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Engineering magnetic anisotropy and
magnetization switching in multilayers by strain

Kun Tao,*ab Pengfei Liu,a Qing Guo,a Liya Shen,c Desheng Xue,a O. P. Polyakovbd

and V. S. Stepanyukb

The effect of the strain on the magnetic properties of metallic multilayers has been investigated by

ab initio studies. Our results indicate that the magnetic anisotropy energy (MAE) of an Fe(001) surface can

be drastically enhanced by capping with 5d elements. By choosing Ir–Fe multilayers as a model system,

we demonstrate that the MAE which depends on the composition and the structure of the multilayers can

be tuned in a large range by strain. Furthermore, our results show that not only the amplitude of the MAE

but also the easy axis of Pt–Fe multilayers can be engineered by strain. Magnetization switching by strain

is also investigated.

1 Introduction

Ultrathin or multilayer magnetic structures, one of the best
examples of nanoscience and nanotechnology, have experienced
a tremendous boost due to their applications in many fields.1–3

The key property of a ferromagnetic sample is the direction of
its magnetization. One of the most active research topics in the
field of ultrathin magnetic structures is to understand and
manipulate their magnetic anisotropy (MA) which defines the
stability of a spin in a defined direction. Many strategies to
manipulate MA have been proposed, which mainly focus on
tuning the spin-orbital coupling (SOC) in films, surfaces and
interfaces.4–7 Alloying 3d elements together with 4d (5d) elements
can greatly enhance the SOC of the system and thus results in a
large MA, which can be used for high density data storage and
nonvolatile spintronic devices.8–11 It was recently reported that
the MA of ultrathin structures12,13 and magnetic molecules14 can
also be tuned by an external electric field.

For ultrathin magnetic structures, magnetic properties such
as magnetic moment, exchange interaction and anisotropy are
sensitive to their structures, composition components and
atomic-layer alignments.15 The strain in such systems can
introduce changes in the d orbital occupations and results in
a variation of the MA.16–18 Our understanding of the effect of
the strain on the MA, however, is still incomplete. For example,

in an Fe film, the easy axis of the system changes from in-plane
to out-of-plane and returns to in-plane again just by sequentially
capping one monolayer Ni and Fe.19,20 But only a very small
strain is observed in the experiment.19 Understanding and
controlling the MA in metallic multilayers still presents one of
the challenges in nanomagnetism today.

In this work, we demonstrate that the MAE of 3d metal
multilayers is significantly enhanced by capping with 5d elements.
Furthermore, we show that the amplitude of the MAE and the
easy axis of the magnetization of magnetic multilayers can be
manipulated by strain. The effect of the strain on magnetization
switching is revealed.

2 Calculation methods

Our calculations are based on projector augmented wave (PAW)
potentials21 as implemented in the Vienna Ab initio Simulation
Package (VASP)22,23 and the local spin density approximation
(LSDA). The generalized gradient approximation (GGA) has also
been employed to check LSDA results; both of them gave the
same trend with an MA variation of less than 4%. The basis set
contained plane waves with a kinetic energy cutoff of 500 eV
and the total energy was converged to 10�7 eV. A dense k-point
mesh of 21 � 21 � 1 was used to obtain a more accurate
magnetic anisotropy energy. We have used a supercell approach
in which the layers in the slabs are initially interspaced by an Fe
bulk interlayer distance of 1.375 Å, obtained from the calculated
lattice constant of bcc Fe a0 = 2.75 Å. Later on, all geometries were
optimized without any symmetry constraint until all residual
forces on each atom were less than 0.01 eV Å�1. Such multilayer
models have been adopted by many DFT calculations.9,12,13,15 As
an example, the multilayer model for the Ir/Fe(2)/Ir/Fe(100)
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system is plotted in Fig. 1(a). The strain e is defined as e = (a� a0)/
a0 � 100%, with a0 = 2.75 Å for bcc Fe and a being the lattice
constant without and with strain, respectively. For relaxation,
under strains, the in-plane x and y lattice parameters are fixed at
given strain values, with the z lattice parameter relaxed and
optimized with atomic coordinates. The Ir–Fe and Pt–Fe multi-
layers are supported by a ten-layer Fe(001) surface, which may
have different spin configurations. The most energy favorable
spin configuration for each system is obtained by comparing the
total energy of the system with all possible spin alignments. The
ground state of the system is that in which the spin direction of the
Fe monolayer or bilayers sandwiched between two Ir(Pt) monolayers
is perpendicular and anti-parallel to that of the Fe(001) sub-
strate, schematically plotted in Fig. 1 and Fig. 2, respectively.
The out-of-plane antiparallel spin configuration is robust for
all Ir–Fe and Pt–Fe systems under any strains, except for the

Pt/Fe(001) system in which the spin direction changes from
out-of-plane to in-plane as strain increases from the negative to
positive value. Spin–orbit coupling (SOC) with a fully relativistic
effect was included in all calculations. The MAE is defined as
the total energy difference of the system as its spin direction
rotates from parallel to perpendicular to the surface, i.e.
E[100] � E[001].

The Landau–Lifshitz–Gilbert (LLG) equation is used to study
the time evolution of the magnetization. Although this
phenomenological equation was used to describe the macro-
scopic magnetic system, it is also useful for analyzing the
atomic spin dynamics after some modifications.24–31 We denote
Si as the unit vector of the i-th atom with a magnetic moment
ms (Si � ms/|ms|). Then the magnetization dynamics can be
described by the LLG equation:

@Si

@t
¼ �gSi �Hi

eff þ
a
ms

Si �
@Si

@t
(1)

where g – gyromagnetic ratio, a – damping parameter, and
Hi

eff – effective magnetic field acting on the magnetic moment
of the i-th atom. Hi

eff is determined using the exchange inter-
actions, external magnetic field H and the magnetic anisotropy:

Hi
eff ¼

@

@Si

X
jð jaiÞ

Jij

ms
SiSj þ SiHþ

Ki

ms
Sieað Þ2

2
4

3
5; (2)

where Jij – the exchange interaction between the i-th and j-th
atoms ( Jij o 0 for anti-ferromagnetic and Jij 4 0 for ferro-
magnetic), Ki – anisotropy energy of the i-th atom, and ea denotes
the direction of the easy axis. A home-made code was used in our
calculations. The values of magnetic moments, the exchange inter-
action and the MAE are obtained from our DFT calculations.

3 Results and discussion

The effect of the strain on the MAE in the Fe based multilayers
is investigated for several capping configurations. First, a ten-layer
Fe surface under zero strain has the MAE of about 0.5 meV, which
is about several ten times larger than that of the bulk. The MAE of
the Fe(001) surface presents a strong dependence on the strain, as
plotted in Fig. 1(b). The MAE increases two times to 1.0 meV with a
negative strain e = �4%, but it decreases 10 times to 0.05 meV at a
positive strain e = +4%. The out-of-plane magnetization is
preserved under all strains. Although the MAE of the Fe thin
film can be strongly enhanced by the strain, its value is still
much smaller than that of the 3d–5d combined system.8

In order to tune the MAE of the Fe thin film, an Ir monolayer
is deposited onto the Fe(001) substrate. The MAE of the Ir/Fe(001)
bilayer under zero strain (e = 0) increases 10 times up to 5.7 meV,
which is due to the strong spin–orbital coupling between the Ir
monolayer and the top Fe layer of the substrate. It further
increases by 20% to 6.8 meV under the positive strain of +2%.

By capping one additional Fe monolayer and one Ir mono-
layer onto the Ir/Fe(001) surface forming an Ir/Fe(1)/Ir/Fe(001)
system, the MAE of such a system, however, decreases to 3.0 meV
under zero strain e = 0. It increases to 5.2 meV with a positive

Fig. 1 (a) Multilayer model of the Ir/Fe(2)/Ir/Fe(100) system, with yellow
and blue balls for Ir and Fe atoms, respectively. (b) MAE as a function of the
strain e for various Ir–Fe systems. MAE is defined as the total energy
difference of the system when the spin direction of the system rotates
from in-plane to out-of-plane. Vertical arrows in the figure stand for an
out-of-plane axis of magnetization.

Fig. 2 MAE as a function of the strain e for various Fe–Pt systems. Vertical
(horizontal) arrows in the figure stand for an out-of-plane (in-plane) axis of
magnetization.
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strain of 4%, which is still smaller than that of the Ir/Fe(001)
system. To check the structural sensitivity of the MAE, the Fe
bilayer is sandwiched between two Ir monolayers forming an
Ir/Fe(2)/Ir/Fe(001) system. The MAE of the system under zero
strain undergoes a great enhancement to 8.0 meV, but it
decreases linearly to 0.6 meV with a negative strain of �4%.

In Ir/Fe(1)/Ir/Fe(001) and Ir/Fe(2)/Ir/Fe(001) systems, when
one or two Fe layers are sandwiched between two Ir monolayers,
however, their spin directions are out-of-plane and antiparallel to
those in the substrate. Since Fe and Ir have different lattice
constants, it will result in different relaxation behavior and magnetic
orders under external strains.32,33 The c/a ratio, with a and c being
the in-plane lattice constant and the vertical distance between two
Fe monolayers at both sides of the Ir monolayer at a given strain,
respectively, under different strains has been carefully checked.
After full relaxation, strong tetragonal distortions have been
observed. In Ir/Fe(1)/Ir/Fe(001), the c/a ratio decreases from 1.34 to
1.11 as the strain expands from �4% to +4%, and the c/a ratio
changes from 1.32 to 1.08 for Ir/Fe(2)/Ir/Fe(001). To shed further
light on the effect of the relaxation on the magnetic order, in both
Ir/Fe(1)/Ir/Fe(001) and Ir/Fe(2)/Ir/Fe(001) configurations, all layers
are fixed at their ideal positions of the bulk Fe, which correspond to
c/a = 1. It was found that the parallel spin alignment for Fe layers at
both sides of the Ir monolayer is more energetically favorable.

Now, we turn to another example of the effect of the strain
on MAE. It is well known that materials with the Fe–Pt
composition have high MAE and used for high density data
storage.34–36 We calculated the effect of the strain on the MAE
in Fe–Pt multilayers, as shown in Fig. 2. Under zero strain, the
MAE of the Pt/Fe(001) system is about 2.4 meV, which enhances
five times compared to that of the pure Fe(001) surface but two
times smaller than that of the Ir/Fe(001) (Fig. 1(b)). More
interesting is that the magnetization axis of the system is
reoriented to be in-plane, while the easy axis of the Fe(001)
substrate and the Fe–Ir multilayer system is out-of-plane. The
MAE of the system linearly decreases to 1.6 meV as strain e
expands to +4% and the in-plane magnetization is preserved.
The MAE decreases to 1.6 meV at a negative strain of �4%, but
the easy axis of the system rotates out-of-plane.

As for the Pt/Fe(1)/Pt/Fe(001) system, the MAE strongly
increases to 6.5 meV under zero strain and it linearly decreases
to 4.7 meV with a positive strain of +4%. The out-of-plane easy
axis is preserved for all strains. The MAE decreases to 3.4 meV
under zero strain for the Pt/Fe(2)/Pt/Fe(001) system, which is
smaller than that of the Pt/Fe(1)/Pt/Fe(001) system. And it even
further decreases to about 0 meV at a positive strain of +4%. With
an even larger positive strain, the easy axis may rotate in-plane.

The physics behind the MAE dependence on the strain in
multilayers can be understood using the second-order perturbation
approach37

MAE � x2
X
o;u

c#u lzj jc
#
o

� ��� ��2� c#u lxj jc
#
o

� ��� ��2
e#u � e#o

(3)

where the x parameter is an average of the spin orbital coupling
coefficients, {ck

u , ck
o } stand for the unoccupied (occupied) minority

spin-states and {lx, lz} are the angular momentum operators,
respectively. Since the majority part of the Fe d band is fully
occupied, so the SOC between states of opposite spin can be
ignored, the main changes in MAE can be attributed to the
interaction between states in the minority d band.

We first start our discussion by analyzing Fe–Ir multilayers
and choosing Ir/Fe(1)/Ir/Fe(001) as a representative system.
Upon analysing the SOC matrix elements, one can find that the
minority dx2�y2 orbital of the Fe which couples with the minority
dxy orbital of the Fe through the lz operator hdx2 +y2|lz|dxyi gives
the largest contribution to the MAE from the first term in eqn (3),
which prefers an out-of-plane magnetization. The dependence of
the MA on the strain can be qualitatively inferred from the PDOS,
which provides direct information about the local structure,
particularly for the MA behavior. It can be seen from Fig. 3 that
with negative strains the population of the dxy orbital of the Fe
slightly increases while that of the dx2�y2 orbital reduces largely
near the Fermi level, decreasing strengths of the SOC between
them and resulting in a slight decrease in MA. On the other hand,
with positive strains, the dx2�y2 orbital undergoes a fast increase
near the Fermi level and, thus, enhances the coupling
hdx2+y2|lz|dxyi, leading to a linear increase in the out-of-plane
MA. Similar analysis can also be applied to other Fe–Ir systems,
such as Ir/Fe(100) and Ir/Fe(2)/Ir/Fe(100) systems.

The magnetic behavior of Fe–Pt multilayers is quite different
from that of Fe–Ir multilayers. For example, as strain e = 0, the
easy axis of the Pt/Fe(001) system is in-plane and to be out-of-
plane for Pt/Fe(1)/Pt/Fe(001) and Pt/Fe(2)/Pt/Fe(001) systems,
while those are always out-of-plane for all Fe–Ir multilayers. We
choose Pt/Fe(001) and Pt/Fe(1)/Pt/Fe(001) systems as representative
systems and analyze their magnetic properties under different
strains. Starting from the Pt/Fe(001) system, we plot the d-resolved
DOS of the Fe in Fig. 4. The coupling between dxz and dxy

orbitals through the lx operator hdxz|lx|dxyi gives the main
contribution to the in-plane anisotropy through the second

Fig. 3 Projected minority d-orbital density of states (DOS) for the Fe layer
sandwiched between two Ir layers in Ir/Fe(1)/Pt/Fe(001) under different strains.

PCCP Paper

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
17

. D
ow

nl
oa

de
d 

on
 0

1/
03

/2
01

7 
14

:1
5:

07
. 

View Article Online

http://dx.doi.org/10.1039/c6cp07811g


4128 | Phys. Chem. Chem. Phys., 2017, 19, 4125--4130 This journal is© the Owner Societies 2017

term in eqn (3). Under negative strains, the dxy orbitals decrease
significantly near the Fermi level, reducing the spin–orbital
coupling between them and, therefore, giving rise to an out-
of-plane magnetization. With positive strains, the dxy orbitals
increase near the Fermi level and the dxz orbitals slightly decrease
near the Fermi level, resulting in a slightly decreased MA, as
shown in Fig. 2. For the Pt/Fe(1)/Pt/Fe(001) system, the coupling
hdx2+y2|lz|dxyi gives significant contribution to MA, which favours
an out-of-plane magnetization. As strain increases from negative
to positive values, the decreased dx2�y2 orbital occupation near
the Fermi level results in a partial cancellation of the slightly
enhanced dxy orbital, resulting in decreasing coupling between
them through the lz operator hdx2+y2|lz|dxyi, leading to an out-of-
plane magnetization.

Finally, we show that magnetization dynamics in multilayers
can be tailored by strains. We perform magnetization switching
calculations by using the Landau–Lifshitz–Gilbert equation
similar to that reported in our previous works.25,38 The Runge–Kutta
fourth-order method with a time step of t = 10�18 S and a
damping parameter a = 0.01 (which is a typical value in
experiments39) has been applied to all calculations. Ab initio
calculated magnetic moments and MAE are used in all calcula-
tions. In the case of the Ir/Fe2/Ir/Fe(001) system, the macrospin
approximation,40 i.e. all atomistic spins within the Fe bilayer
between two Ir monolayers are assumed to corotate, is applied to
all spin dynamics calculations. The exchange interactions between
the Fe bilayer and the Fe(001) substrate are �1.27 meV for �4%
strain and �1.63 meV for 0% strain.

To achieve the magnetization switching, two scenarios have
been proposed: one is that two constant magnetic fields are
exerted on systems, which have orientation along/perpendicular
to their easy axis (denoted as Heasy and H), respectively. The
second one applies only short rectangular magnetic pulses to
systems, which are perpendicular to their easy axis. Choosing
the Ir/Fe(2)/Ir/Fe(001) system as a typical example (Fig. 5(a)),
it can be found that under the �4% strain the minimum value
of the switching magnetic field is strongly reduced from 32 T to 4 T

in comparison with that under zero strain. The switching time,
however, increases from 25 ps to 100 ps. The switching time can be
drastically reduced by applying short magnetic pulses, as shown in
Fig. 5(b). The external strain can be used to significantly reduce the
magnitude of the magnetic pulses needed for switching.

A similar effect of the strain can also be found in the
Pt/Fe(001) system (Fig. 6(a)). As was shown before that under
the strain of �4% its easy axis is out-of-plane. Here, we can
detect that magnetization switching occurs at H = 32 T with
Heasy = 0 and H = 2 T with Heasy = �20 T (Fig. 6(a)). The
switching time is about 50 ps for both cases. Using short
magnetic pulses one can significantly reduce the strength of
the magnetic field and the switching time as shown in Fig. 6(b).

4 Conclusions

In summary, we have studied the effect of the strain on the MAE
in magnetic multilayers. The MAE of such systems is sensitive

Fig. 4 Projected minority d-orbital density of states (DOS) for Fe–Pt
systems. Left panel: Decomposed d-orbitals for the top Fe layer of the
substrate in Pt/Fe(001). Right panel: Decomposed d-orbitals for the Fe
layer sandwiched between two Ir layers in Pt/Fe(1)/Pt/Fe(001).

Fig. 5 Magnetization switching of the top Fe monolayers in the
Ir/Fe(2)/Ir/Fe(001) system by constant magnetic fields (a) and by short
magnetic pulses (b). tpls denotes the pulse duration time. Directions of the
easy axis of the system and the magnetic field (pulse) that perpendicular
to the easy axis are plotted in the inset of (a).

Fig. 6 Magnetization switching for the Pt/Fe(001) system by (a) constant
magnetic fields and (b) short magnetic pulse.
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to their structures and the 5d element capping. Furthermore,
we demonstrated that the magnitude of the MAE of such
systems can be manipulated in a large range by external strains,
which can be qualitatively explained by the second-order
perturbation theory. Moreover, in comparison with Ir–Fe multi-
layers, we prove that both the amplitude of the MAE and the
magnetization axis of Pt–Fe multilayers can be tuned by strains.
The significant influence of strain on the magnetization dynamics
is revealed. In experiments, such strains can be achieved, for
example by the magnetoelectric effect. It has been reported that
in ferroelectric/ferromagnetic junctions the MA of such hetero-
structures can be manipulated by the interfacial strains.41,42 Here,
we have presented a theoretical prediction of tuning the magnetic
properties of multilayers by strains, which could be used to design
new functional spintronic devices.
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