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‘Spintronics’= Spin+Transport+Electronics: control of current 
using the spin of electrons 

Giant Magnetoresistance (GMR)
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The Two Channel Model of GMR 
Spin-dependent scattering of conduction electrons &                                                                  change 

of scattering rate with an external field.

Resistance Rparallel Ranti-parallel<<

Δ R/R ~ 1-10 %



Spin Filtering by Ferromagnetic Layers
Parallel

low resistance state

Antiparallel

high resistance state

Ferromagnetic layers act spin polarizers and analyzers for an electric current!



Key Idea!!!

 If a magnetic layer acts as a spin-filter, then
it must also experience a torque.

€ 

θ

Torque τ 

τ ∝ I sinθ

θ

Slonczewski 1996 and Berger 1996
Seeds of the idea in Slonczewski 1988



Reversing the direction of the current
changes the sign of the torque
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θ

Torque τ 

τ ∝ I sinθ

θ



Torques with Two Magnetic Layers

fixed free

Electron flow (negative current)

Spin currents moving to the 
right exert a torque favoring 
parallel alignment

(and a low resistance state) 

fixed free

Electron flow (positive current)
Spin currents moving to the left 
exert a torque favoring 
antiparallel alignment 

(and a high resistance state)

λc =
2π

kf↑ − kf↓

Spin-transfer is an interface effect:

Transverse spin coherence length:

Stiles and Zangwill, PRB 2002



Spin current induced switching, Coherent dynamic precession.

“fixed” ferromagnet 

normal metal layer

“free” ferromagnet

Spin current

J.C. Slonczewski, 1996C. Oersted, 1819

Charge current

New Physics:

 Insight into spin transport: injection, diffusion and coherence

 Fundamentally new types of magnetic excitations

 Most of the theories are still untested

Spin Transfer – A new method to manipulate nanomagnets



Dynamics: LLG+spin-torque (LLGS)

When the spin-torque exceeds
the damping, instabilities can
occur!

aJ =
h̄PJ

2eMst

Also possible:
‘Current-Induced Effective field’

Thin film elements
yz

x
!Heff = !H − 4πMeff(m̂ · ẑ)ẑ + HK(m̂ · x̂)x̂

dm̂

dt
= −γm̂ × "Heff + αm̂ ×

dm̂

dt
+ γaJm̂ × (m̂ × m̂P )

damping

precession

Spin-torquem̂

!Heff

m̂ × !Heff
bJm̂ × m̂P

γ/2π = 28 GHz/T

−[m̂p − (m̂ · m̂p)m̂]



Magnetic Excitations

Spin-current amplifies the motion for currents greater than a critical value:

J. Z. Sun, PRB 2000

Jc =
2e

!
α

P
Mst(H + HK + 2πMeff)



Stability Diagrams

✦Perpendicular magnetization and field:

H > 4πMeff

J. Z. Sun, PRB 2000; Bertotti et al., PRL 2005, Chen et al PRB 2006

0

2

4

6

8

0 0.05 0.1

A
pp

lie
d 

Fi
el

d 
[T

]

aJ [T]

AP

P

PS

AP/PS

P/AP

✦ In-plane magnetization and field:

J

m̂

!H

!H

m̂
H

P/AP

P

AP

PS

HK ! 4πMeff

Jc =
2e

!
α

P
Mst(H + HK + 2πMeff)

Jc =
2e

!
α

P
Mst(H − 4πMeff)



Ic ∼ r

Charge current: magnet responds to the magnetic field 
generated:

Cu

Co

Co

I 

Charge versus Spin Currents

Spin Current:  there is a critical current density

In devices with radii less than Rmin: 

The critical current due to the spin-
current will be less than that due to the 

charge current

B

In both cases there will be a current threshold at which the magnet will respond

Rmin ≈ 250 nm for Co

Jc =
Ic

πr2
Ic ∼ r2

Bc =
µoIc

2πr



Experiments on Spin-Transfer
Geometries

•Point contacts
•Nanopillars
•Nanowires
•Nanorings

Structures
•Spin-values
•Multilayers
•Tunnel junctions
•Single magnetic layers

Materials
•Metallic ferromagnets
•Magnetic semiconductors
•Metallic antiferromagnets
•Oxide ferromagnets

Phenomena
•Current induced switching & precession
•Current induced domain wall motion
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 M. Tsoi et al. ; E.B.Myers et al.; Y. Ji et al., …    J. A. Katine et al. ; J. Grollier et al.;…  

H

 Hysteretic Switching of M Uniform precession of M

Pillars junctionsPoint-contacts
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Experiments on Spin-Transfer

1998 2000
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Field  applied perpendicular
 to the plane of the film
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Microwave Oscillations of a Nanomagnet Driven 
by  a Spin-Polarized Current

Kiselev et al., Nature 2003



Microwave Oscillations in Point Contact Geometries

Rippard et al. PRL 2004

Theory on linewidth: Slavin 2007



Phase Locking of Two Spin-Torque Oscillators

Kaka et al., Nature 2005 and Mancoff et al. Nature 2005



Spin-Transfer Induced Precession

Ebels, et al., Nat. Mat (2007)
ADK, Nature Materials (2007)

Experiments: Kiselev et al., Nature (2003); Krivorotov et al., Science 2005.

A nanomagnet oscillator



IC

More recent experiments: Krivorotov et al., Science 2005

Thermal fluctuations and ST:
Sun, 2003
Li and Zhang, 2004
Visscher and Apalkov 2005
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Spin-Transfer Driven FMR

Measurement Principle
– Tulapurkar et al., Nature 2005 
– Sankey et al., PRL 2006

Spin-Transfer-Driven Ferromagnetic Resonance of Individual Nanomagnets

J. C. Sankey, P. M. Braganca, A. G. F. Garcia, I. N. Krivorotov, R. A. Buhrman, and D. C. Ralph
Cornell University, Ithaca, New York 14853, USA

(Received 4 February 2006; published 5 June 2006)

We demonstrate a technique that enables ferromagnetic resonance measurements of the normal modes
for magnetic excitations in individual nanoscale ferromagnets, smaller in volume by more than a factor of
50 compared to individual ferromagnetic samples measured by other resonance techniques. Studies of the
resonance frequencies, amplitudes, linewidths, and line shapes as a function of microwave power, dc
current, and magnetic field provide detailed new information about the exchange, damping, and spin-
transfer torques that govern the dynamics in magnetic nanostructures.

DOI: 10.1103/PhysRevLett.96.227601 PACS numbers: 76.50.+g, 72.25.Ba, 75.30.Ds, 75.75.+a

Ferromagnetic resonance (FMR) is the primary tech-
nique for learning about the forces that determine the
dynamical properties of magnetic materials. However,
conventional FMR detection methods lack the sensitivity
to measure individual sub-100-nm-scale devices that are of
interest for fundamental physics studies and for a broad
range of memory and signal-processing applications. For
this reason, many new techniques are being investigated
for probing magnetic dynamics on small scales, including
Brillouin scattering [1] and FMR detected by Kerr micros-
copy [2], scanning probes [3,4], x rays [5], and electrical
techniques [6]. Here we demonstrate a simple new form of
FMR that uses innovative methods to both drive and detect
magnetic precession, thereby enabling FMR studies for the
first time on individual sub-100-nm devices and providing
a detailed new understanding of their magnetic modes. We
excite precession not by applying an ac magnetic field as is
done in other forms of FMR, but by using the spin-transfer
torque from a spin-polarized ac current [7,8]. We detect the
resulting magnetic motions electrically. We demonstrate
detailed studies of FMR in single nanomagnets as small as
30! 90! 5:5 nm3, and the method should be scalable to
investigate much smaller samples as well. Our technique is
similar to methods developed independently by Tulapurkar
et al. [9] for radio-frequency detection, but we will dem-
onstrate that the peak shapes measured there were likely
not simple FMR.

We have achieved the following new results: (i) We
measure magnetic normal modes of a single nanomagnet,
including both the lowest-frequency fundamental mode
and higher-order spatially nonuniform modes. (ii) By com-
paring the FMR spectrum to signals excited by a dc spin-
polarized current, we demonstrate that different dc biases
can drive different normal modes. (iii) From the resonance
line shapes, we distinguish simple FMR from a regime of
phase locking. (iv) From the resonance linewidths, we
achieve efficient measurements of magnetic damping in a
single nanomagnet.

Our samples have a nanopillar structure [Fig. 1(a), in-
set], consisting of two magnetic layers—20 nm of permal-
loy (Py " Ni81Fe19) and 5.5 nm of a Py65Cu35 alloy—

separated by a 12 nm copper spacer (see details in [10]).
We pattern the layers to have approximately elliptical cross
sections using ion milling. We focus here on one 30!
90 nm2 device, but we also obtained similar results in 40!
120 nm2 and 100! 200 nm2 samples. We use different
materials for the two magnetic layers so that by applying a
perpendicular magnetic field H we can induce an offset
angle between their equilibrium moment directions (both
the spin-transfer torque and the small-angle resistance
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FIG. 1 (color online). (a) Room-temperature magnetoresis-
tance as a function of field perpendicular to the sample plane.
Inset: Cross-sectional sample schematic, with arrows denoting a
typical equilibrium moment configuration in a perpendicular
field. (b) Schematic of circuit used for FMR measurements.
(c) FMR spectra measured at several values of magnetic field,
at Idc values (i) 0, (ii) 150 !A, and (iii) 300 !A, offset verti-
cally. Symbols identify the magnetic modes plotted in (d). Here
Irf " 300 !A at 5 GHz and decreases by #50% as f increases
to 15 GHz [10]. (d) Field dependence of the modes in the FMR
spectra. The solid line is a linear fit, and the dotted line would be
the frequency of completely uniform precession.
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Spin-Transfer-Driven Ferromagnetic Resonance of Individual Nanomagnets

J. C. Sankey, P. M. Braganca, A. G. F. Garcia, I. N. Krivorotov, R. A. Buhrman, and D. C. Ralph
Cornell University, Ithaca, New York 14853, USA

(Received 4 February 2006; published 5 June 2006)

We demonstrate a technique that enables ferromagnetic resonance measurements of the normal modes
for magnetic excitations in individual nanoscale ferromagnets, smaller in volume by more than a factor of
50 compared to individual ferromagnetic samples measured by other resonance techniques. Studies of the
resonance frequencies, amplitudes, linewidths, and line shapes as a function of microwave power, dc
current, and magnetic field provide detailed new information about the exchange, damping, and spin-
transfer torques that govern the dynamics in magnetic nanostructures.

DOI: 10.1103/PhysRevLett.96.227601 PACS numbers: 76.50.+g, 72.25.Ba, 75.30.Ds, 75.75.+a

Ferromagnetic resonance (FMR) is the primary tech-
nique for learning about the forces that determine the
dynamical properties of magnetic materials. However,
conventional FMR detection methods lack the sensitivity
to measure individual sub-100-nm-scale devices that are of
interest for fundamental physics studies and for a broad
range of memory and signal-processing applications. For
this reason, many new techniques are being investigated
for probing magnetic dynamics on small scales, including
Brillouin scattering [1] and FMR detected by Kerr micros-
copy [2], scanning probes [3,4], x rays [5], and electrical
techniques [6]. Here we demonstrate a simple new form of
FMR that uses innovative methods to both drive and detect
magnetic precession, thereby enabling FMR studies for the
first time on individual sub-100-nm devices and providing
a detailed new understanding of their magnetic modes. We
excite precession not by applying an ac magnetic field as is
done in other forms of FMR, but by using the spin-transfer
torque from a spin-polarized ac current [7,8]. We detect the
resulting magnetic motions electrically. We demonstrate
detailed studies of FMR in single nanomagnets as small as
30! 90! 5:5 nm3, and the method should be scalable to
investigate much smaller samples as well. Our technique is
similar to methods developed independently by Tulapurkar
et al. [9] for radio-frequency detection, but we will dem-
onstrate that the peak shapes measured there were likely
not simple FMR.

We have achieved the following new results: (i) We
measure magnetic normal modes of a single nanomagnet,
including both the lowest-frequency fundamental mode
and higher-order spatially nonuniform modes. (ii) By com-
paring the FMR spectrum to signals excited by a dc spin-
polarized current, we demonstrate that different dc biases
can drive different normal modes. (iii) From the resonance
line shapes, we distinguish simple FMR from a regime of
phase locking. (iv) From the resonance linewidths, we
achieve efficient measurements of magnetic damping in a
single nanomagnet.

Our samples have a nanopillar structure [Fig. 1(a), in-
set], consisting of two magnetic layers—20 nm of permal-
loy (Py " Ni81Fe19) and 5.5 nm of a Py65Cu35 alloy—

separated by a 12 nm copper spacer (see details in [10]).
We pattern the layers to have approximately elliptical cross
sections using ion milling. We focus here on one 30!
90 nm2 device, but we also obtained similar results in 40!
120 nm2 and 100! 200 nm2 samples. We use different
materials for the two magnetic layers so that by applying a
perpendicular magnetic field H we can induce an offset
angle between their equilibrium moment directions (both
the spin-transfer torque and the small-angle resistance
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FIG. 1 (color online). (a) Room-temperature magnetoresis-
tance as a function of field perpendicular to the sample plane.
Inset: Cross-sectional sample schematic, with arrows denoting a
typical equilibrium moment configuration in a perpendicular
field. (b) Schematic of circuit used for FMR measurements.
(c) FMR spectra measured at several values of magnetic field,
at Idc values (i) 0, (ii) 150 !A, and (iii) 300 !A, offset verti-
cally. Symbols identify the magnetic modes plotted in (d). Here
Irf " 300 !A at 5 GHz and decreases by #50% as f increases
to 15 GHz [10]. (d) Field dependence of the modes in the FMR
spectra. The solid line is a linear fit, and the dotted line would be
the frequency of completely uniform precession.
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H

‣ Determine anisotropies and damping of nanometer scale magnetic elements 
‣ Characterize the spin-transfer interaction near equilibrium
‣ Excite highly non-linear magnetization dynamics

I(t) = Iosin(ωt)

R(t) =
∆Ro

2
(1 − m̂(t) · m̂p)

 Resonance:

vary strongly in peak shape and frequency as a function of
positive Idc, in a manner similar to A0, confirming that A1
and A2 (like A0) are associated with the PyCu layer. The
FMR modes B0 and B1 that we identified with the Py layer
do not shift significantly in f as a function of positive Idc.
This is expected, because positive Idc is the wrong sign to
excite spin-transfer dynamics in the Py layer [7].

There has been significant debate about whether the
magnetic modes which contribute to the dc-spin-transfer-
driven precessional signals correspond to approximately
uniform macrospin precession or to nonuniform spin-wave
instabilities [17–20]. Our FMR measurements show di-
rectly that, at Ic, the dc-driven peak frequency is equal to
that of the lowest-frequency rf-driven mode, the one ex-
pected to be most spatially uniform [13]. Higher values of
Idc can also excite the spatially nonuniform mode A1 and
even produce mode hopping so that mode A1 can be
excited when mode A0 is not.

In order to analyze the FMR peak shapes, we make the
simplifying assumption that the lowest-frequency modes
A0 and B0 can be approximated by a macrospin model,
with the Slonczewski form of the spin-transfer torque [7].
The small-amplitude resonance is predicted [10] to have a
simple Lorentzian line shape,

Vmix!f" /
I2rf=!0

1# $!f% f0"=!0&2
: (3)

Here f0 is the unforced precession frequency. The width
!0 predicted for the PyCu layer in our experimental ge-
ometry is, to within 1% error for !0H > 0:5 T [10],

!0 ' "f0; (4)

where " is the Gilbert damping parameter. As predicted by
Eq. (3), we find that the measured FMR peak for mode A0
at Idc ' 0, for sufficiently small values of Irf , is fit accu-
rately by a Lorentzian, the amplitude scales Vmix / I2rf , and
the width is independent of Irf , [Figs. 3(a) and 4(a)]. Our
minimum measurable precession angle is (0:2). For Irf >
0:35 mA, the peak eventually shifts to higher frequency
and the shape becomes asymmetric, familiar properties for
nonlinear oscillators [21]. From the magnitude of the
frequency shift in similar signals [Fig. 3(b), inset], we
estimate that the largest precession angle we have achieved
is approximately 40).

The peak shape for mode B0 is also to good accuracy
Lorentzian for small Idc, but with negative sign. This sign is
expected because when the Py moment precesses in reso-
nance, the positive current pushes the Py moment angle
closer to the PyCu moment, giving a negative resistance
response. The FMR peak shapes for the higher-order
modes A1, A2, and B1 are not as well fit by Lorentzians.
We plot the spectrum of dc-driven excitations for Idc '
0:52 mA, Irf ' 0 in Fig. 3(b). The width is much narrower
than the FMR spectrum for the same mode (inset), con-
firming arguments that the linewidths in these two types of
measurements are determined by different physics [22].

We noted above that the FMR peak shape changes from
a Lorentzian to a more complex shape for sufficiently large
values of Idc. [See the detailed resonance shapes in
Figs. 3(b) and 3(c).] This shape change can be explained
as a consequence of phase locking between Irf and the
large-amplitude precession excited by Idc [23–26]. When
the precession frequency increases with precession ampli-
tude, the rf current can force the amplitude on the low-f
side of the resonance to be smaller than the equilibrium dc-
driven trajectory. Under these conditions, the precession
phase locks approximately out of phase with the applied rf
current (#f ( 180)), giving negative values of Vmix.
Frequencies on the high-f side of the resonance produce
phase locking approximately in phase with the drive and a
positive Vmix. We have confirmed this picture by numerical
integration of the macrospin model [Fig. 3(d)] [10].
Recently, Tulapurkar et al. [9] measured similar peak
shapes, and proposed that they were caused by simple
FMR with a torque mechanism different from the
Slonczewski theory. We suggest instead that the peak
shapes in [9] may be due either to phase locking with
thermally excited precession at room temperature (rather
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FIG. 3 (color online). (a) FMR peak shape for mode A0 at
Idc ' 0 and different values of Irf : from bottom to top, traces 1–5
span Irf ' 80–340 !A in equal increments, and traces 5–10
span 340–990 !A in equal increments. (b) Bottom curve: spec-
tral density of dc-driven resistance oscillations for mode A0,
showing a peak with a half width at half maximum ' 13 MHz.
Top curve: FMR signal at the same bias conditions, showing the
phase-locking peak shape. Inset: Evolution of the FMR peak for
mode A0 at 370 mT, Idc ' 0, for Irf from 30 !A to 1160 !A.
(c) Evolution of the FMR signal for mode A0 in the phase-
locking regime at Idc ' 0:5 mA, !0H ' 370 mT, for (bottom to
top) Irf from 12 to 370 !A, equally spaced on a logarithmic
scale. (d) Results of macrospin simulations for the dc-driven
dynamics and the FMR signal [10].
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vary strongly in peak shape and frequency as a function of
positive Idc, in a manner similar to A0, confirming that A1
and A2 (like A0) are associated with the PyCu layer. The
FMR modes B0 and B1 that we identified with the Py layer
do not shift significantly in f as a function of positive Idc.
This is expected, because positive Idc is the wrong sign to
excite spin-transfer dynamics in the Py layer [7].

There has been significant debate about whether the
magnetic modes which contribute to the dc-spin-transfer-
driven precessional signals correspond to approximately
uniform macrospin precession or to nonuniform spin-wave
instabilities [17–20]. Our FMR measurements show di-
rectly that, at Ic, the dc-driven peak frequency is equal to
that of the lowest-frequency rf-driven mode, the one ex-
pected to be most spatially uniform [13]. Higher values of
Idc can also excite the spatially nonuniform mode A1 and
even produce mode hopping so that mode A1 can be
excited when mode A0 is not.

In order to analyze the FMR peak shapes, we make the
simplifying assumption that the lowest-frequency modes
A0 and B0 can be approximated by a macrospin model,
with the Slonczewski form of the spin-transfer torque [7].
The small-amplitude resonance is predicted [10] to have a
simple Lorentzian line shape,

Vmix!f" /
I2rf=!0

1# $!f% f0"=!0&2
: (3)

Here f0 is the unforced precession frequency. The width
!0 predicted for the PyCu layer in our experimental ge-
ometry is, to within 1% error for !0H > 0:5 T [10],

!0 ' "f0; (4)

where " is the Gilbert damping parameter. As predicted by
Eq. (3), we find that the measured FMR peak for mode A0
at Idc ' 0, for sufficiently small values of Irf , is fit accu-
rately by a Lorentzian, the amplitude scales Vmix / I2rf , and
the width is independent of Irf , [Figs. 3(a) and 4(a)]. Our
minimum measurable precession angle is (0:2). For Irf >
0:35 mA, the peak eventually shifts to higher frequency
and the shape becomes asymmetric, familiar properties for
nonlinear oscillators [21]. From the magnitude of the
frequency shift in similar signals [Fig. 3(b), inset], we
estimate that the largest precession angle we have achieved
is approximately 40).

The peak shape for mode B0 is also to good accuracy
Lorentzian for small Idc, but with negative sign. This sign is
expected because when the Py moment precesses in reso-
nance, the positive current pushes the Py moment angle
closer to the PyCu moment, giving a negative resistance
response. The FMR peak shapes for the higher-order
modes A1, A2, and B1 are not as well fit by Lorentzians.
We plot the spectrum of dc-driven excitations for Idc '
0:52 mA, Irf ' 0 in Fig. 3(b). The width is much narrower
than the FMR spectrum for the same mode (inset), con-
firming arguments that the linewidths in these two types of
measurements are determined by different physics [22].

We noted above that the FMR peak shape changes from
a Lorentzian to a more complex shape for sufficiently large
values of Idc. [See the detailed resonance shapes in
Figs. 3(b) and 3(c).] This shape change can be explained
as a consequence of phase locking between Irf and the
large-amplitude precession excited by Idc [23–26]. When
the precession frequency increases with precession ampli-
tude, the rf current can force the amplitude on the low-f
side of the resonance to be smaller than the equilibrium dc-
driven trajectory. Under these conditions, the precession
phase locks approximately out of phase with the applied rf
current (#f ( 180)), giving negative values of Vmix.
Frequencies on the high-f side of the resonance produce
phase locking approximately in phase with the drive and a
positive Vmix. We have confirmed this picture by numerical
integration of the macrospin model [Fig. 3(d)] [10].
Recently, Tulapurkar et al. [9] measured similar peak
shapes, and proposed that they were caused by simple
FMR with a torque mechanism different from the
Slonczewski theory. We suggest instead that the peak
shapes in [9] may be due either to phase locking with
thermally excited precession at room temperature (rather
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FIG. 3 (color online). (a) FMR peak shape for mode A0 at
Idc ' 0 and different values of Irf : from bottom to top, traces 1–5
span Irf ' 80–340 !A in equal increments, and traces 5–10
span 340–990 !A in equal increments. (b) Bottom curve: spec-
tral density of dc-driven resistance oscillations for mode A0,
showing a peak with a half width at half maximum ' 13 MHz.
Top curve: FMR signal at the same bias conditions, showing the
phase-locking peak shape. Inset: Evolution of the FMR peak for
mode A0 at 370 mT, Idc ' 0, for Irf from 30 !A to 1160 !A.
(c) Evolution of the FMR signal for mode A0 in the phase-
locking regime at Idc ' 0:5 mA, !0H ' 370 mT, for (bottom to
top) Irf from 12 to 370 !A, equally spaced on a logarithmic
scale. (d) Results of macrospin simulations for the dc-driven
dynamics and the FMR signal [10].
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Condensed Matter Physics Seminar, Colorado State University, July 22, 2009

Nanopillar Characteristics: DC

2o

!H

I
3.6 nm Co/Ni
10 nm Cu
12 nm Co

Perpendicular applied field

• High field dV/dI shows current 
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Spin-Transfer Driven FMR
Perpendicular Field, Idc =0, t=0.4 nm

Mode that disperses to higher field with increasing frequency:

‣ Mirrors the FMR mode on a film of the same composition 
‣ Enables determination of the easy-plane anisotropy and g-factor of an 
   individual nanomagnet

• 20 nV/Hz1/2 
noise level

• ~2o precession
• rf from 4 to 16 

GHz with 2 GHz 
steps

• Adjacent curves 
offset by 0.2 µV 
each

50x150 nm2 junction
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Mode Dispersion: Comparison of Films and Nanopillars
Normal modes

1

2

3

4
Dipole-exchange spin-wave modes

‣ The resonance frequency is consistent with excitation of the lowest lying mode of the  
   element--shifted from the uniform FMR mode due to finite size effects and dipole fields   
   from other magnetic layers 
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W. Chen et al., J. Appl. Phys. 103, 07A502 (2008)

(Kalinilos and Slavin 1986)
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Linewidth & Damping

‣Slope: α = 0.036 ± 0.003 for the film; 0.033 ± 0.003 for the nanopillars 
‣Intercept:  ΔH0 = 284 ± 30 Oe for the film; 24 ± 15 Oe for the nanopillars

film

pillar

W. Chen et al. Appl. Phys. Lett. 92, 012507 (2008)28 2009 Boulder School, Lecture 2



Spin Transfer MRAM
• Spin-transfer interaction may enable the ultimate miniaturization of 

MRAM to limits set by thermal stability.
• Why? Means of switching very high anisotropy nanomagnets 

+m -m

U

U =
1

2
HkMsV ≥ 40kBT

Ic ∼ 50 µA

Potentially compatible CMOS 
technology!

Ic !
2e

!
α

P
MsV Hk =

4e

!
α

P
U



Summary
Spin transfer is a new mechanism to manipulate nanoscale 

magnets:

‣ Reversal

‣ Precession

‣ Spin-waves

Many basic and open questions about the interactions and 
magnetic excitations

‣ Transport models

‣ Micromagnetics (beyond LLGS) 

‣ Noise

Great variety of phenomena, materials and structures

New types of devices are possible that operate at the nanoscale 
and can be realized with present day technology
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