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The Kondo effect—a many-body phenomenon in condensed-
matter physics involving the interaction between a localized
spin and free electrons—was discovered in metals containing
small amounts of magnetic impurities, although it is now recog-
nized to be of fundamental importance in a wide class of
correlated electron systems"?. In fabricated structures, the control
of single, localized spins is of technological relevance for nano-
scale electronics™. Experiments have already demonstrated arti-
ficial realizations of isolated magnetic impurities at metallic
surfaces™®, nanoscale magnets’, controlled transitions between
two-electron singlet and triplet states®, and a tunable Kondo effect
in semiconductor quantum dots’'2. Here we report an unex-
pected Kondo effect in a few-electron quantum dot containing
singlet and triplet spin states, whose energy difference can be
tuned with a magnetic field. We observe the effect for an even
number of electrons, when the singlet and triplet states are
degenerate. The characteristic energy scale is much larger than
in the ordinary spin-1/2 case.

Quantum dots are small electronic devices'’, which confine a
well-defined number of electrons, N. The total spin is zero or an
integer for even N, and half-integer for odd N. The latter case is the
canonical example of the Kondo effect'*'” when all electrons can be
ignored, except for the one with the highest energy; that is, the case
of a single, isolated spin, S = 1/2 (Fig. la). Although the energy level
of the electron ¢, is well below the Fermi energies of the two leads,
Heisenberg uncertainty allows the electron on the dot to tunnel to
one of the leads whereupon it is replaced quickly by another
electron. The timescale for such a co-tunnelling process' is
~h/U, where h = 27l is Planck’s constant and U is the on-site
Coulomb energy. Figure 1a illustrates that particle exchange by co-
tunnelling can effectively flip the spin on the dot. At low tempera-
ture, the coherent superposition of all possible co-tunnelling
processes involving spin flip can result in a time-averaged spin
equal to zero. The whole system—that is, quantum dot plus
electrodes—forms a spin singlet. The energy scale for this singlet
state is the Kondo temperature, Tk. In terms of density of states, a
narrow peak with a width ~kgTx develops at the Fermi energy (kg is
Boltzmann’s constant). Note that for even N and S = 0, co-
tunnelling gives rise to a lifetime broadening of the confined state,
without producing any Kondo resonance. Such even/odd behaviour
corresponding to no-Kondo/Kondo has been observed in recent
experiments”",

It is also possible that a quantum dot with even N has a total spin
S = 1; for example, when the last two electrons have parallel spins. If
the remaining N — 2 electrons can be ignored, this corresponds to a
triplet state. Parallel spin filling is a consequence of Hund’s rule
occurring when the gain in exchange energy exceeds the spacing
between single-particle states®. The spin of the triplet state can also
be screened by co-tunnelling events. These are illustrated in the
centre-left side of Fig. 1b. In contrast to single-particle states that are
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considered in the spin-1/2 Kondo problem, the spin triplet consists
of three degenerate two-particle states. Co-tunnelling exchanges
only one of the two electrons with an electron from the leads. The
total spin of the many-body Kondo state depends on how many
modes in the leads couple effectively to the dot'”'*. If there is only
one mode, the screening is not complete and the whole system does
not reach a singlet state. In this case the Kondo effect is called
“underscreened”. Calculations show that also for S = 1 a narrow
Kondo resonance arises at the Fermi energy, but the corresponding
T is typically lower than in the case of S =1 (refs 19, 20). Some
experiments have reported the absence of even/odd behaviour*?,
which may be related to the formation of higher spin states.

Here we investigate a quantum dot with even N, where the last
two electrons occupy a degenerate state consisting of a spin singlet
and a spin triplet. Figure 1b illustrates the different co-tunnelling
processes occurring in this special circumstance. Starting from
|S=1,S,=1), where S, is the z-component of the total spin on the
dot, co-tunnelling via a virtual state |1/2,1/2) can lead either to the
triplet state [1,0) or to the singlet state [0,0). Via a second co-
tunnelling event, the state |1, —1) can be reached. As for the S = 1
case, the local spin can fluctuate by co-tunnelling events. By

]

Figure 1 Spin-flip processes leading to ordinary and singlet—triplet Kondo effect in a
quantum dot. a, Co-tunnelling event in a spin-1/2 quantum dot for odd N. Only the
highest-energy electron is shown, occupying a single spin-degenerate level, e,. (The case
of two, or more, closely spaced levels has also been considered theoretically within the
context of the spin-1/2 Kondo effect®.) The green panels refer to S, = 1/2 and —1/2
ground states, which are coupled by a co-tunnelling event. The two tunnel barriers have
tunnelling rates I'y and I',. In the Coulomb blockade regime (le,] ~ U), adding or
subtracting an electron from the dot implies an energy cost ~U. Hence the intermediate
step (orange panel) is a high-energy, virtual state. The spin-flip event depicted here is
representative of a large number of higher-order processes which add up coherently such
that the local spin is screened. This Kondo effect leads to an enhanced linear-response
conductance at temperatures T < T. b, Co-tunnelling in an integer-spin quantum dot
for even Nat a singlet—triplet degeneracy. Two electrons can share the same orbital with
opposite spins (singlet state in the blue panel) or occupy two distinct orbitals in one of the
three spin-triplet configurations (green panels). The different spin states are coupled by
virtual states (orange panels). As in the spin-1/2 case, spin-flip events can screen the
local magnetic moment. Note that an S= 1 Kondo effect only involves I1,+1), 11,0 and
1, -1).
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coupling to all triplet states, the singlet state enhances the spin
exchange interaction between the dot and the leads, resulting in a
higher rate for spin fluctuations. This particular situation yields a
strong Kondo effect, which is characterized by an enhanced Tx. This
type of Kondo effect has not been considered before, probably
because a singlet—triplet degeneracy does not occur in magnetic
elements. Recent scaling calculations by Eto and Nazarov indeed
indicate a strong enhancement of Ty at the singlet—triplet
degeneracy”; these workers also argue® that the total spin of the
many-body Kondo state behaves as in the case of S = 1.

Our quantum dot has the external shape of a rectangular pillar
(Fig. 2a, b) and an internal confinement potential close to a two-
dimensional ellipse**. The tunnel barriers between the quantum dot
and the source and drain electrodes are thinner than in our previous
devices®* such that co-tunnelling processes are enhanced. Figure 2d
shows the linear response conductance (d.c. bias voltage V4 = 0)
versus gate voltage, V, and magnetic field, B. Regions shown dark
blue have low conductance, and correspond to the regimes of
Coulomb blockade for N = 3 to 10. In contrast to previous
experiments’'? on the Kondo effect, all performed on lateral
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Figure 2 Sample description, energy spectrum and magnetic-field evolution of the
ground state. a, Cross-section of our rectangular quantum dot. The semiconductor
material consists of an undoped AlGaAs(7 nm)/InGaAs(12 nm)/AlGaAs(7 nm) double
barrier structure sandwiched between n-doped GaAs source and drain electrodes. A gate
electrode surrounds the pillar and is used to control the electrostatic confinement in the
quantum dot. A d.c. bias voltage, Vs, is applied between source and drain, and current, /,
flows vertically through the pillar. In addition to Vg, we apply a modulation with r.m.s.
amplitude V;c = 3 wV at 17.7 Hz for lock-in detection. The gate voltage, I, can change
the number of confined electrons, A, one-by-one from ~10at l;=0to0at l;=-1.8V.
A magnetic field, B, is applied along the vertical axis. Temperature, T, is varied between
14 mK and 1K. Our lowest effective electron temperature is 25 = 5mK. b, Scanning
electron micrograph of a quantum dot with dimensions 0.45 x 0.6 pum2 and height of
~0.5 wm. ¢, Schematic energy spectrum. Solid lines represent the B-evolution of the first
four orbital levels in a single-particle model. The dashed line is obtained by subtracting the
two-electron exchange coupling from the fourth level. At the crossing between this
dashed line and the third orbital level at B = B, the ground state for N = 6 undergoes a
triplet-to-singlet transition. By =~ 0.22 T with a slight dependence on V. We define A as
the energy difference between the triplet and the singlet states. d, Colour-scale
representation of the linear conductance versus 14, and B. Red stripes denote conductance
peaks of height ~ &% h. Blue regions of low conductance indicate Coulomb blockade. The
V-position of the stripes reflects the ground-state evolution with B, for N= 3 to 10. The
N =6 ground state undergoes a triplet-to-singlet transition at By = 0.22 T, which results
in a conductance anomaly inside the corresponding Coulomb gap.
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quantum dots with unknown electron number, here the number
of confined electrons is precisely known. Red stripes in Fig 2d
represent Coulomb peaks as high as ~¢?/h. The B-dependence of the
first two lower stripes reflects the ground-state evolution for N = 3
and 4. Their similar B-evolution indicates that the third and fourth
electron occupy the same orbital state with opposite spin, which is
observed also for N =1 and 2 (not shown). This is not the case for N
=5and 6. The N = 5 state has S = 1/2, and the corresponding stripe
shows a smooth evolution with B. Instead, the stripe for N =6 has a
kink at B = 0.22 T. From earlier analyses® and from measurements
of the excitation spectrum at finite V4 (discussed below), we can
identify this kink with a transition in the ground state from a spin
triplet to a spin singlet. At the triplet—singlet transition (at B= By in
Fig. 2c) we observe a strong enhancement of the conductance. In
fact, over a narrow range around 0.22 T, the Coulomb gap for N =6
disappears completely.

To explore this conductance anomaly, we show in Fig. 3a
differential conductance measurements, dI/dV,y versus Vi,
taken at B = B; and V, corresponding to the dotted line in Fig. 2d.
At temperature T = 14 mK, the narrow resonance around zero
bias has a full-width at half-maximum, FWHM, of ~30 V.
This is several times smaller than the lifetime broadening,
I'=Iy+T;, =150V, estimated from the FWHM of the
Coulomb peaks. The height of the zero-bias resonance decreases
logarithmically with T (Fig. 3b). These are typical ‘fingerprints’ of
the Kondo effect. From FWHM = kT, we estimate Ty = 350 mK.
We note that we can safely neglect the Zeeman spin splitting because
grpBy = 5 WV < kT, implying that the spin triplet is in fact three-
fold degenerate at B = B,. This condition is essential to the Kondo
effect illustrated in Fig. 1b. Alternative schemes have recently been
proposed for a Kondo effect where the degeneracy of the triplet state
is lifted by a large magnetic field**.

For N = 6, we find markedly anomalous T-dependence only at the
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Figure 3 Zero-bias resonance and 7-dependence of the conductance at the singlet—
triplet degeneracy. a, Kondo resonance at the singlet—triplet transition. The d//d Vg versus
Vgg curves are taken at 1, =—0.72V, B=0.21Tand for T= 14, 65, 100, 200, 350, 520
and 810 mK. Insets to a: Kondo resonances for N =5 (left inset) and N'= 7 (right inset),
measured at Iy = —0.835V and 1, = —0.625V, respectively, and for 8= 0.11T and
T=14mK. b, Peak height of zero-bias Kondo resonance versus T as obtained from a
(filled diamonds). The line demonstrates a logarithmic T-dependence, which is
characteristic of the Kondo effect. The saturation at low Tis probably due to electronic
noise. ¢, T-dependence of the linear conductance versus Vg for B= 0.12T (spin-triplet
ground state), B=0.22T (singlet—triplet degeneracy), and B = 0.32T (spin-singlet
ground state). Each panel shows 7 traces at T= 20 (dot-dashed line), 35, 70, 120, 260,
490 (solid lines) and 1,050 (dashed line) mK. The arrows emphasize the temperature
dependence in the valley for N = 6.
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singlet—triplet degeneracy. Figure 3¢ shows the conductance versus
V, for different T. The upper panel shows data for B= 0.12T. The
two Coulomb peaks correspond to the transition from N=5to 6
and from N = 6 to 7. The small, short-period modulations super-
imposed on the Coulomb peaks are due to a weak charging effect in
the upper part of the GaAs pillar above the dot”. We will ignore this
fine structure and focus on the general T-dependence. Upon
increasing 7, the valley conductance for N = 6 goes up due to
thermally activated transport. A similar behaviour is seen in the
lower graph for B = 0.32T. In contrast, at the singlet—triplet
transition for B = 0.22 T we find an opposite T-dependence, again
indicating the formation of a Kondo resonance. At the lowest T, the
valley conductance is as high as 0.7¢’/h, which is close to the height
of the Coulomb peaks.

The T-dependence for N =5 and 7 is visibly different from that in
the non-Kondo valley for N = 6 (lower panel of Fig. 3c). Such a
difference is a manifestation of the ordinary spin-1/2 Kondo effect
expected for odd N. Indeed the corresponding zero-bias resonances
are clearly observed (see insets to Fig. 3a). Their height, however, is
much smaller than for the singlet—triplet Kondo effect. There is also
some indication for a triplet Kondo effect in the T-dependence for N
=6at B=0.12T, although the associated zero-bias anomaly is not as
apparent.

We now investigate the effect of lifting the singlet—triplet degen-
eracy by changing B at a fixed V,, corresponding to the dotted line in
Fig. 2d. Near the edges of this line, that is, away from B, the
Coulomb gap is well developed, as denoted by the dark colours in
Fig. 2d. The dI/dVy versus V4 traces still exhibit anomalies,
however, now at finite V4 (see Fig. 4a). For B = 0.21 T we observe
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Figure 4 Singlet—triplet energy separation tuned by a magnetic field. a, d//d Vs, versus Vg
characteristics taken along the dotted line in Fig. 2d (I, =—0.72V) at equally spaced
magnetic fields B= 0.11,0.13,...,0.39 T. Curves are offset by 0.25 e/h. b, Extracted
peak positions from al/dVs, curves in a versus B. Each symbol refers to a gate

voltage taken between —0.72 and —0.70V. ¢, Colour-scale plot of d//d Vs measured at
Veg = 0.67 mVas a function of Band V. The solid line identifies the ground state, whereas
the dashed line indicates the first excited state® for N = 6. From their difference we extract
the singlet—triplet energy splitting, A(B), using a proportionality factor o = 6.7 meVV~" to
convert gate voltage into energy. The two solid lines in b represent +=A(B) with a
horizontal shift of 0.08 T to compensate for the shift of the singlet—triplet transition to a
higher magnetic field in a high-bias measurement. d, Energy diagrams for two different
transport regimes, both with ely = A. Left: both ground and excited states lie between
the two Fermi energies, so two channels are available for direct tunnelling. The excitation
spectrum in ¢ is measured in this regime. Right: both ground and excited states lie below
the Fermi levels of the leads (Coulomb blockade regime). Inelastic co-tunnelling is
illustrated, where one electron tunnels out of the lower-energy state and another tunnels
into the higher-energy state.

|

Differential conductance (e%/h)

R A
oL\

-0.3 0 0.
Bias voltage (mV)

w

766

## © 2000 Macmillan Magazines Ltd

the singlet—triplet Kondo resonance at V3 = 0. At higher B, this
resonance splits apart showing two peaks at finite V4. It is
important to note that these peaks occur inside the Coulomb gap.
They result from “inelastic” co-tunnelling events'®”, where
“inelastic” refers to energy exchanging between quantum dot and
electrodes (see right drawing in Fig. 4d). The upper traces in Fig. 4a,
for B<0.21 T, also show peak structures, although less pronounced.

In Fig. 4b we plot the positions of the dI/d V4 peaks in the plane of
Va4 and B. The different symbols refer to different gate voltages, and
it can be seen that these positions do not depend on V. The solid
lines are obtained from the excitation spectrum measured (see
Fig. 4c) in direct tunnelling (see left-hand drawing in Fig. 4d).
They represent the measured B-dependence of the singlet—triplet
energy difference, A. The fact that these independent measure-
ments coincide implies that inelastic co-tunnelling occurs when
eV,a = £A. Note that this condition is independent of V,, consistent
with our observations. We believe that for small A ( < kzTx), the
split resonance reflects the singlet—triplet Kondo anomaly shifted to
finite bias. This resembles the splitting of the Kondo resonance by
the Zeeman effect”'®?, although on a very different B-scale. In the
present case, the splitting occurs between two different multi-
particle states and originates from the B-dependence of the orbital
motion. For increasing A, the shift to larger Vy induces spin-
decoherence processes, which broaden and suppress the finite-bias
peaks®. For B = 0.39T the peaks have evolved into steps®, which
may indicate that the spin-coherence associated with the Kondo
effect has completely vanished. U
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The arrangement of spins at interfaces in a layered magnetic
material often has an important effect on the properties of the
material. One example of this is the directional coupling between
the spins in an antiferromagnet and those in an adjacent ferro-
magnet, an effect first discovered' in 1956 and referred to as
exchange bias. Because of its technological importance for the
development of advanced devices such as magnetic read heads®
and magnetic memory cells’, this phenomenon has received much
attention®’. Despite extensive studies, however, exchange bias is
still poorly understood, largely due to the lack of techniques
capable of providing detailed information about the arrangement
of magnetic moments near interfaces. Here we present polariza-
tion-dependent X-ray magnetic dichroism spectro-microscopy
that reveals the micromagnetic structure on both sides of a
ferromagnetic—antiferromagnetic interface. Images of thin ferro-
magnetic Co films grown on antiferromagnetic LaFeO; show a
direct link between the arrangement of spins in each material.
Remanent hysteresis loops, recorded for individual ferromagnetic
domains, show a local exchange bias. Our results imply that the
alignment of the ferromagnetic spins is determined, domain by
domain, by the spin directions in the underlying antiferromag-
netic layer.

We investigated a thin Co film on top of a 40 nm LaFeO; film
grown on SrTiO3(001). The sample was prepared in a molecular
beam epitaxy system with the LaFeO; film grown using a block-by-
block growth method® at 750 °C under a beam of atomic oxygen and
apartial O, pressure of 5 X 10~ ¢ Torr. This method has been shown
to yield high-quality epitaxial films’. Plan-view electron-diffraction
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and conventional transmission electron microscopy (TEM) analysis
show that the epitaxial LaFeO; film consists of two microscopic
crystallographic domains characterized by orientations of the
LaFeOj; c-axis along the [100] and [010] directions in the SrTiO;
surface plane®. The Co film, grown in the form of a stepped wedge,
was deposited in situ at room temperature and capped with a I-nm
Pt layer to prevent its oxidation. X-ray diffraction analysis of a
sample with a Co thickness of 2.5nm (and a 1-nm Pt cap layer)
revealed a polycrystalline Co structure. Kerr measurements showed
that the easy magnetization axis of the sample was in-plane with
uniaxial symmetry about the surface normal. All measurements
reported here were performed on as-grown samples. Because the
samples were not set in a magnetic field they did not exhibit a
macroscopic exchange bias*’. (For LaFeO;, chemical decomposi-
tion prevents the use of setting temperatures close to the Néel
temperature (740 K) to create large exchange bias. However, low-
temperature (390 K) annealing of Co/LaFeOs in a 500-Oe applied
field is sufficient to produce a macroscopic bias of 0.007 erg cm™ at
room temperature and 0.1 ergcm™ at 4.2 K). Our ability to probe
the spatially resolved magnetic configuration allowed us to observe
local bias effects, which average to zero macroscopically.
Spectro-microscopy studies were carried out using the PEEM2
facility at the Advanced Light Source in Berkeley’. The focused X-
rays, whose polarization could be changed from linear to right or
left circular'®, are incident on the sample at an angle of 30° from the
surface and form a 30-pm spot. The low-energy secondary photo-
electrons from the sample are imaged by an all-electrostatic photo-
emission electron microscope (PEEM) with magnification onto a
phosphor screen that is read by charge-coupled device (CCD)
camera. The spatial resolution of PEEM?2 is limited by chromatic
aberrations to 20 nm. For imaging we exploited several unique
spectroscopic capabilities associated with the variable energy and
polarization of the X-rays'’. By tuning the photon energy to either
the Fe L-edge, near 710 eV, or the Co L-edge, near 780 eV, we can
record separate images of the antiferromagnetic (AFM) LaFeO;
layer and the ferromagnetic (FM) Co layer. We use linear X-ray
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Figure 1 Images and local spectra from the antiferromagnetic and ferromagnetic layers
for 1.2-nm Co on LaFe04/SrTi05(001). a, Fe L-edge XMLD image; b, Co L-edge XMCD
image. The contrast in the images arises from antiferromagnetic domains in LaFe0s (a)
and ferromagnetic domains in Co (b) with in-plane orientations of the antiferromagnetic
axis and ferromagnetic spins as indicated below the images. The spectra shown
underneath were recorded in the indicated areas and illustrate the origin of the intensity
contrast in the PEEM images.
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