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auli-spin blockade (PSB) is a transport phenomenon in double quantum dots that allows for a type

f spin to charge conversion often used to probe fundamental physics such as spin relaxation and

inglet-triplet coupling. In this paper, we theoretically explore Pauli-spin blockade as a function of

agnetic field B applied parallel to the substrate. In the well-studied low magnetic field regime,

here PSB occurs in the forward (1, 1)! (0, 2) tunneling direction, we highlight some aspects of

SB that are not discussed in detail in existing literature, including the change in size of both bias

riangles measured in the forward and reverse biasing directions as a function of B. At higher fields,

e predict a crossover to “reverse PSB” in which current is blockaded in the reverse direction due

o the occupation of a spin singlet as opposed to the traditional triplet blockade that occurs at low

elds. The onset of reverse PSB coincides with the development of a tail like feature in the meas-

red bias triangles and occurs when the Zeeman energy of the polarized triplet equals the exchange

nergy in the (0, 2) charge configuration. In Si quantum dots, these fields are experimentally acces-

ible; thus, this work suggests a way to observe a crossover in magnetic field to qualitatively differ-

nt behavior. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945393]
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I. INTRODUCTION

Since its discovery, Pauli-spin blockade (PSB)1 has

been a valuable tool for probing fundamental physics. Its use

in spin to charge conversion has led to investigations of spin

T1 relaxation times,2,3 electron spin couplings to lattice nu-

clear spins,4 and spin-orbit effects.5 PSB has also received a

lot of attention from the quantum information community

due to its use in read-out and initialization of various elec-

tron spin states.6–8 The majority of studies involving PSB

have focused on the low magnetic field regime. In this manu-

script we investigate the qualitative behavior of PSB at all

magnetic fields. In doing so, we identify experimentally ac-

cessible regimes where PSB has yet to be studied and new

physics is likely to be found.

In a typical double quantum dot (DQD) device, two

quantum dots are coupled to each other as well as to two

electron reservoirs (see Figure 1(a)). The dots are also

capacitively coupled to one or more gate electrodes which

can be used to control the dot potentials. The charge configu-

ration of the system is characterized by a pair of numbers

(n, m) corresponding to the number of electrons on the left

and right dot, respectively. Transport through quantum dots

can be understood by considering the chemical potentials of

the quantum dots, llðn;mÞ � Eðn;mÞ � Eðn� 1;mÞ and

lrðn;mÞ � Eðn;mÞ � Eðn;m� 1Þ, where E denotes the total

energy of the system. When the appropriate chemical poten-

tials form a energetically downhill path between the Fermi

levels of the two leads, lLL(RL), electron tunnelling through

the device is energetically favorable and leads to current

flow.9 Near the (1, 1)$ (0, 2) charge transition, where PSB

typically occurs, this condition can be expressed as lLL �
llð1; 1Þ � lrð0; 2Þ � lRL for transport in the forward (1, 1)

! (0, 2) direction and lLL � llð1; 1Þ � lrð0; 2Þ � lRL for

transport in the reverse (0, 2) ! (1, 1) direction. These con-

ditions describe regions of transport known as bias triangles,

with sizes proportional to the applied bias voltage, Vbias.
9

II. CONVENTIONAL PSB IN CHEMICAL POTENTIAL
SPACE

For a more complete picture of transport through a DQD

near the (1, 1)$ (0, 2) charge degeneracy, we now also con-

sider the spin state of the electrons. For transport in the for-

ward (left to right) direction, current flows via tunneling

events that cycle through the ð0; 1Þ ! ð1; 1Þ ! ð0; 2Þ !
ð0; 1Þ charge configurations. In the reverse direction, it

occurs via ð0; 1Þ ! ð0; 2Þ ! ð1; 1Þ ! ð0; 1Þ. The two elec-

trons on the DQD can form one of four possible spin states,

the s¼ 0 spin singlet jSi � ðj"#i � j#"iÞ=
ffiffiffi

2
p

, or one of the

three s¼ 1 triplet states jT0i � ðj"#i þ j#"iÞ=
ffiffiffi

2
p

;
jTþi � j""i; jT�i � j##i. In zero magnetic field, the jSi
state is typically the ground state and the three degenerate

triplet states are higher in energy by the exchange energy

J.10 Since J scales with the wavefunction overlap between

the two electrons, J is large in the (0, 2) configuration and

small in the (1, 1) configuration.11 This difference in

exchange leads to a situation where although the forward

(1, 1) ! (0, 2) interdot transition is allowed for the jSi
ground states, current does not flow. This occurs because,

with Jð1; 1Þ < Jð0; 2Þ, it is possible that even though conduc-

tion through the singlet states is allowed, i.e., lLL � ljSil ð1; 1Þ
� ljSir ð0; 2Þ � lRL, the interdot transition for the triplet states
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is forbidden, ljTxi
l ð1; 1Þ � ljTxi

r ð0; 2Þ. Thus, once loaded, the

jð1; 1ÞTxi can tunnel neither forward nor back until it has

relaxed into a singlet state. Since the spin relaxation from a

jTxi state to a jSi state is typically long relative to the tunnel-

ing times, the measured current in the PSB region is near or

below the noise floor of the measurement system. This situa-

tion truncates the size of the bias triangles in the forward bias

direction, as shown in Figure 1(c), while leaving the triangles

measured in the reverse bias direction at “full size,” as in

Figure 1(b). This size difference is the most basic signature

of PSB and has been measured by several groups in various

material systems.5,12–21

For a more intuitive presentation of the voltage space

measurements depicted in Figures 1(b) and 1(c), one can

convert them to chemical potential space, or l-space,22

where triangles from both bias polarities can be shown on a

single plot. Plotted in Figure 1(d) is the l-space equivalent

to what is shown in both panels (b) and (c), where the axes

are defined as Dllð1; 1Þ � ljSil ð1; 1Þ � lLL and

Dlrð0; 2Þ � ljSir ð0; 2Þ � lLL. Also shown in this plot are out-

lines of the “state triangles,” which correspond to the condi-

tions lLL � lstate
l ð1; 1Þ � lstate

r ð0; 2Þ � lRL, in the forward

biased direction and lRL � lstate
r ð0; 2Þ � lstate

l ð1; 1Þ � lLL,

with lLL� 0, in the reverse direction, where state refers to

the spin state, jSi or jTxi, of the two electron system.

When a magnetic field, B, is applied, several effects can

occur depending on the direction of the applied field. If

applied perpendicular to the two-dimensional electron gas

(2DEG), there can be a significant change in the spatial

wavefunctions of the electrons. This will in turn affect the

magnitudes of J(1, 1) and J(0, 2) leading to a change in size

of the PSB region.12 At higher fields, the jTxi states can fall

below the jSi states leading to PSB in the (1, 1) ! (0, 2)

direction caused by singlet states rather than the triplet

states.23 When B is applied in the plane of the 2DEG, the

spatial effect on the wave functions is negligible and

observed effects are due to the Zeeman splitting of the triplet

levels. This in-plane magnetic field dependence will be the

focus of the remainder of this manuscript.

When considering the in-plane B, we make the following

assumptions for B-dependence of the chemical potentials:

ljSiðn;mÞjB 6¼0 ¼ ljSiðn;mÞjB¼0; (1)

ljT0iðn;mÞjB 6¼0 ¼ ljSiðn;mÞjB¼0 þ Jðn;mÞ; (2)

ljT6iðn;mÞjB 6¼0 ¼ ljSiðn;mÞjB¼0 þ Jðn;mÞ6glBB: (3)

III. MAGNETIC FIELD DEPENDENCE

When B is increased from zero, the first notable effect is

the change in size of the bias triangles. As reported in Ref. 13,

the triangles in the forward (1, 1) ! (0, 2) biasing direction

grow in size proportional to the Zeeman energy EZ¼ glBB,

with g being the electron g-factor and lB being the Bohr mag-

neton. However, we predict a concomitant reduction in size of

the triangles measured in the reverse (0, 2)! (1, 1) direction.

Both of these effects are illustrated in Figure 2.

Figure 2(a) shows the l-space picture of the changing

triangles (see the supplementary material24 for details on

using the l-space picture to determine the regions of allowed

current). The origin is defined by the point where

ljSil ð1; 1Þ ¼ ljSir ð0; 2Þ ¼ lLL ¼ 0. Since ljSiðn;mÞ has no

magnetic field dependence, our definition of the origin

relates it to a single point in voltage space, at all magnetic

fields. This consistent mapping between l-space and voltage

space results in predictive power not available in the typical

voltage space picture. Directions determined in l-space now

map to specific directions in voltage space across all mag-

netic fields. This allows us to predict, for example, the fact

that bias triangles measured at low magnetic fields change

size along the Dll(1, 1) direction, which maps to a voltage

FIG. 1. Traditional forward Pauli-spin blockade, B¼ 0 T Bias triangles at

the ð1; 1Þ $ ð0; 2Þ charge transition with no applied magnetic field,

Vbias¼61 mV and Jð0; 2Þ ¼ 0:3 meV. (a) Schematic of a typical double

quantum dot. A bias applied between the left and right leads can lead to elec-

trons tunneling through the device. The potentials of the dots are controlled

with two capacitively coupled gates. (b) and (c) Voltage space pictures of

current measurements in the (0, 2)! (1, 1) and (1, 1)! (0, 2) biasing direc-

tions using typical voltage and capacitance values. Filled regions of color

correspond to non-zero current. (d) The chemical potential space picture for

the same transitions. Triangles below the Dll(1, 1)¼ 0 axis are for (1, 1)!
(0, 2) biasing and those above are for (0, 2) ! (1, 1) biasing. Chemical

potential diagrams for certain regions of interest in (b)–(d) are also shown.

The l-space origin is determined by the Fermi level of the left lead which

we take to be at the ground potential for all measurements. The PSB region

is labelled with the blue diamond.
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space direction roughly along the Vlg axis (see Figure 2 and

the discussion below).

The change in triangle size in the Dll(1, 1) direction is

understood by considering the process which determines the

edge of the triangles. For the forward (1, 1) ! (0, 2) direc-

tion, the crucial process is the loading of an electron from

the left lead onto the left dot. As B is increased, the

jð1; 1ÞT�i level is lowered by the Zeeman energy meaning

that the loading of that state can occur at larger Dll(1, 1) val-

ues. This is shown in the chemical potential diagrams at the

top of Figure 2(a) for the point labelled with the blue trian-

gle. In this region, since the only accessible (1, 1) state is

jT�i, conduction is spin-polarized. In the reverse (0, 2) !
(1, 1) direction, the crucial process is the Coulomb blockade

of current due to loading of the jð1; 1ÞT�i level below lLL.

Again, as B is increased this level drops below lLL at a

higher Dll(1, 1). This is depicted in the chemical potential

diagrams at the bottom of Figure 2(a) for the point labeled

with the red square. In both biasing directions, when viewed

in this l-space picture, the direction the triangles are chang-

ing is clear, and we can then easily generate the correct gate

voltage space picture. This is done in Figures 2(b)–2(d),

using typical capacitance and voltage parameters, which

show bias triangles for the forward (1, 1) ! (0, 2) direction

growing with magnetic field in roughly the –Vlg direction (as

compared to the detuning direction, i.e., perpendicular to the

base of the triangles). This prediction is observed in Ref. 13

and validates the assumptions made in Equations (1)–(3).

As B is increased further there will be a crossover from

PSB in the forward (1, 1) ! (0, 2) direction, as discussed

above and in the previous works,1,5,12–21,23,25 to PSB in the

reverse (0, 2) ! (1, 1) direction. The onset of this reverse

PSB is accompanied by the development of a tail-like feature

in the regions of allowed current26 and occurs at a magnetic

field BST where EZ¼ J(0, 2).

Both of the high field features can be understood by con-

sidering Figure 3, a l-space picture of a transport measure-

ment in the reverse (0, 2)! (1, 1) direction with EZ> J(0, 2).

Included are the state triangles for the various singlet and tri-

plet chemical potential levels. The regions labeled with the

blue diamond and square correspond to the region of PSB.

The physics of this PSB is similar to the traditional low field

(1, 1) ! (0, 2) PSB, but with the jð0; 2ÞSi state filling the

role of the trapped state and the jT�i levels contributing to

current. This is shown in the corresponding chemical poten-

tial diagrams. Throughout the PSB region, although current

FIG. 2. Magnetic field dependence for

B � BST: (a) l-space picture of bias

triangles in both biasing directions

with Vbias¼61 mV, J(0, 2)¼ 0.3 meV

at three B values corresponding to

EZ¼ 0.0, 0.125, and 0.25 meV, respec-

tively. The triangles outlined with con-

secutively thicker lines correspond to

higher B. As B is increased, the trian-

gles in the forward (1, 1) ! (0, 2)

direction (left set of triangles) grow

along the ll(1, 1) direction while the

reverse (0, 2)! (1, 1) biased triangles

shrink in the same direction. The

change in triangle size is due to the

Zeeman splitting of the jð1; 1ÞT�i level

as shown in the chemical potential dia-

grams corresponding to the points la-

beled with the blue triangle and the red

square, respectively. (b)–(d) Gate volt-

age space bias triangles in the forward

(1, 1) ! (0, 2) biasing direction at the

same magnetic fields as (a). The vertex

labeled with the star occurs at the same

position at all magnetic fields in both

l-space and gate voltage space. The

growth direction we predict is clear

and agrees with the data in Figure 4 of

Ref. 13.
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is allowed through the ground state jT�i levels, the jð0; 2ÞSi
state can load from the right lead and, since the jð0; 2ÞSi !
jð1; 1ÞT�i tunneling event is not allowed, it will block cur-

rent until it relaxes to a jT�i state. Much like how the leak-

age current in the low field (1, 1) ! (0, 2) PSB region has

been used to probe jTi ! jSi coupling/relaxation, leakage

currents in this reverse PSB region could be used to probe

jSi ! jTi relaxation.

Figure 3 has another distinct feature, the tail region la-

beled with the star. This feature also develops when the jT�i
state becomes the ground state in the (0, 2) configuration. The

feature can be understood by considering the border between

the tail and the PSB region. To the left of this border, no cur-

rent is measured because the jð0; 2ÞSi can load and prevent

current flow as previously discussed. To the right of the bor-

der, the jð0; 2ÞSi level is above lRL and is therefore unable to

load (compare the chemical potential diagrams labelled with

the diamond and the star). Since the jð0; 2ÞT�i state is the

only state that can load, the current measured in the tail region

will be spin polarized upon exiting the DQD, which suggests

a potential use as a polarized spin current source.27

IV. CONCLUSIONS

By thoroughly considering the l-space picture typically

used to explain PSB, we have identified several interesting

and unexplored features involved in the (1, 1) $ (0, 2)

transition of a double quantum dot at both low and high mag-

netic fields. The boundary between the two field regimes

occurs at BST where the Zeeman energy of jð0; 2ÞT�i equals

J(0, 2). With g¼ 2 and exchange energies reported13,17,20 in

the range of 0.24 meV–1.4 meV, BST in Si should be in the

range of 2–12 T, accessible with standard cryomagnetics.

This suggests that Si offers an opportunity to test our predic-

tions. Simple validation can be achieved by performing

measurements of the type reported in Ref. 13 for both bias-

ing directions and comparing with our predictions of chang-

ing triangle size. Following that, the high-field tail feature

we predict should be a clear signature that the reverse PSB

regime has been reached, signaling a crossover in magnetic

field to qualitatively different behavior. This would lead to a

deeper understanding of transport through double quantum

dots by providing several new comparisons between mea-

surement and the standard theory.
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