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Origin of enhanced interfacial perpendicular magnetic anisotropy in LiF-inserted Fe/MgO interface
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The Fe/MgO interface is an essential ingredient in spintronics as it shows giant tunneling magnetoresistance
and strong perpendicular magnetic anisotropy (PMA). A recent study demonstrated that the insertion of an
ultrathin LiF layer between the Fe and MgO layers enhances PMA significantly. In this paper, we perform
x-ray magnetic circular dichroism measurements on Fe/LiF/MgO multilayers to reveal the origin of the PMA
enhancement. We find that the LiF insertion increases the orbital-magnetic-moment anisotropy and thus the
magnetic anisotropy energy. We attribute the origin of this orbital-magnetic-moment-anisotropy enhancement

to the stronger electron localization and electron-electron correlation or the better interface quality with fewer

defects.
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I. INTRODUCTION

Fe(CoB)/MgO-based interfaces are indispensable in spin-
tronics applications such as magnetoresistive random access
memories (MRAMSs) because they exhibit a giant tunneling
magnetoresistance (TMR) effect [1-4] and strong interfacial
perpendicular magnetic anisotropy (PMA) [5-10] simultane-
ously. Strong PMA is essential to reduce the size of magnetic
cells with thermal stability maintained, and strengthening
PMA is one of the major challenges in MRAM applications.

The strong PMA itself may be obtained by fabricating thin
films with bulk PMA, such as Ll-ordered (Fe,Co)(Pt,Pd)
alloys [11-15]. However, those materials cannot simply be
incorporated because large TMR also needs to be achieved
[16,17]. In this regard, it is practical to modify Fe/MgO-based
systems as one can expect an increase in PMA without dete-
riorating TMR. There have been many studies along this line;
for example, heavy-metal-layer insertion [18-21] or heavy-
metal doping [22,23] were employed to bestow PMA through
a strong spin-orbit interaction of a heavy-metal element.

Modifying or replacing a barrier layer may also enhance
PMA. Among many candidate materials, LiF is promising
because it has the same NaCl-type structure as MgO and has
excellent lattice matching with Fe (ag. = 2.87 A, ap / V2 =
2.84 A, amgo/ \/5 =2.98 A). Moreover, a previous theoretical
study predicted that the Fe/LiF/Fe trilayer should exhibit a
large TMR of 2400% [24], although reported experimental
TMR ratios were no more than 20% at room temperature
because of the poor crystallinity of LiF [25,26].
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Recently, Nozaki et al. demonstrated that the insertion
of an ultrathin LiF layer between Fe and MgO remarkably
enhances the interfacial PMA while maintaining or even in-
creasing TMR [27]. Despite this promising discovery, the
origin of the enhancement remains to be clarified, and such
clarification is critical for further PMA improvement.

In the present paper, we perform x-ray magnetic cir-
cular dichroism (XMCD) measurements on Fe/LiF/MgO
multilayers to reveal the origin of the PMA enhancement.
XMCD is one of the most suitable methods for such
a purpose [28-32] because XMCD can measure orbital-
magnetic-moment anisotropy (OMA) and an intra-atomic
magnetic dipole operator term, both of which determine PMA
[33-35]. We find that the LiF insertion increases the OMA and
thus the PMA energy. We attribute the strengthened OMA to
improved interface quality or a reinforced electron localiza-
tion and orbital polarization at the Fe/LiF interface.

II. METHODS

The Fe/LiF/MgO heterostructures were grown on single-
crystalline MgO(001) substrates by molecular beam epitaxy
[27]. The sample structure [Fig. 1(a)] was MgO(001)
substrate/MgO (5 nm)/Cr (50 nm)/Fe (0.6 nm)/LiF (0—
0.6 nm)/MgO (3 nm). A 5-nm-thick MgO seed layer and
a 50-nm-thick Cr buffer layer were deposited at 200 °C and
annealed at 800°C. A 0.6-nm-thick Fe(001) layer was then
grown at 150°C and annealed at 250°C. A LiF layer with
thicknesses of 0, 0.2, 0.4, and 0.6 nm and a 3-nm-thick MgO
capping layer were grown at room temperature and annealed
at 250°C. The used procedures and apparatus are the same
as in a previous study [27], where structural and magnetic
properties were carefully examined. It was found that the

©2022 American Physical Society
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Figure 1(b) shows an out-of-plane magnetic hysteresis loop x 02k
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hysteresis loops have a perfectly square shape, indicating that 0.3} L L L
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increases with the LiF thickness up to 0.4 nm but decreases
slightly when the LiF layer becomes 0.6 nm thick. This be-
havior is consistent with a previous study [27], suggesting that
the PMA energy increases upon the LiF insertion.

Figure 2(a) shows typical Fe L, 3-edge XAS spectra of
the Fe/LiF/MgO multilayers. As the LiF thickness increases,
peaks emerge and develop around 693, 701, and 715 eV,
as indicated by the dashed vertical lines in Fig. 2(a). These
peaks originate from F K-edge absorption in the LiF layer,
and the spectral line shapes are indeed similar to that of the
F K-edge XAS spectrum of the bulk LiF single crystal [37],
which is displayed at the bottom of Fig. 2(a). Furthermore, the
observed F K-edge XAS spectra look distinct from those of
magnesium fluorides [38] and iron fluorides [39], indicating
the absence of interlayer mixing between the Fe, LiF, and
MgO layers. Despite the spectral overlap between F K-edge
and Fe L, 3-edge XAS spectra, we subtracted backgrounds in
a rather standard way [40]; we subtracted the summation of a
double step function and a linear function that bends at the Fe
L3 edge such that XAS intensities become zero in the pre-edge
(around 700 eV) and postedge regions (around 740 eV). The

Photon energy [eV]

FIG. 2. (a) XAS spectra of the Fe/LiF/MgO multilayers. The
background consisting of a double-step function and a linear function
that bends at the Fe L3 edge is also shown. XAS spectrum of bulk LiF
at the F K edge [37]. (b) XAS spectra normalized to their area after
the background subtraction and (c) corresponding XMCD spectra.
The magnetic field was applied in the out-of-plane direction.

backgrounds are shown by solid curves separately for each
spectrum in Fig. 2(a).

Figure 2(b) shows the XAS spectra with the background
subtracted. The XAS spectrum of the LiF-free Fe/MgO mul-
tilayer looks identical to those reported in previous studies
[40—43]; the XAS spectrum has a broad single peak for each
of the Fe L, 3 edges and does not exhibit multiplet features.
This is also the case for the spectra with LiF insertion, except
that there is a slight variation in the XAS spectral line shape
because of the spectral overlap between the F K and Fe L, 3
edges. The absence of multiplet features indicates that the Fe
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FIG. 3. XMCD spectra taken with out-of-plane and in-plane
magnetic fields of 5 T. The spectra are normalized to the L, edge
maximum. The inset shows the magnified view around the L;-edge
peak.

do not form an ionic bond with F but instead form very weakly
hybridized Fe-F orbitals as in the case of Fe-O hybridization
at the Fe/MgO interface. These results are inconsistent with
previous studies on polycrystalline Fe/LiF/MgO multilayers
that suggested significant interlayer mixing and the formation
of Fe** ions at the Fe/LiF interface [44].

The XMCD spectra [Fig. 2(c)] do not show F K-edge
features and thus only reflect the Fe electronic structure. The
absence of F signals indicates that F atoms do not have a
magnetic moment as expected from the filled outer 2p shells
and weak Fe-F hybridization. The spectral line shape changes
slightly with increasing LiF thickness, as shown in the inset
of Fig. 2(c); there is a spectral intensity transfer from ~706
to ~707 eV, and the spectra shift towards higher energies.
This line-shape change indicates that the electronic structure
of Fe/LiF differs from that of the Fe/MgO interface. The
spectral shift suggests that the Fe is slightly less hole doped in
the Fe/LiF interface than in the Fe/MgO interface, possibly
because F can absorb fewer electrons than O. Considering the
fact that hole doping usually strengthens the PMA of Fe/MgO
[45-49], the PMA enhancement found in less hole-doped
Fe/LiF indicates that the Fe-F hybridization significantly al-
ters the interfacial electronic structure.

To reveal the origin of PMA, we measured XMCD spec-
tra with out-of-plane and in-plane magnetic fields. Figure 3
compares the XMCD spectra measured with out-of-plane
and almost in-plane (70°) magnetic fields for the samples
without LiF and with 0.4-nm-thick LiF. Here, the XMCD
spectra are normalized to the L,-edge maxima. The inset is
a magnified view around the L3-edge minima, where one
can see that the XMCD intensity is stronger for the out-of-
plane magnetic fields than for the in-plane magnetic fields.
This intensity anisotropy becomes more prominent with the
LiF insertion, meaning that the orbital magnetic moment be-
comes more anisotropic, as will be quantitatively discussed
below.
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FIG. 4. Magnetic moments deduced using the XMCD sum rules.
(a) Total magnetic moments. (b) Ratio of spin magnetic moment
to orbital magnetic moment. (c) The anisotropy of orbital to spin
magnetic moment ratio. The error bars represent the uncertainty in
the spectral background subtraction process [53]. The coercive field,
measured by MOKE, is also plotted.

Here, we estimate the spin and orbital magnetic moments
applying the XMCD sum rules [50-52],

XMCD XMCD
4 SPMCP 4 X

Moy = _3 SXAS np, (1)
XMCD
off _ S - 257MCD
Mgy = Mspin + Tmr = _ZTM’ (2)

where my, and mygp;, are the orbital and spin magnetic mo-
ments in units of ug/atom, respectively, and up is the Bohr
magneton. my is the expectation value of the magnetic dipole
term my = —(T ) up/h, with /i being the reduced Planck con-

stant [35]. SﬁfCD represents the XMCD integral over the L,

or the L3 edges, and S*AS represents the XAS integral over the

L, 3 edges. As the magnetic dipole term was found negligible
in the Fe/MgO interface [40], we ignored this term hereafter.
ny, is the number of 3d holes, which is assumed to be 3.39 in
the present study.

The deduced total magnetic moments (; = Mspin + Morb)
are plotted in Fig. 4(a) with open circles. Because the spectral
overlap between F K-edge and Fe L, 3-edge XAS leads to
the overestimation of the XAS area (SXAS), the total mag-
netic moment becomes underestimated and decreases as the
LiF layer becomes thick. To avoid this underestimation, we
corrected the magnetic moment data by normalizing them to
the XAS areas between 704 and 712 eV, where F K-edge
absorption signals should almost be absent. Thus corrected
total magnetic moments are plotted in Fig. 4(a) with solid
diamonds. Although this correction is not exact, it can be said
that the LiF insertion does not drastically modulate the Fe
magnetic moment. A previous study [27] also showed that the
magnetization is not significantly affected by the LiF layer in-
sertion, and the reported magnetization value of ~2.0 T agrees
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well with the total magnetic moment of 1.96 £ 0.04u /Fe, or
1.95 £ 0.04 T, deduced for the LiF-free sample.

Despite the difficulty in quantitatively estimating the spin
and orbital magnetic moments, its ratio Moy /Mspin Can be
reliably obtained since both the XAS area term and hole
number term are divided out. Figure 4(b) shows deduced
Moy /Mgpin as a function of LiF thickness for out-of-plane and
in-plane magnetic fields. The out-of-plane orbital magnetic
moment increases as LiF thickness increases, while the in-
plane orbital magnetic moment shows the opposite behavior.
As a result, the anisotropy of the orbital to spin magnetic
moment ratio, defined as A (Mo, /Mispin) = (Morb /Mispin Jo=0° —
(Morb /Mspin Jo=70°, increases with LiF thickness [Fig. 4(c)].
This strengthened orbital moment anisotropy (OMA) is con-
sistent with the PMA enhancement because the PMA energy
is proportional to the OMA in the simplest approximation
[33]. Indeed, the coercive fields behave similarly to the OMA,
as displayed in Fig. 4(c). The seemingly saturated mor, /Mspin
values at the LiF thickness of 0.2 nm may suggest that the
Fe layer is almost fully covered by a monolayer of LiF
(~0.2 nm).

IV. DISCUSSION

Here, let us discuss the possible origin of the PMA en-
hancement. The local magnetocrystalline anisotropy energy at
site i, EI{,[C A»> can be written within second-order perturbation
theory [54,55] as

Eyiea ® AE{, + AE| | + AE[ | +AE|,,  (3)

; | (us|Liloo) I> = | {us|Lil05) I°
AEl — 2 <z X , 4
=& u}g: — @)

; {ur|L} |0(r )12 = {uor L 05) I”
AE, , = E = . 5
E Uy ,0, Uy’ - EO” ( )

Here, o and o’ represent either up (1) or down ({,) spin. Equa-
tions (4) and (5) represent spin-conserving and spin-flipping
scattering (o # o), respectively. & denotes the spin-orbit
coupling constant, and |0, ) (|u,)) represents a local occupied
(unoccupied) state with spin ¢ and energy €,, (€, ). Lj;’z is
the local angular momentum operator. The spin-conserving
and spin-flipping terms are related to the orbital-magnetic-
moment anisotropy Amy; and magnetic dipole term my,
respectively [33,34].

In the case of Fe/MgO-based interfaces, AE} i 1.4 and AE| i R
are negligible because spin-up bands are almost fully occu-
pied, and the interfacial PMA predominantly originates from
AE’ and AE’ 4., To be more specific, the predominant
contr1but10ns were proposed to be spin-conserving scattering
between d,. | and d,. |, orbitals and spin-flipping scattering
between d 4, and d,;, orbitals and between d,,, and
dyzy,,| orbitals [55].

In the present study, we have revealed that the LiF in-
sertion significantly increases the OMA of Fe. This OMA
enhancement should manifest as an increased spin-conserving
scattering term, as mentioned above. Because the spin-
conserving term was more significant for Fe/MgO with the
lattice constant of a = aMgo/x/i =2.98 A than that with

a = ag. = 2.87 A [55], the enhanced OMA cannot be solely
attributed to the better lattice matching between Fe and LiF
(air/~/2 = 2.84 A) but should stem from chemical-property
differences between LiF and MgO.

LiF is one of the most ionic compounds and has a much
deeper valence band maximum and a much wider band gap
than MgO [56]. This extremely ionic nature results in weaker
Fe 3d—F 2p hybridization. According to a previous theoretical
study on an Fe monolayer sandwiched by MgO layers [57],
the Fe-O bond length (or the Fe 3dz2 and O 2p, hybridization
strength) increases the spin-flipping term but does not sig-
nificantly affect the spin-conserving term. This may call for
another mechanism to explain the OMA enhancement. One
possibility is that a stronger electron-electron correlation at
the Fe/LiF interface enhances the OMA and PMA [40] as the
more ionic nature of LiF results in stronger interfacial electron
localization with stronger electron-electron correlation. Note
that it is possible that better lattice matching just improves the
interface quality and thus enhances the OMA and PMA.

In addition to the enhanced spin-conserving term, the
spin-flipping term might also contribute to PMA. As men-
tioned above, a previous theoretical study [57] suggested that
weakened Fe 3d2 and O 2p, hybridization increases the spin-
flipping term between dz 4 and d. ), | orbitals by lowermg
the energy position of the majority-spin antibonding 3d -2p,
orbitals down to the Fermi level. The same mechamsm may
apply to the Fe/LiF interface because LiF may be viewed as
FeO with weakened Fe-O hybridization.

To further clarify the origin of the PMA and OMA
enhancement, it is necessary to perform density-functional
theory calculations on the Fe/LiF interface with and without
electron-electron correlation considered.

V. SUMMARY

In the present paper, we have performed x-ray mag-
netic circular dichroism measurements with out-of-plane and
in-plane magnetic fields to reveal the origin of enhanced
perpendicular magnetic anisotropy in Fe/LiF/MgO multilay-
ers. We have found that ultrathin LiF insertion increases the
orbital-magnetic-moment anisotropy of Fe and thus enhances
perpendicular magnetic anisotropy. We attribute this orbital-
magnetic-moment anisotropy enhancement to the more robust
interfacial electron localization and electron-electron correla-
tion, which results from the highly ionic nature of LiF and
weak Fe-F hybridization, or the better interface quality with
fewer defects.
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