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dot as a function of voltage, Vg , on a nearby capacitively
coupled gate. Because the dot GS energy, EN , at ﬁxed
electron number is inﬂuenced by Vg , the gate can be used
to set the number of electrons on the dot. The fact that
a large Coulomb energy is needed to add a single electron
to the dot generally suppresses conduction through the
dot in the tunneling regime, where whole charges must
tunnel for conduction to occur. This eﬀect is known as
the Coulomb blockade (CB). At speciﬁc values of gate
(N )
voltage, Vg , where EN −1 (Vg ) = EN (Vg ), conductance
increases dramatically, marking this degeneracy condi(N )
tion in an experimental trace. The position, Vg , of the
N th CB peak is proportional to the electrochemical potential, µN = EN (0) − EN −1 (0). The distance between
successive peaks then measures the diﬀerence between
chemical potentials, ∆N
2 = µN − µN −1 , and so is a second derivative of GS energy. (We take the constant of
proportionality converting gate voltage to dot energy to
be unity for the theoretical discussion; experimentally,
this constant can be readily measured, for instance, by
comparing the inﬂuence of bias and gate voltages.)
In the last few years the GS spin of a variety of nanostructures, including metallic dots [2], semiconducting
quantum dots [3,4,6], and carbon nanotubes [7,8], have
been investigated using CB peak motion in a magnetic
ﬁeld. If the magnetic ﬁeld coupling to the orbital degrees of freedom can be ignored, the ﬁeld will manifest
itself only through the Zeeman splitting, resulting in a
shift of the GS energy by gµB SB, where µB is the Bohr
magneton. For 2D quantum dots, orbital coupling can
be strongly suppressed—though not eliminated entirely
[9,10]—by orienting the ﬁeld strictly in the 2D plane.
This is the experimental approach that will be described
in Section III of this paper. On the other hand, for ultrasmall metallic dots and nanotubes, ﬁelds in any direction
can be considered to act only through the Zeeman eﬀect,
since at experimentally reasonable ﬁelds the total ﬂux
through the structure is small on the scale of the quantum of ﬂux.
For semiconducting quantum dots [3–6] the Zeeman
splitting for S = 12 becomes comparable to the mean
single electron level spacing

We investigate theoretically and experimentally the behavior of Coulomb blockade (CB) peaks in a magnetic ﬁeld
that couples principally to the ground-state spin (rather than
the orbital moment) of a quantum dot. In the ﬁrst part, we
discuss numerically observed features in the magnetic ﬁeld
dependence of CB peak spacings that identify changes in spin
S of each ground state for successive numbers of electrons
on the dot, N . We next evaluate the probability that the
ground state of the dot has a particular spin S, as a function
of the exchange strength, J, and external magnetic ﬁeld, B.
We then describe experiments on gate-deﬁned GaAs quantum
dots in which CB peak motion and spacing are measured as
a function of in-plane magnetic ﬁeld, allowing changes in spin
to be measured. Finally, we present recent experiments on
phase coherent transport through quantum dots embedded in
the two arms of an Aharonov-Bohm ring, in the presence of
large in-plane magnetic ﬁelds.

I. INTRODUCTION

In the absence of interactions, electrons populate states
of a quantum dot in an alternating spin-up – spin-down
sequence, such that the total spin of the dot, S, is zero
when the number of electrons N on the dot is even, and
S = 12 when N is odd; higher spin states do not appear
in the absence of large magnetic ﬁelds. Interaction can
lead to deviations from even-odd ﬁlling, as described by
the familiar Hund’s rules in atomic physics. Hund’s rules
also apply in symmetric (e.g., circular) quantum dots [14]
where interaction can lead to a build-up of ground state
spin associated with states that are related by a symmetry of the system. When the quantum dot lacks symmetry or is disordered, degeneracies are not present and the
connection between interaction and ground state spin is
best described statistically, in terms of mesoscopic ﬂuctuations of the relevant quantities.
By measuring electron transport through a weakly coupled quantum dot at low temperature and bias voltage
(compared to the quantum level spacing) one can eﬀectively study diﬀerences in ground state (GS) properties of
the dot at successive electron number, providing a means
of investigating the ﬁlling scheme. A standard experimental approach [1] is to measure conduction through the
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(here εi denotes the orbital energy of the one-electron
orbital state i, and . . . stands for an average over different levels) at B ∼ 1 T for the GaAs dots is Refs. [4,6]
and B ∼ 10 T for the Si dot in Ref. [3]. At lower ﬁelds,
the splitting seldom exceeds si , and one might expect
simple even/odd ﬁlling. In this case, CB peak positions
would move with Zeeman ﬁeld, B, (i.e., the magnetic
ﬁeld, ignoring orbital eﬀects) as consecutive pairs, creating a pattern of alternating downward and upward sloped
lines with slopes gµB /2 and −gµB /2 at low ﬁeld, as seen
in Fig. 1a. The peak spacings, ∆N
2 , would have a similar pattern of alternating lines, with slopes of gµB and
−gµB as seen in Fig. 1b. Spin-orbit interaction can lead
to ﬂuctuations in the g factor, resulting in ﬂuctuations
in the slopes of the lines [11,12] but cannot change the
pattern of alternating downward and upward lines. Once
gµB B exceeds a particular spacing si , the peaks would
cross as seen in Fig. 1a at higher ﬁelds.
Experimentally, simple even/odd ﬁlling is observed for
the ultrasmall metallic dots [2], while for carbon nanotubes the situation is less clear. One published experiment ﬁnds simple even/odd ﬁlling [7], and one ﬁnds a
more complicated scheme [8]. For multielectron semiconducting dots the data are also somewhat confusing,
but appear to disagree with the simple even/odd ﬁlling scheme at low ﬁelds [3–5,13,25]. In symmetric, fewelectron vertical dots [14] one may again recover relatively simple behavior for the ﬁrst few electrons, with a
well-understood appearance of Hund’s rules. These conclusions are based on experiments where orbital magnetism dominates spin. However, for few electrons (i.e.,
N <∼ 10) the ﬁlling scheme can be readily interpreted,
allowing the full spin structure to be mapped out as a
function of N and B [14].
Figure 1 shows the theoretical CB peak motion and
spacing as a function of Zeeman ﬁeld for both noninteracting and interacting electrons (as discussed in Section
II). The behavior of the interacting case (Fig. 1b) appears
more similar to the experimentally observed behavior in
semiconducting quantum dots (compare to Fig. 4). In
some cases, adjacent peak positions (µN ) move in the
same direction and with the same slope, so that the corresponding spacings (∆N
2 ) are ﬂat as a function of magnetic ﬁeld. Moreover, not every change in the direction
of the motion of a peak can be explained as a crossing of
two orbital levels.
The build-up of GS spin in quantum dots has been
considered theoretically in a number of diﬀerent contexts
previously [16–23], from providing an explanation [18] for
the absence of a bimodal distribution in CB peak spacings [24], to a prediction of kinks in the parametric motion of the peaks due to orbital eﬀects of a perpendicular
magnetic ﬁeld [21], evidence for which is seen in recent
experiments [25].
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FIG. 1. Typical conductance dependence on the gate voltage and magnetic ﬁeld, B, with and without exchange interaction: (a) J = 0, (b) J = 0.1δ1 . µN is determined as
µN = µN − e2 /C and taken in arbitrary units. ∆N
2 for each
N is shifted arbitrarily by N ×constant to avoid overlapping.
II. THEORY

The single electron spectrum εi in disordered or irregularly shaped quantum dots is characterized by the mean
level spacing δ1 and the Thouless energy ET ≈ h̄/terg ,
where terg is the time it takes for a classical electron to
cover the energy shell in the single-particle phase space.
For either diﬀusive or ballistic-chaotic systems, terg is
roughly given by the crossing time, L2 /D and L/vF respectively, where vF is the Fermi velocity, L is the system
size, and D is the diﬀusion coeﬃcient. The dimensionless
conductance, gT = ET /δ1 , in the metallic regime is large,
gT  1. In this regime the statistics of the single electron
spectrum on scales smaller than ET are well described by
random matrix theory (RMT) [26], which gives a quantitative description of the phenomenon of level repulsion.
For an ensemble of M × M matrices (M → ∞) with random and independent elements, the probability density
of a realization of the spectrum εi is given by [26]:
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  |εi − εj | 
β
,
P (εi ) ∝ exp 
ln
2
δ1


Ec =

(2)

i=j

(3)

where V ∝ Ld is the volume of the dot (in d dimensions)
and λ is a dimensionless coupling constant characterizing the strength of the interaction. Matrix elements of
this interaction, in the basis of eigenstates ϕi (r) of the
noninteracting Hamiltonian, are given by
ij
Mkl
= λδ1 V

drϕ∗i (r)ϕ∗j (r)ϕk (r)ϕl (r).

(4)

λBCS = λδ1 .

(6)

i

Note that the only random component of the problem is
the single-particle spectrum εi , while the exchange J and
charging energy Ec do not ﬂuctuate.
The conductance is calculated using the many-particle
energies EN and wave functions obtained numerically for
random matrix realizations. An example of the peak positions and peak spacing evolution as functions of the
magnetic ﬁeld for a particular GOE realization is shown
in Fig. 1 for (a) J = 0 and (b) J = 0.1δ1 . For both cases
we present µN = µN − Ec . The noninteracting case, Fig.
1a, shows all the previously described features of the simple even/odd ﬁlling behavior. When a weak exchange interaction is included the behavior changes qualitatively.
In particular, peak positions are not always paired. This
occurs when two consecutive orbitals are ﬁrst ﬁlled with
down spin electrons and only later they acquire up electrons. Note that the enhancement of the spin of the dot
by S is indicated by a sequence of 2S peaks moving with
the same slope. If the peak spacing ∆N
2 is plotted, two
sets of 2S − 1 ﬂat curves sandwiching a sloped one will
appear.
Equation (7) can be used to estimate the probability
distribution of GS spins. For weak exchange, J
δ1 , the
probability that the GS has spin S is simply the probability of ﬁnding 2S orbital levels suﬃciently close that the
reduction in energy due to exchange exceeds the excess
kinetic energy needed ﬁll the higher orbital levels,

It is important to note that the statistical properties of
ij
the interaction matrix elements Mkl
are completely determined by the statistical properties of the single electron eigenstates ϕi (r) and cannot be chosen in an arbitrary fashion as in the random interaction model [22].
In fact, in the limit gT → ∞ the diagonal matrix elements (i, j, k, l pairwise equal) are self-averaged by the
space integration, Eq. (4), and thus show no level-to-level
or sample-to-sample ﬂuctuations [16]. In the same limit
the oﬀ-diagonal matrix elements Eq. (3) turn out to be
negligible.
Using the statistical properties of the interaction matrix elements it turns out that a large class of disordered
metallic dots can, under very general conditions, be described by a remarkably simple Hamiltonian with only
three system-dependent coupling constants, which do not
ﬂuctuate. In the limit of large gT , the interaction part of
the Hamiltonian corresponds to
 2 + λBCS T̂ † T̂ ,
Hint = Ec N̂ 2 − J(S)

J = 2λδ1 ;

If time invariance is broken (β = 2), λBCS = 0 since the
operator T̂ is incompatible with the symmetry. Note that
the interaction Hamiltonian Eq. (3) represents a particular model, and the expressions for the coupling constants
Eq. (6) are valid only for this model. At the same time,
the eﬀective interaction Hamiltonian, Eq. (5), is more robust and depends only on the symmetries of the problem
(for instance, on the absence of the spin-orbit scattering)
and on the condition gT  1.
The ﬁrst two terms in Eq. (5) represent the dependence of the energy of the dot on the total number of the
electrons and on the total spin respectively. They commute with each other and with the single-particle part of
the Hamiltonian. Therefore, all states of the dot can be
classiﬁed by N and S. The term proportional to λBCS
appears only in the orthogonal case (β = 1) and provided
that λBCS < 0 this term leads to a superconducting instability. Superconducting correlations are suppressed by
the magnetic ﬁeld, and thus do not exist for β = 2.
Thus, the general form of the Hamiltonian describing electrons in a disordered or chaotic (nonsuperconducting) dot with gT  1 is given by

H=
εi ni + Ec N 2 − JS(S + 1) + gµb SB.
(7)

where β is equal to 1, 2 or 4 for the orthogonal, unitary
and symplectic ensembles respectively. The orthogonal
(unitary) RM ensemble corresponds to preserved (violated) time reversal symmetry and negligible spin-orbit.
The role of spin-orbit interaction in quantum dots has recently been considered experimentally and theoretically
[5,15,27,10], and it has been shown [27] that the combination of spin-orbit interaction and Zeeman ﬁeld produces
new universality classes, generalizing the Dyson ensembles (β = 1, 2, 4).
Electron-electron interaction can be accounted for, in
the simplest case of short-range interactions, by an interaction term in the Hamiltonian,
Hint (r) = λδ1 V δ(r),

1
λδ1 ;
2

(5)

(terms linear in N̂ are allowed, but they can be included
into the one-particle part of the Hamiltonian) where
 is the spin operator and
N̂ is the number operator, S
T̂ = i ci↑ ci↓ (ci↑ annihilates an electron in the ith single electron orbital with spin ↑). In the simple model
with short-range interaction and preserved time reversal
(β = 1) the coupling constants have the following form:

εi+2S − εi < JS(S + 1) + gµB BS.
3

(8)

1.0

Using the random matrix distributions of level spacings, Eq. (2), one ﬁnds the probability of obtaining a
ground state spin S can be written a function of the linear combination
X=

J
gµB B
+
,
δ1
S + 32 δ1

0.8

0.6

(9)

0.4

giving a probability distribution for spin S,
PJ,B (S) = CSβ X (βS+1)(2S−1) (1 − KSβ X 2 ),

(10)

U=0
U=0.2
U=0.4
U=0.6
U=0.8
U=1
U=2
U=3
U=0.2
U=0.4
U=0.6
U=0.8
RMT

(a)

0.2

where coeﬃcients CSβ and KSβ depend on both β and S.
Their values for S = 1, 3/2 are presented in table I.
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TABLE I. The factors CSβ and KSβ appearing in Eq. (10).
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The important conclusion from RMT is that the combined inﬂuence of exchange and Zeeman ﬁeld on the GS
spin of a quantum dot can be expressed as a single scaling parameter that is a linear combination of J and B.
Numerical simulations conﬁrm this scaling and show, in
fact, that it continues to holds for larger values of X
than expected from the perturbative analysis leading to
Eq. (10).
Whether these results continue to apply when gT ∼
O(1) can be addressed numerically within a Hubbard
model approach, described by the Hubbard Hamiltonian
 †

H=
*i ai,σ ai,σ − t
(a†i,σ aj,σ + h.c)
i,σ

+U



+ gµB SB,
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0.2

0.0
0.0

0.2

0.4

0.6

0.8

X

FIG. 2. Probabilities of S = 1 for J = 0.1δ1 as functions of
the magnetic ﬁeld B for (a) the GOE and (b) GUE cases. The
small symbols represent numerical results for the Hubbard
model, the large ﬁlled symbols represent numerical results for
the RMT model, while the curves (solid - ﬁrst order, dashed
- second order) represent Eq. (10).

value of U . This has been done by ﬁtting the dependence
of the average lowest energy in a given spin sector E(S)
to

<i,j>,σ

a†i,↑ ai,↑ a†i,↓ ai,↓

U=0
U=0.2
U=0.4
U=0.6
U=0.8
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(11)

i

where < i, j > denotes nearest neighbor lattice site, a†i,σ
is an creation operator of an electron at site i with spin σ,
*i is the site energy, chosen randomly between −W/2 and
W/2 with uniform probability, and U is the interaction
constant. Note that this problem becomes quite diﬃcult
numerically even for relatively small systems. For instance, a 4×4 lattice with 6 electrons for the S = 0 sector
has a Hilbert space of 313, 600 states. Using the Lanczos
method we obtain the many-particle eigenvalues EN (S)
for diﬀerent values of interaction U , as shown in Fig. 2.
For these data, disorder was ﬁxed at W = 8t, which corresponds to the metallic regime although the value of the
dimensionless conductance is quite low, gT ∼ O(1).
We calculated the probability for the appearance of a
speciﬁc value of GS spin S for diﬀerent values of U and
magnetic ﬁeld B. In order to use the scaling parameter
X we need to deduce the appropriate value of J for each

E(S) = δ1 S 2 − JS(S + 1).

(12)

The distribution PJ(U ),B (S) based on numerical results
for 1000 diﬀerent realizations of the Hubbard model, for
diﬀerent values of U and B for β = 1 and β = 2 is
presented in Fig. 2 [28]. Although some deviations from
Eq. 10 are seen, especially for the higher values of U ,
the overall form of the scaling function holds remarkably
well.

III. EXPERIMENT: GROUND STATE
MEASUREMENT

In this section we describe experimental measurements
of GS spin for a single gate-deﬁned GaAs quantum dot
containing roughly 400 electrons. The dot is coupled to
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electron reservoirs via tunnelling leads (i.e., g < 2e2 /h
for both leads) so transport is dominated by CB eﬀects.
Measurements were carried out at suﬃciently low temperature and bias that the diﬀerences in GS energies between dots with N − 1 and N electrons should be ex(N )
tractable from CB peak positions, Vg .
The dot is formed at the interface of a GaAs/AlGaAs
heterostructure (90 nm below the wafer surface) by
electrostatic depletion using surface gates. The twodimensional electron gas (2DEG) has density ∼ 2.0 ×
1011 cm−2 and bulk mobility ∼ 1.4 × 105 cm2 /V s, yielding a transport mean free path ∼ 1.5 µm. The small
dot area, A ∼ 0.25 µm2 , makes transport predominantly ballistic within the device. Characteristic energy scales for the measured device include the mean
level spacing, ∆ = 2πh̄2 /m∗ A ∼ 30 µeV , the charging energy, EC ∼ 400µeV , and the Thouless energy
1
Eth = h̄vF A− 2 ∼ 340µeV . Measurements were carried out in a dilution refrigerator using standard ac lockin techniques with a source-drain bias voltage of 2 µeV .
A base electron temperature of Te ∼ 50 mK was determined from CB peak widths.
To allow the magnetic ﬁeld to couple predominantly to
spin, the sample was oriented with the plane of the electron gas along the axis of the primary solenoid, aligned
manually to within 0.5 degrees. In addition, a pair of
coils attached to the vacuum can of the fridge, oriented
perpendicular to the plane of the sample, was used to null
out any perpendicular ﬁeld from misalignment as well as
to explicitly break time-reversal symmetry [5]. The estimated uncertainty in B⊥ is less than φo /4 through the
dot at B = 5 T . Despite this precise ﬁeld trimming capability, similar measurements [5] in larger dots indicate
orbital coupling even from a perfectly aligned ﬁeld (evident, for instance, in the complete disappearance of weak
localization B⊥ = 0 at higher B ). The estimated ﬂux
coupling due to an in-plane ﬁeld appears consistent with
recent theoretical estimates [9]; experiments to separate
the inﬂuences of the spin-orbit coupling and in-plane ﬂux
coupling are now underway [10].
Conductance measurements across ten consecutive
Coulomb blockade peaks, measured as a function of Vg
and B (i.e., strictly B , properly trimmed), are shown
in grayscale in Fig. 3a. More positive gate voltage corresponds to higher energy, and can be calibrated from the
CB “diamonds” using high source-drain bias measurements [1]. All data are taken with B⊥ = 20mT in order
to ensure that time-reversal symmetry is broken.
In addition to the linear motion of individual peaks,
there is an overall parabolic shift of all peaks (see Fig.
3b), presumably due to the diamagnetic eﬀect of the inplane ﬁeld on the eﬀective well conﬁnement potential.
A paramagnetic shift is also visible at very low ﬁeld,
(B < 0.2T ), and is not understood at present. In the
analysis presented, the common curve (in Fig. 3b) has
been subtracted from each peak position.

FIG. 3. a) Nine consecutive Coulomb blockade peaks measured as a function of gate voltage Vg and parallel ﬁeld B.
Conductance is shown in grayscale, with black indicating high
conductance and white low conductance. The ﬁeld shown on
the bottom axis is the ﬁeld strictly parallel to the heterointerface; perpendicular ﬁeld is held constant at 20mT as discussed
in the text. Note that conductance in the valleys is low but
not zero, due to strong tunnelling in the leads. b) Average
peak position of the peaks in a), showing a diamagnetic shift
to higher energies common to all peaks. This average is subtracted from all peak positions before further analysis.

Positions and spacings from the peaks in Fig. 3 are
shown in Fig. 4. The slopes of peak position as a function of B are consistent with a Zeeman energy term
ES = ± 12 gµB B , using the g-factor for bulk GaAs,
|g| = 0.44. As discussed in the Introduction, alternating
slopes (as a function of B ) of peak position would indicate GS spins alternating between S = 0 and S = 12 . The
experimental data, on the other hand, shows several pairs
of consequtive peaks moving with the same slope, implying the presence of higher-spin ground states. Proposed
values for the eight consecutive GS spin states shown
here are included in Fig. 4a. We emphasize, however,
that these are only suggested values for the spin; it is not
possible to unambiguously determine the GS spin from
measurements of peak position, which reﬂect changes in
spin from the N-1 to N ground states.
In the proposed spin labelling scheme, three out of the
ﬁve even-N states have S = 1, i.e., P (S = 1) ∼ 0.6. This
fraction of S = 1 relative to the number of S = 0 states is
greater than expected given reasonable estimates of J for
5
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change from decreasing to increasing spin transitions (positive
slope), two consecutive spin transitions in the same direction
(zero slope), and a change from increasing to decreasing spin
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FIG. 4. a) Peak positions (with average motion subtracted)
as a function of parallel ﬁeld for the nine peaks shown in Fig.
3a. Straight lines indicate expected peak motion for ∆S = 12
transitions using the g factor for bulk GaAs, |g| = 0.44. Positive slopes indicate transitions to lower spin states; negative
slopes indicate transitions to higher spin states. Numbers
indicate a possible ground-state spin structure for ten consecutive ground states. Peak position data are oﬀset for clarity.
b) Peak spacings for the position data shown in a), oﬀset for
clarity. Solid lines indicate expected motion of peak spacing
for spin- 12 transitions, using |g| = 0.44.

similar to the numerical data in Fig. 1b. The rounding
of straight segments where the slope changes presumably
results from spin-orbit interaction which mixes spins, and
may provide a direct measure of spin-orbit interactions
in dots. It is interesting to note that the peaks analyzed in Figs. 4 through 6 were measured in a regime
of high tunneling conduction in the leads. This can be
seen by noting the grayscale of Fig. 3. When the dot
is more pinched oﬀ from the reservoirs, so that the CB
peaks have a height of 0.1 e2 /h or less, peak motion is
more diﬃcult to interpret, and does not seem to follow
the clear patterns illustrated. This is not understood at
present, and will be investigated further.

GaAs dots. Of course, with only ﬁve spin states considered, statistics are rather poor. Experiments currently in
progress aim to greatly augment these statistics.
Figure 5 shows that the peak spacings (the same data
as in Fig. 4) clearly separate into three branches, a top
branch with slope ∼ gµB (corresponding to a GS spin
decrement followed by an increment) a bottom branch
with slope ∼ −gµB (corresponding to a GS spin increment followed by a decrement) and a middle branch with
slope near zero (corresponding to two consecutive increments or decrements). The existence of this middle
branch is the signature of higher GS spin states. The
good agreement between the slopes of the upper and
lower branches and the expected slopes of gµB , as well as
the absence of a range of intermediate slopes suggest that
the peak spacing reﬂects spin rather than orbital motion
of levels. At higher ﬁelds, the directions of peak motion
change, often abruptly and from one straight segment to
another, as seen in Fig. 6. This behavior is qualitatively

IV. EXPERIMENT: COHERENT TRANSPORT
OF SPIN AND CHARGE

In a large in-plane magnetic ﬁeld (gµB B  kT ) and
low temperatures (∆  kT ) transport on a CB peak
marks a transition between ground states with well deﬁned spin projections, mS , along the direction of the applied ﬁeld. Consider, for instance, the CB peak between
N − 1 and N electrons on the dot with N − 1 even and
GS spins S (N −1) = 0 and S (N ) = 12 : Transport on the
peak involves a spin up electron passing through the dot
(for the sake of the argument, we do not account for the
6

also provides a useful guide to the rapidly growing literature surrounding dot-in-ring conﬁgurations. The present
‘spin-ﬁlters-in-rings’ set-up, i.e., dots in a ring in a large
in-plane ﬁeld, has not been considered experimentally or
theoretically to our knowledge.
A micrograph of an AB ring device identical to the one
measured is shown in Fig. 7b. The ring encloses an area
of ∼ 3.5µm2 , setting a perpendicular ﬁeld of ∼ 1.2mT to
thread one ﬂux quantum through the ring. The dots have
an area of ∼ 0.04µm2 , giving a quantum level spacing
of ∼ 1K. Measurements were carried out in a dilution
refrigerator at an electron temperature of ∼ 80mK.
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FIG. 6. Peak spacings from Fig. 6b, shown over an extended range of parallel ﬁeld, up to B = 4T . Slopes tend to
change abruptly between linear segments, with rounding between the segments possibly providing a measure of spin-orbit
or other spin-mixing interaction.

negative g factor), involving the transition from mS = 0
to mS = 12 when the electron enters, and from mS = 12
to mS = 0 when the electron leaves. One may examine
the coherence of this spin-selective transport process by
embedding the quantum dot in the arm of an AharonovBohm (AB) ring [29], as shown in Fig. 7.
In the experiment reported here, two gate-deﬁned
quantum dots are used, one in each arm of an AB ring
(Fig. 7). This conﬁguration allows a comparison of two
situations of interest: (i) both dots have N even or N
odd, which should allow an electron with a given mS
to pass through either arm and (ii) one dot has N even
and one dot has N odd, which should allow a particular
electron of a given mS to only pass through one of the
two arms. The latter situation is analogous to a two-slit
interference experiment in classical optics, in which two
polarizers oriented at 90 degrees are each placed in front
of one of the slits. The expectation is that the situation (ii) will show a suppressed inference signal relative
to situation (i). A detailed theoretical analysis of related conﬁgurations involving one or two dots embedded
in AB rings, and the interplay between spin and coherence in such systems, is discussed in Ref. [30]. This paper

FIG. 7. (a) Schematic set-up of quantum dot interferometer, comprising two quantum dots in the arms of a two-lead
Aharonov-Bohm ring. An in-plane magnetic ﬁeld B is used
to polarize electrons while a small, independent perpendicular ﬁeld is used to modulate the relative phase of electrons
passing through the two arms of the interferometer. (b) An
electron micrograph of a Delft interferometer, identical in size
and design to the one in that was used in the measurement
described in Section IV.

Diﬀerential conductance measured at ﬁnite sourcedrain bias is used to characterize spin transition between
ground states of the N − 1 and N electron dots ground
states by looking at the evolution of excited-state features of the N th CB peak as a function of in-plane ﬁeld.
Following the method used to deduce ground state spin
transitions in nanotubes [7] (see also a related approach
7

used in ultrasmall metal dots [2]), we ﬁnd a Zeeman splitting either on the left side of the CB region (Fig. 8a),
indicating a transition from S to S + 12 , or a Zeeman
spit peak on the right side (Fig. 8b), indicating a transition from S + 12 to S. A clear discussion of how spin
transitions lead to these associated patterns of Zeeman
splitting in nonlinear transport can be found in Ref. [7].
The fact that these patterns are observed in the present
measurement means, for instance, that the temperature
is suﬃciently low that the Zeeman split levels can be resolved.

This answers the ﬁrst question, posed above: Transport
though the ring and the two quantum dots in a large inplane ﬁeld is at least partially coherent. The amplitude of
the AB oscillations was ∼ 10% of the total conductance,
and did not appear to depend on the value of in-plane
ﬁeld.
We did not observe a systematic dependence of AB
amplitude upon changing N in dot 1, however. We do not
think that this absence is explained by a lack of even/odd
ﬁlling; over the several peaks examined, we would expect
at least one upward and one downward spin transition
in the set of ﬁve intersections. We do not know at this
point why a clear signature of spin ﬁltering in the arms
was not observed. It is worth noting however, that few
CB peaks could be resolved in these devices. Estimates
of spin-orbit scattering rates in the arms of the ring do
not make this a likely reason for the absence of a ﬁltering
eﬀect, either. Fabrication is currently underway to build
devices that would allow greater control of dot coupling
parameters to continue to explore this interesting system.
50
0
-50

50

FIG. 8. Grayscale plot of diﬀerential conductance
across a broadened CB peak at ﬁnite source-drain
voltage,(Vsd = 0.12 mV in (a) and 0.15 mV in (b)), as a
function of in-plane magnetic ﬁeld. Internal structure shows
Zeeman splitting either on the left (a) or the right (b) edge of
the peak, indicates a spin-increasing or spin-decreasing transition between N − 1 and N [7]. The white lines are guides to
the eye. (a) and (b) are for consecutive peaks in dot 2, with
dot one fully pinched oﬀ, blocking arm 1 of the interferometer.
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The initial experiments presented here have focussed
on two questions in particular: ﬁrst, is transport in this
system with a large in-plane ﬁeld—when the dots are expected to act as spin ﬁlters—phase coherent? And second, is quantum interference aﬀected by changing N in
one of the dots, which we expect to reverse the orientation of the ﬁlters in one of the arms, while N and hence
the ﬁlter orientation in the other arm is held ﬁxed.
Experimental results are shown in Fig. 9. On the left
is a grayscale plot of conductance of the full device as a
function of gate voltages, V1 and V2 , of the dots in the two
arms, with an in-plane ﬁeld B = 6T. Clearly visible in
this plot is one vertical stripe, marking a CB peak in dot
2, and several horizontal stripes, marking CB peaks in
dot 1. The intersections of the stripes mark where both
dots are on CB peaks. The intersection points of the two
stripes are the points where we would expect independent
spin ﬁltering in each of the arms to occur. On the right
of Fig. 9 are sweeps of perpendicular ﬁeld (with B = 6 T
held constant) taken at each of the points of intersection
of the CB stripes. AB oscillations are clearly visible in
each of the traces, on a ﬁeld scale consistent with one
quantum of ﬂux through the area enclosed by the ring.
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FIG. 9. Left: Grayscale plot of two-lead conductance of
AB ring as a function of center gate voltages on the dots
in the two arms, in the CB regime. Vertical and horizontal
stripes mark CB peaks in each of the arms. Right: AB conductance oscillations measured for a ﬁxed CB peak for dot 2
and consecutive peaks in dot 1. No systematic dependence
on electron number is observed in this small data set.

V. CONCLUSIONS

In conclusion, we have investigated the interplay of
interactions, spin, and (preliminarily) phase coherence
in quantum dots the Coulomb blockade regime. In section II, we presented calculations of the probability that
diﬀerent values of ground state spin appear as a function of exchange interaction and magnetic ﬁeld coupling
8

to the spin. We ﬁnd that the probability density is described by a one-parameter scaling law over a surprisingly
wide range of magnetic ﬁelds and exchange interaction
strengths.
We also described experiments investigating ground
state spins of quantum dots using CB peak motion in
a single gate-conﬁned GaAs quantum dot. The experimental signature of nonminimal ground state spin is CB
peak spacings with zero slope as a function of in-plane
magnetic ﬁeld. Such signatures are seen in several cases
in the data. Further experiments are needed to obtain
suﬃcient statistics to quantitatively test the predictions
of theory.
Finally, we described preliminary experiments on
phase coherent transport through quantum dots embedded in the two arms of an Aharonov-Bohm ring, in the
presence of large in-plane ﬁelds. In this situation, the
dots are expected to function as spin ﬁlters. Quantum
interference is observed, in the form of periodic AB conductance oscillations as a function of perpendicular magnetic ﬁeld. No systematic dependence on the number of
electrons in dots is found, for reasons not presently understood. Further fabrication and experiments in this
direction are underway.
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