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How localized electrons interact with delocalized electrons is a
central question to many problems in sold-state physics'~. The
simplest manifestation of this situation is the Kondo effect, which
occurs when an impurity atom with an unpaired electron is placed
in a metal’. At low temperatures a spin singlet state is formed
between the unpaired localized electron and delocalized electrons
at the Fermi energy. Theories predict*”’ that a Kondo singlet
should form in a single-electron transistor (SET), which contains
a confined ‘droplet’ of electrons coupled by quantum-mechanical
tunnelling to the delocalized electrons in the transistor’s leads. If
this is so, a SET could provide a means of investigating aspects of
the Kondo effect under controlled circumstances that are not
accessible in conventional systems: the number of electrons can be
changed from odd to even, the difference in energy between the
localized state and the Fermi level can be tuned, the coupling to
the leads can be adjusted, voltage differences can be applied to
reveal non-equilibrium Kondo phenomena’, and a single localized
state can be studied rather than a statistical distribution. But for
SETs fabricated previously, the binding energy of the spin singlet
has been too small to observe Kondo phenomena. Ralph and
Buhrman® have observed the Kondo singlet at a single accidental
impurity in a metal point contact, but with only two electrodes
and without control over the structure they were not able to
observe all of the features predicted. Here we report measure-
ments on SETs smaller than those made previously, which exhibit
all of the predicted aspects of the Kondo effect in such a system.

When the channel of a transistor is made very small and is
isolated from its leads by tunnel barriers it behaves in an unusual
way. A transistor can be thought of as an electronic switch that is on
when it conducts current and off when it does not. Whereas a
conventional field-effect transistor, such as one in a computer
memory, turns on only once when electrons are added to it, the
SET turns on and off again every time a single electron is added to
it>'°. This increased functionality may eventually make SETs tech-
nologically important.

The unusual behaviour of SETs is a manifestation of the quanti-
zation of charge and energy caused by the confinement of the
droplet of electrons in the small channel. As similar quantization
occurs when electrons are confined in an atom, the small droplet of
electrons is often called an artificial atom'""2.
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We have fabricated SETs using multiple metallic gates (electrodes)
deposited on a GaAs/AlGaAs heterostructure (Fig. 1a) containing a
two-dimensional electron gas, or 2DEG. First, the electrons are
trapped in a plane by differences in the electronic properties of the
heterostructure’s layers. Second, they are excluded from regions of
the plane beneath the gates when negative voltages are applied to
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Figure 1 a, Scanning electron microscope image showing top view of sample.
Three gate electrodes, the one on the right and the upper and lower ones on the
left, control the tunnel barriers between reservoirs of two-dimensional electron
gas (attop and bottom) and the droplet of electrons. The middle electrode on the
left is used as a gate to change the energy of the droplet relative to the two-
dimensional electron gas. Source and drain contacts at the top and bottom are
not shown. Although the lithographic dimensions of the confined region are
160 nm square, we estimate lateral depletion reduces the electron droplet to
dimensions of 100 nm square. The gate pattern shown was deposited on top of a
shallow heterostructure with the following layer sequence grown on top of a thick
undoped GaAs buffer: 5nm AlgsGag;As, 5% 10%cm~" Si é-doping, 5nm
Aly3Gag7As, §-doping, 5 nm Alg3Gag7As, 5 nm GaAs cap (H.S., D.G.-G. and U.M.,
manuscript in preparation). Immediately before depositing the metal, we etched
off the GaAs cap in the areas where the gates would be deposited, to reduce
leakage between the gates and the electron gas. b, Schematic energy diagram of
the artificial atom and its leads. The situation shown corresponds to V4 <kT/e,
forwhich the Fermienergies in source and drain are nearly equal, and to a value of
V, near a conductance minimum between a pair of peaks corresponding to the
same spatial state. For this case there is an energy cost ~U to add or remove an
electron. To place an extra electron in the lowest excited state costs ~U + Ae.
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those gates. This creates a droplet of electrons separated from the
leads by tunnel junctions. This basic technique has been used
previously”™". To make our SETs smaller than earlier ones, we
have fabricated shallower 2DEG heterostructures (H.S., D.G.-G.
and U.M., manuscript in preparation)® as well as finer metallic gate
patterns by electron-beam lithography. The smaller size of the SETs
is critical to our observation of the Kondo effect. (Dimensions are
given in Fig. la.)

Several important energy scales and their relative sizes determine
the behaviour of a SET (see Fig. 1b). At low temperature, the
number of electrons N in the droplet is a fixed integer (roughly 50
for our samples). This number may be changed by raising the
voltage of a nearby gate electrode which lowers the energy of
electrons in the droplet relative to the Fermi level in the leads.
The change in energy necessary to add an electron is called U, and in
a simple model is the charging energy ¢’/2C, where C is the
capacitance of the droplet. As U is determined by the Coulomb
repulsion between pairs of electrons in the droplet, it scales
approximately inversely with the droplet’s radius.

For small droplets, the quantized energy difference between
different spatial electronic states becomes important. We call the
typical energy spacing between spatial states Ae. Another important
energy I is the coupling of electronic states on the artificial atom to
those on the leads, resulting from tunnelling. When I" is made
greater than Ae, the electrons spread from the artificial atom into
the leads, and quantization of charge and energy is lost, even at
temperature T = 0.

1.25 T T T r
1.00

0.75 1
0.50
0.25r

1.25
1.00 1
0.75 -

.
0.50 | Do N e .

G(e¥h)
~

025F S 4 ]
0.020 = : [ =7 :

0.015 1
0.010 - 1

0.005 - 800 mK

o m .ou

=20 0

0 :
-100 =80 -60 -40

Vg (mV)

Figure 2 Temperature dependence of zero-bias conductance G through two
different spatial states on the droplet. a, Paired peaks corresponding to the two
spin states for each spatial state become better resolved with increasing
temperature from 90mK (full line) to 400mK (dashed). The intra-pair valleys
become deeperand the peaks become narrower. b, From 400 mK (dashed line) to
800 mK (dotted) the paired peaks near V, = — 70 mV broaden. The peaks near
Vy = —25mV are still becoming better resolved even at 800 mK, as they have
larger I and hence larger Tk. ¢, When I is reduced (as illustrated by shorter and
narrower peaks), U increases relative to Ae, SO peak pairing is no longer evident.
Because the Kondo phenomenon is suppressed, peaks become narrower as
temperature is decreased at all T down to our base temperature of 90 mK. Full line
is for 90 mK, dotted line for 800 mK.
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Finally, the energy that determines whether Kondo physics will be
visible is kT, which is always smaller than I'". (Here k is Boltzmann’s
constant and Ty is called the Kondo temperature’. By making
smaller SETs we have made Ae relatively large, permitting large I
and thus Ty comparable to accessible temperatures. In semi-
conductor SETs, I' can be tuned by changing the voltage on the
gates that create the barriers between artificial atom and leads. We
find that with our new SETs we can vary I slowly as it approaches
Ae, and thus optimize T.

In our experiment, we make two types of measurements. In the
first, we apply a voltage of a few microvolts between the two leads to
the SET, called the source and drain, and measure the current that
flows through the droplet as a function of the voltage V, on one of
the SET’s gates (the middle electrode on the left in Fig. 1a). For such
low applied voltage (<kT/e), current varies linearly with voltage,
and the zero-bias conductance can be measured. We use a 10 Hz a.c.
excitation, and perform lock-in detection of the current. In the
second class of measurements, we add a variable d.c. offset Vs (up
to several millivolts) to our a.c. excitation, and again use lock-in
detection of current to obtain differential conductance dI/dVy
against Vy.

Varying V, on a SET typically results in adding an electron to the
droplet each time the voltage is increased by a fixed increment
proportional to U. As current can flow through the SET only when
the occupancy of the island is free to fluctuate between Nand N + 1,
aplot of conductance against V, shows a series of sharp, periodically
spaced peaks'>™". Figure 2c shows this behaviour when I is made
relatively small. When I' is large, as in Fig. 2a and b, we find that
these peaks form pairs, with large inter-pair spacing and small intra-
pair spacing. The two peaks within a pair have comparable widths
and heights, whereas between pairs the widths vary significantly.
These observations are direct evidence that two electrons of differ-
ent spin are occupying each spatial state. Between paired peaks, N is
odd, whereas between adjacent pairs it is even. As two electrons
corresponding to the pair of peaks are added to the same spatial
state, the intra-pair spacing is determined by U. However, when N is
even (between pairs) the next electron must be placed in a different
spatial state, so the interpair spacing is determined by U + Ae.

When I’ < kT the peaks in conductance against gate voltage
become narrower and larger with decreasing T, as illustrated in Fig.
2¢, saturating at a width and height determined by I'. This behaviour
results from the sharpening of the Fermi distribution'>'®. Figure 2
illustrates that this pattern is followed for large I', as well, on the
outside edges of paired peaks at all T. However, inside pairs the
peaks become narrower as T'is reduced from 800 mK to 400 mK, but
then broaden again at low temperatures, resulting in increased
conductance in the intra-pair valley. Thus, not only the peak spacing
but also the mechanism of conduction itself is different within pairs
from between pairs. The enhancement of linear conductance at low
temperature for odd but not even N is a manifestation of Kondo
physics'. If N is odd there is an unpaired electron with a free spin
which can form a singlet with electrons at the Fermi level in the
leads. This coupling results in a greater density of states at the Fermi
level of the leads, and hence higher conductance®’. Raising the
temperature destroys the singlet and attenuates the conductance.

Another aspect of the Kondo effect is the sensitivity of the excess
conductance between the pair of peaks to the difference in Fermi
levels in the two leads. The extra electron in the droplet couples to
electrons in both leads, giving a greater density of states at both
Fermi levels”***'. When the applied voltage is large, separating the
Fermi levels in the two leads, the electrons at the Fermi level in the
higher energy lead can no longer resonantly tunnel into the
enhanced density of states in the lower energy lead, so the extra
conductance is suppressed. This can be seen in Fig. 3, a plot of
differential conductance against V. The enhanced conductance is
suppressed by a bias of ~0.1 mV in either direction.

Figure 3 illustrates how this nonlinear conductance measurement
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also offers a complementary way of seeing the suppression of the
zero-bias enhancement with temperature. By 600 mK, the Kondo
resonance has almost completely disappeared between the peak pair
near V, = —70mV.

A magnetic field also alters the Kondo effect. Applying a magnetic
field splits the unpaired localized electron state into a Zeeman
doublet separated by the energy gugB. This also splits the enhanced
density of states at the Fermi level into two peaks with energies gugB
above and below the Fermi level”. When the Fermi level of one lead is
raised or lowered by a voltage gupB/e relative to the other lead,
electrons can tunnel into the Kondo-enhanced density of states. In
differential conductance at high magnetic field, we thus see peaks at
*gupBle (see Fig. 3). The splitting of peaks in differential con-
ductance by twice guzB (compared to the spin splitting of the
localized state, gugB) provides a distinctive signature of Kondo
physics. Because the peaks are broad and overlapping, measuring
the distance between their maxima may underestimate their split-
ting at lower magnetic fields. At 7.5 T, when the peaks no longer
overlap, we find their splitting to be 0.033 = 0.002meVT '. In
comparison with measurements on bulk GaAs, this is significantly
smaller than 2gugB yet larger than gu B = 0.025 meV T~ '. Electron
spin resonance measurements have found* that spin splittings in a
two-dimensional electron gas are suppressed compared with values
for bulk samples, sometimes by as much as 35%. Thus, our
measurement is consistent with a splitting of 2gugB.

Figure 4 shows the differential conductance at low temperature
and zero magnetic field as a function of both V4, and V. This range
of V, spans the better-resolved pair of peaks near V, = — 70 mV in
Fig. 2 as well as the valleys on either side of it. The bright diagonal
lines result from strong peaks in dI/dVy, (outside the range of Vi
shown in Fig. 3) marking the values of V4 and V, where N can
change to N+ 1 or N — 1. The slopes of these lines contain
information about the relative capacitances of gates and leads to
the droplet of electrons. Together with the intra-pair spacing of
peaks in zero-bias conductance as a function of V, at 800 mK
(Fig. 2), these relative capacitances give a value for U of about

1.0

90 mK
0.8 0T

90 mK
4T

N J\
0.4 \/LJ 1
0.2

1.0
300 mK 90 mK
~ 08 0T 6T
=
3 J\/\J
P
E 0.4
= m
=02
1.0
600 mK 90 mK
0.8 0T 75 T
v VAN
0.4
\_/_/\
0.2 —
0
-0.4 -02 0 02 04 -02 0 02 04
Vds (mV)

Figure 3 Temperature and magnetic field dependence of the zero-bias Kondo
resonance measured in differential conductance. Increasing temperature sup-
presses the resonance, whereas increasing magnetic field causes it to split into a
pair of resonances at finite bias. These scans were made with gate voltage halfway
between the paired peaks near V; = —70mV in Fig. 2. Because the energy of the
spatial state we are studying changes with magnetic field, the valley between our
two peaks occurs at a different gate voltage for each value of magnetic field.
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Figure 4 Differential conductance on a colour scale as a function of both V and
V4s. The white vertical line between the two maxima indicates that there is a zero-
bias peak for odd \V only.

0.6 meV. The ratio I'/Ae is of order unity, so electron wavefunctions
in the droplet extend somewhat into the leads, suppressing U. When
I' is reduced for this same device (as in Fig. 2c), U increases to
~2 meV. From the difference between inter- and intra-pair spacing
in Fig. 2 we find Ae = U. To determine I', we set Vj so that the
spatial state corresponding to the paired peaks is empty. Then the
width of the peak in a plot of dI/dVy, against Vg corresponding to
tunnelling into the empty state is the bare level width I = 0.2 meV.
This is unmodified by Kondo-enhanced tunnelling, which can only
occur when the state is singly occupied in equilibrium. All three
quantities U, Ae and I are considerably larger than
kT = 0.0078 meV at base temperature.

A white vertical line at V4, = 0 in Fig. 4 shows that the zero-bias
conductance is enhanced everywhere between the paired peaks but
not outside the pair. We find, in fact, that there is a zero-bias
suppression just outside the pair, especially to the side towards
negative gate voltage where our Kondo level is unoccupied®. The
sharpness of the Kondo peak compared with other features is a
dramatic illustration that we have, indeed, observed the Kondo
effect in our SET. U
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Perovskite manganites derived from LaMnO; have recently
become the subject of intensive study following the discovery of
‘colossal’ magnetoresistance (a magnetically induced change in
electrical resistance of up to several orders of magnitude) in
several members of this family of compounds'. The manganites
exhibit a broad range of electronic and magnetic phases, ranging
from low-resistance ferromagnetic metals to high-resistance insu-
lators, which are extremely sensitive to variation of composition’,
temperature and pressure’. A recent study showed that such
sensitivity also extends to oxygen isotope exchange*: replacing
160 with 'O in LaggCay,MnO; produces an unusually large
change in the magnetic properties (a 21-kelvin decrease in the
Curie temperature). The magnitude of this isotope shift is evi-
dence for the essential role played by electron—phonon coupling’
in determining the transport properties of these materials. Here
we show that this sensitivity to oxygen isotope exchange can be
even more extreme. In its normal state, the compound
Lag,175Pr¢.5,5Ca93sMnO; undergoes an insulator-to-metal transi-
tion as it is cooled below ~95 K. But we find that, after substitut-
ing '30 for '°0, the compound remains an insulator down to 4.2 K,
so providing a vivid demonstration of the importance of lattice
vibrations in these materials.

Here we consider the perovskite manganites R;-,M,MnQOj; (where
R is a rare earth cation, M is a doubly charged cation of large ionic
radius, and both R and M fill A positions of ABO; perovskite lattice;
ref. 1). In this system, colossal magnetoresistance (CMR) occurs in
the temperature range of the phase transitions resulting in the
formation of a ferromagnetic phase: only the ferromagnetic phase
shows the metal-like conductivity. The most likely explanation of
such behaviour relates the electrical conductivity to the strong
intra-atomic spin coupling of ,, and e, electrons, and double
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exchange between neighbouring Mn®* and Mn*" ions assisted by
2p orbitals of O. At high temperatures, all R;_,M,MnOj; phases are
paramagnetic and semiconducting. With a decrease of temperature,
a variety of phase transformations occurs depending on the doping
level (x) and average ionic radius of the cations in the A position
(ra). In the range x = 0.2-0.5 the ferromagnetic transition takes
place if the tolerance factor t (where t =d, o/, Ldy,_o, and d
denotes a interatomic distance) exceeds the critical value 0.91 as
with La;_,Ca,MnO; (ref. 2); this value has been found empirically
using Shannon ionic radii. The Mn—O bond length varies insignif-
icantly with changes of R and M at the constant Mn**/Mn*" ratio,
whereas the A—O bond length is a function of r4. MnOg octahedra
forming a three-dimensional array in the perovskite structure can
be considered nearly invariant. These octahedra tilt and rotate to
follow the reduction of space around the A cation if ¢ decreases™
This buckling results in a decrease of the Mn—O—Mn bond angle 6,
which disrupts the overlapping of 2p orbitals of O and ¢ orbitals of
Mn ions. If the overlapping is insufficient, then double exchange
is no longer possible in Mn—O—-Mn chains. The localized holes
at e, orbitals tend to lead to the formation of a charge-ordered
(CO) state of the type found in La;5CaysMnO; (ref. 6); the
material also becomes antiferromagnetic. Such a situation occurs
in Pr;-,CaMnO; (+ <091 for x =0.2-0.4), which has been
intensively studied”®.

The behaviour mentioned above suggests that, besides double
exchange, the electron—phonon coupling must play an essential role
in the CMR manganites. For instance, the stretching vibration of the
Mn-O-Mn chain would change angle 6 (which controls the double
exchange) and consequently the electrical conductivity of the chain.
For t = 0.91, one can imagine a material which still has metal-like
conductivity owing to the stretching vibration, where the angle 0
periodically reaches a sufficient value for effective double exchange.
If one suppresses the vibration, then the material under study is
expected to become a CO insulator. We therefore considered the
possibility of producing a pronounced variation of the electrical
conductivity by substitution of *O for O in R, ,M,MnO; at
t = 0.91 owing to the strong electron—phonon coupling. For the
first time, a 21 K decrease of the Curie temperature T after isotope
exchange O — 'O has been reported by Zhao et al* for
Lay 3Cay,MnO; with ¢ = 0.92. For compositions with higher t the
isotope effect was less profound; in the case of Lag g4sMnyg 94503, a T
shift of ~12 K was observed’. These results suggest that a stronger
oxygen isotope effect could be obtained by decreasing .

The system (La;—,Pr,)y7Cay ;sMnOj; should be suitable for testing
this approach to the production of a strong isotope effect. On the
one hand, in this series of solid solutions ¢ passes through critical
value 0.91. Starting at ~260K for La,,;Cay;MnO;, both T and
maximum resistivity temperature (T,) decrease rapidly with
increasing Pr content: Pry;Ca;3;MnQO; is a CO insulator. On the
other hand, (La;-,Pr,),7Cay3MnOs is a convenient system to work
with because the oxygen stoichiomery is rather insensitive to
variations of the heat treatment (temperature and partial pressure
of 0,)2 So the Mn**/Mn”" ratio is constant in the series. The isotope
effect observed by us for the composition Lay ;75Prg 5:5Cag3:MnO5
has been far in excess of our expectations, as not merely a shift of T},
but also a metal—insulator transition due to the isotope exchange
was established.

To prepare ceramic samples, aqueous solutions of La(NO;);,
Pr(NOs;);, Ca(NO;), and Mn(NOs3), were mixed together in the
proper ratio, and ash-free paper filters were soaked with the
solution. The paper was dried at 120°C and then burned: the
product was annealed at 700°C for 2h. Pellets pressed from
the powder residue were sintered at 1,200°C for 12h in air.
Ceramics of composition Lag175Prg5:5Cag3MnQO; were obtained,
and were found to be single phase according to X-ray diffraction
with orthorhombic lattice parameters a = 0.5436(2)nm, b=
0.5461(2) nm, ¢ = 0.7686(3) nm at 300 K.
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