( V t ) (Fig. 2); and (iii) p roduce oscillations in the 
tunnel l ing current 7t as a function of the interelectrode 
spacing Az (Fig. 3). 

It should be noted tha t density-of-states oscillations and 
sharp tunnel l ing conduct ivi ty increases occur in tunnel l ing 
contac ts formed by cluster systems and an STM point . 
However , these k inds of effect are par t icular ly p ronounced 
if there are defects and impuri t ies present on the electrode 
surfaces; p resumably evidence for the existence of localised 
levels within them. 

7 t / n A 
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Figure 3. Oscillations in the tunnelling current against the distance 
between the STM point and the surface of the molecular film for 
various tunnelling voltages. 
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The appearance of localised states on a semiconductor 
surface m a y drastically alter the t ime characterist ics of the 
tunnel l ing current . 

The S T M / S T S images of the surface of b o r o n - d o p e d 
silicon were found to display regions, abou t 2 n m in size, in 
which v o l t - a m p e r e characterist ics, / t ( V t ) , displayed 1.2 eV 
features. Increasing the scanning speed decreases the 
contras t of those surface regions formed by the tunnel l ing 
current intensity. Moreover , such regions become virtually 
invisible for measurements at po ten t ia l difference Vt less 
t han the peak value on It(Vt). 

In our view, the surface regions showing features in the 
7 t (V t ) or 87/8V plots provide evidence tha t individual states 
have localisation rad ius greater t han bo th the tunne l 
junc t ion size and the barr ier width . As a result, the 
tunnel l ing current m a y to a large extent be governed by 
the energy characterist ics of these states, provided the 
junc t ion poten t ia l difference is equal to or greater t han 
their energy. 

U n d e r these condi t ions there is a cont r ibu t ion to the 
tunnel l ing current from fluctuat ions typical of a te legraph-
noise spectrum with several discrete ampl i tudes and 
per iods . The implicat ion is tha t nonequi l ib r ium electronic 
processes cont r ibu te to tunnel l ing within the localisation 
regions. 

The results obta ined were explained in te rms of the self-
consistent theory of tunnell ing, which takes into account 
the electronic spectrum renormal isa t ion , the finite re laxa­
t ion t ime of the nonequi l ib r ium electrons, and C o u l o m b 
correlat ions. Within this mode l we were able (i) to obta in a 
general expression for the tunnel l ing current t h rough b o u n d 
localised states, t ak ing account of the n o n m o n o t o n i c n a t u r e 
of the tunnel l ing junc t ion v o l t - a m p e r e characterist ic, and 
(ii) to evaluate the energies of the b o u n d localised gap states 
which, for the quas i -one-dimensional and quas i - two-dimen­
sional electronic density-of-states functions at the edge of 
the sample spectrum are, respectively, 

1 / V2 V 

Ed=EY + W2 exp (-W2 ^f^j , 

where EY is the valence b a n d edge, V the tunnel l ing 
ampl i tude , and Wx and W2 are typical b a n d widths . It 
follows from this tha t the posi t ion of the levels involved 
depend on the junc t ion vol tage and the interelectrode 
separa t ion. 

Of major concern in the present s tudy was the effect of 
the intra-si te C o u l o m b repulsion of the posi t ion of the level. 
The localisation rad ius of the states is est imated to be 

where D is the s t ructure dimensional i ty and a its per iod. 
At ten t ion is also given to the nons t a t i ona ry tunnel l ing 

from localised states in the presence of C o u l o m b correla­
t ions. The t ime dependence of the tunnel l ing current is 
derived and its relative f luctuat ions are est imated. 

The results above suggest tha t as the size of the 
nanos t ruc tu re is reduced, localised states m a y domina te 
tunnel l ing processes, in t roducing substant ia l changes in the 
electronic proper t ies of the s t ructure. 
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At the same t ime, individual localised states tha t form 
resonant tunnel l ing channels may, within the localisation 
radius , be identified with a nanometer-s ized tunnel l ing 
s t ructure. However , there are as yet unanswered quest ions 
concerning the fabricat ion of such s tructures with reliably 
reproducib le and control led pa ramete r s . 

The results presented in the final por t ion of the talk 
i l lustrated the use of nanoscopy in physical studies and 
precision measurements . These include the observat ion of 
the surface diffusion of single a t o m s and small metall ic 
clusters; the elucidation of the na tu re of giant reflection 
under nonl inear-opt ics condi t ions from a nonun i fo rm meta l 
surface; the s tudy of the pho toconduc t iv i ty of single organic 
molecules; the de terminat ion of the topo logy of ca rbon 
nanop ipe molecules; interface diagnost ics; the use of STM 
for single-molecule manipu la t ion , for surface modif icat ion, 
and in shor t - replacement t ransducer design; the use of 
A F M in in tera tomic interact ion spectroscopy, in experi­
men t s on the de terminat ion of the pa rame te r s of 
hypothet ica l long-range forces, etc. 

The work has been suppor ted in pa r t by the "Solid 
N a n o s t r u c t u r e P h y s i c s " P r o g r a m (No . 1-032), the 
R F R F Project (No . 93-02-2214), and the ISF Project 
(No . M 5 D 0 0 0 ) . 
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