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Quantum-well-induced engineering of
magnetocrystalline anisotropy in ferromagnetic films

Ching-Hao Chang!?%, Kun-Peng Dou>>%, Guang-Yu Guo® and Chao-Cheng Kaun'*

Tuning quantum well states (QWSs) to govern physical properties in nanoscale leads to the development of advanced electronic
devices. Here, we propose that QWSs can be engineered to control magnetocrystalline anisotropy energy (MCAE) which
dominates the magnetization orientation (that is, the easy axis) of a ferromagnetic thin film. We investigate from first-principles
the MCAE of the bcc Fe film on an Ag substrate. The calculated MCAE oscillates largely as Fe thickness increases agreeing well
with experiments, and reaches oscillation extremes as the Fe d-orbital QWSs approach the Fermi level (Ef). Crucially, we find
that this phenomenon stems from the combined effect of intrinsic spin-orbit interaction (SOI) and Rashba SOl field on the Fe
QWSs, which modulates the density of states at Er as the Fe thickness varies. Moreover, this effect offers a way to tune not only
the strength of magnetic anisotropy but also the easy axis of a Fe film by shifting Ef within ten meV via moderately charge
injection, which could realize advanced memory devices with ultra-low power consumption.
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INTRODUCTION

Discovery of novel magnetic properties triggers the development of
spintronics. For examples, the giant and tunneling magnetoresistance
effects are applied in the data storage technology, exponentially
boosting the capability of memory devices,!™ and the spin transfer
torque is used to achieve nonvolatile magnetoresistive random access
memory devices.> All these properties hinge directly on one quantity:
the magnetic anisotropy energy (MAE).%° It stems from both the
magnetic dipole and the magnetocrystalline anisotropy energy
(MCAE), while the latter dominates the nature of anisotropy in
nanoscale systems.!

The ability to engineer the MCAE by altering the film thickness is
important in reducing the size of memory devices to increase the
storage density,!1?
injecting a small amount of charge is key in developing memory
devices with ultra-low power consumption.'® Since the Fe film is a
building block for memory and spintronics devices, tailoring the
MCAE of a Fe film by above routes gathers great interests. The
magnitude of MCAE is observed to oscillate strongly with the increase
of Fe film thickness.!4!> This oscillatory feature relates to the impact
of quantum well states (QWSs), as the oscillatory magnetic coupling in
GMR systems,'®!8 but which and why QWSs cause it is still under
debate.!®2! Besides, the value of MAE is measured to increase
remarkably by applying a small electric field to charge a Fe film
moderately.!> Such property has great application potential as it
persists to a Fe film thicker than 1 nm,*>?? even though the field is

and to tune the MCAE to switch easy axis by

strongly screened in such a thick film. A recent experiment reveals a
link between this property and QWSs,?? but the detailed mechanism
remains a puzzle.

In this work, we demonstrate that the above features are generated
by the same species of Fe QWSs. We investigate the MCAE in Fe thin
films on an Ag substrate from first principles. The calculated MCAE
oscillates strongly as a function of Fe thickness, where extremes of the
MCAE oscillation are consistent with experimental data.!#!> By
analyzing the spectra of Fe d-orbital QWSs in such a system, we find
that only the minority QWSs appear near Er when the Fe thickness is
smaller than 10 monolayers (MLs). As the minority QWSs locate at Ef,
they generate the oscillation extremes due to the effect of spin orbital
interaction (SOI). For the thickness of Fe becomes larger than 10 MLs;
however, both minority and majority QWSs approach Er. The band
intersections of both QWSs generate the oscillation extremes due to
the combined effect of SOI and interfacial Rashba field. Although
interfacial Rashba field is known to affect the interface or surface
states,>* here we demonstrate that it also influences the bulk QWSs
and thus impacts the bulk physical properties, agreeing with recent
observations.?>%7

Since the MCAE oscillation correlates with the Fe-QWS position
respecting to Ep, the MCAE can be tailored by moderately charging the
Fe film to shift Er. We propose that magnitude of MCAE can be
modified by several times by charging a Fe film within one electron
per unit cell and the magnetization orientation of a 5-MLs Fe film can
be switched.
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MATERIALS AND METHODS

Our first-principles calculations were carried out within the density functional
theory (DFT) with the generalized gradient approximation (GGA). The
accurate projector-augmented wave (PAW) method, as implemented in the
Vienna ab initio simulation package (VASP), was used. The 5-MLs Ag slab was
used as the substrate, which should be sufficient for the MCAE calculations for
the Fe film on Ag.!” Adopting the measured structural parameters of the Fe/Au
system, the distance between the neighboring Fe—Fe layers was set to 1.41 A and
that between the Fe—Ag layers was set to 1.76 A, respectively,?® as the Ag and Au
share the same fcc lattice and have almost identical lattice constants. The
distance between the Fe edge layers of 1.39 A was used. In the present self-
consistent electronic structure and total energy calculations, the Brillouin zone
summation was performed with a 20X 20 x 1k-point grid, the plane-wave
energy cutoff of 300 eV was used, and the convergence criteria was less than
107%eV.

RESULTS

Magnetocrystalline and magnetic anisotropy energies

The MCAE in ferromagnetic thin films is understood from the
perturbation theory where the SOI couples two electronic states with
either the same or opposite spins.!%?%2°=1 The states with the same
spin have higher possibility to interact with each other by overlapping
their bands, since ferromagnetism lifts the spin degeneracy. Thus the
effect of the SOI between the same spin states with different orbitals
(intra-spin SOI) is the focus of research.?1*>33 However, the SOI
between different spin states (inter-spin SOI) can be crucial when a
specific ferromagnetic thin film is considered, since the interface
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Figure 1 Magnetic anisotropy and magnetic moments of Fey films on Ag
substrate. (a) Calculated MCAE (rings), MDAE (squares) and MAE (triangles)
as a function of the Fe thickness (N). (b) Calculated average spin magnetic
moment per Fe atom in the M||Z state. The dashed line denotes the bulk
value of 2.25 up measured recently.*® (c) Calculated average orbital
magnetic moment per Fe atom in the M||Z state (circles) and orbital
magnetic moment anisotropy (diamonds). The inset shows that the
correlation between the orbital magnetic moment anisotropy and MCAE. The
solid lines are a guide to the eye only.
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charge transfer between film and substrate induces the Rashba SOI
field.>* This field can enhance the impact of inter-spin SOI on the
MCAE by increasing the possibility of spin-flip scattering.®®

We consider a junction containing a N MLs Fe film with an Ag
substrate to include the effect of Rashba field, and the surface normal
is along the (001) direction (the z axis). The Fen/Ag junction is in
either the M||Z" or M L Z’ magnetic states when the Fe magnetization
is along the z direction or in the x-y plane (the M || X is fixed in the
plane), respectively. The MCAE is then defined as the energy
difference between M| |7 and M L 7’ states, (E,~E,), and is calculated
as a function of the Fe thickness (Figure la). Using the calculated
magnetic moments, the magnetic dipole anisotropy energy (MDAE) is
also evaluated by Ewald's lattice summation technique,® as shown in
Figure 1a. In contrast to the MCAE which is generally negative (that is,
prefering M||Z") and oscillates with thickness N,'*37 the MDAE is
always positive (that is, prefering M L Z') and increases with thickness
N. Their sum leads to the nearly negative total MAE (that is,
perpendicular magnetic anisotropy) when N< 5. Interestingly, the
MAE becomes positive and the junction switches to the M | Z~ state
as N> 6. This result agrees rather well with the measured MAE of a
Fe film on Ag (001).!43840 n addition, the result indicates another
spin-reorientation transition occurring between N=2 and 4
(Figure la) that is also reported recently.*!

The junctions with Fe thickness N=4, 10 and 16 give rise to the
MCAE minimums, as shown in Figure la, leading to a period of 6
MLs in the MCAE oscillation, agreeing well with available experi-
mental results.>*? Furthermore, the minimum at N=10, the max-
imum at N=13, and the oscillation profile from N=9 to 18 are all in
good agreement with the measured MAE. This is the first time that the
first-principles density functional calculations reproduce well the MAE
oscillation measured in the Fe/Ag (001) junction.?’ Nevertheless, the
measured MAE is reported to decrease with N,'415 which is incon-
sistent with the calculated MAE shown in Figure la. This discrepancy
could be due to the fact that in the experiments,l‘*’15
deposited on the stepped surface rather than on the atomically flat
surface as assumed in this work.*> Such a step geometry was found to
stabilize the M||Z" state’® and thus could substantially enhance the
amplitude of MAE oscillation.*?

To understand the origin of MCAE oscillation, we calculate the
averaged spin magnetic moment (ug/N). We find that the calculated
ps/N increases monotonically as the Fe layer becomes thinner, because

the Fe films were

s of the Fe atoms on the surface and interface layers are considerably
enhanced (Figure 1b and Supplementary Table S1).4044 Therefore, the
behavior of spin magnetic moment cannot be correlated with the
MCAE oscillation. We further evaluate the orbital magnetic moment
anisotropy Au, = (12 — 1) as a function of N. Clearly, the calculated
Ap, is oscillatory and is closely related to the MCAE oscillation (see
the inset in Figure 1c). Such a correlation was also observed in a recent
experiment.””> This indicates that the SOI leads to the MCAE
oscillation through perturbing the M]||Z and M1 7Z states
differently.®*> The calculated us and yo on all Fe atoms in the
M||Z state are provided in Supplementary Tables S1 and S2,
respectively. Furthermore, comparisons between our theoretical results
and available measurements on the MAE and on the orbital magnetic
moment anisotropy are made in Supplementary Figures S1 and S2.
Besides, we also calculate MCAE in the optimized lattice structure and
the results are consistent with those in the measured lattice structure
(Supplementary Figure S3).
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Figure 2 Band structures and density of states (DOS) of the Fes/Ag bilayer. Band structures of the system (a) without SOI, (b) with SOI (ML Z), and (c) with
SOl (M||Z). Weights of d,, and dy orbitals are projected to the majority (blue) and minority (red) spin bands. (d) DOS of the system close to the T" point.
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Figure 3 Energies of Fe QWSs and their band crossings versus Fe thickness.
(a, b) Energies of minority (majority) spin QWSs at the I" point in the ML Z'
state labeled by squares (circles), and those in M||Z denoted by short
horizontal lines. The QWSs with quantum number n=N-/, where / is an
integer, are joined by black lines. (c) Energies of band crossings between
the minority and majority spin Fe QWSs. In contrast to (a, b), the energies of
band crossings in the M||Z state are labeled by triangles, and those split in
the ML7Z state are denoted by short horizontal lines. The locations of
MCAE maximums (minimums) are denoted by the gray solid (dashed) lines.

Effects of the intrinsic spin-orbit interaction

For the Fe thin film confined in the Z direction, the majority and
minority spin bands of Fe d, d,, and ds»_,» orbitals would form
standing waves, that is, QWSs. The QWSs with Fe d,, and dyz orbitals,
having a higher magnetic quantum number (m = =+ 1), are more
susceptible to the intrinsic SOI compared with those of the d3z* — r?
orbital (m=0), and thus play a key role in the MCAE oscillation.!

To understand the minimum of the MCAE oscillation at the Fe,
film shown in Figure la, we plot its band structures in different
magnetic states with the contributions of the Fe d,, and d,, states
highlighted in Figure 2. When the SOI is absent, the system has no
preferred magnetization orientation, and the d- and d,-orbital
QWSs are doubly degenerate at the I' point (see circles in
Figure 2a) due to the film geometry. Turning on the SOI, the
degeneracy is broken and the d,,- and d,-orbital bands are split.
The magnitudes of the splitting for the M||Z and M L Z  states are
very different (Figure 2b and c¢).

The SOI perturbs the system through the Hamiltonian
Hso = AsoLx S = Ao[Lro_ + L_oy + L,06,]/2, where 1 is the SOI
constant depending on the material?® and ¢ is the Pauli matrix. For
orbitals d, = {| — 1> — [1>}/v2 and d,, = i{| — 1> +[1)}/V?2,
the matrix elements of operator L, are all zero in the {d,;, d,.} basis,
hence the d,; and d,, QWSs are only affected by the z component of
Hso

HE = 1 = JL.0./2. (1)

In the M||Z’ state, the d,, and d,, QWSs near Ef are of the minority
spin (that is, the spin || ) state), and the operator 7‘((5'8 affacts the d,,
and d,, QWSs by first order perturbation of operator AsL,/2 which
leads to a large energy gap of ~ 60 meV considering the value of 5o of
iron (see circles at I" point in Figure 2¢). For the ML 7Z state (the
magnetization along the x axis), the Fe d,; and d,, QWSs near Ef are
of the minority spin and the spin state is | T — | > /+/2. Consequently,
the first order perturbation of Hézo) on the d,; and d,; QWSs becomes
zero since {1 — ||o,|1 — | ) = 0. Therefore, the induced energy
gap reduces to merely few meV (see circles in Figure 2b).

Since the energy gaps at the I' are located at the bottoms of the
QWS bands which provide a large amount of density of states (DOS),
their occurrence due to the change of magnetization direction affects

NPG Asia Materials
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Figure 4 Band structures, charge densities, and spin chirality of the Fe;3/Ag bilayer. Band structures of the system (a) without SOI, (b) with SOI (ML Z") and
(c) with SOI (M||Z). (d) Plane-averaged charge densities of doubly degenerate minority and majority spin QWSs circled in (a). (e) Spin projections of the
QWSs that are split by SOI in (c). Spins of QWSs in all four quadrants of momentum frame are shown. The blue (red) refers to the positive (negative) out-

plane spin <{s, ), and the direction denotes the in-plane spin {{sx), (s, > }.

the MCAE significantly. When the band bottom appears at Ef in the
Fey/Ag junction, as displayed in Figure 2a, the SOI splits the DOS peak
into one above and one below the Ep, resulting in a much reduced
DOS at Eg in the M|| Z” state (Figure 2d). In contrast, the DOS peak in
the M_L Z” state remains at Er due to the much weaker higher order
perturbation of the SOIL As a result, the energy E, decreases, so that
the MCAE (E-E,) decreases, leading to the minimum at N=4 in the
MCAE oscillation shown in Figure 1a.

To further understand the MCAE oscillation, Figure 3a shows the
calculated energies of the minority QWSs at the I" as a function of Fe
thickness. There is one (two) averaged energy value (values) of QWSs
in the ML Z" (M||Z’) state, denoted by squares (horizontal lines), as
the corresponding DOS peak is hardly (pronouncedly) split by the
SOI. The MCAE decreases (increases) significantly as the DOS peak
induced by the QWSs in the M L Z" (M||Z) state approaches Ep.
Therefore, when N=4 (6), the square (the horizontal line) aligns with
Ep, giving rise to the minimum (maximum) of MCAE.

Effects of the Rashba spin-orbit interaction field

When the Fe thickness is larger than 10 MLs, the majority spin QWSs
also approach Ep (circles and horizontal lines, Figure 3b), and thus
both the majority and minority spin QWSs can affect the MCAE. To
understand the MCAE oscillation in this region, Figure 4a plots the
band structures of the Fe; in different magnetic states. The majority
spin QWS band crosses E and contributes a large amount of DOS,"

NPG Asia Materials

so that it dominates the total energy and MCAE over the minority spin
QWS bands around the I' point. Such majority spin band at Ep
interacts with the minority spin band quite differently in the M||Z"
and M L Z states. For the M L Z" state, the spins of majority and
minority are the basis of Paul matrix ¢, namely, |1 + | > /v/2. The
spin states couple with each other by the ¢, in the effective SOI
operator Equation (1) in the first order approximation, resulting in the
gap opening of ~50 meV at Eg in Figure 4b. In contrast, no spin gap
occurs in the M||Z state, since the spin states in such state are the
basis of g,, namely, |1 > and || >. There is no spin-flip interaction in
the first order perturbation of the operator 'H(sz()), and the spin gap in
the M||Z state is an order of magnitude smaller since it is the second
order perturbation.

The large gap in the majority spin band in the M | Z” state reduces
the DOS at Ep (Figure 4b) and thus lowers the total energy E,,
resulting in a peak in the MCAE (E~E,) as shown in Figure 1a. As the
Fe film is increased (reduced) to Fej (Feyp), the crossing between
different spin bands moves to 0.04 eV above (0.06 eV below) the Ep in
the M||Z state (Figure 3c). The large gap formation in the M 1 Z’
state increases the total energy of E, by moving the majority spin band
downward to Ef to increase the DOS, generating the minimum of the
MCAE oscillation at Fejs shown in Figure la. We note that only
certain minority spin bands can strongly interact with the majority
spin bands, leading to the large energy gaps (see the green circles in
Figure 4b). This is due to the requirement of strong inter-band
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Figure 5 Magnetic anisotropy of (a) Fes/Ag, (b) Fes/Ag and (c) Fejs/Ag junctions with different injected charges. The MCAE (rings), MDAE (squares) and

MAE (triangles) are plotted versus Fe thickness (N).

interaction that the wavefunctions of both bands must have the same
spatial parity and also overlap strongly (Figure 4d).

Although the energy gaps in Figure 4b are caused by the intrinsic
SO], it is crucially impacted by the Rashba SOI field, which comes
from the Fe-Ag interface (see red line in Supplementary Figure S6)
and dramatically increases the possibility of the spin-flip scattering.
The field increases the gap in the ML Z state by almost 70%
compared with that in the free-standing Fe thin film (Supplementary
Figures S4 and S5), and generates the in-plane chiral spin texture at
the gap in the M||Z” state (Figure 4c and e). Such spin texture driven
by the Rashba field is widely observed in non-magnetic systems,*6:47
and is eliminated in the present Fe film on Ag in the M_L 7" state
because the magnetization breaks the time reversal symmetry at the x-
y plane. Here, we note that energy gaps in both Figure 2c and
Figure 4b are around 50 meV, corresponding to a temperature of
600 K and ensuring the MAE oscillation measurements at a tempera-
ture of 200 K.'?2 The Rashba parameter ap can be estimated as
0.03 eV A (Supplementary Section S3), which is close to the measured
one in Pb thin films.*8

Engineering the magnetocrystalline anisotropy energy by surface
charging
The MCAE can be tuned efficiently by injecting charges into the Fe
thin film by utilizing the direct relation between the MCAE and the Fe
QWSs. In contrast, the MDAE is hardly affected by such charge
injection. Indeed, Figure 5 shows that the values of MDAE of different
Fen/Ag junctions slowly decrease with the increases of charges (around
7% in the whole range of plot), since the Fe d-orbital is more than
half-filled. As a result, the MAE (the sum of MCAE and MDAE) in the
Fey/Ag junction can be increased (reduced) by as much as 70 (60)%
when the junction is charged by 0.5 (=0.4) e per unit cell, because of
the increased (reduced) DOS difference between two magnetic states
when raising (lowering) the Ep by about 15 (10) meV. The MAE
changes more than four times in the whole range shown in Figure 5a,
and its minimum (maximum) directly relates to the DOS peak near
the Eg in the ML Z' (M||Z’) state (Supplementary Figure S7).
Moreover, not only the magnitude but also the sign of MAE can be
controlled in Fes/Ag junction by injecting charges. For such a Fe film
with a Fe-minority QWS 10 meV below Ef, decreasing charges moves
this QWS toward Ef to boost the magnitudes of MCAE and MAE, and
increasing charges shifts the QWS away from Efr to decrease the
MCAE, which finally switches the sign of MAE, leading to the change
of easy axis (Figure 5b). Surprisingly, the remarkable change of MAE
by injected charges can be also realized in a Fe film thicker than 1 nm

such as Fej3/Ag junction, where the band crossing of minority and
majority QWSs locates at Ep. Although the injected charges only leads
to a few meV shifting of Ep in Fe;3/Ag junction due to strongly
screening effect therein, the MCAE and MAE can vary two times and
40%, respectively (Figure 5c). So far it has been measured that the
MAE magnitude changes remarkably (around 40%) by tuning applied
voltage to inject charges on a Fe film.!*»?223 Our results explain the
microscopic origin, show that the MAE of a Fe film can be boosted by
several times and hence the magnetization orientation can be switched
by injecting charges to shift the QWSs near Ep.

DISCUSSION

The calculated MAE in the Fe/Ag junction oscillates with the Fe
thickness. The predicted period and extremes of this oscillation agree
well with the available experiments. Importantly, by analyzing the
band structures and DOS of the junction in the perpendicular and in-
plane magnetizations, we find that the QWSs of Fe d,; and d,, orbitals
induce the MCAE oscillation, as these QWSs are susceptible to the
intrinsic SOI and also Rashba SOI field. Furthermore, our results also
reveal that the QWSs of Fe d orbitals are also responsible for the fact
that the MCAE can be largely tuned by a moderate charge injection,
observed recently on the Fe films that the MCAE is sensitive to the
applied gate voltage.!> This work therefore provides a novel route to
design ferromagnetic thin films with a desired MAE and magnetiza-
tion orientation by fine tuning of the thickness, interface and injected
charge, for advanced spintronics devices.
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