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ABSTRACT

Spin-orbit torque (SOT) has been proposed as an efficient mechanism to switch the magnetization in heavy metal/ferromagnet heterostructures. Several experiments
show controversial results on the relationship between the magnetic proximity effect (MPE) and the SOT efficiency in heavy metal/ferromagnet structures. In this
work, we use first-principles calculations to investigate the dependence of the MPE and the SOT efficiency on the Pt/CoFe interfacial strain in a model structure of Pt/
CoFe/MgO. We have found that the interfacial strain can effectively reduce electron hybridization between Pt and CoFe and thereby significantly suppress the MPE
while enhance the SOT efficiency. Thermodynamic magnetics analysis further confirmed these findings. Our results have pointed out a new research direction in
which one uses interfacial strain as an effective route to design efficient spintronic devices.

1. Introduction

Spin-transfer-torque magnetic random-access memory (STT-MRAM)
is a non-volatile type solid state memory device and has been con-
sidered as a promising candidate for future embedded memory appli-
cations [1,2]. As STT-MRAM relies on the spin filtering effect, the ef-
ficiency of generating a spin torque cannot exceed one. The spin Hall
effect has been proposed as an alternate mechanism to realize more
efficient magnetization switching at a reduced current. This type of
device is generally made of a heavy metal/ferromagnet bi-layered
heterostructure. When an electric current flows in the heavy metal, it
generates a spin-orbit torque (SOT) which acts on the ferromagnet and
switch its magnetization [3-8]. On the other hand, the ferromagnet
layer can induce magnetic moments in the neighboring heavy metal
layer via the so-called magnetic proximity effect (MPE); it is very in-
triguing how those induced magnetic moments affect the efficiency of
the SOT switching in the heavy metal (HM)/ferromagnet (FM) het-
erostructure.

There are already several studies devoted to answer this question.
Since the MPE strength is inversely proportional to temperature [9,10],
One can use temperature dependent measurements to map the re-
lationship between the SOT efficiency and the MPE strength. In a recent
work, Zhang et al. demonstrated that the induced magnetic moments
were inversely proportional to the spin Hall conductivities in heavy
metals Pt and Pd [11]. In a related work, Peterson et al. demonstrated
the suppression of the Rashba SOT efficiency as the MPE strength in-
creases in FM/Pt bilayers [12]. These experiments have implied that the
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MPE can affect the SOT efficiency. However, controversial results had
been demonstrated in other experiments. For example, it was found that
the MPE had no connection with the magnitudes of the damping-like
and field-like SOTs after annealing the heterostructures at different
conditions [13].

Those experimental findings have motivated us to understand the
connection between the spin-orbit torque and the magnetic proximity
effect using first-principles calculations. We examined the magnetic
moments, density of states, spin polarization, and bonding status of the
Pt atoms at the interfaces of Pt/CoFe heterostructures. We also pro-
posed and demonstrated the use of interfacial strain between the heavy
metal and the ferromagnet to largely modulate the MPE and thereby
significantly enhance the SOT efficiency.

2. Method

Our first-principles calculations were performed by using the
Vienna ab initio simulation package (VASP) [14-16], with a general-
ized gradient approximation (GGA) and the projector augmented wave
(PAW) potentials [17]. We considered a structure with six Pt mono-
layers, corresponding to about 1.1 nm, which had been previously
identified as the effective spin-polarized Pt layer thickness in experi-
ments [18]. Fig. 1 shows schematically the Ta/MgO/CoFe/Pt/substrate
heterostructure that was considered for the simulations. A 15-A-thick
vacuum layer is included on the top. For the calculations, we focused on
the MPE at the Pt/CoFe interface. To minimize the lattice mismatch
with CoFe, a face-center-cubic structure was used for the 5d metal Pt,
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Fig. 1. Schematics of a Ta/MgO/CoFe/Pt/substrate multi-layer structure used in our calculation. The inset on the right shows the atomic structure at the CoFe/Pt
interface. The number indicates the atomic layer starting from the Pt/CoFe interface.

with Pt [001] direction [19] being parallel to the CoFe [00 1] direc-
tion [20,21]. The structure was considered fully relaxed until the re-
sidual force was less than 0.01 eV/A. We used a cut-off energy of 540 eV
and a K-point mesh of 20 x 20 x 1, which ensured good convergences.
We used a Pt lattice parameter a = 3.9239 A when the strain is zero
[22].

3. Results and discussions

Fig. 2 shows our results of the magnetic moment of Pt, Go, and Fe as
a function of the layer number. We considered three cases: zero strain
(ap, = 3.9239A), 5% strain (ap, = 3.728A), and 10% strain
(ap; = 3.531 f{). The magnetic moment per atom (u) is calculated as
u = n(E;) — n(E), where n(E;) and n(E,) are the number of electrons
of different spin states. The unit of x is Bohr magneton (up) per atom
[23]. According to the X-ray magnetic circular dichroism (XMCD) ex-
periments [24-26], the maximum magnetic moment of Pt in a Co/Pt
structure is 0.68 u,/atom [24], and the maximum magnetic moment of
Pt in a Fe/Pt structure ranges from 0.5 uz/atom to 0.62 up/atom
[18,19,24]. In our calculations, the maximum magnetic moment (u) of
Pt in Pt/CoFe is 0.59 u,/atom at zero strain, which has reproduced the
experimental values. When the strain increases to 10%, the magnetic
moment of Pt atoms in each layer has decreased by over 80%, as shown
in Fig. 2(a). However, the magnetic moments () of CoFe in the Pt/
CoFe structure is almost constant at different strain levels, as shown in
Fig. 2(b). This indicates that the magnetic moment in Pt does not de-
pend on the magnetization of the neighboring ferromagnet; instead, it is
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solely sensitive to the interfacial strain. Those calculation results are
consistent with the Polarized Neutron Reflectometry (PNR) and X-ray
Resonant Magnetic Reflectivity (XRMR) measurements on Pt/CoFeTaB/
Pt structures, in which the MPE vanishes whilst the magnetization of
the ferromagnet remains [27].

With the theoretical model of the MPE derived in [28], the Ha-
miltonian can be formulated as: H = Hgy + Hunypm + Hum, where
Hpy, Hum, and Hyyy ey are for the ferromagnet, the heavy metal, and
their coupling, respectively, which can be written as the following [29]:

AA
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here, ¢

, ¢j and ¢, are the spin electron creation and destruction opera-
tors at lattice site j, respectively. ezy and eyy are the FM and HM band
centers, and <i, j > denotes only nearest neighbor summation. tz,
trv and tgyypv are the hopping matrix elements for the FM, the HM,
and the HM/FM interface, respectively. U is the Hubbard exchange
constant. Egs. (1)-(3) comprise the creation operators, the destruction
operator, and the hopping matrix elements. Those equations allow the
characterization of the transfer of the interface charge, so the valence
charge density difference (CDD) (g,,) distribution can be calculated.
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Fig. 2. Effect of strain on the magnetic moment at different layers near the Pt/CoFe interface. (a) Magnetic moment in Pt at different layers. (b) Magnetic moment in

the CoFe at different layers.
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Fig. 3. The valence charge density dis-
tributions of the Pt/CoFe heterostructure
under different strains. (a) no strain, (b) 5%
strain, and (c¢) 10% strain. The color-shaded
areas (yellow, blue and green) denote dif-
ferent phases of the electron wave function.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. The two-dimensional in-plane profile of the charge density difference under different strains. (a) 0 strain, (b) 5% strain, and (c) 10% strain. The broken line

indicates the Pt/CoFe interface.
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Fig. 5. Dependence of SOC energy on the Pt layer thickness with different in-
terfacial strain levels.

This distribution is defined as pgpp = Ppycore = Poe — Peore 1301,
wherepy,¢,ps Pp» @and pg,p, denote the charge density distributions of
the Pt/CoFe heterostructure, the Pt slab, and the CoFe slab, respec-
tively. The calculation results are presented in Fig. 3, showing a o pp
value of 0.0035. With the increase of the interfacial strain, g, in Pt
decreases. Note that the charge transfer of the second layer Pt can serve
as a reference. The amount of the interfacial charge also decreases
significantly, which means that the charge hybridization between the

CoFe layer and the Pt layer decreased with an increase in the interfacial
strain.

We calculated the profiles of the two-dimensional in-plane profile of
the charge density difference under different strains and present them
in Fig. 4. With an increase in the strain, the spacing of the Pt atoms
decreases and the electron density of the Pt increases. When the strain is
10%, the majority of the electrons at the interface come from the Pt
atoms.

Nevertheless, besides the interfacial charge transfer, the spin-orbit
coupling (SOC) can also affect the MPE [27,31-33]. In the following,
we present our calculations on the SOC energy in Pt and thereby discuss
the relationship between the SOC and the MPE.

The spin-orbit term is evaluated by the use of the second-order
approximation [34] implemented in VASP:

R 19V -
Hoc = Gty ar 4
where f is the angular-momentum operator, s are the Pauli spin ma-
trices, and V is the spherical part of the all-electron Kohn-Sham po-
tential inside the PAW spheres. Fig. 5 shows the calculation results.
With an increase in the strain, the SOC energy increases, which results
in the increase of the spin-orbit torque [34-37]. However, the increase
in the SOC energy does not reveal whether the increase in the SOC

- =
energy is due to the reduction of r or the enhancement of the L-s

matrix; it's unclear whether the SOC (E -3) exists between the Pt atoms
or between the Pt and CoFe atoms.

Eq. (3) indicates that the MPE is mainly due to fyp, ey, exhibiting
the importance of the interaction between Pt and CoFe. We calculated
the projected density of states (PDOS) between the first Pt layer (Pt;)
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Fig. 6. Projected density of states (PDOS) at different interfaces in Pt/CoFe. Under (a) zero strain, (b) 5% strain, and (c) 10% strain, PDOS between the first Pt layer
(Pty) and the first Co layer (Co,). Under (d) zero strain, (e) 5% strain, and (f) 10% strain, PDOS between the first Pt layer (Pt;) and the second Pt layer (Pt;).
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Fig. 7. Electron state density of Pt and spin polarization. (a), (b), and (c) are for 0%, 5%, and 10% strains, respectively. P is the spin polarization of Pt. (d) The inverse
susceptibility («) and the average magnetic moment (M) of Pt as a function of the interfacial strain in Pt/CoFe.

and the first Co layer (Co,), and between the first Pt layer (Pt;) and the case for Pt; and Co; shown in Fig. 6(a)-(c), in which the electron hy-
second Pt layer (Pt;). The results are summarized in Fig. 6. The increase bridization weakens with the increase of the interfacial strain. These
of the interfacial strain promoted the electron hybridization between results have implied that the SOT the Pt layer increases but the MPE is
Pt; and Pt,, as shown in Fig. 6(d)-(f)); this is in stark contrast to the suppressed.
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This phenomenon can be understood by referring to the Pauli ex-
clusion principle: when the distance between the Pt atoms decreases,

the repulsive force of E s matrix becomes stronger in Pt, and it is dif-
ficult for the charge to diffuse from the Co interface into the Pt layer. As
a result, the SOC of the Pt layer increases while the MPE response is
suppressed.

In the following, we analyzed the MPE using thermodynamic
magnetics [10], which describes the problem by the phenomenological
free energy density function:

_a®y, y MM
f&.T)= 5 M2 + 5 [dx] M-H

(5)
where M is the local magnetization, y (T) is the exchange stiffness, ««(T)
is the inverse susceptibility. The first term @MZ describes the spin

polarizability of Pt, the second term @ [%]2 describes the spatial spin

correlations, and the last term M-H is the Zeeman energy. Thus, we can
calculate the spin polarization, which is defined as a difference between
the minority and majority states normalized by the total density of
n)(Er) — ny (B

% % 100% [30].

The results of projected density of state of Pt are shown in Fig. 7.
The spin polarization of Pt is 31.1% (at zero strain), 14% (5% strain),
and 4.6% (10% strain). The calculated results show that the spin po-
larization in Pt decreases with the increase of the interfacial strain,
which is consistent with our previous analysis with the quantum theory.
Based on the phenomenological free energy density function
P= @M 2, we calculated the inverse susceptibility (&) and the average

magnetic moment (M), M = w, where M, is the local
magnetization intensity of the n™ layer of Pt. The calculated results are
shown in Fig. 7(d). The average local magnetic moment (M) decreases
while the inverse susceptibility («) increases with the increase of the
interfacial strain, which is consistent with our analysis with quantum
theory.

states at the Fermi level, i.e., P =

4, Conclusion

In this work, we used the first-principles calculations to study the
effects of interfacial strain on the MPE and the SOT in the Pt/CoFe/MgO
structure. We calculated the valence charge density difference (CDD)
and the projected density of state (PDOS); our calculations indicate
that, with the increase of the strain, the reduction of charge hy-
bridization between Pt and CoFe resulted in weaker MPE responses but
stronger SOT. We also calculated the MPE behavior with thermo-
dynamic theory, and we found the same MPE-interfacial strain depen-
dence. This work offers a new route to engineer SOT devices for higher
efficiencies.
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