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D(Eg) for an assumed mobility of g = 50m?*/Vs. Obviously D{EF) at finite temperatures
(T = 4K, solid line and T = 15K, dott ] line) is not sensitive to the pronounced changes
in the miniband structure with ng. Its effect on the longitudinal conductivity oz.(EFg),
however, is dramatic (see right panel, note the different scales). The essential effect derives
from the velocity matrixelements: taken between states of the same miniband they are large
if the miniband has pronounced dispersion, therefore, the band conduvctivity is dominant for
ng. For flat minibands (1, = 9/8) band conductivity is strongly reduced and o..(Eg) is
essentially due to scattering contributions between different minibands, which gives values
an order of magnituue smaller than for ng = 1. Changing the temperature from 4K (solid
lines) 1o 15K (dotted lines) simoothes the dependence on Er but does not change the absolute
values,

Converting these results to resistivity data we get peaks at integer or half integer ng,
i.e. periodic in B, which persist even at higher temperatures of about 10K and for varying
electron densities. In this respect they differ from other coexisting structures connected with
classical (commensurability peaks) or semiclassical (SdH oscillations) mechanisms, which
disappear at higher ternperature. We expect chat these B periodic quantum peaks whose
origin is in the magnetic miniband structure should be observable in properly designed lateral
superlattices [12].
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MAGNETORESISTANCE OF A LATERAL CONTACT TO 2D ELECTRON GAS
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Recently, contacts between superconductors and 2DEG attracted much interest [1, 2, 3, 4, 5).
In this papers, we investigate the / — V characteristics and the contact magnetoresistance in normal
state of well-defined lateral niobium coniacts to high-mobility InGaAs heterostructures (Fig. 1).
A strong decrease of the boundary resistance with magnetic field is observed. Such a negative
magnetoresistance is known to exist in ballistic constrictions [€]. where it is attributed to a reduction
of backscattering by the magnetic field. The lateral Nb-2DEG contacts studiea n the present paper
are no geometrical constrictions in the 2DEG plane but ketero-contacts with a potential barrier
located at a sharp interface. We will show that for a hetero-contact an additional mechanism for
this negative magnetoresistance is provided by multiple collisions of ballistic electrons with the
contact.
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Figure 1: (a) Schematic cross-section of the investigated lateral contact to the 2-dimensional
electron gas layer and (b} top view of the sample layout.

Experiments have been performed with InGaAs/InP heterostructures schematically shown in
Fig. 1. The 2DEG is formed in a strained Ing77Gay23As conduction channel (7, 8], The In-rich
layer allows to obtain a very low Schottky barrier and a vanishing depletion region at the boundary
18, 9]. The conduction channel is placed under & 150 nm thick Iny s3Gag 47As barrier layer. The top
surface of the structure has been covered with an insulating layer of Si0;. Transport :neasurements
yield a mobility of about 3.7 x 10% ¢cm?/(V s) and a sheet carrier concentration of 7, := 6 x 10"
«m~? in the first subband. Lateral contacts to the 10 nm-thick Ing 77Gap 21As layer were prepared
by etching the heterostructure and depositing niobium from the side. Prior to the deposition. the
surface was cleaned in situ by Ar sputtering.
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Figure 2: Differential resistance of a 2.4 um long contact for various magnetic fields B applied
perpendicular to the plane of the 2DEG. The measurements have been carried outat 1.2 K with an
ac-current of 100 nA,

The differential resistance of the contacts has been measured in the temperature range between
0.05 K and 10 K. A dc-current [y, superimposed by a small zc-current [, was applied between
the contacts 1 and 2 while the ac-voltage drop V.. was detected by lock-in technique between the
contacts 3 and 4 [see Fig. 1 (b)]. Contacts 2 and 3 made on superconducting Nb had the same
potential resulting in a (quasi) 3-terminal measurement configuration.

A pronounced nonlinearity in the differential resistance & = dV/dI of the contacts due to
the superconducting energy gap of Nb has been observed below the transition temperature of Nb
(about 9 K). The ratio of the zero-bias resistance Ry to the normal state resistance Hxy of about

1.5 (see Fig. 2) indicates the presence of a well-defined barrier at the lateral interface between the

IDEG and niobium. Increasing the magnetic field from 0T to 0.5 T leads to a stroi.s decrease of
the zero-bias and the normal state resistance of the contact.

The gap voltages V;,p of both polarities indicated by arrows in Fig. 2 are smaller than the Nb
bulk gap Ays = 1.3 meV due to a thin nonsuperconducting layer which may exist at the Nb/2DEG
interface and proximity effect between Nb and 2DEG. To account for these effects a generalization
of the BTK fnodel {10} has been done recently.. In the follo. ing, we concentrate on the discussion
of the normal state properties of our contacts.

In order to detertnine the boundary resistance, the series resistance of the 2DEG has to be
excluded from the data, The used 3-terminal measurement configuration contains a Hall contribu-
tion of the 2DEG for one magnetic (. .Id direction. For this reason, in our measuremel.s we have
chosen the opposite field direction without Hall contribution. Except for the Shubnikov de Haus
oscillations at high tields, the 2DEG has a specific sheet resistance of about 25 Q. Thus, at low
tields the series resistance of the 2DEG is definitely smaller than the contact resistance. The zero
tield resistance might be influenced by an asymunetric current distribution in the 2DEG which is
changed in small magnetic fields. We investigated this effect by performing measurements with
different contact configurations. The relative change of the resistance for /3 = (0 was in all cases

less than 20% . Thus. we conclude that the series resistance of the 2DEG plays o minor role here.
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Further, two-dimensional weak localization could be excluded as a possible reason of the nepat
magnetoresistance: varying the temperature between 50 mK and 10 K had very lintle intlucnce on
the observed R( 13) behavior.

Figure 4 shows the cxperimentally measured resistance (points) of a 0.6 pm long contict an

a funr;r'!on of the applied magnetic field B. We observe a strong decreuse of the resistance with
increasing magnetic ficld. The measurements have been carried out at a temperature of 50 mK
with an ac-current of /. = 50 nA. In order to detect sclely the normal state resistance variahion, a
de-current of /4. = S pA has been drawn through the Nb-2DEG contact provided the voltage drop
larger than Viy,. At ficlds above | T small Shubnikov de Haas oscillations occur winch indicate
the influence of the 2DEG measured in series with the contact.

. IAll electrons in the 2DEG near the Nb-2DEG interface can be - xplicitly divided into nonequi
librium current-carrying electrons (“effective electrons™ EE) {12, 13, 14) and those i equilibrium
which do not contribute to the current. The ballistic mean free path for electron transpoitin the
considered 2DEG is of the order of the contact length /.. Therefore, some of the EE move w the
contact ballistically while others are scattered in the vicinity of the interface and give tixe 10 2
!’lcid—independ:m, diffusive contribution to the current. For the case of a Frite u'an.s],aﬁi-:uq al the
interface, y < 1, relevant tor our Nb-2DEG contacts, all EE are partly reflected. Depending on the
field strength the ballistic EE may return to the contact fullowing cyclotron orbit and give rise to
thg observed negative mugnetoresistawce.

The diffusive contribution t the conductance (1) is given by a modification of the 2D
analogue of Sharvin's formula |6, 12, 14]:

=j2

ft;()s{n]l){n}d'n tnh
(1] .

Gan = M 2 kel
T

T

when? M < 1isthe fraction of diffusive EE relative to the total number of initial EE; 4. denotes the
Fcr‘ml wave vector of the 2DEG electrons and (« ) is the angle dependent transimission coetticient
Whlf.‘h may be approximated by N(a) = ycos(a) fory < 1y depends on the Fermi velocities und
the interface barrier strength; o is the angle between the normal to the boundary and the velocity
of the electron (see Fig. 3).

To calculate the bal.stic contribution (wn(/3) to the conductance we extend the cluvsical
analogy to edge state transport namely skipping orbits [ 15] 1o very low ticlds (5 mT). Accordingly
the ballistic EE follow cyclotron orbits with a Larmor radius of re == Bk /(e ). We ssume furthet
!.hal }hesc electrons are retlected specularly by the sample edpé as well as by the - ntact, as shown
in Fig. 3. The angle disteibution of wne initial ballistic EE is assumed to be homogencous withm
the interval - 7/2 < o < /2.

_ The number of tunneling attempts n for a ballisue EE depends on the ratio £/(2r00 and
directly enters the effective transmission probability [y(a.n) = 370, De)(1 - i« r;‘ !
1 = {1 = D{a)]". Therefore, reducing r, by wn increase of the mugnctic‘;.i-t’ld leads woan inctease ol
n and consequently of Deg{er, ). The effective trunsmission probability has to be averaged over
angles and starting points of the ballistic trajectories Teading to the following expression toe the
hallistic contribution to (/{ /7):

, etk gk 1 W) I b r
Chran 1) = ¥ e £ dn{l.'m[w_.‘hl“)i oy (n_lm( ~|:er| )),f,-} (h
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Figure 3 Ballistic ¢’ *ctron wajectories at the tunnel barrier interface in the applied magnetic field
11 tor positive (1) and negative (2) angles .

wheie Int()') Jenotes the integer part of Y representing the number of tunneling attempts, and
o] 2rccos(a) is the distance between two collisions with the boundary. The constant N < |
detines the relative conttibution of Gy and Cha( 13). As the total number of  itial modcs is given
by &, 1 /1, the normalization condition requires M + N = 1.

As follows from Eq. (2) Gt - 0) vanishes, and (7(0) can be approximated by (igm -
i hevetore, the normalizea magneloresistance can be written as:

By GO e )

Ty GHy Conatl 19) + Clant

In the considered case of strongly different electronic concentrations of the contacting metals
the 1t cused transparency which enters Gy ( 13) is not compensated by backflow processes from
Nb to 2DEG sines the Larmor radius in Nb is much larger than the contact length and the mean
f1ee path 2 Nb.

The above discussion of increasing Dgg{o.ne) by magnetic held in the same way holds for
unvvcupd states (holes 116])in the 2DEG: leading to the symumetry of the magnetoresistance with
tespedt to the polarity of the de-voltage drop V' iFig. 2).

R/ 1{0) has been caliutated numerically from Eys. (2 2) und t 3) and is shown in hb 4. The
upper x-anis is directly related to the magnetic field axis taking the geometrical width /. = 0.6
s and the known value B+ 1, = 1,13 Tpm for our 2DEG. A rather good a;,rccmenl between
cvperment and theuty can be achieved for the fitting parameters y = (.1 and /. NV = 34, The
et shows the correspotidiine contributions Gl 1) and (e which add to the total conductance.

Fe -Lit2i ) = | tb. decrease of magnetoresisiance is mainly due to the enhancenent of the
probutiiity for ballistic EE to interact with the contat at all. This effect i comparable to the
appression of fackseattenmg by magnetic field fora geometrical constriction in a 2DEG discussed
fon the ballisie teg o [6), For L0200 > 1 all balhistic EE which do not el at their Bt
attenipt have more than oee anneling auempt, further decreasing the magnetoresistance. In tiw
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Figure 4. Normal state resistance of a (.6 ym long contact (points) as a function of the apphied
magnetic field. The lines show the calculation results using Eq. (3) for 'values of the bt
transmission coefficient i indicated i the plot. The inset shows (s and Gl 1) 00 whitary
units.

limit of low transparency, n < 1, and for intermediate tields Ey. (2 ) can be rewtitten ay

2 kgLl A
Choa{ 1) = ;; -—:r f%i , la ; @yt “h
.l' ’.|

and R( )/ H{0) bec: mes independent of . A corresponding curve for o = 10 Vs also plotted
Fig. 2. At very high fields when [ /r, 5 5! the magnetoresistance starts 10 saturate at the feal
R(BY/R(O) = My[/(My + 2N ) as Daglar, n) approaches unity.

We measured more than ten contacts of various dimensions (between (06 i and HHE oy
different temperatures below and above the critical temperature of Nb. Fair apr iment between
theory and experiment was found with 5 values between (0.1 and 0.3,

In summary, we report that Nb contucts to the edge of a high-muobility 2 dimensional elecion
gas in InGaAs heterostructures show the gap structure of Nb and i Lage negative magnetonesistan e
The latter is explainect in terms of a confinement of electron wrajectonies near the  ontact bounda
with increasing magnetic field. The suggested maodel shows good agrevenent with expenment and
can be used to characterize the contacts.

We would like to thunk M. Devoret, V.1 Dolgopotov, V E Ganimakher, A K Gienn, A Kol
sky. H. Liith, D. Maslov, Th. Schipers, G. Schan, A AL Shashkin, B, Spivak and 141 van Wee,
for helpful discussions and critival remarks. M. Yu Kuptiyanov abso thanks for the partial sup ot
from the Russian Scientific Program “Physics of Solid State Nanostuctures”,
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INFLUENCE OF EXCHONIC EFFECTS
ON THE TRANSFER OF CHARGE CARRIERS
IN ASYMMETRIC DOUBLE QUANTUM WELLS

EoCo Mich), R Winkler and UL Rossler

Institut fiie Theoretische Phvsik,
Tniversitiit Regensburg, D=93010 Regoast vp, Germany
c-mail: Florian Michlophysik.uni-tegenshurg de  fic o 109 901 948 1382

Asymmetrie double guantum wells (ADQW?S) provide an ideal svstem fon studving the tranes
for of charge carriers throngh brriers in seideondactor heterostrnetinnes. A= this transbe {0
tunneling’ ina semi-classical deseription) is o high interest for fundamental physios aeowell
as for deviee applicatic s, an abundance of expeiiments one ADOQW  has been perfonmed
over the last years. Usually, the transfer of electrons and holes is invest ipated by time e
solved photolumineseenee exeitatic  experiments: the exciton Ts state forpsed by the it
excited eleetron andd hole subl nd of the ADQW is resonantly excited by anoalivashort e
pulse. The wave Tunctions bolonging to these subbands are loeated mo v o the narnow
well, The time dependence of the Tuminescenee from this exeiton as well as the taue depen
dence of the ninescence from the exeiton is state formed by the fowest election sl holbe
subbaned of the ADQW are monitored. From an anivsis of these two transicits, tao tune
constats can be extracted. They correspond to the transfer vates of electrons and holes
For almost a decade, such experiments have heen performed on samples winde from 12V
semiconductors. The results could he well explivined in the famewmk of o single paatache
theory, vielding a fist relaation rate for the electvons and aovather slow rebiosation rare tor
the holes, The ditferepee in the velaxation rates For the two kinds of chiacee aiers has v
origin in their ditfevent effective wnsses, which in vurn leads to a Loger subilbioed spacing o
the electrons, fnomany cases, this subband spacing is Targer thaon the energy ol o bongitdinad
optical plhonon, while the subband spacing for boles s oss than fepae The elections can
therefore velax by the more etficient Froliheh conpliog, while the holes can onldv elax b
the less effivient deformation-potential conpling, @ e e conssion of Tongomdina] aconste
phnnons.

Over the Tast few years, similar expe: nents have been pedonmed ou samples made fooan
H-Vissemiconduetors, Tn these experiments, an entiely different pretnre of the tnunehng
Drocess l'rIII'T'p,l-ll‘. electrons aund holes do not tun | I!llll‘pl'llih'lllh s twa STepy o s i
more (although the respective tite constants e the single-paatiele pietae can ditber by o
arder of magnitude). I contrast, the exciton secms to he transtered tooneh the baer w0

an entity, The reason for this new belawior has 1o be fonud in the Targer polaniy ot 1l
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