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Harnessing spin precession with dissipation
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Non-collinear spin transport is at the heart of spin or magnetization control in spintronics

devices. The use of nanoscale conductors exhibiting quantum effects in transport could

provide new paths for that purpose. Here we study non-collinear spin transport in a quantum

dot. We use a device made out of a single-wall carbon nanotube connected to orthogonal

ferromagnetic electrodes. In the spin transport signals, we observe signatures of out of

equilibrium spin precession that are electrically tunable through dissipation. This could

provide a new path to harness spin precession in nanoscale conductors.
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S
pin transport is deeply modified if one shrinks spintronics
devices down to the nanoscale. This could allow one to
envision spin-based devices with new functionalities, such

as spin-field effect transistors1–3. For devices exploiting actively
the electronic spin, however, control over classical or quantum
spin rotations has to be achieved. In standard spintronics devices,
one usually strives to control the angle of the spin rotations by
controlling their speed. Is it possible to alternatively tune the
dissipation viewed by the spins to harness their precession angle?

Manipulating spins or magnetizations requires the application
of a torque. This can be conveniently done via real- or effective
magnetic fields. In the past decade, it has been found that
spin-polarized current could also be used, thanks to the
spin-transfer torque phenomenon4. So far, the spin-transfer
torque has been studied in nanopillars5, metallic quantum point
contacts6 or magnetic wires7 that is, in conductors enclosing
many conduction channels. In these cases, spin transport is
classical as the motion of charges is essentially diffusive. Similarly
to the spin independent case, one expects qualitative changes if
these classical conductors can be replaced by quantum
conductors such as nanowires or quantum dots, which display
size quantization effects (discrete orbital levels) or charge
quantization effects (Coulomb blockade). This would give new
paths for spin manipulation in nanoscale systems8–18.

Here we implement a single-quantum dot connected to leads
with non-collinear magnetizations. The device acts like a
spin-valve with a tunneling magnetoresistance. While the
linear-spin-dependent transport displays the usual signatures of
electronic confinement1,2,19, the finite bias magnetoresistance
displays a striking antisymmetric reversal with the dot bias
voltage. This phenomenon is accompanied by a linear dispersion
of the zero magnetoresistance point in the bias-field plane.
The slope of the dispersion corresponds to a gate tunable field-to-
energy conversion constant ranging from 200 to 700. Such high
values cannot be understood in terms of Zeeman or magnetic-
field-induced orbital effects. They point to a dissipative control of
spin precession. We can account quantitatively for our findings
using a simple spin-precession theory and a bias-dependent spin
decoherence. These findings illustrate that although dissipation is
usually considered as a nuisance, it can become a resource if it is
electrically tunable. This could be used as a resource for spin-flip
transistors20 and could contribute to the understanding of
spin-polarized tunneling in magnetic adatoms, molecules or
nanoparticles.

Results
Device and spin signal in the linear regime. We use carbon
nanotubes to fabricate quantum dots with ferromagnetic
electrodes1–3,21–23. Owing to the transverse anisotropy of our
ferromagnetic electrodes24, one can obtain quantum dots with
non-collinear leads by defining with e-beam lithography magnetic
electrodes forming an angle, as shown in Fig. 1a, where we display
a SEM image of a typical sample in false colours (see Methods).
As shown in Fig. 1a, the two electrodes form an angle p/2. This
results a priori to spin precession, as sketched in Fig. 1b. We
present here a full transport study of one device, which was stable
enough to conduct systematic spin transport measurements at
finite bias voltage.

Figure 1c displays the colour scale differential conductance
map of the device as a function of the source-drain bias Vsd and
the gate voltage Vg. The colour scale plot displays the
characteristic diamonds of the spectroscopy of a quantum dot
in the weak Coulomb blockade regime. From the mean height of
the diamonds, one can read off a charging energy of about 3meV.
Besides, the variations in the size of the Coulomb diamonds

reveals a finite intrinsic level spacing between the dot levels, of the
order of 1meV. Throughout the paper, the temperature is
T¼ 1.8 K.

We first study spin transport in the linear regime (eVsdokBT),
e being the elementary charge and kB the Boltzman constant.
Figure 2a displays the typical magnetoresistance signal observed
when we apply an external magnetic field along one of the
electrodes and perpendicular to the other one, as sketched in
Fig. 1a. We observe a spin-valve behaviour with hysteretic
switchings at about 10 and 80mT on increasing the magnetic
field and � 10 and � 80mT on decreasing the magnetic field.
The angle f between the two magnetizations is p/2 at zero
magnetic field, as characterized by room temperature magnetic
force microscopy (not shown) and 0 at high magnetic field.
In the geometry we are using, the first switching event
can be attributed to a switch from f¼ p/2 to Ep due to the
progressive rotation of the left (L) electrode, and the second
sharper switching event can be attributed to a switch from Ep
towards 0 due to a switch of the right(R) electrode. The spin-
dependent signal may be defined in the conventional way, using
the TMR¼ (Gretrace�Gtrace)/Gretrace at a magnetic field B¼ 75
mT. Here Gtrace is the conductance on increasing the external
magnetic field and Gretrace is the conductance on decreasing the
external magnetic field. Note that we do not know the exact
magnetic configuration for B¼ 75mT. However, it is a priori
non-collinear due to the progressive rotation of the magnetization
orthogonal to the field orientation at zero field. This implies that
Gretrace does not correspond to an angle of 0 at B¼ 75mT but to
an angle between 0 and p/2. This can be supported by numerical
simulations of the magnetization reversal (not shown). For
simplicity we will use p/2 in our interpretation, knowing that a
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Figure 1 | The set-up and its spectroscopy. (a) False colours SEM

micrograph of a typical device. Two PdNi strips with transverse magnetic

anisotropy form a p/2 angle. They contact electrically a single-wall carbon

nanotube. The red arrows indicate the direction of the magnetizations. A

back-gate electrode (not visible) is used to tune the energy levels of the

device. As shown by the black thick arrow, the external B-field is applied

along one of the easy axis of the two PdNi strips. Scale bar, 1 mm.

(b) Schematics of the principle of the device. The dot carries a spin that can

take in principle any direction due to the non-collinear electrodes. The

system is probed by the d.c. spin-dependent current flowing through the

device. (c) Transport spectroscopy of the device presented in the paper

showing Coulomb blockade features.
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smaller angle would modify only quantitatively the inter-
pretation and give a more optimistic evaluation for the
spin-relaxation rate, which we will estimate below. One may also
define DG¼Gtrace�Gretrace, which is more direct than the TMR
in the out of equilibrium regime for non-linear devices such as
quantum dots. In Fig. 2b, the amplitude of DG is represented in
colorscale plot as a function of B and Vg. The clear vertical red
(positive) and blue (negative) stripes show that the hysteresis is
modulated regularly as the gate voltage is swept. This behaviour is
similar to the one observed in the collinear regime1,2. The TMR is
represented in Fig. 2c together with the linear conductance at zero
field. Both quantities oscillate as a function of the gate voltage due
to quantum interference as well as interactions in the device25.
The oscillations of the TMR are slightly phase shifted (by about
p/4) from those of the conductance, with the same period. This is
typical of spin injection in a coherent conductor26 with quantized
energy levels. It allows us to discard spurious mechanisms leading
to a hysteresis, like the magnetocoulomb effect, which would
imply that the modulations of the TMR would be the derivative of
those of the conductance19,27.

Spin signal in the non-linear regime. We now discuss spin
transport in the non-linear regime (eVsd4kBT). The main results
are shown in Fig. 3 where we display the hysteresis and DG as a
function of both B and the source-drain bias Vsd for a constant
Vg. The hysteresis changes sign as the bias is changed from
positive to negative values. As we show in Fig. 3a, one can
revert the sign of the spin signal upon changing the bias from
Vsd¼ � 2.75mV to Vsd¼ 1.25mV, at Vg¼ 0.31V. The
magnetoresistance reversal is best seen in Fig. 3b in colour scale of
DG as a function of the B field and Vsd for a constant Vg. For
positive values of B, we see a blue stripe for Vsdo0 and a
dominantly red stripe for Vsd40, showing that the spin signal has
approximately the same symmetry as the current. Such a
behaviour is shown in details in Fig. 3c, where DG versus the bias
Vsd is represented for constant values of Vg and B. The spin signal
DG displays a nearly antisymmetric behaviour with Vsd. This
suggests out of equilibrium spin precession, as we discuss below.
On very general arguments relying on the high asymmetry
between the L and R contacts(see Methods), the spin signal DG
can be very simply written as an expansion of the projection of
the dot’s spin on the magnetization of the more opaque tunnel
barrier. Defining the opaque barrier as left(L) barrier, we obtain:

DG ¼ DG0 þ aS:nL þ b S:nLð Þ2 ð1Þ
The above equation implies that the angle dependence of the
conductance contains both cosf and (cosf)2 terms with all
possible relative signs. This is already crucial to understand our
magnetoresistance traces such as those of Figs 2a and 3a. In
particular, the (cosf)2 term allows us to understand how G(p/2)
can be in between or larger than G(0) and G(fEp). In this
framework, our measurements can be understood using a simple
semiclassical Bloch–Redfield equation for the spin on the dot,
which allows one to calculate SL¼ S.nL (see Methods). We obtain:

SL ¼
h
2e

Iptsð1� cosfÞ� 1

1þðBþkB0Þ2t2s sin2f
ð2Þ

Here I is the electrical current flowing through the device, p is the
spin polarization of current, k¼ þ 1 for B40 and k¼ � 1 for
Bo0, kB0 is the effective magnetic field arising from the right (R)
magnetization which follows the external magnetic field B and ts
is the total relaxation time of the dot’s spin. Considering the
switching sequence in the experiment, it is suitable to assume
k¼±1 to interpret the TMR measurements. Throughout the
paper, we use f¼ p/2 in our modelling. Equation (2) has a simple

interpretation: the first part stems from the competition between
spin accumulation and spin relaxation and the second part
(which has a Lorentzian shape as a function of B) is a Hanle type
term, which describes spin precession. As sketched in Fig. 4b in
the inset, it is Beff¼Bþ kB0 and ts, which controls this spin
precession. The effective field tends to pull out of plane the spin
S towards the north pole of the Bloch sphere, whereas the
spin relaxation tends to push it in plane. We can therefore
straightforwardly compare Equation (2) with our data provided
we know ts. Importantly, we work with carbon nanotubes where
a low intrinsic spin relaxation rate is expected (t� 1

int o10MHz)28.
However, we use tunnel contacts which are not very opaque
(tunnel rates4100GHz). Hence, the contacts can also contribute
to spin relaxation (t� 1

s ¼ t� 1
int þ t� 1

C ), in principle. In a diffusive
metallic dot, it has been shown theoretically that a ferromagnetic
contact can induce an effective field inside the dot, but also an
effective spin relaxation29,30. The parameters B0 and tC
correspond to the generalization of these concepts to quantum
dots with a finite intrinsic level spacing25,26,31–34. Note that B0
has already been observed experimentally in quantum dots with
ferromagnetic contacts1,3, but the contact-induced spin relaxation
time tC has raised little attention so far for quantum dots. One
naturally expects tC to be drastically different whether the dot’s
level is at resonance or off resonance due to the quantum
confinement of electrons and Coulomb blockade, which leads a
strong energy dependence of the dot density of states32–34. This
behaviour implies that we can control the spin-precession angle
by simply changing the bias voltage.
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Figure 2 | Gate response of magnetoresistance. (a) Single-

magnetoresistance curve for Vsd¼0mV and Vg¼ � 1.2 V. The orange

curve corresponds to increasing magnetic field (Gtrace). The green curve

corresponds to decreasing magnetic fields (Gretrace). (b) Wide gate-voltage

response of the spin signal DG¼Gtrace�Gretrace in colour scale as a

function of the B-field and the gate voltage Vg. The black line corresponds

to a cut at Vg¼ �0.85V (c) Left axis, black circles: linear conductance

modulations at zero magnetic field as a function of the back-gate

voltage. Right axis, red diamonds: TMR modulations measured at 75mT

simultaneously with the linear conductance.
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In order to characterize ts, we interpret quantitatively the data
of Fig. 3c. More precisely, we use Equations (1) and (2) with
a¼ � 0.012, b¼ � 0.0096,

tC ¼ 4t0f
eVsd

V0

� �
1� f

eVsd

V0

� �� �
ð3Þ

f(E) the Fermi-Dirac function, t� 1
0 � 2GHz, V0¼ 2.2meV, and

t� 1
int � t� 1

C . This gives the solid red curve fitting quantitatively
the DG(Vsd) curve for Vg¼ 0.21V in Fig. 3c. The high value of
t� 1
0 confirms that ts is indeed dominated by tC. Besides, the bias
dependence of ts matches with the interpolation of the bias
dependence of G shown in the inset of Fig. 3b, i.e.
G ¼ a� 4bf ðeVsd

V0
Þð1� f ðeVsd

V0
ÞÞ. This again points to a

contact-induced spin relaxation effect.

Out of equilibrium spin precession. Spin accumulation tends to
force DG to follow the behaviour of the current (and therefore to
be antisymmetric in Vsd), whereas spin relaxation acts against it.
The balance between these two effects sets the high-voltage limit
of DG, visible in Fig. 3c. In our case, from Equations (1), (2) and
(3), at high voltages, DG is symmetric that is, DG(±Vsd)¼DG0

since Its and thus S vanish. Spin precession can affect DG only in
the intermediate voltage bias regime, for which S is finite. Hence,
we now make a closer inspection of the intermediate voltage bias
regime to show that out of equilibrium spin precession is indeed
present in our experiment. Figure 4a displays a similar colorscale
plot as in Fig. 3b but zoomed between � 6 and 6mV and for
Vg¼ 0.25V. As highlighted by the tilted green dashed lines, we
observe a dispersion of the zero DG point in the B�Vsd plane.
This slope is very well reproduced by Equations (2) and (3) as one
can see in Fig. 4b. We account for the switching of the magne-
tizations with simple Heaviside functions, which lead to the

horizontal stripes. The slope of the white line denoting the
vanishing of the DG stems from the second (precession) part of
equation (2) and allows us to extract t� 1

0 ¼ 2 GHz, and
B0¼ 20mT. As the bias is increased the spin relaxation time
decreases leading to a larger width of the Lorentzian part of
equation (2). This confirms the ansatz (3). For testing it further,
it is useful to define a field-to-energy conversion constant C,
C ¼ eVsd=mBB, from the slope of the white line for each gate
voltage, mB being the Bohr magneton. The obtained values range
from 200 to 700. This means that the small field of the order of
100mT applied on our device has an effect equivalent to 20 to
70 T considering a standard g-factor of 2. Hence, Zeeman or
orbital effects are too weak to explain this feature. Such high
values of C can only be explained if spin precession is taking place
in the device. The gate modulations of 1=C as well as the
conductance modulations are shown in Fig. 4c. One can see very
strong correlations between G and 1=C, which are very well
accounted for by our model using again Equations (1)–(3). This
confirms the interpretation of our data in terms of dissipative
control of spin precession. This is sketched in Fig. 4c in inset. The
spin relaxation is directly linked to the conductance via the
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Figure 4 | Bias-controlled spin precession. (a) Zoom on the colour scale

plot of the spin signal as a function the B-field and the source-drain bias Vsd
for Vg¼0.25V. The tilted white line highlighted by the black dashed line

corresponds to the points where the spin signal changes sign. (b) Simulated

colour scale plot of the spin signal as a function the B-field and the source-

drain bias Vsd for Vg¼0.25V using equations (1)–(3), t0¼ 500ps and

V0¼ 2.2mV. (c) Red diamonds: inverse field to energy conversion constant

1=C (right axis) as a function of gate voltage. Blue circles and blue dashed

line: Linear conductance measured simultaneously with the spin signal

(circles) and taken from a horizontal cut of the colour scale plot of Fig. 1c

(dashed line). The latter has been shifted by �0.02V to compensate the

small gate shift, which occurred between the two measurements. Inset:

schematics of the competition between spin accumulation, spin precession

and spin relaxation.
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density of states and has the same bias-gate dependence as the
conductance. When the conductance is high, the spins relax faster
and the out-of-plane spin component is small (right Bloch
sphere). When the conductance is low, the spins relax slower and
the out-of-plane spin component is large (left Bloch sphere). The
slope C is roughly given by BtsEconst, which is a level line of the
Hanle term in equation (2). This qualitatively accounts for the
strong correlations observed between 1=C and G.

Discussion
The out of equilibrium precession presented above relies, besides
the non-collinear geometry, on a bias and gate-dependent spin
relaxation, which directly maps onto the conductance. The use of
the spin relaxation for harnessing the overall spin precession
angle is appealing for spintronics applications since it does not
demand a very closed quantum dot with long-spin relaxation
times. On the contrary, an open quantum system can be used
where dissipation is engineered to control the spin degree of
freedom. This could be used for implementing spin-flip
transistor-like spintronic devices or fast initialization of single
spins for quantum information.

Methods
Experimental. The devices nanofabricated for this study are based on single-wall
carbon nanotubes grown by chemical vapour deposition with a methane process on
a highly doped Si substrate used as a back gate23. The samples are connected to
30-nm thick Ni0.7Pd0.3 contacts forming an angle of p/2. They are coated with a
5-nm thick Pd layer. The angle between the magnetizations of the electrodes is
checked on control samples at room temperature with a magnetic force
microscope. The conductance measurements are done with the standard lock-in
detection technique with an a.c. modulation of 100mV at 777.77Hz. Each
magnetoresistance plot is obtained by averaging four times single curves (which
all display the hysteresis switching).

Bloch–Redfield-like equations for the spin dynamics of the dot’s spin. The
spin accumulation on the dot is of the form h

2e pIðnL � nRÞ where p is the spin
polarization of the left and right contacts (taken to be equal here), I is the electrical
current and nL(R) are the unit vectors collinear to the left (L) magnetization and the
right (R) magnetization, respectively33. We assume that the spin S of the dot is
subject to a magnetic field (real or effective) B¼BLnLþBRnR in the plane of the
magnetizations (our experimental situation). The Bloch–Redfield type equations
describing the dynamics of S read, in the limit of weakly polarized contacts:

dS
dt

¼ h
2e

pIðnL �nRÞþ S�B� S
ts

ð4Þ

Defining S¼ SLnLþ SRnRþ S>nL�nR and cosf¼ nL.nR, we get, in the stationary
regime:

SL ¼ h
2e

pð1� cosfÞIts�
1 � BLðBL �BRÞt2s sin2f
1þðB2

L þB2
RÞt2s sin2f

ð5Þ

The above formula yields equation (2) of the maintext provided BL¼ 0, which is
reasonable since the L contact is very weakly coupled to the dot and BR¼Bþ kB0,
with k¼ |B|/B and B0 an effective field induced by the right contact.

Relation between the current through the dot and spin accumulation. The
conductance peaks of the device are significantly smaller than e2/h, while their
width is much larger than temperature. This indicates that the two tunnel contacts
are asymmetric. Hence, we can assume that the left contact has a low transparency.
In this regime, the current through the device can be expressed using a simplified
Meir–Wingreen formula:

dI
dV

� e2

h

X
b

GLb

Z
deAbðe� ebÞ � @fFD eð Þ

@e
j e¼eVsd

� �

� e2

h

X
b

GLbAbðeVsd � ebÞ ð6Þ

where b¼± corresponds to the spin quantization axis along the L
magnetic electrode coupled to the quantum dot with the coupling strength
GLb¼GL0(1þ bPL) and Abðe� ebÞ is the density of states per spin direction
b in the quantum dot. Here eb is assumed to depend on the gate voltage Vg, on
the external magnetic field B and on the spin accumulation. We use the
standard approach where the spin accumulation S produces an effective Zeeman
splitting, which directly affects the dot density of states35,36. We can therefore

write: eb ¼ E0 � eaVg þ bðJSþ mBBÞ:nL with a the gate lever-arm. The constant J is
a phenomenological electronic spin-macrospin interaction constant. It has the
dimension of a pulsation. The constant mB is the Bohr magneton. Note that
equation (6) implicitly assumes that :JooeV0 (V0 is defined in the main text)
since it neglects the term in the differential conductance arising from the derivative
of S with respect to bias V. This inequality is implied by our data since the observed
TMR signals are of the order of few %.

Developing the above expression at second order in (JSþmBB).nL, we get:

dI
dV

� e2

h

X
b

GLbAbðevÞþ bGLb
@Ab

@e

����
ev

½ðJSþ mBBÞ:nL� þGLb
1
2
@2Ab

@e2

����
ev

½ðJSþ mBBÞ:nL�2
" #

ð7Þ
with ev ¼ eVsd � E0 þ eaVg. We will assume below that BL¼B.nL¼ 0, that is, the
magnetic field is perpendicular with the weakly transparent contact (we have
checked that the case B.nR¼ 0 is not consistent with out data). For f¼ 0, one has
S¼ 0 (no spin accumulation). Hence, one can interpret our data using (up to a
global sign depending on B):

DG ¼ dI
dV

f ¼ p=2½ � � dI
dV

f ¼ 0½ � ¼ DG0 þ a S:nL½ � þ b S:nL½ �2 ð8Þ

with

DG0 ¼
e2

h

X
b

GLbAb evð Þ
�����
f¼0

� e2

h

X
b

GLbAb evð Þ
�����
f¼p=2

a ¼ e2

h

X
b

bJGLb
@Ab

@e

����
ev;f¼p=2

b ¼ e2

2h

X
b

J2GLb
@2Ab

@e2

����
ev;f¼p=2

In our approach, the high-voltage limit of DG is given by DG0 since Its and thus S
vanish at high voltages.
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