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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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Magnetic field on Magnetic field off

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
2 Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439

(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
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of antiferromagnetic exchange Hex = �AF · J. This interaction
leads to the ferromagnetic alignment of magnetic moments of
Mn ions and equilibrium polarization of hole spins. If further,
non-equilibrium spin polarization of the holes �JE is induced, the
interaction of the hole spins with magnetic moments of Mn ions
enables one to control ferromagnetism bymanipulating J. Magnetic
properties of (Ga,Mn)As are thus tightly related to the electronic
properties of GaAs. For example, strain-induced spin anisotropy of
the hole energy dispersion is largely responsible for the magnetic
anisotropy in this material. (Ga,Mn)As, epitaxially grown on the
(001) surface of GaAs, is compressively strained, which results in
magnetization M lying in the plane of the layer perpendicular to
the growth direction, with two easy axes along the [100] and [010]
crystallographic directions22,23. Recently, control of magnetization
by means of strain modulation has been demonstrated24. In this
letter, we use spin–orbit-generated polarization �JE to manip-
ulate ferromagnetism.

We report measurements on two samples fabricated from
(Ga,Mn)As wafers with different Mn concentrations. The devices
were patterned into circular islands with eight non-magnetic
ohmic contacts, as shown in Fig. 1a and discussed in the Methods
section. In the presence of a strong external magnetic field H,
the magnetization of the ferromagnetic island is aligned with the
field. For weak fields, however, the direction of magnetization
is primarily determined by magnetic anisotropy. As a small field
(5 < H < 20mT) is rotated in the plane of the sample, the
magnetization is re-aligned along the easy axis closest to the field
direction. Such rotation of magnetization by an external field is
demonstrated in Fig. 2. For the current I||[11̄0], the measured Rxy is
positive forM||[100] and negative forM||[010]. Note that Rxy , and
thus also the magnetization, switches direction when the direction
ofH is close to the hard axes [110] and [11̄0], confirming the cubic
magnetic anisotropy of our samples. The switching angles⌅H =\HI
whereRxy changes sign are denoted as ⌅(i)

H on the plot.
In the presence of both external and spin–orbit fields, we

expect to see a combined effect of Hso +H on the direction of
magnetization. For small currents (a few microamperes) H so ⌅ 0,
and Rxy does not depend on the sign or the direction of the
current. At large d.c. currents, the value of ⌅(i)

H becomes current
dependent and we define ⇧⌅(i)

H (I )= ⌅(i)
H (I )�⌅(i)

H (�I ). Specifically,
for I||[11̄0], the switching of magnetization [010] ⇧ [1̄00] occurs
for I = +0.7mA at smaller ⌅(1)

H than for I = �0.7mA, ⇧⌅(1)
H < 0.

For the [01̄0] ⇧ [100] magnetization switching, the I dependence
of the switching angle is reversed, ⇧⌅(3)

H > 0. There is no
measurable difference in switching angle for the [1̄00]⇧ [01̄0] and
[100]⇧ [010] transitions (⇧⌅(2,4)

H ⌅0).When the current is rotated
by 90⇤ (I||[110]), we observe ⇧⌅(2)

H > 0, ⇧⌅(4)
H < 0 and ⇧⌅(1,3)

H ⌅ 0.
Figure 2c shows that ⇧⌅(2)

H (I ) decreases as current decreases and
drops below experimental resolution of 0.5⇤ at I< 50 µA. Similar
data are obtained for sample B (see Supplementary Fig. S4).

The data can be qualitatively understood if we consider an
extra current-induced effective magnetic field Heff, as shown
schematically in Fig. 1b. When an external field H aligns the
magnetization along one of the hard axes, a small perpendicular
field can initiate magnetization switching. For I||[110], the effective
field Heff||[1̄10] aids the [100] ⇧ [010] magnetization switching,
whereas it hinders the [1̄00] ⇧ [01̄0] switching. For ⌅(1)

H ⌅ 90⇤ and
⌅(3)
H ⌅ 270⇤, where [010]⇧ [1̄00] and [01̄0]⇧ [100] magnetization

transitions occur, Heff||H does not affect the transition angle,
⇧⌅(2,4)

H = 0. For I||[11̄0], the direction of the field Heff||[110] is
reversed relative to the direction of the current, compared with
the I||[110] case. The symmetry of the measured Heff with respect
to I coincides with the unique symmetry of the strain-related
spin–orbit field (Fig. 1c).

The dependence of ⇧⌅(i)
H on various magnetic fields and current

orientations is summarized in Fig. 3a,b. Assuming that the angle of
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Figure 2 |Dependence of transverse anisotropic magnetoresistance
on current and field orientation. a,b, Transverse anisotropic
magnetoresistance Rxy as a function of external field direction ⌅H for
H= 10mT and current I= ±0.7mA in sample A. The angles ⌅(i)

H mark
magnetization switchings. c, Magnetization switching between [̄100] and
[01̄0] easy axes for several values of the current.

magnetization switching depends only on the total field Heff +H,
we can extract the magnitude H eff and angle ⇥ = \IHeff from
the measured ⇧⌅(i)

H , thus reconstructing the whole vector Heff.
Following a geometrical construction shown in Fig. 3d and taking
into account that⇧⌅(i)

H is small, we find that

H eff ⌅H sin(⇧⌅(i)
H /2)/sin(⇥ �⌅(i)

H )

and ⇥ can be found from the comparison of switching at two
angles. We find that ⇥ ⌅ 90⇤, or Heff⌥ I for I⌦[110] and I⌦[11̄0].
To further test our procedure, we carried out similar experiments
with small current I =10 µAbut constant extramagnetic field �H⌥I
having the role of Heff. The measured �H (⇧⌅H) coincides with
the applied �H within the precision of our measurements. (See
Supplementary Fig. S5.)

In Fig. 3c, H eff is plotted as a function of the average current
density �j for both samples. There is a small difference in the
H eff versus �j dependence for I⌦[110] and I⌦[11̄0]. The difference
can be explained by considering the current-induced Oersted field
HOe ⌃ I in the metal contacts. The Oersted field is localized
under the pads, which constitutes only 7% (2.5%) of the total
area for sample A (B). The Oersted field has the symmetry
of the field shown in Fig. 1d, and is added to or subtracted
from the spin–orbit field, depending on the current direction.
Thus, H eff = H so + HOe for I⌦[110] and H eff = H so � HOe for
I⌦[11̄0]. We estimate the fields to be as high as 0.6mT under
the contacts at I = 1mA, which corresponds to HOe ⌅ 0.04mT
(0.015mT) averaged over the sample area for sample A (B). These
estimates are reasonably consistent with the measured values of
0.07mT (0.03mT). Finally, we determine H so as an average of H eff

between the two current directions. The spin–orbit field depends
linearly on j, as expected for strain-related spin–orbit interactions:
dH so/dj = 0.53⇥ 10�9 and 0.23⇥ 10�9 T cm2 A�1 for samples A
and B respectively.

We now compare the experimentally measured H so with
theoretically calculated effective spin–orbit field. In (Ga,Mn)As,
the only term allowed by symmetry that generates H so linear
in the electric current is the ⌃⇤ term, which results in the
directional dependence of Hso on j precisely as observed in
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Evidence for reversible control of magnetization in
a ferromagnetic material by means of spin–orbit
magnetic field
Alexandr Chernyshov1*, Mason Overby1*, Xinyu Liu2, Jacek K. Furdyna2, Yuli Lyanda-Geller1
and Leonid P. Rokhinson1†

The current state of information technology accentuates the
dichotomy between processing and storage of information,
with logical operations carried out by charge-based devices and
non-volatile memory based on magnetic materials. The main
obstacle for a wider use of magnetic materials for information
processing is the lack of efficient control of magnetization.
Reorientation of magnetic domains is conventionally carried
out by non-local external magnetic fields or by externally
polarized currents1–3. The efficiency of the latter approach
is enhanced in materials where ferromagnetism is carrier-
mediated4, because in such materials the control of carrier
polarization provides an alternative means for manipulating
the orientation of magnetic domains. In some crystalline
conductors, the charge current couples to the spins by
means of intrinsic spin–orbit interactions, thus generating
non-equilibrium electron spin polarization5–11 tunable by local
electric fields. Here, we show that magnetization can be
reversibly manipulated by the spin–orbit-induced polarization
of carrier spins generated by the injection of unpolarized
currents. Specifically, we demonstrate domain rotation and
hysteretic switching of magnetization between two orthogonal
easy axes in amodel ferromagnetic semiconductor.

In crystalline materials with inversion asymmetry, intrinsic
spin–orbit interactions couple the electron spinwith itsmomentum
h̄k. The coupling is given by the Hamiltonian Hso = (h̄/2)⇤̂ ·�(k),
where h̄ is the reduced Planck constant and ⇤̂ is the electron
spin operator (for holes ⇤̂ should be replaced by the total angular
momentum J). Electron states with different spin projection signs
on �(k) are split in energy, analogous to the Zeeman splitting
in an external magnetic field. In zinc-blende crystals such as
GaAs there is a cubic Dresselhaus term12 �D ⇥ k3, whereas strain
introduces a term �⌅ = C⇧⌅(kx ,�ky ,0) that is linear in k, where
⇧⌅ is the difference between strain in the ẑ and x̂, ŷ directions13.
In wurtzite crystals or in multilayered materials with structural
inversion asymmetry, there also exists the Rashba term14 �R,
which has a different symmetry with respect to the direction of k,
�R =�R(�ky ,kx ,0), where ẑ is along the axis of reduced symmetry.
In the presence of an electric field, the electrons acquire an average
momentum h̄⇧k(E), which leads to the generation of an electric
current j= ⇥̂�1E in the conductor, where ⇥̂ is the resistivity tensor.
This current defines the preferential axis for spin precession ⇤⌃(j)⌅.
As a result, a non-equilibrium current-induced spin polarization
⇤JE⌅⇧⇤�(j)⌅ is generated, the magnitude of which ⇤J E⌅ depends
on the strength of various mechanisms of momentum scattering

1Department of Physics and Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA, 2Department of Physics, University of
Notre Dame, Notre Dame, Indiana 46556, USA. *These authors contributed equally to this work. †e-mail: leonid@purdue.edu.
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Figure 1 | Layout of the device and symmetry of the spin–orbit fields.
a, Atomic force micrograph of sample A with eight non-magnetic metal
contacts. b, Diagram of device orientation with respect to crystallographic
axes, with easy and hard magnetization axes marked with blue dashed and
red dot–dash lines, respectively. Measured directions of Heff field are
shown for different current directions. c,d, Orientation of effective magnetic
field with respect to current direction for strain-induced (c) and Rashba (d)
spin–orbit interactions. The current-induced Oersted field under the
contacts has the same symmetry as the Rashba field.

and spin relaxation5,15. This spin polarization has been measured
in non-magnetic semiconductors using optical7–9,11,16 and electron
spin resonance17 techniques. It is convenient to parameterize ⇤JE⌅
in terms of an effective magnetic field Hso. Different contributions
to Hso have different current dependencies (⇥ j or j3), as well
as different symmetries with respect to the direction of j, as
schematically shown in Fig. 1c,d, enabling one to distinguish
between spin polarizations in different fields.

To investigate interactions between the spin–orbit-generated
magnetic field and magnetic domains, we have chosen (Ga,Mn)As,
a p-type ferromagnetic semiconductor18,19 with zinc-blende crys-
talline structure similar to GaAs. Ferromagnetic interactions in this
material are carrier-mediated20,21. The total angular momentum of
the holes J couples to the magnetic moment F of Mn ions by means
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… action on magnetic moments

~T =
J
ex

~ ~m⇥ ~M

band k·p Hamiltonian.12 This 20-band Hamiltonian was
built from the 14!14 Hamiltonian,17 adding an s-symmetry
band 12 eV under the top of the valence band and two s*
levels to obtain nonmonotonic bands and give access to X, ",
or L valleys in the first conduction band. As these s* levels
were not sufficient to describe simultaneously the L point
and the # effective masses, the contribution of d levels was
mimicked via Luttinger-like parameters which played a part
in the #7C and #8C levels and in the #7V and #8V levels by
second-order perturbations. It explains why Luttinger param-
eters could not be obtained directly from the matrix ele-
ments, contrary to the k·p 30-band method.
Taking into account strain can be made as in Ref. 18. The

same strain Hamiltonian with five parameters has to be
added to the 30!30 Hamiltonian used for bulk semiconduc-
tors.

III. BAND DIAGRAMS OF Si, Ge, AND GaAs

After having built the 30!30 Hamiltonian, we now give
the parameters used in our k·p calculation and describe the
results for Si, Ge, and GaAs. The k=0 energies are presented
in Table II. The left part of this table is known;16 for the right
part of Table II, we take the same values as in Ref. 5 for Si
and Ge. For GaAs, these levels are unknown but Cardona
and Pollak5 explain how to obtain an estimation of these
energies, knowing the form factors used in pseudopotential
calculations19 and assuming that only the pseudopotential in-
teraction between the 30 plane-waves states is important.
Anyway, the k=0 upper energy levels chosen are not key

parameter by themselves: the important data are the couples
energy level/matrix element. Briefly speaking, the k=0 en-
ergy levels are first fixed from Ref. 5 and the matrix elements
are then adjusted to obtain the band diagram; as a result there
are 10 (18) adjustable parameters in Oh!Td".
After having chosen the unknown k=0 energy levels, the

key parameters are the matrix elements. Here, they were first
estimated at the center of the Brillouin zone, especially for
the valence band to obtain Luttinger parameters, and for the
first conduction band for Ge and GaAs, then at the extrema X
and L and finally to respect the continuity between U#1, 14 ,

1
4$

and K#0, 34 ,
3
4$ equivalent points of the Brillouin zone. This

continuity is not obtained by construction as in pseudopoten-
tial or LCAO: on the contrary, it is the strongest numerical
difficulty of this method. Figures 3–5 show the band struc-
tures of Si, Ge, and GaAs obtained with our k·p model.
Numerical results are given in Table III. The band structure
is well reproduced on a width of about 11 eV: it describes
correctly the valence band over a 6 eV scale (see Fig. 6) and
the lowest four conduction bands over a 4 eV scale in four
directions namely #X, #L, #K, XU. All the spin-orbit param-
eters were taken null except "so and "C.16
The 30-band method represents a great improvement of

the k·p method compared to the 20-band Hamiltonian whose
extension was only 1 eV for the valence band and 3 eV for
the conduction band.12 This 20-band method was built to
take into account the d level effects without directly consid-
ering this level in the Hamiltonian. The present calculation
shows that taking into account the real d levels with their

TABLE III. Matrix elements of the momentum p: energies EPj
!!" and matrix elements Pj

!!" are linked by
EPj

!!"= !2m0 /$2"#Pj
!!"$2. Pj

!!" are defined in the text (Sec. III) and in Figs. 2 and 3.

eV Ge Si GaAs eV Ge Si GaAs

Ep 24.60 19.96 22.37 EPd 0.0051 1.193 0.010
EPX 17.65 14.81 16.79 EPXd 12.23 7.491 4.344
EP3 5.212 4.475 4.916 EP3d 15.76 9.856 8.888
EP2 2.510 3.993 6.280 EP2d 27.59 20.76 23.15
EPS 1.071 1.092 2.434 EPU 17.84 16.36 19.63
EP! 0.0656 EPd! ,EP3! ,EP2! ,EPS! ,EPU! ,EPSd! ,EPUd! 0

FIG. 4. Band diagram of Ge at T=0 K. FIG. 5. Band diagram of GaAs at T=0 K.
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unpolarized spin-orbit coupled carriers from polarized mag-
netic impurities, or !c" via anisotropic scattering of partially
polarized carriers which does not require a magnetic charac-
ter of the scatterers. Transport calculations must of course
always include an account of scattering but it is its aniso-
tropy that is disregarded within mechanism !a"; in mecha-
nisms !b" and !c" it is in turn the anisotropy of the group
velocities that is neglected !a more detailed discussion is
presented in Sec. II C". We point out that the mechanisms !a"
and !c" represent a situation where both fundamental ingre-
dients of the AMR !SOI and magnetization" are present in
the same states of the band structure. The SOI is necessary
for AMR to occur but, at the same time, it weakens the effect
of magnetization so that weaker AMR may be expected
whenever the mechanisms !a" or !c" dominate. On the other
hand, in mechanism !b", the SOI in an unpolarized carrier
band can be strong while the magnetization of the impurities
remains at 100%. Consequently, very large AMR can arise if
this mechanism is important.11

We show in this paper that metallic !Ga,Mn"As is a favor-
able system for the purposes of studying AMR. Not only
because of its relatively simple !effective" Hamiltonian !de-
scribed in Sec. II" and the dominance of the AMR mecha-
nism !b", but also because of the way the AMR model can be
simplified !as shown in Sec. III" down to analytical formulae
revealing the basic AMR trends !see Sec. IV". This analysis
is our main result together with the detailed explanation of
the AMR sign in !Ga,Mn"As !resistance parallel to magneti-
zation is smaller than perpendicular to magnetization" which
is observed experimentally8,9,12–18 and is opposite to most
magnetic metals.19,20 The results in Sec. IV include analyti-
cally evaluated anisotropic conductivity on several levels of
model complexity, and the most simplified model allows to
clearly identify the physical mechanism that determines the
sign of the AMR in !Ga,Mn"As. Our approach21 is based on
the relaxation-time approximation !RTA" and it would be
desirable to put the present results into more precise terms by
exactly solving the Boltzmann equation in its full integral
form as the authors did for the simpler Rashba system
recently.11,22 Although this solution is presently not available,
we explain in a short discussion at the end of Sec. IV that the
RTA reproduces at least the basic features of the AMR as
presented in this work.

II. BASIC MODEL OF AMR IN METALLIC (GA,MN)AS

Three principal ingredients, described in Secs. II A–II C,
are necessary to model the conductivity and its magnetic
anisotropy: !A" The band structure yielding the spectrum and
wave functions, !B" the scattering mechanism, and !C" a
transport formalism which combines the former two and pro-
duces the conductivity tensor. Given that we base our ap-
proach to !C" on relaxation-time approximate solution to the
semiclassical Boltzmann equation, we basically need the
Fermi velocities derived from the band dispersions, and the
relaxation times calculated from the spectrum, wave func-
tions and the relevant form of the impurity potential.

A. Virtual-crystal kinetic-exchange model of (Ga,Mn)As bands

The valence-band kinetic-exchange model of !Ga,Mn"As
with metallic conductivities is an established qualitative and

often semiquantitative theoretical approach.7,23 The descrip-
tion is based on the canonical Schrieffer-Wolff transforma-
tion of the Anderson Hamiltonian24 which for !Ga,Mn"As
replaces hybridization of Mn d orbitals with As and Ga sp
orbitals by an effective spin-spin interaction of !L=0; S
=5 /2" local moments with host valence-band states. This
step proves essential to effectively separate the different
AMR mechanisms !a,b,c", symbolized in Fig. 1, because—
except for the spin-spin interaction which will be treated as
we review below—it completely detaches the Mn states from
the spin-orbit coupled host-valence-band states. These
valence-band states are conveniently parametrized by the
Luttinger parameters !1 ,!2 ,!3 and spin-orbit splitting "SO in
the six-band Kohn-Luttinger Hamiltonian25–27 HKL. The local
interaction between Mn magnetic moments SI !located at RI"
and valence hole spins s !at r", being at the root of the
carrier-mediated ferromagnetism in !Ga,Mn"As, is the ki-
netic exchange and it is described by single parameter7,28 Jpd.
In order to model the band structure of !Ga,Mn"As including
disorder electrical potential V associated with the Mn mag-
netic moments, we treat the Hamiltonian

H = HKL + Vdis = HKL + Jpd#
I

SI · s#!r − RI" + #
I

V!r − RI"

!1"

by the virtual-crystal mean-field26 approximation, whence
we get the single-particle Hamiltonian !in momentum repre-
sentation" of the !Ga,Mn"As valence band

H = HKL + hêM · s . !2"

Here, êM stands for the unit vector in the direction of the
mean-field magnetization, h=JpdNMnSMn, and the magnetic
moment of Mn is SMn=5 /2. In this paper, we will only con-
sider substitutional Mn with volume density NMn as in opti-
mally annealed samples,29 and assume zero temperature. In
the band-structure model, we thus disregard the randomness
in the Mn distribution over the crystal and the ensuing spatial
inhomogeneity of the exchange interaction, and also we
completely ignore the disorder defined by the electrical po-
tential V in Eq. !1" of every single substitutional Mn which is
an ionized acceptor. Within this approximation, the effect of
the Mn atoms present in the crystal is reduced only to the
effective Zeeman-like term in Eq. !2" due to the kinetic ex-
change of the valence holes with the Mn d states. Explicit
form of the k-dependent 6$6 matrix HKL in a convenient
basis is given e.g. by Eq. !A8" of the first of Ref. 26.

As we are aiming at a simple model of the noncrystalline
AMR component only, we will treat HKL in the spherical
approximation, implemented by setting !2 ,!3 to their aver-
age value.25 In this approximation the dispersion of all six
valence bands becomes isotropic in the absence of the
kinetic-exchange field. The 6$6 Hamiltonian !2" can be di-
agonalized numerically and provide the valence bands En!k"
of !Ga,Mn"As which are split by the exchange field h. The
index n labels the two heavy-hole bands !n=1,2", two light-
hole bands !n=3,4", both of the %8 symmetry and total an-
gular momentum J=3 /2 in the %-point, and two split-off
bands !n=5,6" with the %7 symmetry and J=1 /2 in the %
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of antiferromagnetic exchange Hex = �AF · J. This interaction
leads to the ferromagnetic alignment of magnetic moments of
Mn ions and equilibrium polarization of hole spins. If further,
non-equilibrium spin polarization of the holes �JE is induced, the
interaction of the hole spins with magnetic moments of Mn ions
enables one to control ferromagnetism bymanipulating J. Magnetic
properties of (Ga,Mn)As are thus tightly related to the electronic
properties of GaAs. For example, strain-induced spin anisotropy of
the hole energy dispersion is largely responsible for the magnetic
anisotropy in this material. (Ga,Mn)As, epitaxially grown on the
(001) surface of GaAs, is compressively strained, which results in
magnetization M lying in the plane of the layer perpendicular to
the growth direction, with two easy axes along the [100] and [010]
crystallographic directions22,23. Recently, control of magnetization
by means of strain modulation has been demonstrated24. In this
letter, we use spin–orbit-generated polarization �JE to manip-
ulate ferromagnetism.

We report measurements on two samples fabricated from
(Ga,Mn)As wafers with different Mn concentrations. The devices
were patterned into circular islands with eight non-magnetic
ohmic contacts, as shown in Fig. 1a and discussed in the Methods
section. In the presence of a strong external magnetic field H,
the magnetization of the ferromagnetic island is aligned with the
field. For weak fields, however, the direction of magnetization
is primarily determined by magnetic anisotropy. As a small field
(5 < H < 20mT) is rotated in the plane of the sample, the
magnetization is re-aligned along the easy axis closest to the field
direction. Such rotation of magnetization by an external field is
demonstrated in Fig. 2. For the current I||[11̄0], the measured Rxy is
positive forM||[100] and negative forM||[010]. Note that Rxy , and
thus also the magnetization, switches direction when the direction
ofH is close to the hard axes [110] and [11̄0], confirming the cubic
magnetic anisotropy of our samples. The switching angles⌅H =\HI
whereRxy changes sign are denoted as ⌅(i)

H on the plot.
In the presence of both external and spin–orbit fields, we

expect to see a combined effect of Hso +H on the direction of
magnetization. For small currents (a few microamperes) H so ⌅ 0,
and Rxy does not depend on the sign or the direction of the
current. At large d.c. currents, the value of ⌅(i)

H becomes current
dependent and we define ⇧⌅(i)

H (I )= ⌅(i)
H (I )�⌅(i)

H (�I ). Specifically,
for I||[11̄0], the switching of magnetization [010] ⇧ [1̄00] occurs
for I = +0.7mA at smaller ⌅(1)

H than for I = �0.7mA, ⇧⌅(1)
H < 0.

For the [01̄0] ⇧ [100] magnetization switching, the I dependence
of the switching angle is reversed, ⇧⌅(3)

H > 0. There is no
measurable difference in switching angle for the [1̄00]⇧ [01̄0] and
[100]⇧ [010] transitions (⇧⌅(2,4)

H ⌅0).When the current is rotated
by 90⇤ (I||[110]), we observe ⇧⌅(2)

H > 0, ⇧⌅(4)
H < 0 and ⇧⌅(1,3)

H ⌅ 0.
Figure 2c shows that ⇧⌅(2)

H (I ) decreases as current decreases and
drops below experimental resolution of 0.5⇤ at I< 50 µA. Similar
data are obtained for sample B (see Supplementary Fig. S4).

The data can be qualitatively understood if we consider an
extra current-induced effective magnetic field Heff, as shown
schematically in Fig. 1b. When an external field H aligns the
magnetization along one of the hard axes, a small perpendicular
field can initiate magnetization switching. For I||[110], the effective
field Heff||[1̄10] aids the [100] ⇧ [010] magnetization switching,
whereas it hinders the [1̄00] ⇧ [01̄0] switching. For ⌅(1)

H ⌅ 90⇤ and
⌅(3)
H ⌅ 270⇤, where [010]⇧ [1̄00] and [01̄0]⇧ [100] magnetization

transitions occur, Heff||H does not affect the transition angle,
⇧⌅(2,4)

H = 0. For I||[11̄0], the direction of the field Heff||[110] is
reversed relative to the direction of the current, compared with
the I||[110] case. The symmetry of the measured Heff with respect
to I coincides with the unique symmetry of the strain-related
spin–orbit field (Fig. 1c).

The dependence of ⇧⌅(i)
H on various magnetic fields and current

orientations is summarized in Fig. 3a,b. Assuming that the angle of
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Figure 2 |Dependence of transverse anisotropic magnetoresistance
on current and field orientation. a,b, Transverse anisotropic
magnetoresistance Rxy as a function of external field direction ⌅H for
H= 10mT and current I= ±0.7mA in sample A. The angles ⌅(i)

H mark
magnetization switchings. c, Magnetization switching between [̄100] and
[01̄0] easy axes for several values of the current.

magnetization switching depends only on the total field Heff +H,
we can extract the magnitude H eff and angle ⇥ = \IHeff from
the measured ⇧⌅(i)

H , thus reconstructing the whole vector Heff.
Following a geometrical construction shown in Fig. 3d and taking
into account that⇧⌅(i)

H is small, we find that

H eff ⌅H sin(⇧⌅(i)
H /2)/sin(⇥ �⌅(i)

H )

and ⇥ can be found from the comparison of switching at two
angles. We find that ⇥ ⌅ 90⇤, or Heff⌥ I for I⌦[110] and I⌦[11̄0].
To further test our procedure, we carried out similar experiments
with small current I =10 µAbut constant extramagnetic field �H⌥I
having the role of Heff. The measured �H (⇧⌅H) coincides with
the applied �H within the precision of our measurements. (See
Supplementary Fig. S5.)

In Fig. 3c, H eff is plotted as a function of the average current
density �j for both samples. There is a small difference in the
H eff versus �j dependence for I⌦[110] and I⌦[11̄0]. The difference
can be explained by considering the current-induced Oersted field
HOe ⌃ I in the metal contacts. The Oersted field is localized
under the pads, which constitutes only 7% (2.5%) of the total
area for sample A (B). The Oersted field has the symmetry
of the field shown in Fig. 1d, and is added to or subtracted
from the spin–orbit field, depending on the current direction.
Thus, H eff = H so + HOe for I⌦[110] and H eff = H so � HOe for
I⌦[11̄0]. We estimate the fields to be as high as 0.6mT under
the contacts at I = 1mA, which corresponds to HOe ⌅ 0.04mT
(0.015mT) averaged over the sample area for sample A (B). These
estimates are reasonably consistent with the measured values of
0.07mT (0.03mT). Finally, we determine H so as an average of H eff

between the two current directions. The spin–orbit field depends
linearly on j, as expected for strain-related spin–orbit interactions:
dH so/dj = 0.53⇥ 10�9 and 0.23⇥ 10�9 T cm2 A�1 for samples A
and B respectively.

We now compare the experimentally measured H so with
theoretically calculated effective spin–orbit field. In (Ga,Mn)As,
the only term allowed by symmetry that generates H so linear
in the electric current is the ⌃⇤ term, which results in the
directional dependence of Hso on j precisely as observed in
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Evidence for reversible control of magnetization in
a ferromagnetic material by means of spin–orbit
magnetic field
Alexandr Chernyshov1*, Mason Overby1*, Xinyu Liu2, Jacek K. Furdyna2, Yuli Lyanda-Geller1
and Leonid P. Rokhinson1†

The current state of information technology accentuates the
dichotomy between processing and storage of information,
with logical operations carried out by charge-based devices and
non-volatile memory based on magnetic materials. The main
obstacle for a wider use of magnetic materials for information
processing is the lack of efficient control of magnetization.
Reorientation of magnetic domains is conventionally carried
out by non-local external magnetic fields or by externally
polarized currents1–3. The efficiency of the latter approach
is enhanced in materials where ferromagnetism is carrier-
mediated4, because in such materials the control of carrier
polarization provides an alternative means for manipulating
the orientation of magnetic domains. In some crystalline
conductors, the charge current couples to the spins by
means of intrinsic spin–orbit interactions, thus generating
non-equilibrium electron spin polarization5–11 tunable by local
electric fields. Here, we show that magnetization can be
reversibly manipulated by the spin–orbit-induced polarization
of carrier spins generated by the injection of unpolarized
currents. Specifically, we demonstrate domain rotation and
hysteretic switching of magnetization between two orthogonal
easy axes in amodel ferromagnetic semiconductor.

In crystalline materials with inversion asymmetry, intrinsic
spin–orbit interactions couple the electron spinwith itsmomentum
h̄k. The coupling is given by the Hamiltonian Hso = (h̄/2)⇤̂ ·�(k),
where h̄ is the reduced Planck constant and ⇤̂ is the electron
spin operator (for holes ⇤̂ should be replaced by the total angular
momentum J). Electron states with different spin projection signs
on �(k) are split in energy, analogous to the Zeeman splitting
in an external magnetic field. In zinc-blende crystals such as
GaAs there is a cubic Dresselhaus term12 �D ⇥ k3, whereas strain
introduces a term �⌅ = C⇧⌅(kx ,�ky ,0) that is linear in k, where
⇧⌅ is the difference between strain in the ẑ and x̂, ŷ directions13.
In wurtzite crystals or in multilayered materials with structural
inversion asymmetry, there also exists the Rashba term14 �R,
which has a different symmetry with respect to the direction of k,
�R =�R(�ky ,kx ,0), where ẑ is along the axis of reduced symmetry.
In the presence of an electric field, the electrons acquire an average
momentum h̄⇧k(E), which leads to the generation of an electric
current j= ⇥̂�1E in the conductor, where ⇥̂ is the resistivity tensor.
This current defines the preferential axis for spin precession ⇤⌃(j)⌅.
As a result, a non-equilibrium current-induced spin polarization
⇤JE⌅⇧⇤�(j)⌅ is generated, the magnitude of which ⇤J E⌅ depends
on the strength of various mechanisms of momentum scattering
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Figure 1 | Layout of the device and symmetry of the spin–orbit fields.
a, Atomic force micrograph of sample A with eight non-magnetic metal
contacts. b, Diagram of device orientation with respect to crystallographic
axes, with easy and hard magnetization axes marked with blue dashed and
red dot–dash lines, respectively. Measured directions of Heff field are
shown for different current directions. c,d, Orientation of effective magnetic
field with respect to current direction for strain-induced (c) and Rashba (d)
spin–orbit interactions. The current-induced Oersted field under the
contacts has the same symmetry as the Rashba field.

and spin relaxation5,15. This spin polarization has been measured
in non-magnetic semiconductors using optical7–9,11,16 and electron
spin resonance17 techniques. It is convenient to parameterize ⇤JE⌅
in terms of an effective magnetic field Hso. Different contributions
to Hso have different current dependencies (⇥ j or j3), as well
as different symmetries with respect to the direction of j, as
schematically shown in Fig. 1c,d, enabling one to distinguish
between spin polarizations in different fields.

To investigate interactions between the spin–orbit-generated
magnetic field and magnetic domains, we have chosen (Ga,Mn)As,
a p-type ferromagnetic semiconductor18,19 with zinc-blende crys-
talline structure similar to GaAs. Ferromagnetic interactions in this
material are carrier-mediated20,21. The total angular momentum of
the holes J couples to the magnetic moment F of Mn ions by means
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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.


