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QDs offer a controlled platform for studying 
spin dynamics on a wide range of timescales

  

Spin-orbit couplingLarmor precession

Hyperfine interaction Dipole-dipole coupling; 
nuclear spin diffusion
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Phenomena relevant for spin-based information processing

J. Medford et al., PRL 108, 086802 (2012)

S. Foletti et al., Nature Physics 5, 903 (2009)

Electron spin decoherence

Hyperfine fields for universal qubit control Long-lived quantum memory

J. J. L. Morton et al., Nature 455, 1085 (2008)

Electric dipole spin resonance (EDSR)

K. C. Nowack et al., Science 318, 1430 (2007)

M. Pioro-Ladriere et al., Nature Physics 4, 776 (2008).
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Pauli blockade exposes spin dynamics via charge motion



Pauli blockade exposes spin dynamics via charge motion
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Pauli blockade exposes spin dynamics via charge motion
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Dynamics controlled by coupling of singlet and triplet states

?



II. Coherent interplay of hyperfine and spin-orbit coupling

Polarization selection rules drastically altered

Long-lived nuclear spin coherence mediates interference

Effects revealed in pumping “commensuration resonances”
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Hyperfine interaction couples electron, nuclear spins
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“flip-flop” terms allow exchange of
angular momentum

“Overhauser” term shifts
electron Zeeman energy
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Gate Voltage

Sweep

gap opened by “nuclear field”

One nuclear “flop” per electron “flip”

V (x) V (x)

Sweeps through level crossing deposit angular momentum 
into nuclear spin bath



Sharp dips observed for cycle times commensurate with 
individual nuclear Larmor periods

S. Foletti et al., arXiv:0801.3613 (2008)

I. Neder, MR, and B. I. Halperin, arXiv:1309.3027 (2013).

Shift of         resonance

Pumping with fixed total cycle time

S-T+ Fourier transform of resonance shift

� tcycle ⇠ 2⇡/�B

Why is pumping sensitive to precession in the lab frame?
How is the sign of polarization opposite to expectation?



Spin-orbit coupling induces spin rotation during tunneling
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When spin flip mechanisms compete, no simple counting rule
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When spin flip mechanisms compete, no simple counting rule
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When spin flip mechanisms compete, no simple counting rule
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Greatly expanded Hilbert space now accessible



Assuming translation invariance in    , decouple
problem into 2x2 blocks

m

see also, e.g.:

M. Gullans et al., Phys. Rev. B 88, 035309 (2013)

A. Brataas and E. I. Rashba, Phys. Rev. B 84, 045301 (2011)

D. Stepanenko, MR, B. I. Halperin, and D. Loss, Phys. Rev. B 85, 075416 (2012)
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Pumped spin calculated from average displacement
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Adiabatic limit reveals complete suppression of
nuclear spin pumping
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Multiple sweeps: nuclear Zeeman energy causes Larmor 
precession during waiting period
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Periodic dependence of pumped spin on Larmor 
precession angle!
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III. Nonlinear dynamics and self-oscillations of DNP
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Energy-dependent hyperfine transition rates:

Spin-dependent tunneling due to inhomogeneous field:

Nuclear spin diffusion:
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Magnetic field dependence of current shows 
instabilities, hysteresis

not change significantly up to Bdc ! 8 T and the leakage
current is in the 1 pA range. This contrasts with the ease of
vertically applied field as discussed in Ref. [6] where the
shift of the second lowest orbital eventually lifts the SB.
Figure 2(a) shows the leakage current taken at VS !
3:0 mV with a constant field sweep rate of 2 min=T. As
the magnetic field initially increases, the current is nearly
constant for Bdc < 0:5 T, but then rises sharply at Bdc "
0:5 T. Fluctuations emerge and increase in amplitude
with increasing Bdc up to "0:87 T, and then leakage
suddenly collapses for Bdc > 0:9 T. A similar character-
istic, but shifted to lower field, is observed when sweep-
ing the field downward. The width of this hysteresis loop,
"0:2 T in Fig. 2(a), shrinks for slower Bdc sweep rate and
saturates at "0:15 T for sweep rates below 1 h=T. Similar
characteristics, i.e., a step followed by fluctuations and
hysteresis, are observed at different (VS; VG) within the
SB region. For any Bdc field in the current fluctuation

regime (0:6" 0:87 T), the current shows periodic oscil-
lations as a function of time [Fig. 2(b)]. Oscillation is in
fact depending only on time and both the period and
amplitude of the current oscillations increase with Bdc,
reaching maximal period, "200 s, and amplitude,
"0:4 pA, near 0.87 T. These oscillations last with no
definite damping for 15 h or longer. We observe no clear
periodic oscillations after the current decreases to the
low level for Bdc > 0:87 T. Note that in Fig. 2(b) only
variations of the current slower than our measurement
time constant of "1 s can be detected. We observe no
significant thermal dependence of this oscillatory behav-
ior over temperatures from 1.8 to 0.3 K, provided that VS
and VG remain well within the SB region.

These characteristics are observed not merely in one
sample. I-Bdc characteristics similar to that shown in
Fig. 2(a) are observed for four double dot samples show-
ing spin blockade: three samples with a 6 nm center
barrier and one sample with a 7.5 nm center barrier. A
leakage current step, oscillations, and hysteresis are ob-
served in a smaller Bdc range (step at "0:3 T and maxi-
mal oscillations at "0:6 T) in the device with a 7.5 nm
center barrier. The other two 6 nm center-barrier samples
show a similar step although in some samples the oscil-
lations are less clear.
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FIG. 2. (a) Magnetic field (Bdc) dependence of the leakage
current at VS ! 3:0 mV, in the middle of the spin-blockade
region, as a function of in-plane magnetic field for sweep up
(black) and sweep down (gray). Detailed positions of the step
and largest fluctuations depend on the Bdc sweep rate and values
of VS and VG. (b) Leakage current evolving with time mea-
sured for fixed magnetic fields of Bdc ! 0:70 to 0.85 T with
0.01 T step for the curves from bottom to top. Each curve is
vertically offset by 0.5 pA for clarity. (c) Transient behavior of
the oscillatory current. VG set at the gray arrow in Fig. 1(b),
right inset. VS switched from 3.0 to #1 mV, where the
Coulomb blockade is almost lifted and a small current of
"#1 pA flows. After dwelling for 300, 150, 75, 36, and 18 s
outside the SB region we switch VS back to 3.0 mV. The peak
spacing !t (right axis) is plotted.

FIG. 1. (a) Accessible electric configuration A–D in spin-
blockade region. (b) Current (I) voltage (VS) characteristic
measured at T ! 1:8 K, zero magnetic field. Black and gray
lines at VG’s are indicated by black and gray arrows in the right
inset. In the spin blockade region for 2< VS < 6 mV the
system is in a spin triplet state B. Left inset: schematic of
vertical double dot devices. Directions of dc and ac magnetic
fields are indicated. Note that, for the black line, for small VS,
transitions between A–D become reversible, hence the system
does not show spin blockade. For the gray line, the two-electron
Coulomb blockade is present for jVSj< 1 mV, and spin block-
ade for VS > 1 mV.
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Current oscillates for fixed B, with DC source-drain bias

not change significantly up to Bdc ! 8 T and the leakage
current is in the 1 pA range. This contrasts with the ease of
vertically applied field as discussed in Ref. [6] where the
shift of the second lowest orbital eventually lifts the SB.
Figure 2(a) shows the leakage current taken at VS !
3:0 mV with a constant field sweep rate of 2 min=T. As
the magnetic field initially increases, the current is nearly
constant for Bdc < 0:5 T, but then rises sharply at Bdc "
0:5 T. Fluctuations emerge and increase in amplitude
with increasing Bdc up to "0:87 T, and then leakage
suddenly collapses for Bdc > 0:9 T. A similar character-
istic, but shifted to lower field, is observed when sweep-
ing the field downward. The width of this hysteresis loop,
"0:2 T in Fig. 2(a), shrinks for slower Bdc sweep rate and
saturates at "0:15 T for sweep rates below 1 h=T. Similar
characteristics, i.e., a step followed by fluctuations and
hysteresis, are observed at different (VS; VG) within the
SB region. For any Bdc field in the current fluctuation

regime (0:6" 0:87 T), the current shows periodic oscil-
lations as a function of time [Fig. 2(b)]. Oscillation is in
fact depending only on time and both the period and
amplitude of the current oscillations increase with Bdc,
reaching maximal period, "200 s, and amplitude,
"0:4 pA, near 0.87 T. These oscillations last with no
definite damping for 15 h or longer. We observe no clear
periodic oscillations after the current decreases to the
low level for Bdc > 0:87 T. Note that in Fig. 2(b) only
variations of the current slower than our measurement
time constant of "1 s can be detected. We observe no
significant thermal dependence of this oscillatory behav-
ior over temperatures from 1.8 to 0.3 K, provided that VS
and VG remain well within the SB region.

These characteristics are observed not merely in one
sample. I-Bdc characteristics similar to that shown in
Fig. 2(a) are observed for four double dot samples show-
ing spin blockade: three samples with a 6 nm center
barrier and one sample with a 7.5 nm center barrier. A
leakage current step, oscillations, and hysteresis are ob-
served in a smaller Bdc range (step at "0:3 T and maxi-
mal oscillations at "0:6 T) in the device with a 7.5 nm
center barrier. The other two 6 nm center-barrier samples
show a similar step although in some samples the oscil-
lations are less clear.

0 50 100 150

2

4

6

8
I(

pA
)

Time(sec)

(a) (b)

(c)

0.0 0.5 1.0
1.0

1.2

1.4

1.6

1.8

2.0
 

I(
pA

)

Magnetic Field(T)

101

102

103

0 10 20 30 40 50 60 70 80

-1
0
1
2

 !
t(s

ec
)

 

 

 

I(
pA

)

Time(min)

FIG. 2. (a) Magnetic field (Bdc) dependence of the leakage
current at VS ! 3:0 mV, in the middle of the spin-blockade
region, as a function of in-plane magnetic field for sweep up
(black) and sweep down (gray). Detailed positions of the step
and largest fluctuations depend on the Bdc sweep rate and values
of VS and VG. (b) Leakage current evolving with time mea-
sured for fixed magnetic fields of Bdc ! 0:70 to 0.85 T with
0.01 T step for the curves from bottom to top. Each curve is
vertically offset by 0.5 pA for clarity. (c) Transient behavior of
the oscillatory current. VG set at the gray arrow in Fig. 1(b),
right inset. VS switched from 3.0 to #1 mV, where the
Coulomb blockade is almost lifted and a small current of
"#1 pA flows. After dwelling for 300, 150, 75, 36, and 18 s
outside the SB region we switch VS back to 3.0 mV. The peak
spacing !t (right axis) is plotted.

FIG. 1. (a) Accessible electric configuration A–D in spin-
blockade region. (b) Current (I) voltage (VS) characteristic
measured at T ! 1:8 K, zero magnetic field. Black and gray
lines at VG’s are indicated by black and gray arrows in the right
inset. In the spin blockade region for 2< VS < 6 mV the
system is in a spin triplet state B. Left inset: schematic of
vertical double dot devices. Directions of dc and ac magnetic
fields are indicated. Note that, for the black line, for small VS,
transitions between A–D become reversible, hence the system
does not show spin blockade. For the gray line, the two-electron
Coulomb blockade is present for jVSj< 1 mV, and spin block-
ade for VS > 1 mV.
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Theory must explain key experimental observations:

1. Extremely long oscillation timescale:

2. Oscillations only observed in vertical DQDs

Single electron transit time (1 pA) ~ 100 ns

Oscillation period ~ 100 s

9 orders of magnitude separation!

electron can only be transported through the
system when the transition between the two-
electron states (N1,N2) ! (0,2) and (1,1) is
allowed. This condition is met when the nec-
essary energy cost to add one more electron
to the system is compensated for by the ac-
tion of a nearby plunger gate voltage, or the
voltage between the leads, which is a familiar
single-electron charging phenomenon (5).

Crucially, spin effects also markedly in-
fluence electron transport. Because the tunnel
coupling between the two sites is sufficiently
weak, the (N1,N2) ! (1,1) spin-singlet and
spin-triplet states are practically degenerate
(9). Additionally, for (N1,N2) ! (0,2), only a
spin singlet is permitted because of Pauli
exclusion. Therefore, electron transport is
only allowed for a channel made from the
(1,1) and (0,2) singlet states. This always
holds true for reverse bias when the chemical
potential of the left lead, "!, nearest site 1, is
lower than that of the right lead, "r, nearest
site 2, because only an antiparallel spin elec-
tron can be injected onto site 2 from the right
lead (Fig. 1A). On the other hand, for forward
bias, "! # "r, either the (1,1) singlet or triplet
can be populated with more or less the same
probability by injection of an electron onto
site 1 from the left lead. If the (1,1) singlet is
populated, a single-electron tunneling current
can flow through the singlet state. Once the
triplet is populated, however, subsequent
electron transfer from site 1 to 2 is blocked by
Pauli exclusion. Note that an electron arriv-
ing on site 1 usually cannot go back to the left
lead because of the fast relaxation of the hole
state left behind in the lead (10). Thus the
(1,1) triplet will sooner or later be occupied
on a time scale sufficiently longer than the
electron tunneling time between the leads,
and this should lead to clear current suppres-
sion, for example, in dc measurement. Be-
cause this blockade is due to spin and not
charge, we hereafter refer to this process as
“spin blockade,” and this provides current
rectification. Blockade of single-electron
transport associated with spin has been re-
ported for single-dot (11–13) and double-dot
(14, 15) systems. In most of these cases,
blockade appears only when the difference in
the total spin between the N and N $ 1
electron ground states (GSs) is greater than
1/2. Such a large difference cannot be made
up by single-electron tunneling events, but
this itself is not related to Pauli exclusion.

Our double-dot device is made by verti-
cally coupling two circular quantum dots that
are located between two contact leads called
the source and drain (Fig. 1B) (16, 17 ). The
lateral confinement in each dot imposed by
the surrounding Schottky gate is well approx-
imated by a 2D harmonic potential (6, 18). A
quantum dot with such a potential has atom-
like electronic properties: shells composed of
1s, 2p, 3s, 3d, . . . orbitals and the filling of

near degenerate states in accordance with
Hund’s first rule (6, 7 ). The typical charac-
teristic energy, %&0, of the lateral confine-
ment in each dot is about 4 meV for the
lowest 1s orbital state (18). Located %&0

above is the excited 2p orbital state. In our
vertical device configuration, the total num-
ber of electrons in the whole double-dot sys-
tem, N (! N1 $ N2), can be varied one-by-
one as a function of gate voltage, VG, starting
from N ! 0 (6, 17 ). Here, we label the two
dots “dot 1” and “dot 2,” and they correspond
to site 1 and site 2 in Fig. 1A, respectively.
Similarly, N1 (N2) is now the number of
electrons in dot 1 (dot 2). The transmission
coefficients for all the tunnel barriers (dot-
contact lead and dot-dot) are sufficiently
weak that electron transport can be discussed
just in terms of sequential tunneling between
the source and drain.

The general situation of Fig. 1A can be
reproduced in our structure (see Fig. 2A,
potential diagrams) if there is an appropriate
potential offset, 2', between the two quantum
dots at zero source-drain voltage, V ! 0 V
(19, 20). Then, just one electron is trapped in
the 1s orbital state of dot 2, and the two-
electron GS is either (N1, N2) ! (1,1) or
(0,2). For (1,1), the singlet and triplet states
are nearly degenerate because the coupling
between the two dots is very weak (9). For
(0,2), only the singlet GS is initially relevant.
A (0,2) triplet excited state (ES) can be
formed by putting two parallel spin electrons
in the 1s and 2p states in dot 2. However, its
energy is normally much higher than that of
the (1,1) and (0,2) GS, so it does not influ-
ence the transport in our discussion for the
moment. When viewing Fig. 1A, we can see
that electrons can be transported by the (0,2)

and (1,1) singlet states for reverse bias,
whereas for forward bias, the (1,1) triplet can
be populated, leading to the blockade of elec-
tron transport. We now define the electro-
chemical potential of the (N1, N2) GS to be
"(N1, N2) and the chemical potential of the
source (drain) lead to be "r ("!). Spin block-
ade in Fig. 1A can appear when electrons are
injected from the drain to the (1,1) triplet in
the nonlinear transport (21). We assume that
spin is conserved in the electron tunneling
throughout our double-dot system and that
there are no spin flips on a time scale suffi-
ciently longer than the electron tunneling
time. This condition actually holds for our
experiments, which we will explain later.

We measure the dc current, I, flowing
vertically through the two dots as a function
of VG and V to study the linear and nonlinear
electron transport. VG and V, respectively, are
used to change the electrostatic potential of
the two dots together, and the potential offset
between the two dots. By adjusting these
voltages and using a double-dot sample with
an appropriate potential offset 2' (19), we
can realize the situation in Fig. 1A. dI/dV –
VG measured for small V ((0 V) shows clear
Coulomb oscillation peaks (Fig. 2A, lower
right inset). N increases one-by-one, starting
from N ! 0 every time a current peak is
crossed as VG is made more positive. The
first peak (X) is very small but definitely
present at VG ( –2 V, and this indicates
transport through the double-dot system for N
fluctuating between 0 and 1. The second peak
(P) and the third peak (Q) are much larger.
This implies that tunneling is elastic between
the source and drain leads for N ! 172 and
273. However, because of the potential off-
set between the two dots, this is not the case

Fig. 1. Model for rectification of
the single-electron tunneling
current by the Pauli effect. (A)
Electron transport through a ge-
neric two-site system with one
electron trapped permanently on
site 2. For reverse bias, a trans-
port channel through two-elec-
tron singlet states is always
available; however, for suffi-
ciently large forward bias a trip-
let state with an electron on
each site is sooner or later occu-
pied. Further electron transport
is then blocked due to Pauli ex-
clusion. (B) Schematic of the
double-dot device (16–18). The
specific device we discuss is a
0.6-"m cylindrical mesa made from an AlGaAs (8 nm)/InGaAs (12 nm)/AlGaAs (6 nm)/InGaAs (12
nm)/AlGaAs (8 nm) triple barrier structure located between the n-GaAs source and drain leads.
Both quantum dots are strongly confined vertically by heterostructure barriers and softly confined
laterally by an approximate 2D harmonic potential imposed by the common Schottky gate
wrapped around the mesa. The tunnel coupling energy between two dots is estimated to be 0.3
meV (17). This is much smaller than the 2D harmonic potential energy (%&0 ( 4 meV) and the
charging energy for each dot (U ( 4 meV). The conditions in (A) are achieved by adjusting the
source-drain voltage, V, and the gate voltage, VG, in the presence of an appropriate potential offset
between the two dots.
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Nuclear polarization rate depends on
probabilities of up/down spin flip processes

“f±”
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Dependence of polarization rate on Overhauser shift 
provides feedback, leads to instability
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Overhauser field only inside dot: down spins tunnel faster
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Overhauser field only inside barrier: up spins tunnel faster
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Loading probabilities sensitive to DNP inhomogeneity*
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Polarization builds up inside dot; additional
feedback due to spin-dependent tunneling
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Dot and barrier DNP coupled by slow nuclear spin diffusion

Diffusion time constant:                s for a few 10s of nm��1
D � 10

Loading probabilities                                  depend on DNP gradientf± ⇠
1
4

[1± ⌘(x� y)]

D. J. Reilly et al., PRL 101, 236802 (2008)

D. Paget, Phys. Rev. B 25, 4444 (1982)
Diffusion references:
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DNP diffuses into barrier, loading probabilities
react with long time delay
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Loading probabilities equalized

Polarization diffuses to barrier



Delayed feedback gives rise to stable limit cycle!

Arrows: flow direction

Color scale: flow velocity

Period set by nuclear spin diffusion, easily reaching tens of seconds

Directed spin diffusion into barrier expected only for vertical DQDs
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Oscillatory phenomena provide new insight into the 
mechanisms of spin dynamics in QDs

Spin-orbit coupling drastically alters angular momentum counting

Long-lived nuclear spin coherence mediates interference between 
electronic spin flip pathways

Coupling of electronic degrees of freedom and spatial modes of 
nuclear polarization leads to intriguing new phenomena

*

*

*
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Assuming translation invariance in    , decouple
problem into 2x2 blocks

m

1
2

1

0
0�I II/2�I/2
m

v m
/v

m
a
x

vm = Ā
p
I(I + 1)�m(m� 1)

hT+,m� 1 |HHF |S,m i

v
max

= Ā
p
I(I + 1)

Hyperfine matrix element:

Fourier space (Bloch) Hamiltonian

spin-orbit
matrix element

typical hyperfine
matrix element

| ✓ i =
X

m

eim✓| m i, HST+(✓) =

✓
"T+(t) vSO + vHFe

�i✓

vSO + vHFe
i✓ "S(t)

◆

see also, e.g.:

M. Gullans et al., Phys. Rev. B 88, 035309 (2013)

A. Brataas and E. I. Rashba, Phys. Rev. B 84, 045301 (2011)

D. Stepanenko, MR, B. I. Halperin, and D. Loss, Phys. Rev. B 85, 075416 (2012)



DNP production rate controlled by HF transition rates

�± = (Attempt freq.) · (Prob. to load T±) · (Prob. to decay by spin flip)

average current WHF
±

WHF
± + W in

W in : nuclear-spin-independent escape rate

WHF
± : elastic            hyperfine transition rateT±-S

“f±”

| T+ �

| T� � | S �S+I�

�

�

g�µBB + Ax
S�I+

W

HF
± =

A

2

N

(1⌥ x)�
"

2
± + �

2

x =
N+ �N�
N+ + N�

N = N+ + N�
"± = "± g

⇤
µBB ±Ax

A : hyperfine coupling

N± : nuclear spin populations

Rate equation for nuclear polarization:

ẋ = [�+(x;B, ", . . .)� ��(x;B, ", . . .)] /N



Finding oscillations: look for unstable spiral in linearized eqns

u̇ = �u + v, v̇ = �µu + �v

(�� �)2 � 4µ < 0Negative discriminant (complex eigenvalues):

(� + �) > 0Instability (positive real part of eigenvalues):

u

v

�± =
1
2
(� + �)± 1

2
�

(�� �)2 � 4µ2


