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than =500 nm was =0.55 0; belo~ this, Rg increased
monotonically with decreasing width to =1.0 0 for the
38 nm wire. To facilitate measurement, the samples were
designed so that the total number of squares in each sam-
ple was at least 200, the lengths of the samples ranging
from -87 pm for the narrowest wire to -23 mm for the
widest wire. Using weak localization [I ll measurements
on the samples prior to ion implantation, and also on ad-
ditional "pure" Au control samples, the electron phase
coherence length was determined to be in excess of 5 pm
at 40 mK, indicating that the concentration of magnetic
impurities in the "pure" Au films was small. Ion implan-
tation of all the films was carried out in one run at 60
keV at a dose of 8.85 X 10' ions/cm, to give an expected
concentration of 50 ppm Fe in Au. Standard statistical
studies [12] of the implantation process indicate that the
Fe ion profile is approximately Gaussian with a peak 14.7
nm below the Au surface and a standard deviation of 13.7
nm. The flash-evaporated samples were fabricated in a
single run on stencils defined by e-beam lithography using
evaporation techniques that have been described in detail
elsewhere [8]. The starting source was a = 100 ppm
AuFe alloy, and the Fe concentration in the samples was
estimated to be 60 ppm, based on the slope of p(T) for
the wider films [13]. The film thickness of these samples
was also 30 nm. Dimensions of both ion-implanted and
flash-evaporated samples were determined after measure-
ment by scanning electron microscopy.
The samples were measured in a top-loading dilution

refrigerator with a high-field magnet at temperatures
down to =40 m K, using four-terminal resistance
bridges. During the course of this study, the narrower
samples were found to be extraordinarily sensitive to
heating. Excitation currents as low as 1 nA, much small-
er than expected from our previous experience measuring
narrow wires, were necessary in order to avoid current
dependent behavior at the lowest temperatures.
Figure 1(a) shows the excess resistivity hp(T) both be-

fore and after ion implantation for a 105 pm wide wire at
zero magnetic field. Before ion implantation, there are
three dominant contributions to hp(T): the phonon con-
tribution at high temperatures, which leads to a rapid in-
crease in hp(T) above 8 K, and the electron-electron
(EE) interaction and weak localization (WL) contribu-
tions at low temperatures [11]. The EE and WL contri-
butions are negligible on the scale of the plot: hp is
essentially temperature independent belo~ 4 K. For nar-
rower samples, however, both contributions can be appre-
ciable. After ion implantation, the sample shows an addi-
tional low temperature contribution to hp(T) which in-
creases with decreasing temperature. This can be attri-
buted solely to the presence of the magnetic impurities.
From the logarithmic slope of this curve, we estimate the
impurity concentration to be 52 ppm [13]. The solid
curve is a fit by the empirical form [10]

hp(T) =A —BIn[i + (T/8) '],
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FIG. l. (a) hp(T) for the 105 pm wide sample at H=0.

Solid line is a fit by Eq. (1) with A 12.9, 8 O. l, and 8
=0.038 K. (b) hp(T) for eight ion-implanted samples at
H =0. (c) hp(T) for flash-evaporated samples at H 0.

where In(e/Tlr) =—z[S(S+I)], S being the spin of
the impurity. Equation (I ) has the expected quadratic
dependence [14] on T for T« Tir and the standard loga-
rithmic dependence for T ~ Tlr. Assuming S 2 [10],
we obtain a value of Tg=0.52 K from this fit, in agree-
ment with the range of 0.3-0.8 K quoted in the literature
for AuFe [10,13].
Figure 1(b) shows hp(T) for eight of the ion-

implanted samples at zero magnetic field. At high tem-
peratures (8-20 K), data for all samples fall on the same
curve due to electron-phonon scattering. At low tempera-
tures, data for the two widest samples also fall on the
same curve. For the six narrowest samples, hp increases
more rapidly with decreasing temperature at low temper-
atures, the increase being larger the narrower the sample.
Figure l(c) shows hp(T) for the four flash-evaporated
samples. Here the data for all samples fall essentially on
one curve.
As noted above, the EE and %'L contributions may be

appreciable for the narrower samples. Because of the
presence of magnetic impurities, the %'L contribution is
expected to have a very weak temperature dependence,
and can be ignored [7,8, 11,15]. Thus, the difference be-
tween p(T) for the narrowest and the widest wires should
contain only the EE contribution and any contribution
due to the size dependence of the Kondo effect. Figure
2(a) shows the diA'erence between p(T) for the 38 nm
and the 105 pm AuFe ~ires as a function of temperature,
as well as data for a 38 nm wide "pure" Au wire with the
same value of R~ at a magnetic field of 0.1 T. The 38
nm "pure" Au wire is expected to have contributions only
from electron-electron interactions, since the application
of the field eliminates the %L contribution. The two
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Tunneling through quantum dots

trolled between 10–40 Å in radius, and 10% size
distributions.3,22 The nanocrystal surface is passivated by or-
ganic ligands. For the tunneling measurements we link the
nanocrystals to a gold film via hexane dithiol molecules,23 as
shown schematically in the upper inset of Fig. 1!a".
Scanning tunneling microscopy !STM" data were ob-

tained using a homebuilt cryogenic STM. The scan head and
sample area are evacuated just before introducing helium ex-
change gas and inserting the STM to the liquid helium bath.
All data presented here were acquired at 4.2 K. In a typical
experiment, a topographic image of an isolated InAs QD was
taken, from which its size was determined.8 Then, the STM
tip was positioned above the QD, forming a double barrier
tunnel junction !DBTJ" configuration,11,12 as depicted in Fig.
1!a". Tunneling I-V or dI/dV versus V characteristics were
acquired while disabling the scanning and feedback controls.
These data were acquired with the tip retracted from the QD
to a distance where the bias predominantly drops on the
tip-QD junction, forming a highly asymmetric DBTJ. In
these conditions, CB !VB" states appear at positive !nega-
tive" sample bias, and the real QD level separations can be
extracted directly from the peak spacings.8,24

RESULTS AND DISCUSSION

The I-V curve in Fig. 1!a" was acquired on an InAs QD,
22 Å in radius. This curve, typical of others, shows a region

of suppressed tunneling current around zero bias, followed
by a series of steps at both negative and positive bias. In Fig.
1!b" we present the corresponding dI/dV versus V , tunnel-
ing conductance spectrum, which is proportional to the tun-
neling density-of-states.25 A series of discrete peaks is
clearly observed, where the separations are determined by
both the single-electron charging energy and the discrete
level spacings in the QD. Also presented in the figure is a fit
to the orthodox model for single-electron tunneling, which
will be discussed below.
In Fig. 2, we plot a set of tunneling-conductance spectra

acquired on InAs QDs of radii ranging from 35–10 Å. In
Ref. 8, we discussed the detailed assignment of the observed
peaks, and extracted spectroscopic information from these
data. Briefly, on the positive bias side, immediately follow-
ing current onset, we always observed a doublet that we
assign to tunneling through the twofold spin degenerate 1Se
CB state. Then, a larger spacing is observed followed by a
higher multiplet, of up to six peaks, that we attribute to the
CB 1Pe state. The negative bias side shows a more complex
structure, reflecting the complicated QD VB level spectrum,3
but in each spectra one can identify two peaks with a larger
separation, from which the spacing between the ground and
first excited VB levels was extracted.

FIG. 1. Tunneling spectroscopy of a single InAs nanocrystal, 22
Å in radius (T!4.2 K). !a" Measured I-V curve !solid line" and the
simulated one !dotted line". The DBTJ configuration and the
equivalent circuit are shown schematically in the insets. !b" Simu-
lated !bottom trace" and experimental tunneling conductance
spectra.

FIG. 2. Size evolution of the tunneling dI/dV vs V characteris-
tics of single InAs QDs displaced vertically for clarity. The position
of the centers of the zero current gap showed nonsystematic varia-
tions with respect to the zero bias, of the order of 0.2 eV, probably
due to variations of local offset potentials. For clarity of presenta-
tion, we offset the spectra along the V direction to center them at
zero bias. Representative nanocrystal radii are denoted. All spectra
were acquired at T!4.2 K.
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Tunable Coulomb blockade in nanostructured graphene
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We report on Coulomb blockade and Coulomb diamond measurements on an etched, tunable
single-layer graphene quantum dot. The device consisting of a graphene island connected via two
narrow graphene constrictions is fully tunable by three lateral graphene gates. Coulomb blockade
resonances are observed and from Coulomb diamond measurements, a charging energy of
#3.5 meV is extracted. For increasing temperatures, we detect a peak broadening and a
transmission increase of the nanostructured graphene barriers. © 2008 American Institute of
Physics. $DOI: 10.1063/1.2827188%

Graphene is a promising material1,2 to investigate meso-
scopic phenomena in two dimensions !2D". Unique elec-
tronic properties, such as massless carriers, electron-hole
symmetry near the charge neutrality point, and weak spin-
orbit coupling3 makes graphene interesting for high mobility
electronics,4,5 for tracing quantum electrodynamics in 2D
solids, and for the realization of spin qubits.6 Whereas diffu-
sive transport in graphene and the anomalous quantum Hall
effect have been investigated intensively,7,8 graphene quan-
tum dots are still in their infancy from an experimental point
of view.1,9 This is mainly due to difficulties in creating tun-
able quantum dots in graphene because of the absence of an
energy gap. Also, phenomena related to Klein tunneling
make it hard to confine carriers laterally using electrostatic
potentials.10,11 Here, we report on Coulomb blockade and
Coulomb diamond measurements on an etched graphene
quantum dot tunable by graphene side gates.12

The nanodevice, schematically shown in Fig. 1!a", has
been fabricated from graphene, which has been extracted
from the bulk graphite by mechanical exfoliation onto
300 nm SiO2 on n-Si substrate as described in Ref. 13. Ra-
man imaging14 is applied to verify the single-layer character
of the investigated devices.15–17 90 nm polymethyl methacry-
late !PMMA" is then spun onto the samples and electron-
beam !e-beam" lithography is used to pattern the etch mask
for the graphene devices. Reactive ion etching !RIE" based
on an Ar /O2 !9:1" plasma is introduced to etch away unpro-
tected graphene. A scanning force microscope !SFM" image
of the etched graphene structure after removing the residual
PMMA is shown in Fig. 1!b". Finally, the graphene device is
contacted by e-beam patterned 2 nm Ti and 50 nm Au elec-
trodes, as shown in Fig. 1!c". A Raman spectrum recorded on
the final device taken at the location of the graphene island is
plotted in Fig. 1!e". It is an unambiguous fingerprint of
single-layer graphene with a linewidth of the 2D line of ap-
proximately 33 cm−1.15–17 The elevated background origi-
nates from the nearby metal electrodes and the significant D
line is due to the edges within the area of the laser spot size
of #400 nm. In addition to Raman spectroscopy, the SFM
step height of #0.5 nm, as shown in Fig. 1!d", proves also
the single-layer character of the graphene flake and shows
that the RIE etching does not attack the SiO2.

The fabricated device consists of two #50 nm narrow
graphene constrictions connecting source !S" and drain !D"
electrodes to a graphene island with an area A#0.06 !m2.
The two graphene side gates !SG1 and SG2" and the
graphene plunger gate !PG" patterned next to the island are
used to electrostatically tune the two barriers and the island,
respectively. For the assignment of the gate electrodes see
Fig. 1!a". All three graphene side gates have been patterned
closer than 100 nm to the active graphene regions, as shown
in Figs. 1!b" and 1!c". An additional back gate !BG" is used
to adjust the overall Fermi energy.

Transport measurements have been performed in a vari-
able temperature He cryostat at a base temperature of
#1.7 K. Before the cool down, the sample has been baked in
vacuum at 135 °C for 12 h. We have measured the two-
terminal conductance through the dot by applying a small
!symmetric" dc or ac bias voltage Vbias, and measuring the
current through the dot with a resolution better than 20 fA.
At high bias !e.g., Vbias=100 mV, not shown", the !back"

a"Author to whom correspondence should be addressed. Electronic mail:
stampfer@phys.ethz.ch.

FIG. 1. !Color online" Nanostructured graphene quantum dot device. !a"
Schematic illustration of the tunable graphene quantum dot. !b" Scanning
force microscope !SFM" image of the investigated graphene device after
RIE etching and !c" after contacting the graphene structure. The minimum
feature size is approximately 50 nm. The dashed lines indicate the outline of
the graphene areas. !d" shows a SFM cross section along a path x $marked in
!b"% averaged over #40 nm perpendicular to the path proving the selective
etch process. !e" Confocal Raman spectra recorded on the final device at the
graphene island with a spot size of approximately 400 nm, clearly proving
the single-layer character of the investigated device. For more information
on the D, G, and 2D !also called D*" line please refer to Ref. 17.
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gate characteristics clearly reveal the charge neutrality point
of the graphene material. Such measurements are used to
adjust the range of the back gate voltage. In the following,
we kept the back gate fixed close to the overall charge neu-
trality point at VBG=−6 V, where the transport can be
pinched off by the two side gates VSG1 and VSG2. At small
bias !Vbias!200 "V", transport is dominated !i" by the two
narrow junctions, where strong transmission modulations
and gap effects appear, and !ii" by Coulomb blockade due to
the charging of the graphene island. Both effects can be seen
in Fig. 2, where the source-drain current is plotted as a func-
tion of the two barrier gate voltages VSG1 and VSG2 for con-
stant Vbias=200 "V. The large scale horizontal and vertical
current modulations can be attributed to either one or the
other narrow graphene constriction, being tuned !almost" in-
dependently from each other. On top, we observe Coulomb
resonances which are associated with charging of the
graphene island and, thus, tuned by both side gate potentials
VSG1 and VSG2 !diagonal lines".

By sweeping VSG1 and VSG2 to a regime where the back-
ground current is significantly suppressed !see white point in
Fig. 2", the plunger gate VPG can be used to trace Coulomb
resonances, as shown in Fig. 3!a". In this configuration of
gate voltages, the peak positions were stable in more than ten
consecutive plunger gate sweeps. Among the regions where
the transport is completely pinched off by the narrow con-
strictions, large scale conductance modulations in the barri-
ers are observed. Nearby and on top of these large features,
clear Coulomb peaks are measured #see e.g., Fig. 3!b", which
is a close-up of Fig. 3!a"$. The period of the Coulomb oscil-
lations measured over 18 consecutive peaks is #V̄pp
%18.2 mV, as shown in Fig. 3!c". There are no systematic
peak spacing fluctuations and the observed deviations might
be influenced by the underlying transmission modulation in
both narrow constrictions. However, the distribution of the
nearest-neighbor spacing of the Coulomb oscillations is sig-
nificantly larger than expected for purely metallic single-
electron transistors.18

Coulomb diamond measurements,19 i.e., measurements
of the differential conductance !Gdiff" as function of symmet-
ric bias voltage Vbias and plunger gate voltage VPG, are shown
in Fig. 4. The elevated background at the left and right sides
is due to barrier dependent conductance modulations, as
shown in Fig. 3!b". Please note that within the swept plunger
gate voltage range, no charge rearrangements have been ob-

served. From the extent of the diamonds in bias direction, we
estimate the charging energy of the graphene dot to be EC
%3.5 meV. This charging energy corresponds to a capaci-
tance of the dot C=e2 /EC%45.8 aF. The lever arm of the
plunger gate is $PG=CPG /C%0.19. The electrostatic cou-
pling of all other lateral gates was determined19 to be CSG1
%3.9 aF, CSG2%5.9 aF, and CPG%8.7 aF. The extracted
back gate capacitance CBG%18 aF is slightly higher than the
purely geometrical parallel plate capacitance of the graphene
island C=%0%A /d%7.4 aF. This is not surprising since &A
%d, where A is the area of the graphene island and d is the
gate oxide thickness. A screened Hartree approximation can
easily account for a factor 2.20

FIG. 2. Source-drain current as a function of the two barrier gate voltages
VSG1 and VSG2 for constant bias Vbias=200 "V. The dashed lines indicate
transmission modulations and oscillations attributed to the graphene con-
strictions !horizontal and vertical lines" and to the island !diagonal line".
Measurements are preformed at VBG=−6 V and VPG=0 V.

FIG. 3. Source-drain current through the graphene nanostructure as function
of the plunger gate voltage VPG. !a" Clear Coulomb resonances are observed
on top and next to the large scale conductance modulations. !b" shows a
marked close-up of !a", and in !c" the peak spacing is plotted for 18
consecutive peaks. Measurements are preformed in the dot configuration:
VBG=−6 V, VSG1=25 mV, and VSG2=−510 mV.

FIG. 4. !Color online" Coulomb diamonds in differential conductance Gdiff,
represented in a logarithmic color scale plot !dark regions represent low
conductance". A dc bias Vbias with a small ac modulation !50 "V" is applied
symmetrically across the dot, and the current through the dot is measured.
Differential conductance has been directly measured by a lock-in amplifier.
The charging energy is estimated to be %3.6 meV from this measurements.
Measurements are preformed in the dot configuration: VBG=−6 V,
VSG1=25 mV, and VSG2=−510 mV.

012102-2 Stampfer et al. Appl. Phys. Lett. 92, 012102 !2008"
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D e r  e x p e r i m e n t e l l e  N a c h w e i s  d e r  R i c h t u n g s q u a n t e l u n g  
i m  M a g n e t f e l d .  

Yon Walther Gerlach in Frankfurt a.M. und Otto Stern in Rostock. 
Mit sieben Abbildungen. (Eingegangen am 1. ]k[~rz 1922.) 

Vor kurzem~)wurde in dieser Zeitsehrift eine MSglichkeit an- 
gegeben~ die Frage der Riehtungsquantelung im Magnetfeld experi- 
mentell zu entseheiden. In einer zweiten Mitteilung -~ wurde gezeigt~ 
daft das normale Silberatom ein magnetisehes Moment hat. Dutch 
die Fortsetzung dieser Untersuehungen, fiber die wir uns ira folgenden 
zu beriehten erlauben, wurde die R i c h t u n g  s q u a n t e l u n g  im M a g n e t -  
fo ld  als  T a t s a o h e  e r w i e s e n .  

V e r s u c h s a n o r d n u n g .  Methode und Apparatur waren im 
allgemeinen die gleiehen wie bei unseren friiheren Versuchen. Im 
einzelnen wurden jedoeh wesentliehe Verbesserungen a) vorgenommen, 
welcho wit in Erg~nzung unserer frfiheren Angaben 
hier mitteilen. Der Silberatomstrahl kommt aus einem [ l 
elektriseh geheizten 0fehen aus Schamotte mit einem ~ _ _ 8 /  
Stahleinsatz, in dessen Deekel zum Austritt des Silber- 
strahls eine 1 mm 2 grofle kreisfSrmige 0ffnung sich 
befand. Der Abstand zwischen OfenSffnung und erster 
Strahlenblende wurde auf 2,5em vergrSfiert~ wodureh Fig. 1. 
ein Verkleben der 0ffnung dutch gelegentlieh aus 
dem 0fchen spritzende SilbertrSpfchen wie aueh ein zl~ schnelles 
Zuwachsen durch das •iedersehlagen des Atomstrahls verhindert 
wurde. Diese erste Blende ist anniihernd kreisfSrmig und hat 
eine Fli~che yon 3 . 1 0 - 3 m m  ~. 3,3cm hinter dieser Lochblende 
passiert der Silberstrahl eine zweite s p a l t f i i r m i g e  Blende yon 018 mm 
Liinge und 0,03 bis 0,04 mm Breite. Beide Blenden sind aus Platin- 
bleeh. Die Spaltblende sitzt am Anfang des Magnetfeldes. Die 
0ffnung der Spaltbleude liegt unmittelbar fiber der Sehneide S (vgl. 
hierzu Fig. 1) und ist zur ersten Loehblende und zur OfenCiffnung so 
justiert, dab der Silberstrahl parallel dor 3,5em langen Schneide ver- 
l~uft. Unmittelbar am Ende der Sehneide trifft der Silberatomstrahl 
auf ,ein Glaspl~ttchen~ auf dem er sich niedersehliigt. 

2) O. Stern,  ZS. f. Phys. 7, 249, 1921. 
~) W. Gerlach u. O. Stern, ebenda 8, 110, 1921. 
3) Diese konnten in gemeinsamer Arbeit w~hrend der ~Veihnachtsferien 

ausgearbeitet und erprobt werden. Die endgiiltigen Versuche mutton infolge 
Wegganges des einen vou uns (St.) yon Frankfurt yon dem anderen (G.) allein 
ausgefiihrt werden. 
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Spin in Stern-Gerlach experiment



Spin precession in solid state devices: recombination 
of photo-excited spin-polarised electrons

⌦L = gµBB/~ = eB/m · g/2

• long spin coherence times (500 ps)
• determination of Lande g-factor 

(here, on a quantum well)



Spin precession in solid state devices: Hanle effect

Surface spin flip probability of mesoscopic Ag wires

G. Mihajlović,1, � J. E. Pearson,1 S. D. Bader,1, 2 and A. Ho�mann1, 2

1 Materials Science Division, Argonne National Laboratory, Argonne, IL 60439
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(Dated: October 23, 2009)

Spin relaxation in mesoscopic Ag wires in the di⇥usive transport regime is studied via nonlocal
spin valve and Hanle e⇥ect measurements performed on permalloy/Ag lateral spin valves. The ratio
between momentum and spin relaxation times is not constant at low temperatures. This can be
explained with the Elliott-Yafet spin relaxation mechanism by considering the momentum surface
relaxation time as being temperature dependent. We present a model to separately determine spin
flip probabilities for phonon, impurity and surface scattering and find that the spin flip probability
is highest for surface scattering.

PACS numbers: 73.23.-b, 75.40.Gb, 85.75.-d

Understanding how confinement influences physical
properties is crucial for advancing nanotechnology [1].
Numerous studies have shown that when one or more
dimensions of a structure become comparable to a char-
acteristic length scale of a physical process in question
(e.g., a mean free path for electron transport) even clas-
sical boundary or surface e�ects can give rise to dramat-
ically di�erent behavior than that expected for the same
bulk material. Examples include magnetoresistance in
semiconductor nanostructures (negative vs. positive in
the bulk) [2] or thermal conductivities in Si nanowires
(orders of magnitude reduction compared to bulk Si) [3].
In contrast, confinement e�ects are less evident in metal-
lic transport due to inherently short mean free paths but
often manifest themselves in optical properties [4]. An
important question to be addressed in spintronics [5]
is how does the size of a spin conductor or the surface
conditions a�ect the transport of spin currents? Due to
the relatively long spin di�usion length compared to the
mean free path, confinement e�ects can be more pro-
nounced in spin transport, even in metallic structures.
So far, experiments performed with metallic lateral spin
valve (LSV) structures [6, 7], where pure spin currents in
a non-magnetic normal metal (N) are generated by dif-
fusion of the non-equilibrium spin accumulation injected
from a ferromagnet (F)[8], have focused mostly on deter-
mining spin di�usion lengths ls and spin injection e⌅cien-
cies for various combinations of F/N materials, without
quantifying contributions of di�erent scattering mecha-
nisms to the spin relaxation. In particular, to what ex-
tent does confinement a�ect the spin relaxation time �s

[9]? In this Letter we present a model, based on the
Elliott-Yafet (EY) mechanism of spin relaxation [10, 11],
to separately quantify spin flip probabilities for phonon,
impurity and surface scattering in mesoscopic metal wires
in the di�usive transport regime. By studying spin trans-
port in permalloy (Py)/Ag LSVs we find that the spin
flip probability is highest for electron scattering from the
Ag surface. Our model can also explain recent experi-
mental results on temperature T [12] as well as thickness

FIG. 1: (Color online) (a) An SEM image of a Py/Ag LSV
device adapted to show the nonlocal measurement configura-
tion. Also shown are the directions of H⇥ and H� applied in
NLSV and Hanle e⇥ect measurements, respectively. (b) Rnl

vs. H⇥ at 20 K. Corresponding M orientations of the Py elec-
trodes are shown as blue arrows, while the total �Rs signal
is highlighted in red. (c) T dependencies of �Rs and �.

dependence of ls in mesoscopic Cu wires [13].
The Py/Ag LSV devices were fabricated on a SiN

(100 nm)/Si substrate by e-beam lithography and shadow
mask e-beam evaporation. A scanning electron micro-
scope (SEM) image of a central region of the device is
shown in Fig. 1(a). The two Py electrodes Py1 and Py2
were both 25 nm thick and had widths of 130 and 80 nm
respectively, while the bridging Ag wire was 260 nm wide
and d = 80 nm thick. The center to center distance L
between Py electrodes was 705 nm. Nonlocal spin valve
(NLSV) and Hanle e�ect measurements were performed

Original idea probably 
by Johnson & Silsbee,
PRL 55, 1790 (1985)

causes the densities (or electrochemical potentials) of the spin-up
and spin-down electrons in the Al strip to become unequal (Fig. 1c).
This unbalance is transported to the Co2 detector electrode by
diffusion, and can therefore be detected. Owing to the spin-
dependent tunnel barrier resistances, the Co2 electrode detects a
weighted average of the two spin densities, which causes the
detected output voltage V to be proportional to P2.

Figure 2a shows a typical output signal V/I as a function of an in-
plane magnetic field B, directed parallel to the long axes of Co1 and
Co2, taken at room temperature and 4.2 K. The measurements are
performed by standard a.c. lock-in techniques, using a current
I ¼ 100 mA. Sweeping the magnetic field from negative to positive,
a sign reversal of the output signal is observed, when the magnetiza-

tion of Co1 flips at 19mT (room temperature) and 45mT (4.2 K),
and the device switches from a parallel to antiparallel configuration.
When the magnetization of Co2 flips at 25mT (room temperature)
and 55mT (4.2 K), the magnetizations are parallel again, but now
point in the opposite direction. The fact that the output signal
switches symmetrically around zero indicates that this experiment is
sensitive to the spin degree of freedom only.
We have calculated the expected magnitude of the output signal

V/I as a function of the Co electrode spacing L by solving the spin
coupled diffusion equations for the spin-up and spin-down elec-
trons in the Al strip13–15. Taking into account the fact that the tunnel
barrier resistances are much larger than the resistance of the Al strip
over a spin flip length, we obtain:

V

I
¼ ^

1

2
P2 lsf

jAlA
expð#L=lsf Þ ð1Þ

where lsf ¼
ffiffiffiffiffiffiffiffiffi
Dtsf

p
is the spin flip length, A the cross-sectional area,

D the diffusion constant, and t sf the spin flip time of the Al strip.
The positive (negative) sign corresponds to a parallel (antiparallel)
magnetization configuration of the Co electrodes.
Figure 2b shows the measured spin dependent resistance DR ¼

DV=I as a function of L, where DV is the output voltage difference
between parallel and antiparallel configuration. By fitting the data
to equation (1), we find P ¼ 0:11^ 0:02 at both 4.2 K and room
temperature, lsf ¼ 650^ 100 nm at 4.2 K and lsf ¼ 350^ 50 nm
at room temperature. The diffusion constant D is calculated using
the Einstein relation jAl ¼ e2NAlD, where e is the electron charge
andNAl ¼ 2:4 £ 1022 states per eV per cm3 is the density of states of
Al at the Fermi energy16. Using D ¼ 4:3 £ 1023 m2 s21 at 4.2 K and
D ¼ 2:7 £ 1023 m2 s21 at room temperature, we obtain tsf ¼
100 ps at 4.2 K and tsf ¼ 45 ps at room temperature. These values
are in good agreement with those reported in the literature3,17–20.
Having determined the parameters P, l sfandD, we are now ready

to study spin precession of the electron spin during its diffusion
time t between Co1 and Co2. In an applied field B’, perpendicular
to the substrate plane, the injected electron spins in the Al strip
precess around an axis parallel to B’. This alters the spin direction
by an angleJ ¼ qLt, whereqL ¼ gmBB’= !h is the Larmor frequency,
g is the g-factor of the electron (,2 for Al), mBis the Bohr magneton
and !h is Planck’s constant divided by 2p. Because the Co2 elec-
trode detects the projection of the spin direction J onto its own
magnetization direction (0 or p), the contribution of an electron to

Figure 3 Modulation of the output signal V/I due to spin precession as a function of a
perpendicular magnetic field B’, for L ¼ 650 nm, L ¼ 1,100 nm and L ¼ 1; 350 nm.

The solid squares represent data taken at T ¼ 4:2 K, whereas the solid lines represent
the best fits based on equations (2) and (3). The arrows indicate the relative magnetization

configuration (parallel/antiparallel) of the Co electrodes. P, spin polarization; D, diffusion

constant.

Figure 4 Modulation of the output signal V/I as a function of a perpendicular magnetic
field B’ up to 3 T, for L ¼ 1; 100 nm. The solid squares/circles represent data taken at
T ¼ 4:2 K, whereas the solid lines represent the best fit based on equations (2) and (3).

The arrows indicate the relative magnetization configuration (parallel/antiparallel) of the

Co electrodes.
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the output voltage V is proportional to ^cos(J). However, in an
(infinite) diffusive conductor the diffusion time t from Co1 to Co2
has a broad distribution PðtÞ ¼ ½1=

ffiffiffiffiffiffiffiffiffiffiffi
4pDt

p
% exp½2L2=ð4Dt%, where

P(t) is proportional to the number of electrons that, once injected at
the Co1 electrode (x ¼ 0), arrive at the Co2 electrode (x ¼ L) after a
diffusion time t. The output voltage V at the Co2 detector electrode
as a function of B’ is calculated by summing all contributions of the
electron spins over all diffusion times t. We obtain:

VðB’Þ ¼ ^I
P2

e2NAlA

ð1

0
PðtÞ cosðqLtÞ expð&t=tsf Þdt ð2Þ

The exponential factor in equation (2) describes the effect of the
spin flip scattering. For qL ¼ 0, equation (2) reduces to equation
(1). We note that equation (2) can be evaluated analytically, and we
have verified that it yields the same result as obtained by Johnson
and Silsbee, who explicitly solved the Bloch equations with the
appropriate boundary conditions21,22.
At large B’, the magnetization direction of the Co electrodes is

tilted out of the substrate plane with an angle c. When we include
this effect we calculate:

VðB’;cÞ ¼ VðB’Þ cos2ðcÞ þ jVðB’ ¼ 0Þj sin2ðcÞ ð3Þ
Equation (3) shows that with increasing c (from zero), the

precession signal is reduced and a positive background output
signal appears. For c ¼ 0 equation (3) reduces to equation (2). In
the limit that c ¼ p=2, the magnetization of the Co electrodes is
perpendicular to the substrate plane and parallel to B’. No preces-
sion now occurs, and the full output signal jVðB’ ¼ 0Þj is recov-
ered. The angle c has been determined independently as a function
of B’ by measuring the anisotropic magnetoresistance of the Co
electrodes23.
In Fig. 3 we plot the measured output signal V/I at 4.2 K, as a

function of B’ for L ¼ 650 nm, L ¼ 1,100 nm and L ¼ 1,350 nm.
Before the measurement an in-plane magnetic field B directed
parallel to the long axes of Co electrodes is used to prepare the
magnetization configuration of the Co electrodes. For a parallel
(antiparallel) configuration we observe an initial positive (negative)
signal, which drops in amplitude as B’ is increased from zero field.
This is called the Hanle effect in ref. 3. The two curves cross where
the average angle of precession is about 908 and the output signal is
close to zero. As B’ is increased beyond this field, we observe that
the output signal changes sign and reaches a minimum (maximum)
when the average angle of precession is about 1808, thereby
effectively converting the injected spin-up population into a spin-
down and vice versa. We have fitted the data with equations (2)
and (3), as shown in Fig. 3. We find for all measured samples that
the best-fit parameters P, l sf and D are very close to those
independently obtained from the length dependence measurements
(Fig. 2).
As already visible in Fig. 3, for B . 200mT an asymmetry is

observed between the parallel and antiparallel curves. This is due to
the fact that magnetization of the Co electrodes does not remain in
the substrate plane. In Fig. 4 we plot the measured output signal V/I
at T ¼ 4:2K for L¼1,100 nm up to B’ ¼ 3 T, together with the
calculated curve, using P, l sf and D as obtained from the best fit
in Fig. 3. The data are in close agreement with equation (3), and
show a suppression of the precessional motion of the electron spin.
The full magnitude of the output signal is recovered at large B’,
when c ¼ p=2 and no precession takes place. Preliminary results
show that precession effects similar to those shown in Fig. 3 can also
be obtained at room temperature.
We believe that the system we report here, with its unique

sensitivity to the spin degree of freedom, will make possible detailed
studies of a variety of spin-dependent transport phenomena. A
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Electrochemical techniques for depositing metal films and coat-
ings1 have a long history2–5. Such techniques essentially fall into
two categories, with different advantages and disadvantages. The
first, and oldest, makes use of spontaneous redox reactions to
deposit ametal from solution, and can be used on both insulating
and metallic substrates. But the deposition conditions of these
processes are difficult to control in situ, in part because of the

letters to nature

NATURE |VOL 416 | 18 APRIL 2002 | www.nature.com716 © 2002 Macmillan Magazines Ltd

P (t) =
1p
4⇡Dt

exp[�L2/4Dt] ⌦L = gµBB/~ = eB/m · g/2

PRL 104, 237202 (2010)



Topics for the bonus lecture 
(role of spin in transport):

•  multilayers (GMR, TMR…) 
•  SOI-related effects: 

✦  Edelstein effect, SOT 
✦  AMR (and AHE) 
✦  SHE, QSHE (topological insulators)

Abbreviations explained: giant/tunneling magnetoresistance (GMR/TMR), 
spin-orbit interaction (SOI), anomalous Hall effect (AHE), anisotropic 
magnetoresistance (AMR) and (quantum) spin-Hall effect (Q)SHE.


