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Magnetism and Angular Momentum

1915: Einstein-de Haas Effect

Albert Einstein Wander de Haas

Oersted had shown previously that the 
same type of magnetic field produced by 
ferromagnetic materials can also be 
produced near a conductor carrying a 
current

Ampere (1820) then hypothesized that the 
magnetic field emanating from a 
ferromagnet is produced by circulating 
“molecular currents”
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1915:  Einstein-de Haas Effect

applied 
magnetic field reversed field
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thin filament

Actually, for improved sensitivity, 
performed a resonance experiment.  
Applied an AC magnetic field near the 
resonance frequency of the torsional 
oscillator.

From the amplitude of the resonance, 
can obtain a quantitative measure of 
the angular momentum change upon 
reversing M.
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(0.97) ±10%

1915: Einstein-de Haas Effect

But is ferromagnetism actually due to circulating currents?   

Ferromagnetism is 
intimately associated with 

angular momentum


Later repetitions of the experiment found a different result
S. J. Barnett (1915), J. Q. Stewart (1918), E. Beck (1919), G. Avidsson (1920)
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Only later was it understood that the extra factor of 2 is because the 
magnetization of ferromagnets comes primarily from spin, not orbital moments, 
and for spin

 

M = g e
2m

L with g= -2.002 319 304 362

(Kinoshita)
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Other Early Milestones in Spin

1922 Stern and Gerlach measure quantized magnetic moments in silver atoms 
not in accord with orbital angular momentum

1925 Goudsmit and Uhlenbeck (as graduate students) propose that electrons 
have intrinsic spin to explain doublets in the fine structure of alkali atoms.

1927 Phipps and Taylor use a Stern-Gerlach apparatus to measure the magnetic 
moment of hydrogen atoms, confirming the existence of a spin doublet

1929 Dirac develops the relativistic theory of quantum mechanics, explaining that 
electrons have a quantized spin   

 

h/2 with g ≈ 2.



Electronic States in Metallic Ferromagnets
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Electron states in Ni, Fe, Co can be sorted 
approximately into two types:

• sp-type: broad band, delocalized, carry most 
of the current

• d-type: narrow bands, more localized, 
contribute most of the spin. Carry little current 
but provide states for electron scattering

At the Fermi energy the states for majority spins are almost all sp-type --
high conductivity, low scattering.

At the Fermi energy the states for minority spins are almost all d-type --
low conductivity, high scattering



Thin magnetic layers act like filters for spins

Magnetic Layer

unpolarized
incident

electrons

Down spins are more likely to scatter at the magnetic interface, or from 
any defects in the film, and end up reflected backward.

Up spins are more likely to be transmitted through.

Resulting currents can be 30-50% polarized, depending on materials  

(e.g. sp-like states in Cu)

Ferromagnets and Electron Spins:



Putting Spin Filters in Series: Giant Magnetoresistance

This effect was discovered first for current-in-plane devices.  
Their magnetoresistance is not quite as large

Parallel layers:  low resistance Antiparallel layers: high resistance

(Here I assume current flow is perpendicular to the plane.)

discovered 1988Putting spin filters in series
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(2007 Nobel Prize to Albert Fert and 
Peter Grünberg)



Writing and Reading Information in Disk Drives
I
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Schematic bit at 600 Gbit/in2

Magnetic microscope image of 
bits on a 5 GB hard drive

10 nm



History of Storage Density on Disk Drives

from Ed Grochowski

current products
~ 600 Gbits/in2

each bit
~70 nm x 15 nm

>100 million x
increase



Magnetic Tunnel Junctions Can Be Even Better Spin Filters 
Than Metal Multilayers (2001)

Down electron wavefunctions can have fast decay in the barrier and very 
little transmission.

Up electron wavefunctions can exhibit slower decay and much larger 
transmission factors.

tunnel barrier 
(e.g., MgO)

wavefunction tails



Newly Available:
Magnetic Random Access Memory (MRAM)

Si Memory Attributes
Currently electronic memory cells are based on 

charge storage on capacitors. 
Three basic types:
Flash – nonvolatile, slow, wear-out
DRAM – high density, volatile, requires power      

to keep refreshed, not very fast
SRAM – fast, low density, high power

MRAM Attributes
• Non-Volatility of Flash with fast programming, no 
program endurance limitation
• Density competitive with DRAM with no refresh.
• Speed competitive with SRAM at fraction of the 
cell size
• Nondestructive read
MRAM may offer a universal memory solution --
Instant-on computers

Problem with Magnetic-Field Switching: 
Magnetic fields are long-ranged, so it is hard 
to localize a strong magnetic field near a 
single bit in a large array.
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Spin Transfer -- An Efficient Way to Apply 
Torques to Magnets

A magnetic layer can absorb the transverse component of incoming spin angular 
momentum, and therefore receives a torque.

(proposed by Slonczewski, Berger 1996)

Cartoon Picture, for a Perfect Spin Filter

θ



Spin-Transfer With Two Magnetic Layers
Electron Flow (Negative Current)

Electron Flow (Positive Current)

Right-going electrons
exert torque on free layer
favoring parallel alignment

(fixed) (free)

(fixed) (free)
Left-going electrons are partially
reflected off of fixed layer

Reflected electrons exert opposite torque
on free layer
=> antiparallel alignment is favored



Magnetic Dynamics with Spin-Transfer

Types of torques acting on nanomagnets:

I.   out of plane: Elastic precession 
around effective field

(includes anisotropy, 
exchange, external field)

II.   in plane: Canting of moment 
towards or away from effective field

(includes damping and spin-transfer torque)

When torque exceeds damping, instabilities can occur

Spin-Transfer
Damping

Precession

Mfree

(direction depends
on the sign of I)

B, Mfixed



switching steady-state
precession

Magnetic Dynamics with Spin Transfer

Mfixed, H

Spin-Transfer
Damping

Precession

M

(assuming a macrospin 
description with 

Slonczewski-type torque)

Responses to a DC current:

Responses to an AC current:

Spin-torque-driven ferromagnetic resonance



Spin-Transfer-Driven Magnetic Switching

Metal Multilayer Devices

Magnetic Tunnel Junctions

Py (2 nm)

Py (20 nm)
Cu (6 nm)

Cu
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Huai et al., APL 84, 3118 (2004).
Fuchs et al., APL 85, 1205 (2004).

Katine et al., PRL 84, 3149 (2000).
Braganca et al., APL 87, 112507 (2005).

70 nm

130 nm

view from
above

CoFeB

CoFeB
MgO (~1 nm)



We have performed the first single-shot measurements in which the 
magnetic dynamics leading up to spin-torque switching can be resolved.

We can now study the mechanisms which cause variations in switching 
dynamics, and not just the average properties over many switching events.

Growing resistance oscillations
 

Single-Shot Time-Domain Studies of Spin-Torque Switching 
in Magnetic Tunnel Junctions

Y-T. Cui et al., Phys. Rev. Lett. 104, 097201 (2010)



Industrial Development of Spin-Torque 
Magnetic Random Access Memory

Working multi-Mb chips have been demonstrated.

The motivation is to make a “universal memory” that is fast, small, 
cheap, and non-volatile, to replace many types of silicon memory.

Development projects are being actively pursued by IBM/MagIC, Everspin, 
Grandis, Samsung, Sony, Hitachi, Toshiba, and others

~ 10 mA ~ 30 A
Older architecture: field-driven MRAM New: spin-torque-driven MRAM

• excellent scaling
• lower power
• no crosstalk problem
• simpler fabrication



Spin-Transfer-Driven Magnetic Precession

H = 625 G
Vpulse = 240 mV

Dephasing time ≥ 50 nsec, hundreds of oscillations can be observed

~1 nsec required to establish a steady precession state (~ 4 oscillation periods)

I. N. Krivorotov et al., Science 307, 228 (2005). 

Sampling oscilloscope measurement



FWHM = 280 kHz
f/⊗f = 4,000
room temp

Spin-Torque-Driven Magnetic Precession
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NIST group
f = 35 GHz

f/⊗f = 17,500

vortex oscillator
Vlad Pribiag et al.
Nature Physics 3, 
498 (2007).

nanopillar, permalloy free layer
40 K
Krivorotov et al.
Science 307, 228 (2005)

~ 100 pW power output
FWHM ~ 10 MHz

FWHM = 
2 MHz
room temp



 

V(t) = I(t)R(t) ~ IRF cos(ωt)∆Rcos(ωt + δ)
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Measuring Spin Torque Using Spin-Transfer-Driven 
Ferromagnetic Resonance (ST-FMR)

Resonant resistance oscillations generate a DC voltage component by mixing

S

Vmix

)cos()( δω +∆= tRtR

 

I(t) = IDC + IRF cos(ωt)

DC
circuitry

Main source 
of signal at 
low bias:

First demonstration: Tulapurkar et al., Nature 438, 339 (2005)



Spin-Transfer-Driven FMR in MgO Tunnel Junctions

Tulapurkar et al., Nature 438, 339 (2005)
Sankey et al., Nature Physics 4, 67 (2008)
Kubota et al., Nature Physics 4, 37 (2008)

room temperature
Frequency (GHz)

V m
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(m
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with Jonathan Sun and John Slonczewski (IBM)
Y. Nagamine, D. D. Djayaprawira, N. Watanabe (Canon ANELVA)

0 kOe

2.2 kOe

150 Å PtMn

25 Å CoFe
8.5 Å Ru

30 Å CoFeB
12.5 Å MgO

Magnetic Field

30 Å CoFeB
RF Torque

RP = 3190 Ω, RAP = 8100 Ω

IRF

RA = 12 Ω-µm2, 50 x 100 nm2



What are the Expected Normal Modes?

From numerical modeling 
with in-plane field,
McMichael and Stiles
J. Appl. Phys. 97, 10J901 (2005)

Measured frequencies and frequency 
spacings are in reasonable qualitative 

agreement with simulations.



Direction of the Spin Torque in Spin Valves

“Out-of-plane”
Torque

“Slonczewski” Spin-Transfer Torque

Mfree

(directions can be
reversed, depending

on the sign of I)

Mfixed S



Spin-polarized
Current

Magnetic Layer

(For a real 
spin filter)

Reflected electrons 
can precess out of 
plane



Slonczewski torque: symmetric Lorentzian

A. A. Tulapurkar, et al., Nature 438, 339 (2005).
J. N. Kupferschmidt et al., PRB 74, 134416 (2006).
A. A. Kovalev et al., PRB 75, 104403 (2007).

Vmix Vmix

If both Slonczewski and out-of-plane 
spin-torque components are present 
then the FMR response is a simple sum 
of two contributions. 

Out-of-Plane torque: antisymmetric Lorentzian

 

Vmix ∝ A
1+[( f − f0 ) /∆0]2

 

Vmix ∝ B[( f − f0 ) /∆0]
1+[( f − f0 ) /∆0]2

Out-of-Plane
Torque

Slonczewski Torque

Mfree

Mfixed

FMR Peak Shape Analysis -- Gives Magnitude 
and Direction of the Spin-Torque Vector

τ⊥

τ ||



ST-FMR Lineshapes in All-Metal Magnetic Multilayers

2∆0

The peak shape for the lowest-frequency 
mode in spin valves is a symmetric 
Lorentzian, indendent of bias.

The lack of an antisymmetric 
component implies a negligible out-
of-plane torque in metal spin valves 
(as expected).



ST-FMR Lineshapes in Symmetric MgO Tunnel Junctions
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IDC = -140 

IDC = +140 

IDC = 0 

The FMR lineshapes become asymmetric when IDC ≠ 0.

The symmetric and antisymmetric 
components of each resonance 
allow quantitative measurements of 
the in-plane and perpendicular 
components of the spin torque as a 
function of bias.

Sankey et al., Nature Physics 4, 67 (2008).
Kubota et al., Nature Physics 4, 37 (2008). 
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Quantitative Determination of the Spin Torque
in MgO Tunnel Junctions

C. Wang et al., PRB 79, 224416 (2009) 

The magnitudes of both the in-plane 
and perpendicular torkances are in 
agreement with ab initio calculations 
by Heiliger and Stiles 

(PRL 100, 186805 (2008)).

 

dτ ⊥

dV
∝V

⇒ τ ⊥ = A0 + A1V
2

For the perpendicular torque

(agrees with predictions of Theodonis et al.,
PRL 97, 237205 (2006), for a symmetric 
tunnel junction)



Measurements at high bias show an unphysical dependence on the offset 
angle between the electrode magnetic moments:

Angle-Dependent Artifact:

When IRF is applied, the average 
orientation of the free-layer moment can 
change, changing the DC resistance.

When a large DC current is applied, this 
produces an extra voltage signal that can 
overwhelm the DC signal due to ST-FMR.  

Problems at High Bias

AT high biases, DC-detected ST-
FMR gives no information about 
the spin torque.



Time Domain Detection of ST-FMR

Determine oscillation 
amplitude and phase
of ST-FMR

ST-FMR 
resistance 
oscillation

Post ST-FMR 
resistance 
ring-down

Chen Wang et al., in press, Nature Physics

DC detection of ST-FMR fails at large bias voltages due to microwave-induced changes 
in the average resistance – but this is the most important regime for applications.

Solution: Measure the magnetic oscillations resulting from ST-FMR directly in the time 
domain.



Time-Domain-Detected ST-FMR – Amplitude and Phase

Determine ST-torkance vector from:
Resonance peak amplitude

Resonance phase

Results at +0.38 V
RA=1.5 Ω-µm2 80 nm circles, TMR = 80-100%



Torque ()

Bias Dependence of Spin-Transfer Torkance

Torkance 
(d/dV)

RA=1.5 Ω-µm2



 

Other Promising New Areas of Spin Research
Additional Control Mechanisms:
Spin-orbit coupling, multiferroic materials, circularly-polarized light

It is also now possible to contact and study much smaller magnetic samples, 
for which quantum mechanics plays a much more important role

Ferromagnetic nanoparticles Spins in Single Molecules

Single electrons in quantum dots
Spin-Orbit Coupling in 

Carbon Nanotubes

Magnetic field (Oe)

S = 1



Summary

• A DC spin-polarized current can reversibly switch a 
nanomagnet or drive it into precessional states.

• Spin-transfer FMR allows measurements of normal modes 
in nanoscale magnetic samples, and quantitative 
determinations of the spin-transfer torque and damping.

• Applications of spin transfer are likely in magnetic memory 
devices, microwave sources, and tunable nanoscale 
resonators.

Tutorials: J. Magn. Magn. Mater. 320, 1190 (2008); 320, 1227 (2008).

Chen Wang, Jack Sankey, Yongtao Cui, Luqiao Liu, Vlad Pribiag, Ilya Krivorotov, 
Kiran Thadani, Nathan Emley, Greg Fuchs, Ozhan Ozatay, Bob Buhrman
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