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A. Einstein, W. J. de Haas, Experimenteller Nachweis der Ampereschen Molekularstörme, 
 Deutsche Physikalische Gesellschaft, Verhandlungen 17, pp. 152-170 (1915).  
  Proof of the existence of the Ampere molecular field
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“We have therefore made the 
experiments here to be 
described by which we have 
been able to show that the 
magnetic moment of an iron 
molecule is really due to a 
circulation of electrons.”

“When it had been 
discovered by Oersted that 
magnetic actions are 
exerted not onIy by 
permanent magnets, but 
also by electric currents, 
there seemed to be two 
entirely different ways in 
which a magnetic field can 
be produced.”

Abstract

Einstein-de Haas Effect
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"for the discovery of Giant Magnetoresistance"

The Nobel Prize in Physics 2007
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Titles, data and places given above refer to the time of the award.

In figure 2 the measurements of Grünberg´s group are displayed (left) together with those of Fert´s 

group (right). The y-axis and x-axis represent the resistance change and external magnetic field, respec-

tively. The experiments show a most significant negative magnetoresistance for the trilayer as well as 

the multilayers. The systems to the right, involving large stacks of layers, show a decrease of resistance 

by almost 50% when subjected to a magnetic field. The effect is much smaller for the system to the 

left, not only because the system is merely a trilayer but also because the experiments led by Grünberg 

were made at room temperature, while the experiments reported by Fert and co-workers were per-

formed at very low temperature (4.2K). 

 

 
 
Figure 2. After refs. (3) and (4).  

Left: Magnetoresistance measurements (3) (room temperature) for the trilayer system Fe/Cr/Fe. To the far right as well as to 

the far left the magnetizations of the two iron layers are both parallel to the external magnetic field. In the intermediate re-

gion the magnetizations of the two iron layers are antiparallel. The experiments also show a hysterisis behaviour (difference 

1 and 4 (2 and 3)) typical for magnetization measurements. 

Right: Magnetoresistance measurements (4) (4.2K) for the multilayer system (Fe/Cr)n . To the far right (>HS , where HS is 

the saturation field) as well as to the far left (< – HS ) the magnetizations of all iron layers are parallel to the external mag-

netic field. In the low field region every second iron layer is magnetized antiparallel to the external magnetic field. 10 kG = 

1 Tesla. 

 

Grünberg (3) also reported low temperature magnetoresistance measurements for a system with three 

iron layers separated by two chromium layers and found a resistance decrease of 10%. 

 

Not only did Fert and Grünberg measure strongly enhanced magnetoresistivities, but they also identi-

fied these observations as a new phenomenon, where the origin of the magnetoresistance was of a to-

tally new type. The title of the original paper from Fert´s group already referred to the observed effect 

as “Giant Magnetoresistance”. Grünberg also realized at once the new possibilities for technical appli-

cations and patented the discovery. From this very moment the area of thin film magnetism research 

completely changed direction into magnetoelectronics.  

 

The discovery of giant magnetoresistance immediately opened the door to a wealth of new scientific and 

technological possibilities, including a tremendous influence on the technique of data storage and magnetic 

sensors. Thousands of scientists all around the world are today working on magnetoelectronic phenomena 

and their exploration. The story of the GMR effect is a very good demonstration of how a totally unex-

pected scientific discovery can give rise to completely new technologies and commercial products. 
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1988

‘Spintronics’= Spin+Transport+Electronics: control of 
current using the spin of electrons 
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Giant Magnetoresistance (GMR)
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Magnetic Tunnel Junction
Two ferromagnetic metals separated by an insulating barrier

From:  

Pi =
Ni"(EF )�Ni#(EF )

Ni"(EF ) +Ni#(EF )

TMR =
RAP �RP

RP
=

2P1P2

1� P1P2

Parallel state (P) Anti-parallel state (AP)

Julliere’s formula:

Free layer

Reference layer

W. H. Butler et al., Spin-dependent tunneling conductance of Fe|MgO|Fe sandwiches

              PRB 63, 054416 (2001)
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Prediction of Spin-Transfer Torques
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Physics Prize

Luc Berger 
Carnegie Mellon University
Citation:

"For predicting spin-transfer torque and opening the field of current-induced control
over magnetic nanostructures."

Background:

Luc Berger 1933-May-02 Emeritus professor of Physics Carnegie Mellon University
5000 Forbes Avenue Pittsburgh, PA 15213 B.Sc., Mathematical Sciences, U. of
Lausanne, 1955. Ph.D., Physics, U. of Lausanne, 1960. Postdoctoral research
fellowship of Swiss National Science Foundation, at Carnegie Mellon U., 1960-61. Instructor, Carnegie Mellon
University, 1961-63. Assistant Prof. of Physics, CMU, 1963-67. Associate Prof. of Physics, CMU, 67-73. Visiting
Associate Prof. of Physics, UCLA, 1973-74. Professor of Physics, CMU, 1974-95. Emeritus Prof. of Physics, 1995-.
American Physical Society. IEEE life member. IEEE Magnetics Society.

Selection Committee:

Philip B. Allen, Chair; J. Borchers; C.L. Kane; B.I. Halperin; Z.X. Shen

American Physical Society Sites | APS | Journals | PhysicsCentral | Physics

Citation: 
“For predicting spin-transfer torque and opening the 
field of current-induced control over magnetic 
nanostructures.”

Foundational papers: 
J. C. Slonczewski, Phys. Rev. B. 39, 6996 (1989) 
J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996) 
L. Berger, Phys. Rev. B 54, 9353 (1996)
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John Slonczewski
Citation:

"For predicting spin-transfer torque and opening the field of current-
induced control over magnetic nanostructures."

Background:

John Slonczewski received the Physics BS at Worcester Polytechnic
Institute in 1950 and the Physics PhD at Rutgers University in 1955. He
pursued solid-state theory as Research Staff Member in IBM from 1955
until retiring in 2002. He was located at Yorktown Heights, NY USA,
except for sabbaticals in 1965-6, 1970-1, and 1987 at Rueschlikon,
Switzerland. 
His research in solids included fundamental theories of graphite bands,
dynamic Jahn-Teller effect, and structural phase transitions. But he mostly concentrated on magnetism, including
magnetic anisotropy, dynamics of bubble domains, magnetoresistance and spin-transfer torque between magnetic
films separated by tunnel barriers or metallic spacers, dynamics of magnetic vortices, and exchange interactions
between films. Some of this work contributes critically to magnetic-memory initiatives.  At times, he managed
groups of general theorists and magnetism experimentalists. His personal research today involves thermallly-driven
spin transfer.
Dr. Slonczewski is Fellow of the American Physical Society and Life Member of the Institute of Electrical and
Electronic Engineers. His awards include an IBM Outstanding Achievement Award, the 2006 IUPAP Award and
Neel Medal in Magnetism, and the 2012 IEEE Magnetics Society Achievement Award.

Selection Committee:

American Physical Society Sites | APS | Journals | PhysicsCentral | Physics

2013 APS Oliver E. Buckley Prize
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In magnetic tunnel junctions

In magnetic metallic multilayers
J. C. Sloncewski, JMMM 159, L1-L7 (1996) 
L. Berger, PRB 54, 9353 (1996)

Applications: Magnetic Random 
Access Memory, STT-MRAM

Nature Nanotechnology, March 2015 
Spin-transfer-torque memory 

10/22/2018 TXQQHO PaJQHWRUHVLVWaQcH - WLNLSHdLa

KWWSV://HQ.ZLNLSHdLa.RUJ/ZLNL/TXQQHO_PaJQHWRUHVLVWaQcH 2/7

Since the year 2000, tunnel barriers of crystalline magnesium oxide (MgO) have been under development. In 2001 Butler
and Mathon independently made the theoretical prediction that using iron as the ferromagnet and MgO as the insulator,
the tunnel magnetoresistance can reach several thousand percent.[4][5] The same year, Bowen et al. were the first to report
experiments showing a significant TMR in a MgO based magnetic tunnel junction [Fe/MgO/FeCo(001)].[6] In 2004,
Parkin and Yuasa were able to make Fe/MgO/Fe junctions that reach over 200% TMR at room temperature.[7][8] In 2008,
effects of up to 604% at room temperature and more than 1100% at 4.2 K were observed in junctions of
CoFeB/MgO/CoFeB by S. Ikeda, H. Ohno group of Tohoku University in Japan.[9]

The read-heads of modern hard disk drives work on the basis of magnetic tunnel junctions. TMR, or more specifically the
magnetic tunnel junction, is also the basis of MRAM, a new type of non-volatile memory. The 1st generation technologies
relied on creating cross-point magnetic fields on each bit to write the data on it, although this approach has a scaling limit
at around 90±130ɾnm.[10] There are two 2nd generation techniques currently being developed: Thermal Assisted Switching
(TAS)[10] and Spin Torque Transfer (STT). Magnetic tunnel junctions are also used for sensing applications. For example, a
TMR-Sensor can measure angles in modern high precision wind vanes, used in the wind power industry.

The relative resistance change²or effect amplitude²is defined as

where  is the electrical resistance in the anti-parallel state, whereas  is
the resistance in the parallel state.

The TMR effect was explained by Julliqre with the spin polarizations of the
ferromagnetic electrodes. The spin polarization P is calculated from the spin dependent density of states (DOS)  at the
Fermi energy:

The spin-up electrons are those with spin orientation parallel to the external magnetic field, whereas the spin-down
electrons have anti-parallel alignment with the external field. The relative resistance change is now given by the spin
polarizations of the two ferromagnets, P1 and P2:

If no voltage is applied to the junction, electrons tunnel in both directions with equal rates. With a bias voltage U, electrons
tunnel preferentially to the positive electrode. With the assumption that spin is conserved during tunneling, the current
can be described in a two-current model. The total current is split in two partial currents, one for the spin-up electrons and
another for the spin-down electrons. These vary depending on the magnetic state of the junctions.

There are two possibilities to obtain a defined anti-parallel state. First, one can use ferromagnets with different coercivities
(by using different materials or different film thicknesses). And second, one of the ferromagnets can be coupled with an
antiferromagnet (exchange bias). In this case the magnetization of the uncoupled electrode remains "free".

Applications

Physical explanation

Two-current model for parallel and
anti-parallel alignment of the
magnetizations

Prediction of Spin-Transfer Torques

h

Applications: New types of MRAM
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Based on conservation of angular momentum
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! ~⌧
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d ~M

dt
+

d~Sint

dt
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magnetization itinerant charge

~Sf
~Si

�~S

‣Reference layer ‘sets’ spin-polarization of current 
‣Enables readout of magnetization state through the tunnel magnetoresistance (TMR), 

giant magnetoresistance (GMR), or anisotropic magnetoresistance (AMR) effects
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Basic Physics of Spin Transfer
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‣Reference layer ‘sets’ spin-polarization of current 
‣Enables readout of magnetization state through the tunnel magnetoresistance (TMR), 
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Basic Physics of Spin Transfer

Angular momentum conservation  
         spin transfer torques→

mp

ΓmSpin transfer torques

�m =
dSint

dt

Figure courtesy of Stephane Mangin

All electrical (no mechanical parts) fast magnetic memory device⇒
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Spin-current amplifies the motion for currents greater than a critical value:

Ic0 =
2e

~
↵

P
µ0MsHkV =

4e

~
↵

P
U

+m -m

U

Figure courtesy of J. Z. Sun

“anti-damping switching”

P = 1, ↵ = 0.01, U = 60kT ! Ic0 = 15 µA

Threshold Current for Magnetic Excitations 
Switching

STNO

Spin-wave excitations
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Charge Current to Spin Current Conversion

Ferromagnetic layers to 
polarize the current

Spin torque foundational theory papers:

J. C. Slonczewski, Phys. Rev. B. 39, 6996 (1989) 
J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996) 
L. Berger, Phys. Rev. B 54, 9353 (1996)

Spin-polarization direction set by 
layer magnetization directions

RL

FL

Spin-orbit torques 

Heavy metals/Ferromagnet bilayers
M. Miron et al., Nature Materials 2010 
L. Liu et al., Science 2012

Spin-polarization direction set by layer geometry 
and current flow direction

Review articles: J. Sinova et al., Spin Hall Effects, RMP 87, 1213 (2015)

       V. Amin et al., Interfacial SOT, J. Appl. Phys. 128, 151101 (2020) 
       C. Safranski, J. Z. Sun & ADK, Appl. Phys. Lett. 120, 160502 (2022)



NYU

13NYU AD: Center for Quantum and Topological Systems

Ferromagnetic layers to 
polarize the current

Spin-orbit torques 

Heavy metals/Ferromagnet bilayers
M. Miron et al., Nature Materials 2010 
L. Liu et al., Science 2012

Spin torque foundational theory papers:

J. C. Slonczewski, Phys. Rev. B. 39, 6996 (1989) 
J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996) 
L. Berger, Phys. Rev. B 54, 9353 (1996)

Js/Jc = θSH

Polarization  Flow direction⊗
Q =

−ℏ
2e

ξσSHE( ̂z × E) ⊗ ̂z

x
y

z

Q ∼ m̂RL ⊗ ̂z
Polarization  Flow direction⊗

RL

FL

Is/Ic ≃ P Is/Ic ≃ θSH(ℓ/t)

Js/Jc ≃ P
spin-current 

density
charge current 

density

ℏJs/(2e)
spin current is

ℓ
t

Charge Current to Spin Current Conversion

Review articles: J. Sinova et al., Spin Hall Effects, RMP 87, 1213 (2015)

       V. Amin et al., Interfacial SOT, J. Appl. Phys. 128, 151101 (2020)

       C. Safranski, J. Z. Sun & ADK, Appl. Phys. Lett. 120, 160502 (2022) 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“non-adiabatic STT”

Also:

‘Current-Induced Effective field’
Important in MTJs

bJm̂ × m̂P

“adiabatic STT”

When the spin-torque exceeds 
the damping instabilities occur

damping

precession

m̂

!Heff

m̂ × !Heff
�/2⇥ = 28 GHz/T

aJ =
~PI

2eMsV

precession damping

dm̂

dt
= ��µ0m̂ ⇥ ~He↵ + ↵m̂ ⇥ dm̂

dt
+ �aJm̂ ⇥ (m̂ ⇥ m̂P )

spin torque

Spin-torque

�[m̂p � (m̂ · m̂p)m̂]

•Fast dynamics is associated with the gyroscopic term  
•Damping and spin transfer terms are smaller by a factor of ~100  
•If mP and Heff are collinear the adiabatic spin-torque can act as an “anti-damping” torque 
•The adiabatic spin-torque is zero when m and mP are strictly collinear

Landau-Lifshitz-Gilbert-Slonczewski Eqn: 

Spin Dynamics: LLG+Spin-Torque (LLGS)

Nonlinear 

dynamics!
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NATURE MATERIALS | VOL 11 | MAY 2012 | www.nature.com/naturematerials 373

of the electron spin on transmission through (or re!ection from) 
the ferromagnetic layer. By conservation of angular momentum, 
a change in the direction of an electron spin angular momentum 
leads to a torque on the magnetization of the ferromagnet. "ese 
torques can be directed as shown in Fig. 1. "ey can either be in 
the plane of the incoming and outgoing electron spin direction or 
perpendicular to that plane. "e former is o$en called the in-plane 
(or adiabatic) spin-transfer torque and the latter is known as the 
perpendicular torque (or non-adiabatic or %eld-like torque). "e 
relative importance and magnitude of the two spin-transfer tor-
ques is dependent on material and device structure and is critical 
to applications in that they determine the threshold currents for 
magnetization switching and magnetization precession frequen-
cies, as we discuss in this Review.

Layered ferromagnet–normal-metal systems
"e %eld of spin-transfer-torque-induced magnetization dynamics 
was stimulated by the %rst observations of this phenomenon in 
transition metal ferromagnetic–normal-metal multilayers. "ese 
multilayers exhibit the giant magnetoresistance (GMR) e&ect3,4, 
which is a large change in resistance of the multilayer in response 
to altering the relative magnetization orientation of the ferromag-
netic layers. Current-induced magnetization dynamics requires 
large currents, and the current densities required for the onset of 
magnetic instabilities (~1010 A m−2) were achieved in nanometre-
scale electrical contacts, both in mechanical point contacts3 and 
in lithographically de%ned nanocontacts4 (Fig.  2a). "e stacks 
consist of magnetic layers, a thin one, which is excited by the spin 
torque and another, which is typically thicker, to break the (inver-
sion) symmetry of the layer stack, which is the %xed magnetic 
layer in the stack. Current-induced magnetic excitations were 

a b c

dV/dI dV/dI dV/dI

I I I

inferred from current–voltage (I–V) measurements through the 
GMR e&ect. As magnetic excitations change the contact resistance 
through the GMR e&ect, the I–V relation changes. Current–volt-
age measurements showed an asymmetric response (I →  −I and 
dV/dI does not go to −dV/dI) and strong peaks in di&erential 
resistance at threshold voltages and currents that depend on the 
applied %eld (see bottom panels of Fig. 2). "e threshold behav-
iour is set by a competition between the Slonczewski spin torque 
and the Gilbert damping, as we discuss in equations (1) and (2) 
below5. Nanocontacts were needed for both fundamental and prac-
tical reasons. Electrical current !ow generates both spin torques 
and Oersted %elds. In small contacts the spin torques can be far 
larger than the Oersted %eld torques. Practically, the Joule heat-
ing is minimized in nanocontacts as electrons are thermalized (and 
heat is thus dissipated) in the (much larger) contact reservoirs, on 
the scale of the electron inelastic mean free path. "e spin torque 
may also excite spin waves near the contact region6.

"e next major developments were a number of signi%cant 
advances in nanofabrication methods that enabled the realiza-
tion of much smaller structures, nanopillars, in which the current 
!ows through a bounded ferromagnetic layer, typically less than 
100 nm in diameter7. With this new structure, the spin torques can 
again generate spin-wave excitations but can now also reverse the 
magnetization orientation of one of the magnetic layers. Again, 
the I–dV/dI response is asymmetric, but in this case magnetiza-
tion switching could be clearly identi%ed because the change in 
nanopillar resistance induced by a super threshold current was the 
same as that induced by changing the nanopillar magnetic state 
with a magnetic %eld, from parallel alignment (P) of the mag-
netizations of the layers to antiparallel (AP) (Fig. 2b). From this 
it was inferred that spin currents could alter the magnetic state of 

Figure 2 | Current-induced torque sample geometries. a, A point contact to a ferromagnetic (blue)/non-magnetic multilayer. b, A nanopillar composed 
of two ferromagnet layers — a fixed polarizing layer (bottom) and a free layer (top) — separated by a non-magnetic layer. c, A single ferromagnetic layer 
nanopillar. In a, spin waves are excited in the contact region that can radiate away from the contact. For one current polarity there is a threshold for the 
excitations, and a corresponding peak in the contact’s di!erential resistance. In b, currents can reverse the magnetization direction. The switching occurs at 
thresholds and leads to distinct resistance states and hysteretic I–V characteristics. In c, currents can induce spin-wave excitations that lead to a decrease 
in di!erential resistance at a threshold current and for one polarity of the current.
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dm̂

dt
= �µ0m̂ ⇥ ~He↵ + ↵m̂ ⇥ dm̂

dt
+ �aJm̂ ⇥ (m̂ ⇥ p̂)
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A perpendicular-anisotropy CoFeB–MgO
magnetic tunnel junction
S. Ikeda1,2*, K. Miura1,2,3, H. Yamamoto1,2,3, K. Mizunuma2, H. D. Gan1, M. Endo2, S. Kanai2,
J. Hayakawa3, F. Matsukura1,2 and H. Ohno1,2*
Magnetic tunnel junctions (MTJs) with ferromagnetic
electrodes possessing a perpendicular magnetic easy axis
are of great interest as they have a potential for realizing
next-generation high-density non-volatile memory and logic
chips with high thermal stability and low critical current for
current-induced magnetization switching1–3. To attain perpen-
dicular anisotropy, a number of material systems have been
explored as electrodes, which include rare-earth/transition-
metal alloys4,5, L10-ordered (Co, Fe)–Pt alloys3,6,7 and Co/(Pd,
Pt) multilayers1,8–10. However, none of them so far satisfy
high thermal stability at reduced dimension, low-current
current-induced magnetization switching and high tunnel
magnetoresistance ratio all at the same time. Here, we
use interfacial perpendicular anisotropy between the ferro-
magnetic electrodes and the tunnel barrier of the MTJ by
employing the material combination of CoFeB–MgO, a system
widely adopted to produce a giant tunnel magnetoresistance
ratio in MTJs with in-plane anisotropy11–13. This approach
requires no material other than those used in conventional
in-plane-anisotropy MTJs. The perpendicular MTJs consisting
of Ta/CoFeB/MgO/CoFeB/Ta show a high tunnel magnetore-
sistance ratio, over 120%, high thermal stability at dimension
as lowas40nmdiameter and a low switching current of 49µA.

The three conditions that high-performance perpendicular
MTJs need to satisfy impose a stringent set of requirements on the
materials to be used in the MTJ structure. First of all, the thermal
stability factor E/kBT of the free (recording) layer needs to be more
than 40 (ref. 14) for non-volatility, where E = MSHKV /2 is the
energy barrier that separates the twomagnetization directions; here,
MS is the saturation magnetization, HK the anisotropy field, kB the
Boltzmann constant and T the temperature. Because the volume V
of the free layer reduces as the junction dimension is reduced, the
anisotropy energy density K = MSHK/2 needs to be high enough
to ensure high thermal stability. A number of perpendicular-
anisotropy materials such as FePt satisfy this first condition15.
However, the intrinsic threshold current IC0 for current-induced
magnetization switching (CIMS) is proportional to E ,

IC0 = ↵
� e

µBg
MSHKV = 2↵

� e

µBg
E (1)

where ↵ is the magnetic damping constant, � the gyromagnetic
ratio, e the elementary charge, µB the Bohr magneton and g a
function of the spin polarization of the tunnel current and the angle
between the magnetizations of the free and the reference layers16,17.
Note that for in-plane-anisotropy MTJs E in equation (1) is

1Center for Spintronics Integrated Systems, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan, 2Laboratory for Nanoelectronics and
Spintronics, Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan, 3Hitachi Ltd, Advanced
Research Laboratory, 1-280 Higashi-koigakubo, Kokubunji-shi, Tokyo 185-8601, Japan. *e-mail: sikeda@riec.tohoku.ac.jp; ohno@riec.tohoku.ac.jp.

replaced by the demagnetization energy Edemag, resulting in large E ,
which is the reasonwhy perpendicular anisotropy is required for the
reduction of switching current. This equation shows that low ↵ is
needed for low switching current for a givenE . However, commonly
known perpendicular-anisotropy materials and structures use
noble metals with high spin–orbit interaction18, which increases ↵
(refs 3,19–21). For example, the typical ↵ is larger than 0.1 for Co/Pt
(ref. 19). In addition, there is no established material system that
provides high tunnelmagnetoresistance (TMR) ratio apart from the
well-known body-centred cubic (bcc) (001) CoFe(B)–MgO system.
The crystal structures of perpendicular-anisotropy materials are
usually different frombcc, and on annealing the initially amorphous
CoFeB tends to crystallize in structures other than the wanted bcc
because they are deposited in direct contact with the perpendicular-
anisotropy materials10. In the following, we show that all three
conditions for high-performance perpendicular MTJs can be met
with the CoFeB–MgO standard material system that is widely used
for in-plane-anisotropy MTJs.

All the stack structures in this study are prepared on ther-
mally oxidized Si(001) substrate by RF sputtering at room
temperature13. The MTJ structures consist of, from the substrate
side, Ta (5)/Ru (10)/Ta (5)/Co20Fe60B20 (tCoFeB: 1.0–1.3)/MgO
(tMgO: 0.85 or 0.9) /Co20Fe60B20 (1.0–1.7)/Ta (5)/Ru (5) (num-
bers are nominal thicknesses in nanometres) (Fig. 1a), which are
processed into circular devices with a 40 or 150 nm diameter
by electron-beam lithography and Ar-ion milling (Fig. 1b). For
magnetization M and ferromagnetic resonance (FMR) measure-
ments, two kinds of stack structure with a single CoFeB layer
are prepared: CoFeB (1.0–20)/MgO (1.0), which corresponds to
the bottom CoFeB layer in the MTJ, and the reversed structure,
MgO (1.0)/CoFeB (0.5–3.0)/Ta (5), which corresponds to the top
CoFeB layer in the MTJ. The former is deposited on a Ta/Ru/Ta
buffer layer and the latter on a Ta buffer layer. The completed
MTJs/stacked structures are annealed at a temperature Ta ranging
from 250 to 400 �C in a vacuum under a perpendicular magnetic
field of 400mT for an hour.

Figure 2 shows the in-plane and out-of-plane magnetization
versus external magnetic field (M–H ) curves for annealed
CoFeB/MgO samples (Ta = 300 �C) with tCoFeB = 2.0 nm (Fig. 2a)
and tCoFeB = 1.3 nm (Fig. 2b). The sample with tCoFeB = 2.0 nm
has an in-plane easy axis with out-of-plane saturation field much
smaller than the saturation magnetization MS, consistent with
earlier studies22–24 indicating the presence of a perpendicular-
anisotropy component. The sample with tCoFeB = 1.3 nm shows
a clear perpendicular easy axis with in-plane saturation field
µ0HK = 340mT and out-of-plane coercivity µ0HC = 1.5mT
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Figure 1 |MTJ structure. a, Schematic of an MTJ device for TMR and CIMS
measurements. b, Top view of an MTJ pillar taken by scanning electron
microscope.

(µ0: permeability in free space). The saturation magnetization
is 1.58 T. The perpendicular-anisotropy energy density K at
this CoFeB thickness, which determines the thermal stability,
is 2.1 ⇥ 105 Jm�3, a value comparable to that of the Co–Pd
perpendicular multilayers25 and high enough to secure good
thermal stability at reduced dimensions (40 nm diameter). To
separate the bulk and interfacial contribution of the anisotropy, the
tCoFeB dependence of K = Kb �MS

2/2µ0 +Ki/tCoFeB is measured,
as shown in the inset of Fig. 2b. Here, Kb is the bulk crystalline
anisotropy and Ki the interfacial anisotropy. From the intercept,
Ki is determined to be 1.3mJm�2. The bulk contribution is
consistent with the demagnetization (�MS

2/2µ0), indicating that
Kb is negligible, that is, that the perpendicular anisotropy in this
system is entirely due to theCoFeB–MgO interfacial anisotropy26.

From FMR measurements, the information of HK and ↵ can be
obtained.Wehavemeasured FMR spectra at amicrowave frequency
of 9.0 GHz for annealed CoFeB/MgO samples at Ta = 300 �C as
a function of the angle ✓ between H and the normal axis to
the sample surface as shown in Fig. 3a. The ✓ dependencies of
resonant field HR and linewidth (full-width at half-maximum,
FWHM) are summarized in Fig. 3a,b, fromwhichwe can determine
HK and ↵ (ref. 19). Figure 3d,e shows the tCoFeB dependence of
the obtained HK and ↵. The HK increases as thickness reduces
and changes its sign reflecting the change of magnetic-easy-axis
direction around tCoFeB =1.5 nm. The tCoFeB dependence ofK ·tCoFeB
is plotted together with that obtained from M–H curves in the
inset of Fig. 2, showing good correspondence between the two
measurements. Although the magnitude of ↵ steeply increases as
thickness decreases below 2 nm, it is still smaller than those for
materials including noble metals18. Full understanding of the origin
of the increase is important to further reduce IC0.

The interfacial perpendicular anisotropy between oxide and
ferromagnetic metal (Fe/MgO) has been predicted by first-
principles calculation and attributed to hybridization of Fe 3d
and O 2p orbitals27. Although earlier experimental studies also
indicated the presence of perpendicular anisotropy at the interface
in Pt/Co/MOx (M = Al, Mg, Ta and Ru) trilayer structures28,29 and
in MgO/CoFeB/Pt (ref. 30), these structures always contained Pt in
direct contact with ferromagnetic transition metals to stabilize the
perpendicular anisotropy, which made the origin of the anisotropy
ambiguous. As demonstrated in the following, the interfacial
anisotropy betweenMgO andCoFeB is large enough to realize high-
performance perpendicular CoFeB–MgO MTJs and no addition of
noble metal is necessary.
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Figure 2 | In-plane and out-of-plane magnetization curves for
CoFeB/MgO. a, tCoFeB = 2.0 nm. b, tCoFeB = 1.3 nm. Inset: tCoFeB dependence
of the product of K and tCoFeB, where the intercept to the vertical axis and
the slope of the linear extrapolation of the data correspond to Ki and
Kb �MS

2/2 µ0. Circles and squares are obtained from magnetization and
FMR measurements, respectively.

Now we turn to the TMR properties of perpendicular MTJs.
Figure 4a,b shows junction resistance R as a function of H (R–H
curves) of a 150-nm-diameter MTJ annealed at Ta = 300 �C, with
two different magnetic-field directions. The top and bottom CoFeB
electrodes of the MTJ have nominally identical tCoFeB of 1.3 nm,
and tMgO is 0.9 nm. Reflecting the perpendicular anisotropy, the
R–H curve shows a clear hysteresis with distinct high- (antiparallel
M configuration: AP) and low-R (parallel M : P) states (TMR
ratio of 100%) when the magnetic field is applied out of plane,
whereas the in-plane R–H curve shows virtually constant R.
The coercivity HC is much larger than those shown in Fig. 1b
taken on a millimetre-size sample, most probably owing to the
suppression of domain-structure formation. The obtained HC,
however, is smaller than 2K/MS, suggesting that there remains a
contribution of domain nucleation to H -induced magnetization
reversal in these MTJ structures. The HC difference between the
nominally identical electrodes may be due to different degrees of
intermixing at the two Ta–CoFeB interfaces during sputtering31
and/or different areas of the two electrodes because of a taper of
MTJ pillar introduced during ion milling; the tCoFeB dependence
of MS indicates an approximately 0.5-nm-thick magnetically dead
layer in the CoFeB/Ta interface (corresponding to the top layer
in the MTJ) and no signature of a dead layer for Ta/CoFeB/MgO
(corresponding to the bottom layer) (not shown). Perpendicular
magnetic anisotropy with a clear R–H hysteresis is obtained at Ta
greater than 250 �C, and the TMR ratio increases monotonically
with increasing Ta and reaches 121% after annealing at Ta =350 �C,
as shown in Fig. 4c. It should be noted that 350 �C annealing
is required for integration with complementary metal–oxide–
semiconductor transistors. Further increase of Ta leads a decrease
of the TMR ratio.

Next, to show the potential of this material system at reduced di-
mensions, circular 40-nm-diameter MTJs are fabricated. Figure 5a
shows an R–H curve of such an MTJ. The MTJ has tCoFeB = 1.0
and 1.7 nm for bottom and top CoFeB layers, respectively, and
tMgO = 0.85 nm. The MTJ is annealed at 300 �C. The TMR ratio
is 124% with resistance–area product RA= 18� µm2. The minor
loop of the top free layer (the free layer is identified from the
CIMS measurement; see below) is shifted by 37mT with respect
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magnetization states at room temperature in 
thin-!lm elements of less than only 10 nm 
in diameter. Moreover, these magnetization 
states are expected to be readily altered using 
spin-transfer torque2,3, a new mechanism for 
magnetization switching that makes possible 
spin transfer torque MRAM (STT-MRAM). 
"is has led to intense worldwide e#orts to 
realize STT-MRAM with perpendicularly 
magnetized layers. "e focus of the e#orts 
has been on complex multilayers of 
magnetic transition elements such as Co 
and Ni, or Co and Fe with heavier non-
magnetic elements like Pt and Pd. "ese 
materials are known to have perpendicular 
magnetic anisotropy (PMA), and are already 
employed in hard disks as perpendicular 
magnetized recording media. However, 
they are far from ideal for STT-MRAM, 
because they tend to form poor MTJs. 
Known materials with PMA have a crystal 
structure that does not match well with the 
body-centred cubic (bcc) lattice formed 
by MgO. Furthermore, they o$en have 
poor spin-transport characteristics: the 
heavy elements in the material lead to 
strong spin–orbit scattering that causes 
spin-%ips, and also large damping of the 
magnetization. Instead, CoFeB crystallises 
in a bcc lattice that is well-matched to that 
of the MgO and can exhibit very large 
magnetoresistance (>500%)4.

"e surprising discovery that CoFeB 
also shows large PMA opens a new path 
to the realization of high-performance, 
perpendicularly magnetized STT-MRAM. 
In addition, Ohno and co-workers 
demonstrate that PMA is associated with 
the CoFeB/MgO interface by studying 
the magnetic properties of CoFeB–MgO 
bilayers as a function of CoFeB thickness. 
For thick CoFeB layers, the easy axis of 
the magnetization is in plane, whereas for 
thin layers the CoFeB magnetization is out 

of plane. A steady increase in the PMA 
is seen with decreasing CoFeB thickness, 
clearly indicating that PMA is an interface 
e#ect. Another important result is that the 
anisotropy of the interface is shown to be 
su&cient to overcome the strong tendency 
of CoFeB layers to be magnetized in plane as 
a result of magnetic shape anisotropy (that 
results from magnetic dipole interactions) 
for layer thicknesses of about 1 nm 
(~3 monolayers of CoFeB).

"e work goes further to demonstrate the 
incorporation of this interface anisotropy 
in a device. A perpendicularly magnetized 
CoFeB-MTJ device is shown to have a large 
magnetoresistance (>100%). When these 
stacks of layers are patterned into 40-nm-
diameter circular devices, spin current 
switching is observed for relatively low 
currents, ~50 μA. "e PMA leads to an 
energy barrier to switching (denoted as U 
in Fig. 1b), su&cient to permit long-term 
data storage. In combination, these are very 
impressive results. Previous research had 
shown that it is possible to achieve larger 
magnetoresistance, comparable switching 
current densities, and thermal stability, but 
not all three at the same time.

"e work by Ohno and colleagues opens 
new possibilities for high-performance 
STT-MRAM, and also poses basic questions. 
First, it is not clear what the origin of the 
PMA is. Although Fe/MgO interfaces were 
predicted to have a large PMA based on 
their electronic structure5, the CoFeB/MgO 
interface has not been studied theoretically, 
and its structure and composition has not 
yet been characterized. To form the MTJ, 
the layers are annealed and the elements 
in the layers can di#use. Indeed, boron is 
known to di#use in the CoFeB layer6. And 
it is possible that the CoFeB/MgO interface 
becomes Fe-rich, enhancing the PMA. It 
is therefore clear that studies on the nature 

of the interface are needed to correlate 
structure and properties in these materials.

Another question is related to the fact 
that CoFeB !lms show low damping. 
However, in the devices fabricated 
by Ohno and colleagues, which have 
very thin CoFeB layers, the damping is 
strongly enhanced, and the origin of this 
enhancement is not well understood. In 
acquiring a PMA, the damping apparently 
becomes comparable to other thin-!lm 
materials with PMA7, which typically 
have large distributions in their magnetic 
properties that may lead to variations in 
device characteristics. Do such distributions 
exist in CoFeB–MgO bilayers? To answer 
this question, further studies of !lms and 
device arrays are necessary. In addition, 
the switching speed and energy are critical 
metrics for applications. In perpendicular 
spin-valve junctions, magnetization-
switching with pulses as short as 0.3 ns 
has been demonstrated, with energies 
of 0.1 pJ in thermally stable elements8. 
However, the ultimate switching speed of 
CoFeB–MgO requires further study and 
optimization. Devices with non-collinear 
magnetizations can switch even faster9, 
without nanosecond incubation delays10 
seen in collinearly magnetized structures. 
Nonetheless, there is great potential for 
perpendicularly magnetized CoFeB–MgO 
devices. It should be straightforward to 
increase their anisotropy further to permit 
stable magnetization states in even smaller 
magnetic elements, for example, by adding 
a Pt/CoFeB interface. If lower damping 
can be achieved, we may then consider 
mechanisms to increase the switching 
current to minimize magnetic disturbances 
when reading the device resistance, which 
would be, in perspective, a real switch for 
STT-MRAM development. Q
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A new spin on magnetic 
memories
Andrew D. Kent and Daniel C. Worledge

Solid-state memory devices with all-electrical read and write operations might lead to faster, cheaper 
information storage.

Spin-transfer-torque magnetic random 
access memory (STT-MRAM) devices 
store information in the orientation 

of the magnetization of nanometre-scale 
ferromagnetic elements. As such, they are 
like hard disk drives, which use magnetic 
states to store information. In contrast to 
hard disk drives, however, STT-MRAM is 
written and read electrically, and does not 
have moving parts. !is is a key di"erence 
that enables the integration of magnetic 
devices with semiconductor chips. Such 
devices might ful#l the speed requirements 
of a computer’s working memory while 
having the inherent advantages of using 
magnetic states — that no energy is needed 
to retain information.

STT-MRAM is the result of important 
advances in physics and materials science 
made over the past 20 years. !e #rst key 
#nding was the theoretical prediction of 
spin-transfer torque between conduction 
electrons and magnetization: spin-polarized 
electrical currents can transfer spin angular 
momentum to the magnetic moments of a 
ferromagnet, thus reorienting them1–3. In 
a ferromagnet, the majority and minority 
electron spin states are shi%ed in energy. 
!us, if the spin polarization of electrons 
incident on a ferromagnetic layer is not 
aligned with its magnetization (that is, 
the electron is not in a de#nite majority 
or minority spin-state), the electron spin 
precesses rapidly around a momentum-
dependent internal #eld of the ferromagnet. 
Electron spins dephase because of the 
distribution of electron momenta associated 
with current &ow4. As a result, the 
component of spin-polarization transverse 
to the magnetization decays, transferring 
spin angular momentum to the ferromagnet. 
In transition metal ferromagnets, this 
dephasing typically occurs at the interface 
of the ferromagnet, on a length scale of 
several atomic layers. However, the entire 
ferromagnetic layer responds to the torques 
because of the strong exchange coupling of 
moments throughout its thickness.

Spin-transfer torque provides a 
mechanism to write information. On 
the other hand, information can be read 
by measuring the device resistance. !e 
magnetoresistance refers to the percentage 
change in resistance between parallel and 
antiparallel magnetization alignment of the 
electrodes in a magnetic tunnel junction, 
which is made of a ferromagnetic metal/
insulator/ferromagnetic metal stack5. Until 
2004, the maximum magnetoresistance 
reported6–8 at room temperature was 70%. 
Magnetoresistance greater than 100% had, 
however, been predicted in crystalline 
Fe/MgO/Fe tunnel junctions9 and was then 
observed experimentally10,11. Subsequent 
rapid advances in the growth of thin-#lm 
materials have led to junctions with large 
magnetoresistance of several hundred per 
cent, through the use of transition metal 
electrodes (typically CoFeB).

Spin-polarized currents in magnetic 
tunnel junctions provide a source for 
spin-transfer torques. !e orientation 
of the magnetization of one electrode of 
the junction is #xed (by any of a variety 
of means) and serves as a reference layer 
that sets the spin-polarization direction. 
!e other electrode acts as a ‘free layer’ 
in which the information can be written. 
Figure 1 shows a 1-bit STT-MRAM cell 
with a patterned free layer and reference 
layer, both magnetized perpendicular to the 
plane of the junction. !e cell is accessed 
through a transistor using a word line; one 
transistor is required for each cell. Voltage 
biases on the bit lines operate the cell. !e 
read bias voltage that is used to measure 
the cell resistance and determine the bit 
state is low, around 100 mV. !e write bias 
voltage is higher and allows the magnetic 
moment of the free layer to be reversed by 
spin-transfer torque.

Device attributes and applications
STT-MRAMs are potentially suitable for 
a variety of uses, including as replacement 
of battery-backed static random access 
memory (SRAM) and as a fast-write 
bu"er in a hard disk or solid-state drive. 
Table 1 lists the key features of existing 
and emerging memory technologies. 
STT-MRAM is the only non-volatile 
memory expected to have unlimited 
endurance. !is is because there is no 
inherent magnetic wear-out mechanism 
for switching magnetic moments back and 
forth. No atoms are moved during writing 
operations, as is the case in phase change 
memory (PCM) or resistive random access 
memory (RRAM); only the magnetization 
is rotated. !ere is, however, an electrical 
wear-out mechanism — the dielectric 
breakdown of the MgO tunnel barrier. To 
avoid this, the write voltage must be kept 
su'ciently low (roughly 400 mV across 
the tunnel barrier)12. STT-MRAM can be 
read and written in 10 ns, making it a much 
faster memory than Flash. !is combination 

Bit-line complement 

Word line 

Bit line 

Figure 1 | STT-MRAM bit cell. A magnetic tunnel 
junction is formed by a fixed reference layer 
(purple), a tunnel barrier (grey) and a free-layer 
element (red), with both layers magnetized 
perpendicular to the plane of the junction (black 
arrows). The bit is selected by a word line and 
transistor, and operated by applying biases to the 
bit lines.

© 2015 Macmillan Publishers Limited. All rights reserved

time decreases with temperature, in contrast to macrospin model pre-
dictions. The largest reduction in switching time occurs between room
temperature and 150K. Further, at low temperatures, there is a factor
two increase in the device magnetoresistance, providing a much larger
readout signal. Remarkably, the write energies (103 fJ, AP ! P and
286 fJ, P ! AP at 4K) are much lower than devices with a metallic
write channel and thus a lower impedance.8 The results on nanopillars
as small as 40 nm in diameter are presented, including write error rate
(WER) measurements showing highly reliable switching (WER
! 5" 10–5 with 4 ns pulses at 4K) and demonstrating the promise of
state-of-the-art pMTJ devices for cryogenic applications.

We studied pMTJ nanopillars with a perpendicularly magne-
tized CoFeB composite free layer (FL) consisting of two CoFeB layers
with a thin W insertion layer, CoFeB(1.5)/W(0.3)/CoFeB(0.8), where
the numbers are the layer thicknesses in nm. The W insertion layer
increases the perpendicular magnetic anisotropy and therefore
enhances the thermal stability of the device.16,17 This FL is one of the
electrodes of a MgO tunnel junction. The other electrode is a
CoFeB(0.9) reference layer (RL), which is ferromagnetically coupled
to a first synthetic antiferromagnetic layer (SAF1) [see Fig. 1(a)]. The
synthetic antiferromagnetic layer (SAF) incorporates two antiferro-
magnetically coupled perpendicularly magnetized layers: (SAF1)
[Pt(0.4)/Co(0.6)]"2 and (SAF2) [Pt(0.4)/Co(0.6)]"7; the full stack is
SAF/RL(0.9)/MgO(1)/FL(2.6). Following the deposition, the wafer
was annealed at 400 #C for 25 min. The annealed wafer was then pat-
tered into circular-shaped nanopillars of diameters 40, 50, and 60nm
using a combination of electron beam lithography and Ar ion beam
milling.

The devices are first characterized by measuring their field and
current pulse resistance hysteresis loops. Figure 1(b) shows the free
layer hysteresis loop (i.e., a hysteresis loop in which the applied field is
always less than the coercive field of the SAF layers) of a 40 nm diame-
ter pMTJ device measured in an applied perpendicular field at 4K. We
observe sharp switching from the P to AP state and vice versa with a
field offset of 56 mT, reflecting the fringe field from the SAF acting on
the free layer.18 This sample exhibits a tunnel magnetoresistance
(TMR) ratio of 203% and an average coercive field of 283mT. Figure
1(c) shows voltage-induced switching of the same 40nm diameter
device in zero field with 100 ms duration voltage pulses. We observe a
bistable region around zero applied voltage and voltage-induced
switching with pulse amplitudes of 405 mV for AP! P switching and
$358 mV for P ! AP switching. Table I shows the TMR values
extracted from the pulsed voltage loops from 4 to 295K. We observe
almost a factor of two increase in the TMR at 4K compared to its value
at room temperature, which is consistent with earlier studies.5,19

High-speed spin-torque switching was studied by applying a less
than 5 ns duration current pulse and determining the junction state (P
or AP) before and after the pulse. We start the measurement sequence
by bringing the device to a known state, either P or AP, by applying a
10 ls reset pulse. We then read the device state by applying a small
amplitude read pulse (30 mV) and measuring the resulting junction
current to verify whether it is in the desired state. Subsequently, a short
write pulse with opposite polarity to the reset pulse is applied by a
pulse generator (Picosecond Pulse Labs 10,070A) and the end state is
read out. A data acquisition (DAQ) board (National Instruments
PCIe-6353) was used to apply the reset as well as the read pulse. We
also employ a bias tee (Picosecond Pulse Labs 5575A) to combine the
low-frequency measurements of the DAQ with the nanosecond pulses
[see Fig. 1(a)]. All measurements are performed in a cryogenic probe
station where the sample stage temperature can be varied from 3.2 to
150K. Room temperature measurements are performed in the same
setup with the cryostat cold head turned off.

We determine the switching probability by repeating the mea-
surement sequence about 100 times for each write pulse amplitude
and duration combination. We systematically vary the pulse amplitude
and duration to create the phase diagrams shown in Fig. 2. We focused
our measurements on the most information rich area of the phase dia-
gram, the vicinity of the 50% switching probability boundary, by
employing an adaptive measuring strategy.20 We performed pulse
measurements at 4, 75, 150, and 295K; the 4 and the 295K phase dia-
grams are shown in Fig. 2.

Figure 2 displays the switching phase diagrams for AP ! P (left
panels) and P ! AP transitions (right panels) for a 40 nm diameter

FIG. 1. (a) Schematic of a pMTJ device with the pulse and readout measurement
circuit. Nanosecond duration write pulses are applied through the capacitive port of
a bias tee, while the DC port is used for device readout. (b) Resistance vs perpen-
dicular field free layer hysteresis loop of a 40 nm diameter device at 4 K. The TMR
ratio is 203%. (c) Voltage-induced switching with long duration (100 ms) pulses of
the same device at 4 K in zero applied field. The junction resistance for the data in
panels (b) and (c) is measured with a 30 mV DC bias, a bias much less than the
switching voltage.

TABLE I. TMR and fit parameters from the pulsed switching measurements for vari-
ous temperatures and the corresponding optimal write energies.

T
(K)

TMR
(%)

Vc (mV) s0 (ns) E (fJ)

AP !P P ! AP AP ! P P ! AP AP ! P P ! AP

4 200 399 421 0.94 1.03 103 286
75 193 393 416 0.94 1.05 98 283
150 182 381 403 0.96 1.10 94 287
295 117 225 305 1.48 1.38 51 195
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τ = τ0eU/(kT), where U is the energy barrier 
between P and AP states, T is the device 
operating temperature, k is Boltzmann’s 
constant, and τ0 is a characteristic attempt 
time, of the order of 1 ns. Retention times 
of 10 years (the industry standard) thus 
require bit stability factors Δ = U/(kT) = 40. 
To minimize data loss in large memory 
arrays, however, larger bit stability factors 
(Δ > 60) are needed. U is proportional 
to the free layer’s magnetic anisotropy 
and its volume; thus, reducing the bit 
size requires a corresponding increase 
in its magnetic anisotropy. Asymmetric 
bit shapes — such as with an elliptically 
shaped, in-plane magnetized thin-"lm 
element — lead to anisotropy barriers 
associated with magnetic dipole interactions 
(shape anisotropy). But the maximum 
shape anisotropy is limited by a material’s 
magnetization density, and sets a minimum 
element width of about 40 nm. Scaling to 
smaller feature sizes requires using large 
perpendicular bulk magnetocrystalline 

and interface anisotropies, which are 
magnetic anisotropies associated with 
spin–orbit interactions. #in CoFeB "lms 
with interfaces to MgO are perpendicularly 
magnetized, and have a su$ciently large 
perpendicular, interface-induced magnetic 
anisotropy to lead to stable bits with 
dimensions smaller than 20 nm (refs 16,17).

#e more stable a bit, the larger the 
torques needed to reverse its magnetic 
moment. In a perpendicularly magnetized 
bit cell (in which the free layer has a 
uniaxial magnetic anisotropy pointing 
out of the plane) the current Ic0 required 
to destabilize a state (P or AP) is directly 
proportional to the energy barrier between 
the P and AP states. Within a simpli"ed 
macrospin model, Ic0 = 4eαU/(ħP), where 
α is the Gilbert damping of the free layer, 
P is the spin polarization of the current, e is 
the electron’s charge and ħ is the reduced 
Planck constant18. Values of P ≈ 1, α = 0.01 
with Δ = 60 give Ic0 ≈ 15 μA, showing that 
low write currents are possible, within this 

model of the magnetic moment dynamics. 
Fast switching of the magnetization in 
less than 10 ns requires currents larger 
than Ic0, that is, a current overdrive 
i = I/Ic0. Figure 2c shows a schematic plot 
of the amplitude of the switching current 
versus its pulse duration. For short pulse 
durations t, 1/t = A(i – 1) (dashed line 
in Fig. 2c, main "gure and in the inset): 
that is, the switching pulse duration is 
inversely proportional to the current 
overdrive, re'ecting conservation of angular 
momentum, where A is the STT dynamic 
parameter19,20. #is relation characterizes 
the limit for ballistic switching, in which 
STT is larger than torques associated with 
thermal 'uctuations; Ic0 and A can be 
determined from short pulse switching data, 
as shown in the inset of Fig. 2c. Instead, 
for i < 1, the physics of device operation is 
based on thermally activated transitions 
assisted by STT; STT e(ectively lowers the 
energy barrier U between states. #e result 
is a logarithmic dependence of switching 

Figure 2 | STT-MRAM electrical characteristics. a, Resistance versus applied magnetic field, showing bistable resistance states near zero-field associated 
with parallel (P) and antiparallel (AP) magnetized bits. b, Resistance versus voltage, showing switching between AP and P states (positive bias) and vice versa 
(negative bias). c, Pulse switching amplitude versus pulse duration, on a logarithmic scale for fixed switching probability. The dashed line shows the inverse of 
the pulse duration proportional to pulse amplitude, characteristic of the ballistic switching limit at short times, while the dashed-dotted line is characteristic 
of the long-time behaviour, thermally activated transitions assisted by STT. The slope of the dashed-dotted line is inversely related to the energy barrier to 
magnetization reversal Δ = U/(kT) (ref. 20); measurements of these device characteristics can thus be used to estimate Δ. The inset shows the inverse pulse 
duration versus pulse amplitude in the short time limit. The slope of this curve is the STT dynamic parameter A, and the intercept with the x axis occurs at Ic0, the 
threshold current for STT switching, permitting determination of key device parameters from short-time pulse switching data. 
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A new spin on magnetic 
memories
Andrew D. Kent and Daniel C. Worledge

Solid-state memory devices with all-electrical read and write operations might lead to faster, cheaper 
information storage.

Spin-transfer-torque magnetic random 
access memory (STT-MRAM) devices 
store information in the orientation 

of the magnetization of nanometre-scale 
ferromagnetic elements. As such, they are 
like hard disk drives, which use magnetic 
states to store information. In contrast to 
hard disk drives, however, STT-MRAM is 
written and read electrically, and does not 
have moving parts. !is is a key di"erence 
that enables the integration of magnetic 
devices with semiconductor chips. Such 
devices might ful#l the speed requirements 
of a computer’s working memory while 
having the inherent advantages of using 
magnetic states — that no energy is needed 
to retain information.

STT-MRAM is the result of important 
advances in physics and materials science 
made over the past 20 years. !e #rst key 
#nding was the theoretical prediction of 
spin-transfer torque between conduction 
electrons and magnetization: spin-polarized 
electrical currents can transfer spin angular 
momentum to the magnetic moments of a 
ferromagnet, thus reorienting them1–3. In 
a ferromagnet, the majority and minority 
electron spin states are shi%ed in energy. 
!us, if the spin polarization of electrons 
incident on a ferromagnetic layer is not 
aligned with its magnetization (that is, 
the electron is not in a de#nite majority 
or minority spin-state), the electron spin 
precesses rapidly around a momentum-
dependent internal #eld of the ferromagnet. 
Electron spins dephase because of the 
distribution of electron momenta associated 
with current &ow4. As a result, the 
component of spin-polarization transverse 
to the magnetization decays, transferring 
spin angular momentum to the ferromagnet. 
In transition metal ferromagnets, this 
dephasing typically occurs at the interface 
of the ferromagnet, on a length scale of 
several atomic layers. However, the entire 
ferromagnetic layer responds to the torques 
because of the strong exchange coupling of 
moments throughout its thickness.

Spin-transfer torque provides a 
mechanism to write information. On 
the other hand, information can be read 
by measuring the device resistance. !e 
magnetoresistance refers to the percentage 
change in resistance between parallel and 
antiparallel magnetization alignment of the 
electrodes in a magnetic tunnel junction, 
which is made of a ferromagnetic metal/
insulator/ferromagnetic metal stack5. Until 
2004, the maximum magnetoresistance 
reported6–8 at room temperature was 70%. 
Magnetoresistance greater than 100% had, 
however, been predicted in crystalline 
Fe/MgO/Fe tunnel junctions9 and was then 
observed experimentally10,11. Subsequent 
rapid advances in the growth of thin-#lm 
materials have led to junctions with large 
magnetoresistance of several hundred per 
cent, through the use of transition metal 
electrodes (typically CoFeB).

Spin-polarized currents in magnetic 
tunnel junctions provide a source for 
spin-transfer torques. !e orientation 
of the magnetization of one electrode of 
the junction is #xed (by any of a variety 
of means) and serves as a reference layer 
that sets the spin-polarization direction. 
!e other electrode acts as a ‘free layer’ 
in which the information can be written. 
Figure 1 shows a 1-bit STT-MRAM cell 
with a patterned free layer and reference 
layer, both magnetized perpendicular to the 
plane of the junction. !e cell is accessed 
through a transistor using a word line; one 
transistor is required for each cell. Voltage 
biases on the bit lines operate the cell. !e 
read bias voltage that is used to measure 
the cell resistance and determine the bit 
state is low, around 100 mV. !e write bias 
voltage is higher and allows the magnetic 
moment of the free layer to be reversed by 
spin-transfer torque.

Device attributes and applications
STT-MRAMs are potentially suitable for 
a variety of uses, including as replacement 
of battery-backed static random access 
memory (SRAM) and as a fast-write 
bu"er in a hard disk or solid-state drive. 
Table 1 lists the key features of existing 
and emerging memory technologies. 
STT-MRAM is the only non-volatile 
memory expected to have unlimited 
endurance. !is is because there is no 
inherent magnetic wear-out mechanism 
for switching magnetic moments back and 
forth. No atoms are moved during writing 
operations, as is the case in phase change 
memory (PCM) or resistive random access 
memory (RRAM); only the magnetization 
is rotated. !ere is, however, an electrical 
wear-out mechanism — the dielectric 
breakdown of the MgO tunnel barrier. To 
avoid this, the write voltage must be kept 
su'ciently low (roughly 400 mV across 
the tunnel barrier)12. STT-MRAM can be 
read and written in 10 ns, making it a much 
faster memory than Flash. !is combination 

Bit-line complement 

Word line 

Bit line 

Figure 1 | STT-MRAM bit cell. A magnetic tunnel 
junction is formed by a fixed reference layer 
(purple), a tunnel barrier (grey) and a free-layer 
element (red), with both layers magnetized 
perpendicular to the plane of the junction (black 
arrows). The bit is selected by a word line and 
transistor, and operated by applying biases to the 
bit lines.

© 2015 Macmillan Publishers Limited. All rights reserved
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• Scaling	down	to	20	nm	diameters

Magnetic	Tunnel	Junction	Nanopillars

Design size (nm)

Two e-beam 
exposures were 
used in 
checkerboard 
pattern

Each die: 
- Devices (~20 to 90nm) 
- 4k chips 
- Memory chips (DM) or 
- 4Mb chips
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136 duration of the write pulse to create the phase diagrams shown in
137 Fig. 3. All the pulse measurements were performed at 3.2K.
138 Figure 3 shows the switching phase diagrams for AP ! P (left
139 panels) and P ! AP transitions (right panels) for the Py [Figs. 3(a)
140 and 3(b)] and PyCu free layer devices [Figs. 3(c) and 3(d)]. The results
141 obtained from these samples differ significantly. For longer pulse dura-
142 tions, !5ns, switching of the PyCu free layer device occurs for lower
143 pulse amplitudes, especially for the P! AP transition [Fig. 3(d)]. The
144 PyCu free layer device also switches with high probability for shorter
145 duration pulses than the device with the Py free layer, as seen in the
146 form of switching boundaries (blue points in Fig. 3) for pulse dura-
147 tions less than 1ns. For the P ! AP direction, comparatively longer
148 pulse durations are required for switching, as discussed further below.
149 In order to understand the data trends in Fig. 3, we consider a mac-
150 rospin model, a simple model that provides analytic expressions for the
151 switching times in the ballistic limit and how they vary with materials
152 and device parameters.9,15 Since the devices are metallic spin valves (in
153 contrast to magnetic tunnel junctions), the spin-transfer torque angular
154 dependence is expected to be asymmetrical, to be different for angular
155 deviations from the P and AP states, and characterized by the parameter
156 K,12 with the ratio of threshold currents given by IP!AP

c =IAP!P
c ¼ K2.

157 Incorporating this asymmetry into a model for switching of biaxial
158 anisotropy macrospins, and following the approach of Ref. 15, we derive
159 an approximate formula relating the switching speed 1/s (s being the
160 switching time) to the overdrive current I # Ic. Due to the spin-torque
161 asymmetry, P ! AP and AP ! P switching differ. While the relation
162 for the former case remains the same as in Ref. 15

s#1 ¼ c!hP
4el0MsV

1

ln
p
2h0

! " I # IP!AP
c

# $
; (1)

163for the other switching direction, we have

K2sð Þ#1 ¼ c!hP
4el0MsV

1

ln
p
2h0

! " I # IAP!P
c

# $
; (2)

164where all currents are taken as positive. In these expressions, P is the
165spin polarization of the current,Ms is the free layer saturation magneti-
166zation, V is the free layer volume, c is the gyromagnetic ratio, l0 is the
167vacuum permeability, !h is the reduced Planck’s constant, and e is the
168magnitude of the electron charge (i.e., e> 0). h0 is the initial angular
169deviation of the free layer’s magnetization from the easy axis, the devia-
170tion the moment the current pulse is applied, is discussed further below.
171The threshold currents for switching are (cf. Ref. 15)

IP!AP
c ¼ 4e

!hP
l0MsVa Hk þMs=2ð Þ; (3)

IAP!P
c ¼ 4e

!hP
l0MsVa Hk þMs=2ð Þ=K2; (4)

172where a is the damping and Hk is the easy axis anisotropy field.
173Important to our analysis, Eqs. (1) and (2) are each of the form

I # Ic ¼
Ics0
s

; (5)

174where s0 ¼ ln ðp=ð2h0ÞÞ=ðcaðHk þMs=2ÞÞ is independent of the
175switching direction. We therefore fit the experimental data in Fig. 3
176with Eq. (5) under the constraint that s0 is the same for both P ! AP
177and AP ! P switching directions. The fits are displayed as cyan lines
178in Fig. 3, and the corresponding fit parameters are listed in Table I.
179From this analysis, we draw the following conclusions. First, taking
180the ratios of fit parameters IP!AP

c to IAP!P
c , we find that the spin-transfer

181torque asymmetry is significantly reduced by diluting the free layer with
182Cu: for the Py case, K ¼ 1.44, while in the PyCu free layer device, K
183¼ 1.16. Next, we consider the effect of dilution on the P! AP switching
184currents and determine what this implies for the device’s material param-
185eters. To this end, we note that the uniaxial in-plane anisotropy in our
186samples can be assumed to be entirely due to the device shape, which is
187designed to be the same for each device (up to fabrication-induced sam-
188ple to sample variations, of course). Comparing the P !AP switching
189currents between the two devices, we obtain the relation

IP!AP;u
c

IP!AP;d
c

¼ v2
Pdau
Puad

; (6)

190where v denotes the ratio of saturation magnetizations Mu
s =M

d
s . The

191labels u and d stand for undiluted and diluted, respectively. Vibrating

FIG. 3. Nanosecond pulsed current switching results at 3.2 K. Switching phase dia-
grams of a device with a Py free layer, (a) AP ! P and (b) P ! AP, and a PyCu
free layer, (c) AP ! P and (d) P ! AP. The color in the plot represents the switch-
ing probability, where red corresponds to 0% and black is 100%. The blue points
represent 50% switching probability and the solid cyan line shows the fit to the mac-
rospin model described in the main text.

TABLE I. Fit parameters from the pulsed switching measurements in the ballistic
regime and the corresponding spin-torque asymmetry parameter K of PyCu and
PyCu free layer devices. Saturation magnetization Ms for Py and PyCu layers at
3.2 K was determined by VSM measurements.

Sample

Ic (lA)

K s0 (ns) l0Ms;3:2K (mT)AP ! P P ! AP

PyCu FL 395 6 2 532 6 2 1.16 0.475 6 0.007 240
Py FL 432 6 2 902 6 3 1.44 1.18 6 0.01 860
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rates as low as 10−5 that represent a large improvement over room temperature results. Additionally, we per-
form !nite-temperature stochastic Landau-Lifshitz-Gilbert-Slonczewski (LLGS) simulations16 as a basis for 
comparison.

Results
"e OST devices under study are 50 nm × 100 nm elliptical nanopillars with a CoFeB (3) magnetic free layer (FL), 
an in-plane reference layer (RL), and an out-of-plane magnetized spin-polarizing layer (PL) as shown in Fig. 1(a). 
Full stack details are given in the Methods section.

Switching studies are performed with a bias !eld set in the center of the minor hysteresis loop of Fig. 1(b). 
"ese devices operate in a di$erent regime than those from most previous studies, inasmuch as the out-of-plane 
spin polarization exceeds the in-plane spin polarization. Consequently, the free layer’s magnetization is induced 
to oscillate out-of-plane by current pulses of either polarity irrespective of whether the system starts in the 
antiparallel (AP) or parallel (P) con!guration. "e action of the in-plane polarization does not determine the 
switching polarity; instead it only modi!es the details of the magnetic dynamics.

Using the measurement procedure described in the methods section, we build up a phase diagram for preces-
sional switching over a range of pulse amplitudes and durations. "ese results are shown in Fig. 2(a,b), where each 
pixel represents the switching probability averaged over ≈2048 switching attempts in each direction (4096 switch-
ing attempt for each duration/amplitude pair using the reset scheme described in the methods section). All data 
is taken with positive currents. In both AP → P and P → AP switching polarities, the sample undergoes three full 
probability oscillations with a period of approximately 400 ps. For longer pulses the switching probability does not 
recover to 100%, and for longer pulses yet (not shown) the sample can occasionally become stuck in an intermedi-
ate resistance state. Micromagnetic simulations suggest that vortex formation is responsible for this behavior, but 
that vortices can be disfavored by employing a synthetic antiferromagnet as the perpendicular polarizing layer15. 
"e di$erence between the critical current densities Jc for AP → P and P → AP switching, apparent in Fig. 2(a,b), 
is a result of the STT from the RL favoring the P state for positive currents and can be counteracted by an applied 
!eld, as con!rmed in the simulations detailed below.

To better understand these results we perform !nite temperature simulations using the macrospin model 
described in the methods section. We simulate the entire amplitude-duration phase diagram, shown in Fig. 2(c,d), 
where each pixel gives the switching probability for an ensemble of 512 macrospins subject to di$erent realiza-
tions of the thermal !eld. By varying the magnetic damping α, the spin-torque polarizations (RL/PL and asym-
metries ΛRL/PL of the RL and PL we are able to reproduce the shapes, periodicities, onset currents, and widths of 
the probability oscillations. "is allows us to identify the disparity between critical current densities Jc for di$er-
ent switching polarities, as well as the slightly increased AP → P switching speed, as stemming from the in%uence 
of STT from the in-plane RL17. By adjusting the simulated o$set !eld by 0.5–1.0 mT, this o$set can be eliminated. 
For negative pulses (not shown), we !nd reduced switching probabilities that are indicative of a non-zero ΛR

14.
"e simulations of Fig. 2(c,d) are performed at T = 60 K in order to produce a broadening of the switching 

bands similar to that seen in the experimental data. Estimates of Joule heating in similar structures18 suggests a 
maximum temperature increase of around 30 K, implying that some of the experimentally observed broadening 
is micromagnetic in nature. Comparing constant pulse-amplitude slices of the simulated and experimental phase 
diagrams, as shown in Fig. 3(a,b), reveals some further disagreement between model and experiment. At T = 4 K 
the experimental probability oscillations exhibit a sinusoidal behavior before a precipitous decline in probability 
likely resulting from vortex formation at the sample’s edge15. Meanwhile, the simulated T = 4 K oscillations exhibit 
wide high-probability bands with minimal rounding. At T = 60 K the simulations show a gradual decoherence 

Figure 1. (a) Schematic of an OST device, with the equilibrium magnetization directions of the free, !xed, and 
polarizing layers indicated. (b) Major (orange) and minor (blue) hysteresis loops of a device at T = 4 K.
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Figure 2. Comparison of T = 4 K experimental (a,b) and T = 60 simulated (c,d) switching phase diagrams 
for (a,c) P → AP and (b,d) AP → P switching polarities. Each pixel represents an estimate of the switching 
probability from on average 2048 attempts. All data is taken with positive current polarity, which we de!ne as 
having electron "ow from the reference layer to the free layer.

Figure 3. (a) Cuts of the experimental (a) and simulated (b) phase diagrams taken at J = 2.0 × 1012A/m2. In 
(b) data are shown for T = 4 K (solid lines) and T = 60 K (dashed lines). AP → P (orange) and P → AP (blue) 
switching polarities are shown in both (a) and (b).
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A.D. Kent et al., Appl. Phys. Lett. 84, 3897 (2004)
Orthogonal spin transfer torque device

G. E. Rowlands et al., Scientific Reports 9, 803 (2019)

Precessional switching

Increasing the Switching Speed
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Magnetic Skyrmions

24

Skyrmion racetrack memory
DW racetrack memory

NYU 

Characterization of Magnetic Interactions 

3 

▪ Exchange Jij: M(T) 
▪ DMI Dij: BLS and DW propagation studies in stripes 
▪ Anisotropy K: FMR and magnetization 

Isolated skyrmions Control magnetic interactions 

Also: ▪  Damping 

▪  Inhomogeneities, e.g. spatial variations in magnetic properties 

▪  Exchange coupling between layers in multilayers 

▪  Magnetic thickness versus layer thickness (e.g. dead layers) 

▪  Higher order magnetic anisotropies 

F. Büttner et al, Scientific Reports 8, 4464 (2018)

Néel-type skyrmion
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• Control of the DMI and SOTs is important to improve current-induced skyrmion motion. 
• Study2 of a trilayer system to simultaneously vary DMI and SOTs (θSHE). 
• Bottom and top HM layer are sources of: 

➠ Spin-Orbit Coupling (⇒ DMI, stability of SKs) 

➠ Spin currents (⇒ enhanced dynamics) 

• CoGd alloy compositions were chosen in a way that: 
➠ Low Ms i.e. TM  close to RT ideal for small SKs 
➠ TA close to RT: fast spin dynamics

Y. Quessab et al., Advanced Science 8, 2100481(2021)
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Current-induced domain wall motion

• Goal: characterize the SOT-induced DW dynamics in Pt/CoGd(5 nm)/(W or Ta) 
• DW motion is induced by 5-ns current pulses using a GSG probe. 
• Imaging is done by a home-made polar MOKE microscope.
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Current-induced domain wall motion
➠ DW displacement direction reverses by changing the current polartity 
➠ Down-up and up-down DWs move in the same direction 
➠ Consistent with SOTs-driven motion of Néel DWs. 
➠ vmax(Ta) ~ 448 m/s; vmax(W) ~ 460 m/s

CoGd racetracks have very low DW pinning and 
density of natural defect ⟹ ideal to study SK motion

vDW =
π
2

Dj

(Snet (T ) j)2 + (αStot j0)2

lim
j→∞

vDW (j) =
π
2

D
Snet (T )

L. Caretta et al., Nat. Nano. 13, 1154-1160 (2018)
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• Observation of zero-field nucleation of SK bubbles by a single 5-ns current pulse 
• Nucleation does not depend on initial magnetization direction and current polarity ➡ thermal process 
• Zero field nucleation of 200-nm skyrmion by a train of 5-ns current pulses 
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Current-induced skyrmion motion

29

• The SK displacement changes when reversing the current polarity. 
• SKs with a core pointing up or down move in the same direction. 
• The SK motion is indeed induced by SOTs. 
• Stochastic annihilation is possible due to Joule heating.

µ0Hz = -5.7 mT; jx = 1.8 x 1012 A m-2; vSK ~ 400 m s-1
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Current-induced skyrmion motion

30

• High mobility of SK bubbles at RT with a maximum velocity of vSK~ 610 m s-1 (highest SK velocity reported thus far!) 
• SKs move faster in Pt/CoGd/W than in Pt/CoGd/Ta 
• Theory predicts a plateau (Snet ≠ 0) but a decrease of the SK velocity is observed at large current densities 
• Deviation from the Thiele approximation, we cannot entirely consider the SK as a rigid texture.
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Perspective: skyrmions and quantum applications

31

• Skyrmions can be used to nucleate (anti)-vortices in superconductors. 

• Can the topological phase emerge without using a global magnetic field? 

• Spatial variation of the skyrmion stray field can create a spatial-dependent SOC that 
can enable Majorana Fermions 

➠ Growth of ferromagnet on top of a semiconductor/superconductor heterostructure that 
exhibits a topological phase

Physical Review Letters 126, 117205 (2021) InAs/Al/(hBN)/[Pt/Co/X]NCommunication Physics 4, 163 (2021)

MFM
PRL 126, 036802 (2021)
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Nanoelectronics, from new phenomena to low power electronics 

International Associated Laboratory (LIA)

New Magnetic Nanotechnologies
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Paul Chaikin - CMP Experiment 
Andy Kent - CMP Experiment 
Aditi Mitra - Theory 
Dries Sels - Theory 
Davood Shahrjerdi - ECE Experiment 
Dan Stein - Theory 
Andrew Wray - CMP Experiment
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CQP •CQP inauguration: June 2017 
•Official opening: September 1, 2017 
• Laboratory space dedicated to CQP  

and new facilities 

Center has 9 physics faculty, with associated faculty in  
Engineering  
• There is a search this academic year for two  

QCMP/AMO experimental physicists 
• There are ties to faculty at NYU Shanghai 
• There are affiliated faculty in the  NYU Tandon School 

of Engineering 

• Quantum Materials and Devices 
• Out-of-Equilibrium Quantum Systems 
• Quantum Information



•Spintronics and spin-transfer torques
•Switching magnetization in magnetic tunnel junction nanopillars
•Magnetic skyrmions
•Center for Quantum Phenomena NYU NY

Summary

A New Spin on Magnetism with Applications 
in Information Processing 

NYU Abu Dhabi: Center for Quantum and Topological Systems: Colloquium, November 21, 2022



NYU

Acknowledgments

37NYU AD: Center for Quantum and Topological Systems

NYU Team: Dirk Backes*, Corrado Capriata, Gabriel Chaves*, Eason Chen, Ege Cogulu, 
Daniel Gopman*, Christian Hahn*, Jinting Hang*, Yu-Ming Hung*, Marion Lavanant*, Ferran 
Macia*, Jamileh Beik Mohammadi, Daniele Pinna*, Laura Rehm, Debangsu Roy, Sohrab 
Sani*, Nahuel Statuto, Volker Sluka, Georg Wolf*, Li Ye* & Junwen Xu (*=group alumni)

-IBM T. J. Watson Research Center: Jonathan Z. Sun & Chris Safranski

-BBN Raytheon: Tom Ohki, Colm Ryan & Graham Rolands

-University of Lorraine: Carlos Rojaz Sanchez, Stephane Mangin & Sebastien Petit-Watelot

-WD-HGST: Jordan Katine
-UCSD: Eric Fullerton

-Spin Memory: Georg Wolf, Bartek Kardasz, Steve Watts & Mustafa Pinarbasi

-NYU: Gabriel Chaves and Dan Stein
-University of Barcelona and ICMAB-CSIC: Nahuel Statuto & Ferran Macia

-Advanced Light Source, Berkeley: Hendrik Ohldag

-U. Paris Saclay, C2N: Dafine Ravelosona

-Colorado State University: Houchen Chan, Jjinjun Ding, Tao Liu & Mingzhong Wu
Collaborators

-UVA: Joseph Poon and Avik Ghosh

-Sandia National Lab: Shashank. Misra, J. Darby Smith, J. Brad Aimone 
-KTH, Sweden: B. Gunnar Malm


