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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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‘Spintronics’= Spin+Transport+Electronics: control of 
current using the spin of electrons 
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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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2013 Oliver E. Buckley Condensed Matter Physics Prize Recipient

Home   |   Programs   |   Prizes, Awards and Fellowships   |   Prizes   |   Oliver E. Buckley Condensed Matter

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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2013 Oliver E. Buckley Condensed Matter Physics Prize Recipient

Home   |   Programs   |   Prizes, Awards and Fellowships   |   Prizes   |   Oliver E. Buckley Condensed Matter

Physics Prize

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 Oliver E. Buckley Prize

Prediction of Spin-Transfer Torques
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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 Tunnel magnetoresistance - Wikipedia

https://en.wikipedia.org/wiki/Tunnel_magnetoresistance 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 90–130 nm.[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 change—or effect amplitude—is 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 Jullière 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

h

Prediction of Spin-Transfer Torques
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‣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

All electrical (no mechanical parts) fast magnetic memory device

�m =
dSint

dt

Animation courtesy of  
Eric Fullerton, UCSD
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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, IBM

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

of the electron spin on transmission through (or reflection 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. These 
torques can be directed as shown in Fig. 1. They can either be in 
the plane of the incoming and outgoing electron spin direction or 
perpendicular to that plane. The former is often called the in-plane 
(or adiabatic) spin-transfer torque and the latter is known as the 
perpendicular torque (or non-adiabatic or field-like torque). The 
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
The field of spin-transfer-torque-induced magnetization dynamics 
was stimulated by the first observations of this phenomenon in 
transition metal ferromagnetic–normal-metal multilayers. These 
multilayers exhibit the giant magnetoresistance (GMR) effect3,4, 
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 defined nanocontacts4 (Fig.  2a). The 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 fixed 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 effect. As magnetic excitations change the contact resistance 
through the GMR effect, 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 differential 
resistance at threshold voltages and currents that depend on the 
applied field (see bottom panels of Fig.  2). The 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 flow generates both spin torques 
and Oersted fields. In small contacts the spin torques can be far 
larger than the Oersted field 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. The spin torque 
may also excite spin waves near the contact region6.

The next major developments were a number of significant 
advances in nanofabrication methods that enabled the realiza-
tion of much smaller structures, nanopillars, in which the current 
flows 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 identified 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 field, 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 differential 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 differential resistance at a threshold current and for one polarity of the current.

INSIGHT | REVIEW ARTICLESNATURE MATERIALS DOI: 10.1038/NMAT3311

© 2012 Macmillan Publishers Limited. All rights reserved

spin-torque nano-oscillators nanopillars single layers

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

Topological Insulators/FM
A. R. Mellnik et al., Science 2014
Y. Fan et al., Nature Materials 2014

spin-orbit torques

e

d

spin-orbit torque nanoconstriction

from: A. Brataas, ADK, H. Ohno, Nature Materials 2012

STT can compensate damping in regions in the material

Important in nanostructures: Large current densities+STT dominate over Oersted fields
e

Sample Geometries and Materials

V. E. Demidov et al.  
APL 105, 172410 (2014)

dm̂

dt
= �µ0m̂⇥ ~He↵ + ↵m̂⇥ dm̂

dt
+ �aJm̂⇥ (m̂⇥ p̂)
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LETTERS
PUBLISHED ONLINE: 11 JULY 2010 | DOI: 10.1038/NMAT2804

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-film 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). 
This has led to intense worldwide efforts to 
realize STT-MRAM with perpendicularly 
magnetized layers. The focus of the efforts 
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. These 
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 often have 
poor spin-transport characteristics: the 
heavy elements in the material lead to 
strong spin–orbit scattering that causes 
spin-flips, 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.

The 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 
effect. Another important result is that the 
anisotropy of the interface is shown to be 
sufficient 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).

The 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. The PMA leads to an 
energy barrier to switching (denoted as U 
in Fig. 1b), sufficient 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.

The 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 diffuse. Indeed, boron is 
known to diffuse 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 films 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-film 
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 films 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

Andrew D. Kent is in the Department of Physics, 
New York University, 4 Washington Place, 
New York, New York 10003.  
e-mail: andy.kent@nyu.edu

References
1. Ikeda, S. et al. Nature Mater. 9, 721–724 (2010).
2. Slonczewski, J. J. Magn. Magn. Mater. 159, L1–L7 (1996).
3. Berger, L. Phys. Rev. B 54, 9353–9358 (1996).
4. Ikeda, S. et al. Appl. Phys. Lett. 95, 232516 (2009).
5. Shimabukuro, R. et al. Phys. E 42, 1014–1017 (2010).
6. Cha, J. J. et al. Appl. Phys. Lett. 95, 032506 (2009).
7. Beaujour, J. M. et al. Phys. Rev. B 80, 180415(R) (2009).
8. Bedau, D. et al. Appl. Phys. Lett. 96, 022514 (2010).
9. Kent, A. D., Özyilmaz, B. & del Barco, E. Appl. Phys. Lett. 

84, 3897 (2004).
10. Devolder, T. et al. Phys. Rev. Lett. 100, 057206 (2008).

Additional information
The author declares competing financial interests: Spin 
Transfer Technologies, LLC is developing orthogonal 
spin-transfer MRAM under a license from New York 
University (NYU). The author may receive a portion of 
NYU’s license income.

Free layer

Hard layer

+m –m

U

m

mp

a b

Figure 1 | A perpendicularly magnetized magnetic tunnel junction. a, Structure of a perpendicular MTJ, 
consisting of hard (fixed) and free (switchable) magnetic layers separated by a thin MgO tunnel barrier. 
Arrows represent the direction of magnetizations of the hard (mp) and free (m) magnetic layers. b, The 
PMA of the free layer leads to a large energy barrier (U) to the magnetization switching between up and 
down orientations.

nmat_N&V_SEP10.indd   700 11/8/10   13:36:11

© 20  Macmillan Pu blishers Limited. All rights reserved10

Perspective: A. D. Kent, Perpendicular all the way, Nature Materials 9, 699 (2010)

Applications: New types of MRAM

R. Beach et al., IEDM 2008
NATURE NANOTECHNOLOGY | VOL 10 | MARCH 2015 | www.nature.com/naturenanotechnology 187

FOCUS | COMMENTARY

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. This is a key difference 
that enables the integration of magnetic 
devices with semiconductor chips. Such 
devices might fulfil 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. The first key 
finding 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 shifted in energy. 
Thus, 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 definite majority 
or minority spin-state), the electron spin 
precesses rapidly around a momentum-
dependent internal field of the ferromagnet. 
Electron spins dephase because of the 
distribution of electron momenta associated 
with current flow4. 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. The 
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-film 
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. The orientation 
of the magnetization of one electrode of 
the junction is fixed (by any of a variety 
of means) and serves as a reference layer 
that sets the spin-polarization direction. 
The 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. The 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. The 
read bias voltage that is used to measure 
the cell resistance and determine the bit 
state is low, around 100 mV. The 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 
buffer 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. This 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. There is, however, an electrical 
wear-out mechanism — the dielectric 
breakdown of the MgO tunnel barrier. To 
avoid this, the write voltage must be kept 
sufficiently 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. This 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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SRAM eDRAM DRAM eFlash 
(NOR)

Flash 
(NAND) FeRAM PCM STT MRAM SOT MRAM RRAM

Endurance Unlimited Unlimited 105 1014 109 Unlimited Unlimited 109

Read/Write 
access time < 1 ns 1-2 ns 30 ns 10/103 ns 100/106 ns 30 ns 10/100 ns 2-30 ns 2-30 ns 1-100 ns

Density Low (6 
transistors) Medium Medium

High 
(multiple 
bits/cell)

Low 
(limited 

scalability)

High 
(multiple 
bits/cell)

Medium
Medium 

(>STT 
MRAM)

High 
(multiple 
bits/cell)

Write power Medium Medium High Medium Medium Medium Low Medium

Standby power High Medium Low Low Low Low Low Low

Other Volatile Volatile.  Refresh power 
and time needed. High voltage required Destructive 

readout
Operating 
T < 125 C

Low read 
signal

Fabrication 
challenges

Complex 
mechanism

Comparison of key features of existing and emerging memories.  Significant disadvantages are marked 
in red.  Estimates for emerging memories are based on expectations for functioning chips, not 
demonstrations of individual bits.  

From A. D. Kent and D. C. Worledge, “A new spin on magnetic memories,” Nature Nanotechnology 10, 187 (2015)



NYU

NY CREATES Emerging Technologies Seminar Series 14

Proof of neuromorphic computing with spin-
torque nano-oscillators: computing with a single 

oscillator through time-multiplexing 

24 

Neuron	
Synapse	

j	i	

State	of	the	oscillator	

Time 

t	
t+θ 

t+2θ … 

Appeltant et al, Nat. Com 2:468 (2011); Martinenghi et al, PRL 108, 244101 (2012) 

Reservoir	computing	approach		

Spin transfer torque magnetic random access memory 

used to store weights in a convolutional neural network

Some potential applications of MTJs

-Persistent (i.e. nonvolatile) 
-Energy needed only for write/read 
-Closely integrated with logic elements

From: T. Hanyu et al., Design, Automation & Test in Europe Conference 2015

DOI:10.7873/date.2015.1119

Convolutional Neural Networks
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Approximate computing

D. Pinna et al., Phys. Rev. Applied 9, 064018 (2018)
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MTJ random number generator

Spin transfer and spin-orbit torques can set:

•Probabilities

•Time scales
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•Magnetic tunnel junctions and spin-transfer torques
•Applications
•Switching of magnetization, materials and device optimization
•Cryogenic applications

Outline

Physics and Applications of 
Spin-Transfer Torques

NY CREATES Emerging Technologies Seminar Series, April 16, 2020
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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-film 
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. Thin CoFeB films 
with interfaces to MgO are perpendicularly 
magnetized, and have a sufficiently large 
perpendicular, interface-induced magnetic 
anisotropy to lead to stable bits with 
dimensions smaller than 20 nm (refs 16,17).

The 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 simplified 
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 figure and in the inset): 
that is, the switching pulse duration is 
inversely proportional to the current 
overdrive, reflecting conservation of angular 
momentum, where A is the STT dynamic 
parameter19,20. This relation characterizes 
the limit for ballistic switching, in which 
STT is larger than torques associated with 
thermal fluctuations; 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 effectively lowers the 
energy barrier U between states. The 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. This is a key difference 
that enables the integration of magnetic 
devices with semiconductor chips. Such 
devices might fulfil 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. The first key 
finding 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 shifted in energy. 
Thus, 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 definite majority 
or minority spin-state), the electron spin 
precesses rapidly around a momentum-
dependent internal field of the ferromagnet. 
Electron spins dephase because of the 
distribution of electron momenta associated 
with current flow4. 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. The 
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-film 
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. The orientation 
of the magnetization of one electrode of 
the junction is fixed (by any of a variety 
of means) and serves as a reference layer 
that sets the spin-polarization direction. 
The 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. The 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. The 
read bias voltage that is used to measure 
the cell resistance and determine the bit 
state is low, around 100 mV. The 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 
buffer 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. This 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. There is, however, an electrical 
wear-out mechanism — the dielectric 
breakdown of the MgO tunnel barrier. To 
avoid this, the write voltage must be kept 
sufficiently 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. This 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

A. D. Kent and D. C. Worledge, “A new spin on magnetic memories,” Nature Nanotechnology 10, 187 (2015)

Magnetic Tunnel Junction
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Spin MemoryMustafa Pinarbasi

• Scaling	down	to	20	nm	diameters

MRAM	Technology	Development	at	Spin	Memory 
MTJ	nanopillars	for	Gbit	density	arrays

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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pMTJ at 4K [Figs. 2(a) and 2(b)] and 295K [Figs. 2(c) and 2(d)] in
zero applied field. We observe high switching probability for pulse dura-
tions less than 1 ns from room temperature to 4K. For !5ns pulse
durations, switching of the pMTJ at 4K occurs for higher pulse ampli-
tudes compared to that at room temperature as shown in Figs. 3(a) and
3(c), especially for the AP! P transition [Fig. 3(a)].

In order to characterize the data trends, we consider a macrospin
model, a simple model that provides analytical expressions for the
switching times in the ballistic limit and how they vary with material
and device parameters.15,21 In this model, the threshold voltage for
spin-transfer switching V is given by

V ¼ Vc 1þ s0
s

! "
; (1)

where s is the pulse duration, s0 is the characteristic time for switching,
and Vc is the switching voltage in the long pulse duration limit. The
fits of the switching boundaries (i.e., the 50% switching probability vs
pulse duration) to Eq. (1) are displayed as cyan lines in Fig. 2, and the
corresponding fit parameters are listed in Table I. The fit parameters
for 75 and 150K are also shown in Table I.

In Figs. 3(b) and 3(d), we compare the data at 4 and 295K
directly by plotting the normalized pulse voltages vs pulse duration.
We thus see that at fixed pulse voltage overdrive, V=Vc, the pulse dura-
tion needed for switching has decreased at 4K relative to that at 295K.
The same behavior was observed in the 50 and 60nm diameter pMTJ
nanopillars.

The threshold voltage in the macrospin model is given by

Vc ¼
2aeARtl0MsHk;eff

P!h
; (2)

where a is the damping, e is the magnitude of the electron charge (i.e.,
e> 0), A is the disk area, R is a device resistance, t is the free layer
thickness, l0 is the permittivity of free space, Ms is the free layer satu-
ration magnetization, !h is the reduced Planck’s constant, P is the spin
polarization, and Hk,eff is the effective perpendicular magnetic anisot-
ropy. Hk;eff ¼ 2K=ðl0MsÞ & Ms, the perpendicular anisotropy

associated with the spin–orbit coupling minus the demagnetization
field, where K stands for the anisotropy energy density.

In our fits to the data, we find that Vc increases with decreasing
temperature and saturates at temperatures less than about 150K for
both AP ! P and P ! AP transitions (see Table I). Equation (2)
shows that Vc depends on several material parameters that can vary
with temperature, notably, a, Ms; Hk;eff , and P.22–26 Specifically, both
the magnetization and magnetic anisotropy increase with decreasing
temperature. The increase in TMR at low temperature also suggests
that the spin polarization increases with decreasing temperature. The
increase in the spin polarization therefore counteracts the increase in
magnetization and magnetic anisotropy, and this, at least qualitatively,
can explain the saturation of Vc below 150K.

The characteristic switching time scale s0 is given by

s0 ¼
1þ a2

acl0Hk;eff
ln ð2=h0Þ; (3)

where c is the gyromagnetic ratio and h0 is the average magnetization
initial angle. h0 is related to the temperature and the energy barrier to
magnetization switching by h0 ' 1= 2

ffiffiffiffiffiffi
pD
p$ %

, where D is the ratio of
the energy barrier to reversal to the thermal energy, D ¼ Eb=ðkBTÞ.
The energy barrier is given by Eb ¼ l0MsHk;effV=2, where V stands
for the free layer volume. Hence s0 is, again, related to material param-
eters that depend on temperature,

s0 ¼
1þ a2

acl0Hk;eff
ln ð4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pEb=ðkBTÞ

p
Þ: (4)

The macrospin model thus predicts an increase in the characteristic
switching time as the temperature goes to zero,15 reflecting a decrease
in magnetization fluctuations as the temperature decreases. This is
clearly not seen experimentally. Micromagnetic nonuniformities in the
free layer have been proven to speed-up the magnetization reversal in
other types of devices.27,28 It was also shown that above a critical junc-
tion size, a domain wall can appear which drives the reversal.29–31

Thus, finite temperature micromagnetic simulations may be required
to fully understand the origin of the fast STT driven switching
observed at 4K with characteristic switching times s0 < 1 ns.

FIG. 2. Nanosecond pulsed current switching results at 4 and 295 K. Switching
phase diagrams of a 40 nm diameter pMTJ at 4 K, (a) AP ! P and (b) P ! AP
and 295 K, (c) AP ! P, and (d) P ! AP. The color in the plot represents the
switching probability, where red corresponds to 0% and black is 100%. The blue
points represent the 50% switching probability, and the solid cyan line shows the fit
to the macrospin model described in the main text.

FIG. 3. 50% switching probability boundary of the same 40 nm diameter device for (a)
AP! P and (c) P! AP switching directions at 4 and 295 K. (b) and (d) At fixed over-
drive V=Vc, the device switches faster at 4 K than at room temperature for both switch-
ing polarities. The lines show the fit to the macrospin model described in the main text.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 182404 (2019); doi: 10.1063/1.5128106 115, 182404-3

Published under license by AIP Publishing
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Gabriel	D.	Chaves-O’Flynn	et	al.,	Phys.	Rev.	Applied	4,	024010	(2015)	
Experiment:		L.	Thomas	et	al.,	IEDM	15-673	(2015)
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• Set the length scales for spatial variation of the magnetization  
• Determines the energy barrier for thermally activated magnetization 

reversal and affects the switching time
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• sets the length scale for spatial variation of magnetization. 
• can determine the energy barrier for thermally activated magnetization 

reversal and affects the switching time.
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Exchange Energy

Gabriel D. Chaves-O’Flynn et al. , Phys. Rev. Applied 4 024010 (2015)

𝑈𝑈 = 4 𝐴𝐴𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑡𝑡

𝐴𝐴 : exchange constant

𝑑𝑑 : diameter of the element
𝑡𝑡 : thickness

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 : effective perpendicular anisotropyKe↵

Magnetic Anisotropy and Exchange Energy
• sets the length scale for spatial variation of magnetization. 
• can determine the energy barrier for thermally activated magnetization 

reversal and affects the switching time.

3

Exchange Energy

Gabriel D. Chaves-O’Flynn et al. , Phys. Rev. Applied 4 024010 (2015)
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𝐴𝐴 : exchange constant
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• Free	layer	in	pMTJ	are	composite	layers	

-Non-magnetic	layers	are	inserted	to:	
• Increase	the	perpendicular	magnetic	anisotropy	(i.e.	add	interfaces	and	interface	
magnetic	anisotropy)	

• Enable	increased	layer	thickness	and	thus	magnetic	volume	to	increase	the	magnetic	
stability

• We	did	experiments	to	determine	the	exchange	constant	and	magnetic	anisotropy	of	
CoFeB/W/CoFeB	composite	free	layers	as	a	function	of	the	tungsten	insertion	layer	
thickness.

• is altered in very thin magnetic layers in pMTJ stacks.
-presence of interfaces
-composite free layers: higher perpendicular anisotropy and larger 
volume to improve thermal stability

4

Exchange Energy

SAF2      CoPt

SAF1      CoPt

FL

Ru

MgO

MgO

CoFeB
W

CoFeB

• The aim of the study is to determine the exchange stiffness of 
CoFeB/W/CoFeB composite free layers as a function of the tungsten 
insertion layer thickness.

Co18Fe54B28

Co18Fe54B28

Magnetic Anisotropy and Exchange Energy
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in-plane magnetization), 𝐾eff = 𝐾𝑝 −
𝜇0𝑀𝑠

2

2
, where 𝐾𝑝 is the perpendicular uniaxial anisotropy 

and 𝜇0𝑀𝑠
2

2
 is the demagnetization energy. FMR measurements directly determine the effective 

magnetization, 𝑀eff =
2𝐾eff
𝜇0𝑀s

 , where positive 𝑀eff implies a net perpendicular magnetic 

anisotropy. Measurements were performed in a frequency range of 10-30 GHz at room 

temperature. The effective magnetization is plotted versus tW in Figure 3c, showing that there 

is a net perpendicular anisotropy for 0.2, 0.3 and 0.4 nm thick W insertion layers.  

Our data reveal that the exchange constant of the MgO/CoFeB/MgO samples is much lower 

than that for thicker CoFeB samples, i.e. 19-28 pJ m-1.[12, 13] This indicates that the exchange 

constant is significantly affected by interfaces and reduced dimensions. Moreover, insertion 

of the W layer further reduces the exchange constant of the CoFeB layer as seen in Figure 3a. 

As the thickness of the W layer is increased, the exchange constant of the free layer is 

reduced even further, to about 4 pJ m-1 (Figure 3a). As can be seen in Figure 3b, the exchange 

constants of SAF1 and SAF2 layers agree well for all the stacks that are studied here. This 

indicates that the properties of these layers do not change with the W insertion layer and 

highlights that individual layer properties can be changed without affecting the properties of 

other layers in the MTJ stack. 

The magnetic parameters of the free layers found in this study are summarized in Table 1. 

We note that the magnetic moment of the free layer tends to decrease with W insertion layer 

thickness. The magnetization times the free layer thickness, Mst, that is the magnetic moment 

of the free layer divided by its area, is shown in Table 1. As noted above, in determining the 

exchange constant, we have assumed that the spin S on each lattice site is the same for each 
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2

2
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thickness. The magnetization times the free layer thickness, Mst, that is the magnetic moment 

of the free layer divided by its area, is shown in Table 1. As noted above, in determining the 

exchange constant, we have assumed that the spin S on each lattice site is the same for each 
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• is altered in very thin magnetic layers in pMTJ stacks.
-presence of interfaces
-composite free layers: higher perpendicular anisotropy and larger 
volume to improve thermal stability

4

Exchange Energy

SAF2      CoPt

SAF1      CoPt

FL

Ru

MgO

MgO

CoFeB
W

CoFeB

• The aim of the study is to determine the exchange stiffness of 
CoFeB/W/CoFeB composite free layers as a function of the tungsten 
insertion layer thickness.

Co18Fe54B28

Co18Fe54B28

Jamileh Beik Mohammadi et al., “Reduced Exchange Interactions in Magnetic Tunnel Junction Free Layers with Insertion Layers,”  
ACS Appl. Electron. Mater 1, 2025 (2019)

Magnetic Anisotropy and Exchange Energy
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Magnetization vs time Switching process

tn: nucleation time

ts: switching time, mz=0

Switching process: 
-Reversal in the center of the disk (formation of a reversed droplet)

-Reversed area moves to intersect the boundary (droplet drift instability)

-Domain wall formed that traverses the element

-Reversal by domain wall motion

see also,  P. Bouquin et al., APL 2018

As a polarized current passes through the free layer, the precession amplitude grows at the center of the 
disk due to larger magnetostatic field at the center that leads to a lower effective perpendicular anisotropy 
field in the center—that makes it easier to excite this region with a spin current [10]. Following this event, 
the first region (at the center or edge of the element depending on the size of the disk) switches at 𝑡1 . 
The second micromagnetic instability occurs when the region with the largest precession amplitude hits 
the edge at 𝑡 = 𝑡2  and domain wall(s) form across the element. Small elements (d smaller than a critical 
diameter dc [16]) experience semi-coherent spin torque switching, meaning that a 180˚ wall does not 
form. However, for intermediate element diameters, a 180˚ domain wall is formed across the element (at 
𝑡 = 𝑡𝐷𝑊) that traverses the disk until the magnetization of the free layer reverses completely. We have 
observed that the movement of the domain wall is not at a constant speed, as expected in simple models. 
In large junctions, 𝑑 > 2𝑑𝑐, the increasing precession amplitude continues to the point that the 

magnetization in the center of the disk reverses completely and a precessing reversed magnetic droplet 
is formed, similar to the droplets predicted [19] and directly observed in spin-transfer nanocontacts [20]. 
The droplet tends to drift from the center of the element toward the element boundary, in analogy to the 
droplet drift instability observed in nanocontacts [21, 22]. We have found that, depending on the size of 
the element relative to the critical diameter, the switching time, 𝑡 SW, can be earlier or later then the 
onset of the second instability the leads to the formation of a domain wall that traverses the element. The 
sequence of the aforementioned events for 𝑑 > 2𝑑𝑐 and 𝑑𝑐 < 𝑑 < 2𝑑𝑐 is illustrated in Table 2. At 𝑡1  the 
first cell in the simulation switches (i.e. has mz=-1). At 𝑡2 the reversed droplet hits the element boundary. 
𝑡 𝑆𝑊 is the time when the average z-component of magnetization is zero and 𝑡𝐷𝑊 is when there is a domain 
wall in the element. 

 

Figure 1: 𝑚𝑧 of the pMTJ free layer vs. time for 10, 15, 30, 50 and 80 
nm diameter free layers with overdrive of 1.6 and exchange constant 
of (a) 𝐴 =8.5 pJ/m and (b) 𝐴 = 4 pJ/m. (c) Geometry of the pMTJ 
nanopillar studied. In (a) and (b), dark red, orange, green, light blue, 
and dark blue circles represent the 𝑚𝑧 profile of the 10-nm free layer 
with A=8.5 pJ/m at different times. A uniform color indicates that the 
magnetization switching is spatially coherent. 
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Switching speed 

ts: switching time, mz=0

Switching speed: 
-Switching rate is proportional to the current, independent of exchange constant

-Switching rate at fixed overdrive increases with increasing exchange constant

see also,  P. Bouquin et al., APL 2018
J. B. Mohammadi and AD. D. Kent, “Spin-torque switching mechanisms of perpendicular magnetic tunnel junctions nanopillars,” 
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Summary 
In summary, we have simulated the spin torque switching of disk shaped pMTJ free layer to investigate 
the effect of the size of the element and the exchange interaction on the spin torque switching dynamics. 
For all junctions with different sizes and exchange constant values, the precession amplitude increases at 
the center of the element. A micromagnetic instability occurs when the region with growing precession 
amplitude hits the edge. At that moment, the junction is divided into two regions with a magnetization 
precession phase difference [9]. After this instability point, a domain wall (or a few domain walls) form 
across the element that leads to its full reversal. In addition, our results show the importance of the non-
uniform demagnetizing fields in the magnetization nonuniformities, meaning that in absence of the 
demagnetizing field, spin-torque switching is observed to be coherent irrespective of the exchange 
constant or the size of the junction.   
 
In addition to the switching dynamics, the switching time depends on the exchange constant of the free 
layer. For example, full reversal of a 30-nm element with A=4 pJ/m takes 6.90 ns which is 15 % longer than 
that of the same size element with A=8.5 pJ/m (when J/Jc0 =1.6). For an 80-nm element, the difference 
between the full reversal time for the same exchange values is more than 58 %. We find that the switching 
speed increases linearly with increasing overdrive irrespective of the exchange constant. However, for 
small exchange constant values (A≤4 pJ/m), the switching speed and the slope of the switching speed vs. 
overdrive depends on the exchange constant. 
 
Our results show the effect of the exchange interaction on the spin torque switching dynamics and 
switching speed of pMTJ free layers and when the dynamics deviate from macrospin model predictions. 
This highlights the importance of investigating the magnetic properties of the free layer to better 
understand and predict the switching dynamics. It is particularly important to include the effect of stray 
fields of polarizer layer that can have stabilizing or destabilizing effects on the free layer magnetization 

Figure 3: Free layer 𝑚𝑧 vs. reduced time for a 30 nm 
junction with (a) 𝐴 =4 pJ/m, (b) 𝐴 =8.5 pJ/m, and  (c) 
𝐴 =19 pJ/m for overdrive of 2, 3.5, 5, and 10. 
Switching speed vs. overdrive is plotted for the same 
junctions with various exchange constants in (d). 
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•Magnetic tunnel junctions and spin-transfer torques
•Applications
•Switching of magnetization, materials and device optimization
•Cryogenic applications

Outline

Physics and Applications of 
Spin-Transfer Torques

NY CREATES Emerging Technologies Seminar Series, April 16, 2020
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Write energy of 40 nm pMTJ

• Optimal write energy increases with decreasing 
temperature

Ø Thermal energy reduces device switching energy

• Comparison to already studied cryogenic memory 
devices:

§ Orthogonal spin-transfer device: ∽235 fJ
§ Spin-valve device with Py FL: ≤ 230 fJ
§ Three-terminal CSHE device: ∽5.6 pJ

Surprisingly low write energies due to very low 
switching currents of 69 (AP→P) and 165 µA 
(P→AP) compared to e.g. 0.9 mA for three-terminal
device!

Intern. French-US Workshop on Nanoelectronics, Paris, September 27th, 2019
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4 399 421 0.94 1.03 103 286

75 393 416 0.94 1.05 98 283

150 381 403 0.96 1.1 94 287

295 225 305 1.48 1.38 51 195
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Write energy of 40 nm pMTJ

• Optimal write energy increases with decreasing temperature
Ø Thermal energy reduces device switching energy

• Comparison to already studied cryogenic memory devices:
§ Orthogonal spin-transfer device: ∽235 fJ
§ Spin-valve device with Py FL: ≤ 230 fJ
§ Three-terminal CSHE device: ∽5.6 pJ

Surprisingly low write energies due to very low 
switching currents of 69 (AP→P) and 165 µA (P→AP) 
compared to e.g. 0.9 mA for three-terminal device!

Intern. French-US Workshop on Nanoelectronics, Paris, September 27th, 2019
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Laura Rehm et al., APL 115, 182404 (2019)

pMTJ at 4K [Figs. 2(a) and 2(b)] and 295K [Figs. 2(c) and 2(d)] in
zero applied field. We observe high switching probability for pulse dura-
tions less than 1 ns from room temperature to 4K. For !5ns pulse
durations, switching of the pMTJ at 4K occurs for higher pulse ampli-
tudes compared to that at room temperature as shown in Figs. 3(a) and
3(c), especially for the AP! P transition [Fig. 3(a)].

In order to characterize the data trends, we consider a macrospin
model, a simple model that provides analytical expressions for the
switching times in the ballistic limit and how they vary with material
and device parameters.15,21 In this model, the threshold voltage for
spin-transfer switching V is given by

V ¼ Vc 1þ s0
s

! "
; (1)

where s is the pulse duration, s0 is the characteristic time for switching,
and Vc is the switching voltage in the long pulse duration limit. The
fits of the switching boundaries (i.e., the 50% switching probability vs
pulse duration) to Eq. (1) are displayed as cyan lines in Fig. 2, and the
corresponding fit parameters are listed in Table I. The fit parameters
for 75 and 150K are also shown in Table I.

In Figs. 3(b) and 3(d), we compare the data at 4 and 295K
directly by plotting the normalized pulse voltages vs pulse duration.
We thus see that at fixed pulse voltage overdrive, V=Vc, the pulse dura-
tion needed for switching has decreased at 4K relative to that at 295K.
The same behavior was observed in the 50 and 60nm diameter pMTJ
nanopillars.

The threshold voltage in the macrospin model is given by

Vc ¼
2aeARtl0MsHk;eff

P!h
; (2)

where a is the damping, e is the magnitude of the electron charge (i.e.,
e> 0), A is the disk area, R is a device resistance, t is the free layer
thickness, l0 is the permittivity of free space, Ms is the free layer satu-
ration magnetization, !h is the reduced Planck’s constant, P is the spin
polarization, and Hk,eff is the effective perpendicular magnetic anisot-
ropy. Hk;eff ¼ 2K=ðl0MsÞ & Ms, the perpendicular anisotropy

associated with the spin–orbit coupling minus the demagnetization
field, where K stands for the anisotropy energy density.

In our fits to the data, we find that Vc increases with decreasing
temperature and saturates at temperatures less than about 150K for
both AP ! P and P ! AP transitions (see Table I). Equation (2)
shows that Vc depends on several material parameters that can vary
with temperature, notably, a, Ms; Hk;eff , and P.22–26 Specifically, both
the magnetization and magnetic anisotropy increase with decreasing
temperature. The increase in TMR at low temperature also suggests
that the spin polarization increases with decreasing temperature. The
increase in the spin polarization therefore counteracts the increase in
magnetization and magnetic anisotropy, and this, at least qualitatively,
can explain the saturation of Vc below 150K.

The characteristic switching time scale s0 is given by

s0 ¼
1þ a2

acl0Hk;eff
ln ð2=h0Þ; (3)

where c is the gyromagnetic ratio and h0 is the average magnetization
initial angle. h0 is related to the temperature and the energy barrier to
magnetization switching by h0 ' 1= 2

ffiffiffiffiffiffi
pD
p$ %

, where D is the ratio of
the energy barrier to reversal to the thermal energy, D ¼ Eb=ðkBTÞ.
The energy barrier is given by Eb ¼ l0MsHk;effV=2, where V stands
for the free layer volume. Hence s0 is, again, related to material param-
eters that depend on temperature,

s0 ¼
1þ a2

acl0Hk;eff
ln ð4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pEb=ðkBTÞ

p
Þ: (4)

The macrospin model thus predicts an increase in the characteristic
switching time as the temperature goes to zero,15 reflecting a decrease
in magnetization fluctuations as the temperature decreases. This is
clearly not seen experimentally. Micromagnetic nonuniformities in the
free layer have been proven to speed-up the magnetization reversal in
other types of devices.27,28 It was also shown that above a critical junc-
tion size, a domain wall can appear which drives the reversal.29–31

Thus, finite temperature micromagnetic simulations may be required
to fully understand the origin of the fast STT driven switching
observed at 4K with characteristic switching times s0 < 1 ns.

FIG. 2. Nanosecond pulsed current switching results at 4 and 295 K. Switching
phase diagrams of a 40 nm diameter pMTJ at 4 K, (a) AP ! P and (b) P ! AP
and 295 K, (c) AP ! P, and (d) P ! AP. The color in the plot represents the
switching probability, where red corresponds to 0% and black is 100%. The blue
points represent the 50% switching probability, and the solid cyan line shows the fit
to the macrospin model described in the main text.

FIG. 3. 50% switching probability boundary of the same 40 nm diameter device for (a)
AP! P and (c) P! AP switching directions at 4 and 295 K. (b) and (d) At fixed over-
drive V=Vc, the device switches faster at 4 K than at room temperature for both switch-
ing polarities. The lines show the fit to the macrospin model described in the main text.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 182404 (2019); doi: 10.1063/1.5128106 115, 182404-3

Published under license by AIP Publishing

Switching speed
 Switching energy


Highly reliable writing is of great importance for the application
of a memory element since it will, e.g., limit the complexity of the error
correction circuitry needed during the actual operation. The write
error rate performance of integrated pMTJ memory devices at the
chip level as well as in standalone devices has been well-studied at
room temperature.32–35 In addition to determining the temperature
dependence of the characteristic switching time and switching thresh-
old, we have therefore also measured WERs for nanosecond long cur-
rent pulses at 4K. Figure 4 shows the WER for 4 ns duration pulses at
4 and 295K for the same 40nm diameter pMTJ nanopillar. As already
seen in the phase diagrams, the switching voltages are larger at 4K
than at room temperature. Limited only by the measurement time, we
found WERs as low as 5! 10–5 at 4K (AP ! P) and no noticeable
change in the slope of the WER curves vs pulse amplitude between 4
and 295K. This is an important result that highlights the fact that
WER characteristics are not significantly dependent on temperature;
the temperature simply rescales the pulse amplitude needed to achieve
a desired WER performance.

Based on these results, we can determine the write energies and
compare them with other types of cryogenic magnetic memory devi-
ces. The optimal (i.e., lowest) write energy is for pulse durations at the
characteristic time s0

36 and given by E ¼ V2s0=R, with V ¼ 2Vc and
R being the device resistance at the switching voltage.5,19 We find
103 fJ for AP! P and 286 fJ for P! AP at 4K for 40 nm diameter
devices. For larger diameter devices, the optimal switching energy
increases: for 50 nm diameter devices, AP! P 167 and P! AP 451
fJ and for 60 nm diameter devices, AP! P 226 and P! AP 610 fJ.
The increased write energies for the larger devices are mostly associ-
ated with the increase in the threshold current for switching. As
expected, we observe a reduction in the optimal write energies with
increasing temperature; that is, thermal energy reduces the device
switching energy (see Table I).

These results clearly show an advantageous scaling of the switch-
ing energy with the device diameter, and that the switching energy
decreases as the device size decreases. These write energies are also
comparable to write energies of all metal spin-valve nanopillars with a

Permalloy free layer11 and orthogonal spin-transfer spin valve devi-
ces,10 which have much lower resistances but significantly larger
switching currents. Further, two-terminal pMTJ switching energies are
lower than present spin-Hall-based devices,8 because of their lower
switching currents.

The low energy consumption of pMTJ devices at 4K as well as
their increased switching speed makes them very interesting as a low-
energy cryogenic data storage solution. Foremost, the increased device
magnetoresistance at low temperatures makes it possible to further
reduce the resistance area product of the magnetic tunnel junction
(reducing the device resistance and therefore the write energy) while
maintaining a fast readout. It is also possible to significantly reduce the
switching energy. The most straightforward way would be to further
reduce the perpendicular magnetic anisotropy [see Eq. (2)]. As the FL
in these studies is thermally stable at room temperature (D > 26 at
room temperature, determined by using a read disturb rate method
described in Ref. 37), its magnetic anisotropy can be further reduced
while still maintaining stable magnetic states at 4K. The FL magnetic
moment can also be reduced to decrease the switching current. In
addition, lower damping FL materials are also desirable for this appli-
cation. In summary, two-terminal pMTJs are very promising for cryo-
genic applications and there are straightforward paths to further
device optimization.

Note added. We are aware of related research by Dr. Li Ye at the
Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences. Their work focuses on the low-
temperature switching characteristics of pMTJs at longer time scales
and the relation between the magnetic anisotropy, the magnetization,
and the switching voltages at low temperatures.38

This research was supported in part by Spin Memory Inc. It is
also based on the work partially supported by the Office of the
Director of National Intelligence (ODNI), Intelligence Advanced
Research Projects Activity (IARPA), via Contract No. W911NF-14-
C0089. The views and conclusions contained herein are those of the
authors and should not be interpreted as necessarily representing
the official policies or endorsements, either expressed or implied, of
the ODNI, IARPA, or the U.S. Government. The U.S. Government
is authorized to reproduce and distribute reprints for Governmental
purposes notwithstanding any copyright annotation thereon. This
document does not contain technology or technical data controlled
under either the U.S. International Traffic in Arms Regulations or
the U.S. Export Administration Regulations.
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Nanoelectronics, from new phenomena to low power electronics 
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