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Impact of Dzyaloshinskii-Moriya interactions on the thermal stability
factor of heavy metal/magnetic metal/oxide based nano-pillars
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Allia,2 and Paola Tiberto2
1)Applied science and technology department (DiSAT), Politecnico di Torino, corso Duca degli Abruzzi 24,
10129 Turin, Italy
2)Advanced materials metrology and life sciences division, Istituto Nazionale di Ricerca Metrologica (INRiM),
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Russia

We studied the thermal stability of ultrathin perpendicular magnetized nanodots in the presence of the
Dzyaloshinskii-Moriya interaction (DMI) using a Minimum Energy Path (MEP) method. We �nd that the
smallest energy barrier is associated with the energy path based on domain wall nucleation and propagation
down to 25 nm lateral size. We show that the DMI has a detrimental impact on the thermal stability factor
of square Pt/Co/AlOx dots, which decreases linearly with the DMI amplitude. Our study reveals that the
DMI limits the downscaling of MRAM cells based on heavy metal (HM)/ferromagnet (FM)/oxide trilayers.

PACS numbers: 75.70.Cn, 75.78.-n, 75.78.Cd
Keywords: Magnetization switching, Thermal stability, micromagnetic minimum energy path

I. INTRODUCTION

Many theoretical and experimental studies have fo-
cused on improving performances of thin-�lm systems
exhibiting strong perpendicular magnetic anisotropy
(PMA) because of their potential integration in spin-
tronic devices (e.g., magnetic random-access memory,
racetrack memory1, non-volatile logic circuits2, �eld sen-
sors). This perpendicular anisotropy originates at the
interfaces of the ferromagnetic layer (FM e.g. Fe, Co,
CoFeB) due to spin orbit coupling and interfacial or-
bital hybridization3�5. This is particularly the case at
FM/oxide (e.g., AlO, MgO) or FM/heavy metal (e.g. Pt,
Ta) interfaces. The interfacial anisotropy competes with
the bulk shape anisotropy and leads, for su�ciently thin
FM layers (thickness typically below 1.4 nm)6, to a pref-
erential orientation of the magnetization perpendicular
to the plane of the layers. Thus, two magnetic states
can be stabilized at zero applied �eld (magnetization
up and down) useful to code binary information (0 and
1) in a magnetic random-access memory cell (MRAM).
Key parameters for a non-volatile memory application
are write endurance, power consumption and data re-
tention. A good trade-o� among them must be found
in order to compete e�ciently with alternative technolo-
gies. The e�orts in spintronics are now concentrated on
two families of MRAMs: spin�transfer torque (STT7)
and spin-orbit torque (SOT8), named after their writ-
ing principle. Both comprise very thin ferromagnetic
storage layer with interfacial perpendicular anisotropy.
The phenomena acting at interfaces are not only creat-

a)Electronic mail: daniele.gastaldo@polito.it

ing the magnetic anisotropy but are also known to gen-
erate additional interactions such as chiral exchange9�12

or damping enhancement13 with strong impact on the
static and dynamic properties of the storage layer. Par-
ticularly, the interfacial Dzyaloshinskii-Moriya interac-
tion (DMI)14,15 promotes states of non-collinear magne-
tization with an intrinsic tilt of magnetization at pillar
edges16,17, stabilizes cycloidal states like chiral bubbles
and skyrmions10,18, and assists fast magnetic domain wall
(DW) motion19,20. Particularly, the creation and the ma-
nipulation of skyrmions (chiral bubbles) are mediated by
the interfacial DMI, such spin structures being promis-
ing in view of conceiving various applications21,22. Fur-
thermore, several studies have already pointed out that
interfacial DMI signi�cantly reduces the current density
required for magnetization switching in Pt/CoFeB/MgO
trilayers23,24 but it also a�ects negatively the stability
properties.

The aim of this work is therefore to understand
whether and how much can the interfacial DMI either fa-
vor or be detrimental to the integration of Pt/Co/AlOx
tri-layers in memory devices. This tri-layer structure
has served as model system to study the domain wall
propagation under �eld and/or current in thin �lms or
tracks25,26 but also the magnetization reversal driven by
spin-orbit torque in nanostructured square dots27. In
this paper, we are interested in studying the thermal
stability of the magnetization and its dependence on
the lateral size of the nanostructure and the strength
of the DMI. The present approach is based on a numer-
ical micromagnetic approach. In continuous approxima-
tion framework, considering the symmetry properties of
Pt/Co/AlO, the interfacial Dzyaloshinskii-Moriya inter-
action contribution to exchange can be rewritten in terms

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/1.

51
09

48
4



2

of an energy density as19:

εDMI = D (mz∂xmx −mx∂xmz +mz∂ymy −my∂ymz)
(1)

where m is the unitary vector of the magnetization and
D is a continuous e�ective DMI parameter. The value of
D can be derived from an atomistic description depend-
ing on crystal symmetry, thickness of the ferromagnetic
�lm and nature of the interfaces. For a thin �lm of thick-
ness t having a simple cubic structure with constant a, D
scales with d/(at)17 where d is the amplitude of DM in-
teraction between atomic nearest neighbors. The z-axis
is the vertical axis which coincides with the structural in-
version asymmetry axis of the trilayer structure, while x
and y are respectively the planar axes. The thermal sta-
bility factor is de�ned as the ratio ∆ = EB/(kBT ) which
enters into an Arrhenius type law governing the transi-
tion rate P (T ) = f0e

−EB/kBT , f0 being the attempt fre-
quency (1 GHz). Here EB is the activation energy and
kBT is the thermal activation energy with kB the Boltz-
mann's constant and T the operating temperature. The
activation energy EB characterizes a strong, exponential
dependence of the lifetime with temperature, and its es-
timation gives directly access to the stability. In data
storage industry, for the magnetic media of hard disk
drives, the thermal stability factor is usually tuned above
42kBT to insure 10 years of stability of the recorded in-
formation. For memory application as MRAMs, the re-
quirements are more severe since it concerns large arrays
of memory cells. The failure rate in standby combines
both the thermal stability factor ∆ and the capacity of
the array. The higher the memory capacity, the larger the
thermal stability for a given probability of failure in time
(e.g. areal density of 1 Gb requests above 70kBT

28). The
thermal stability factor also determines the probability of
read disturb (write error while reading) due to the STT
produced by the read current in STT or SOT-MRAM28.

II. NUMERICAL METHOD

To estimate the stability factor ∆, a micromagnetic
approach based on string method (minimum energy path
MEP)29,30 has been used. This technique allows one to
explore the energy landscape of the sample, to identify
the most probable path which is taken by the system
(spontaneously) from the initial state to the �nal state.
The numerical implementation consists of two steps. The
�rst step allows �nding the initial and �nal magnetization
stable states between which the system might commute
spontaneously. To this aim, the Landau-Lifshitz-Gilbert
(LLG) equation has been numerically solved using the
Micro3D solver including the DMI contribution (eq. 1)31,
this step is an usual energy minimization procedure. In
the second step, a string approach to �nd the MEP be-
tween these two stable states has been developed32�36.
Thus, a set of intermediate states has been considered
(e.g., initial guessed path having 50 frames). Afterwards,

all the intermediate states are let to evolve following the
overdamped LLG equation (damping α = 0.5) until a
user-selected time interval has elapsed (e.g. τ = 50 ps),
allowing the energy landscape to be progressively ex-
plored. Subsequently, an interpolation procedure has
been applied to the intermediate states in order to con-
struct a path in the system phase diagram between the
initial and �nal states, this reparametrization being re-
quired to keep these intermediate states equidistant. The
evolution of the intermediate states and their interpo-
lation have been repeated until the maximum relative
energy error on the last interpolated MEP path is less
than a user-selected numerical tolerance (in this work,
10−5). The above described procedure has been suc-
cessfully applied to analyze the thermal stability factor
of perpendicular shape anisotropy STT-MRAM cells37.
Our samples are square dots of Pt/Co/AlOx with a Co
layer of 0.6 nm and various lateral sizes. The following
parameters have been used for Co38: saturation magne-
tization Ms = 1.09 kA/m, uniaxial anisotropy constant
Ku = 1.25e6 J/m3, exchange sti�ness Aex = 10 pJ/m
and Gilbert damping parameter α = 0.5. The sim-
ulations were performed at zero absolute temperature
(T = 0K) using a maximum mesh size of 1 nm. These
values of the material parameters are allowing to have
a single domain state (perpendicularly magnetized up or
down) at zero applied �eld and they have been set in
agreement with our previous study39. It is possible to
vary these values as far as the stable states mentioned
above are not a�ected. In the present study, we are fo-
cusing on the role played by the DMI thus di�erent val-
ues of the DMI constant were used keeping unchanged
the other parameters.

III. SIMULATIONS RESULTS

As a general feature, with very few exceptions, several
energy barriers can separate the two stable states, this
is the reason why several initial guessed paths have been
tested and compared looking to �nd the smallest activa-
tion energy value. Fig. 1 shows the results of a typical
MEP simulation
for two selected initial guessed paths (i.e., coherent ro-

tation of the magnetization and Bloch DW nucleation
and propagation) for a 100 nm lateral size square dot.
The two equilibrium states labeled (1) and (5) in �g. 1b
correspond to average magnetization pointing up (along
+Oz axis) or down (-Oz), respectively, and they are sta-
ble in zero applied �eld. The magnetization at the edges
of the dot is tilted under the e�ect of the DMI of con-
stantD = 2 mJ/m2, with a maximum angle of about 31°.
Both paths converge towards mechanisms based on nu-
cleation and propagation of a magnetic domain wall. As
expected, since there in no applied �eld to break the sym-
metry, the up-down and down-up magnetization commu-
tations are equivalent in terms of activation energy. How-
ever, the solutions are distinct since the energy variation
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Figure 1. a) MEP converged paths for two initial guessed
paths in 100 nm lateral size Co dot with D = 2 mJ/m2. b)
The corresponding snapshots of the magnetization distribu-
tion at di�erent reaction coordinates: initial (1), intermediate
(2, 3, 4) and �nal (5).

along the reaction coordinate presents one maximum for
path 1 and two maxima for path 2. The �rst solution
predicts a DW nucleation at a corner of the sample, prop-
agation along the diagonal of the square and expulsion at
the opposite corner. Instead for path 2, even if the DW
nucleation still occurs at a corner of the sample, the DW
deviates from the diagonal.

At point (3), the DW realigns with the edge of the
square, thus generating a local minimum in the energy
pro�le. However, the internal structure of the domain
wall corresponds to a Néel type as expected for a left-
handed DMI interaction25. Several other initial guessed
paths were tested (e.g. intermediate frames with random
distribution of the magnetization) but the lowest energy
MEPs identi�ed for this set of material parameters are
these two solutions.

For this reason, the analysis will be hereafter continued
using these solutions but varying both the sample size
and the DMI value.

Figure 2 reports the dependence of the MEP pro�le
of the �rst solution (single barrier pro�le) upon varying
the strength of the DMI from 0 to 2.5 mJ/m2, a range
for which the states with magnetization up and down are
stable states. Qualitatively we observed that an increase
in DMI shifts the MEP pro�les towards lower energies
(�g. 2a) with negligible impact on the shape of the pro-
�les. This trend is con�rmed by �g. 2b, which shows
the evolution of the thermal stability factor ∆ with the
D parameter at room temperature. It turns out that the
thermal stability factor∆ is linearly decreasing with DMI
strength. This result can be understood by analyzing

the DMI contribution to DW energy since the switching
mechanism is based on DW nucleation and propagation.
The DW energy per unit surface for a ferromagnet mag-
netized out of plane varies linearly with the DMI value ac-
cording to the relation σ = 4

√
(Aex(Ku−µ0M

2
s /2))−πD

for our left-handed Neel domain wall17. This means that
the energy of the DW decreases upon reinforcing the DMI
and thus favoring the nucleation of a DW. As a partial
conclusion, one might notice that the 100 nm wide Co
square dot respects the 70kBT threshold if the DMI is
below 1.7 mJ/m2. One might note that the DW en-
ergy is depending on the saturation magnetization, the
anisotropy as well as the exchange sti�ness. The results
of our study will be still valid if these parameters are
modi�ed such as the energy of the DW stays positive.

The thermal stability factor is expected to vary with
the sample volume since the latter is involved in the
height of the energy barrier EB. Hereafter, we have per-
formed simulations by varying dots lateral dimension in
the range 25 nm - 100 nm at a constant D value. As
shown on �g. 3a the shape of the MEP pro�les (solu-
tion 2 having 2 local maxima) evolves slightly with the
lateral size of the dot while the curves are shifted down-
wards toward lower energy upon reducing the sample vol-
ume. The thermal stability factor was found to increase
almost linearly with the lateral size (�g. 3b), not with
the dot area for a given thin �lm thickness. This can
be explained by the fact that the energy barrier is essen-
tially proportional to the DW length, which scales like
the cell size since the domain wall extends between two
parallel sides of the dot at the top of the MEP pro�les40.
The DMI value of 2 mJ/m2 has been chosen on pur-
pose, in agreement with the previous estimated value
for Pt/Co/Metal Oxide systems41. For such a moderate
to large DMI interaction, the predicted thermal stability
factor appears to be well below the 70kBT threshold and
it goes even below the limit of 42kBT . In conclusion, the
DMI interaction imposes a bottom limit size for the cell
and should be carefully considered in the design of dense
MRAM arrays. For the particular case of a cell based on
Pt/Co(0.6nm)/AlOx, the lateral size of the dot should
be above 100 nm, this value being detrimental for use in
compact and dense memories.

The reduction in the size of the dot has not only the
consequence of reducing the thermal stability factor ∆
but also the one of modifying the switching paths ob-
tained by MEP simulations. In fact, for smaller dots
(lateral dimensions equal to 25 nm), the MEP solution 1
obtained from initial guessed path based on coherent ro-
tation (path 1) is no longer accessible as in the case of the
larger dots. The symmetry of solution 3 is very similar
with that of solution 1 as shown in �g. 4a. However, such
a third solution is based on quasi-coherent spin rotation,
like magnetization curling, as indicated by the bottom
line of snapshots in �g. 4b. In contrast with the previous
two solutions (1 and 2), the thermal stability factor ∆
of the third solution is quite large (above 70kBT ) even
at very high DMI. This is indicative that the mechanism
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Figure 2. a) Evolution of the MEP with the D value in the range 0.0 − 2.5mJ/m2 for 100 nm wide square dot. b) Variation
of the thermal stability factor ∆ with D estimated at room temperature. The grey dotted line indicates the 70kBT threshold.

Figure 3. a) MEP pro�le for 100 nm (black), 50 nm (red) and 25 nm (blue) lateral size dots with D = 2mJ/m2; b) Thermal
stability factor ∆ as a function of the lateral size L estimated at room temperature. The grey dotted line indicates the 42kBT
threshold.

behind this type of commutation is highly energetic since
it involves a con�nement of spin texture in the center of
the dot (intermediate snapshot 3) concentrating a large
amount of exchange and DMI energy in a very small vol-
ume. One positive feature of this solution is that the
DMI interaction is not reducing anymore the associated
thermal stability factor but even slightly increases it (�g.
4c). However, this apparent advantage has no impact
on the e�ective thermal stability factor as determined by
the solution 2, because the system evolution will always
follow the path with the lowest energy barrier EB .

IV. CONCLUSIONS

In conclusion, we have shown that the interfacial
Dzyaloshinskii-Moriya has a detrimental impact on the
thermal stability factor of square dots Pt/Co/AlOx. The
activation energy EB in such thin ferromagnetic layer
with strong out-of-plane anisotropy is associated with
MEP solutions based on domain wall nucleation and
propagation. This mechanism is valid for lateral sizes
down to 25 nm. Upon increasing the interfacial DMI,
the thermal stability factor is linearly decreasing because
of the chiral DW energy linear reduction with the DMI.
With the parameters used, our study reveals that tailor-
ing MRAM cells based on HM/FM/oxide trilayer would
limit downscaling. To overcome the detrimental impact
of the DMI on the stability technological solution based
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Figure 4. a) MEP converged paths of a 25 nm lateral size
dot labeled path 1 end path 3 (D = 2 mJ/m2). b) The
corresponding snapshots of the magnetization distribution at
di�erent reaction coordinates: initial (1), intermediate (2, 3,
4) and �nal (5). c) Thermal stability factor as a function of
the DMI strength D estimated at room temperature.

on the reinforcing of the anisotropies of the storage (mag-
netocrystalline and/or shape) should be considered.

SUPPLEMENTAL MATERIALS

See supplemental materials for videos of the 3 MEP
simulated switching solutions.
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