
PHYSICAL REVIEW B 109, 064413 (2024)

Influence of alkali-fluoride insertion layers on the perpendicular magnetic
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The Fe/MgO interface is a cornerstone of spintronics applications, where enhancing its perpendicular magnetic
anisotropy (PMA) has been a formidable challenge. Recent studies have reported an increase in PMA by intro-
ducing an ultrathin LiF layer, hinting at the potential of fluorine atoms with strong electronegativity. However,
the underlying cause of this enhancement, whether stemming from the strong electronegativity of fluorine atoms
or improved lattice matching, remains uncertain. In this paper, to disentangle these two contributing factors, we
introduce a NaF layer with suboptimal lattice matching at the Fe/MgO interface and investigate the magnetic
anisotropy energy. We find that the interfacial PMA energy is enhanced by the insertion of a 0.1-nm-thick NaF
layer but weakened by a thicker NaF layer insertion (0.2–1 nm). The observed PMA enhancement, even in an
Fe/NaF interface with suboptimal lattice matching, highlights the essential role of Fe-F orbital hybridization.
Our findings shall provide a foundational basis for dielectric layer design to strengthen the PMA of ultrathin
ferromagnetic layers.
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I. INTRODUCTION

Magnetoresistive random access memory, consisting of
magnetic tunnel junctions (MTJs), is a promising next-
generation nonvolatile memory. In an MTJ, binary informa-
tion is encoded as either parallel or antiparallel magnetization
directions in two ferromagnetic layers separated by an in-
sulating barrier layer. Fe/MgO-based systems have attracted
significant attention because of their strong perpendicular
magnetic anisotropy (PMA) [1–4] and giant tunneling mag-
netoresistance (TMR) [5,6]. Numerous studies attempted to
improve PMA energy to guarantee a long information reten-
tion time by optimizing the MTJ structure. This optimization
includes modifying the epitaxial strain through the annealing
process [2,7] or strengthening the spin-orbit coupling by in-
troducing heavy metal elements into the Fe layers [8–11]. The
significance of lattice matching has also been investigated, as
better lattice matching may result in fewer interfacial defects
and higher epitaxial quality. For instance, earlier studies em-
ployed a spinel oxide MgAl2O4 barrier with excellent lattice
matching to Fe (<1%) and demonstrated a comparable MR
ratio and interfacial PMA with those of Fe/MgO [12–16].
Recently, it was reported that an ultrathin LiF layer insertion
at the Fe/MgO interface can enhance the interfacial PMA
while maintaining the TMR ratio [17,18], and a following
study showed that inserting other alkali-halide layers, such
as NaCl and CsI, degrades the interfacial PMA [19]. Such
findings suggest the importance of the strong electronegativity
of fluorine atoms (F− > O2−). However, given that LiF has
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better lattice matching with Fe than MgO does (aLiF = 4.03 Å,
aMgO = 4.21 Å,

√
2aFe = 4.05 Å), it remains unclear whether

the presence of fluorine atoms on the Fe atoms or the im-
proved lattice matching between Fe and LiF layers contributes
more significantly to the PMA enhancement.

In this paper, in order to disentangle the effects of strong
electronegativity and lattice matching, we insert an ultrathin
NaF layer with suboptimal lattice matching to Fe at the
Fe/MgO interface and characterize the PMA energy. NaF, LiF,
and MgO share the same NaCl-type crystal structure with
lattice constants of 4.62, 4.03, and 4.21 Å, respectively [20],
and grow epitaxially on Fe with a lattice constant of

√
2aFe =

4.05 Å. We find that the insertion of a 0.1-nm-thick NaF
layer enhances the interfacial PMA while retaining the bulk
anisotropy. This indicates that the PMA enhancement through
Fe-F hybridization counters the PMA degradation resulting
from interfacial defects due to lattice mismatch, highlighting
the importance of Fe-F orbital hybridization.

II. EXPERIMENT

The schematic of the multilayer structure is shown in
Fig. 1(a). The multilayers consist of single-crystalline MgO
(001) substrate/MgO (5 nm)/V (30 nm)/Fe (tFe = 0.3−0.9
nm)/NaF (0–1 nm)/MgO (5 nm)/SiO2 (5 nm) and were fab-
ricated by molecular beam epitaxy in an ultrahigh-vacuum
environment. The V underlayer was employed because as-
deposited V/Fe/MgO multilayers show large PMA without
requiring a post-annealing process [7,21]. Preceding the depo-
sition, the MgO substrate underwent annealing at 800 °C for
10 min to obtain a clean surface, followed by the growth of a
5-nm-thick MgO layer at a rate of 0.1 Å/s to prevent carbon
impurity diffusion from the substrate into the metal layers.

2469-9950/2024/109(6)/064413(5) 064413-1 ©2024 American Physical Society

https://orcid.org/0000-0002-7088-0766
https://orcid.org/0000-0002-2405-1465
https://orcid.org/0000-0001-9131-6753
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.064413&domain=pdf&date_stamp=2024-02-15
https://doi.org/10.1103/PhysRevB.109.064413


JIEYI CHEN, SHOYA SAKAMOTO, AND SHINJI MIWA PHYSICAL REVIEW B 109, 064413 (2024)

FIG. 1. (a) Schematic of the multilayers. (b) RHEED patterns
of the multilayers: 0.6-nm-thick Fe layer, 0.1- and 0.6-nm-thick
NaF layers, and MgO overlayer on 0.1-nm-thick NaF layer. All the
RHEED patterns are screened along the MgO [100] zone axis. (c)
Normalized reciprocal of the distance between streaks (1/d) in V,
Fe, and NaF epilayers obtained from pixel analysis. Here the V
layer is chosen as a reference and denoted as a red dashed line. The
0-nm-thick NaF layer is denoted as a blue point, corresponding to the
Fe underlayer.

Subsequently, a 30-nm-thick V layer was deposited at a rate
of ∼0.15 Å/s and annealed at 500 ◦C for 20 min to ensure
a smooth surface. The Fe and NaF layers were grown at a
slower rate of ∼0.05 Å/s to precisely control their thickness.
A 5-nm-thick MgO cap layer was then grown on the NaF layer
at a rate of ∼0.1 Å/s. For surface protection, a 5-nm-thick
SiO2 layer was deposited using the sputtering method. Surface
crystallinity was assessed via reflection high-energy elec-
tron diffraction (RHEED) measurements. Magnetic properties
were characterized by conducting polar magneto-optical Kerr
effect (polar-MOKE) measurements at room temperature.
Visible light with a 660-nm wavelength was perpendicularly
impinged on the sample surface, and perpendicular magnetic
fields of up to 1.3 T were applied.

III. RESULTS AND DISCUSSION

We performed RHEED measurements to examine the
crystallinity of the NaF layers. The RHEED images of the
0.6-nm-thick Fe layer, 0.1- and 0.6-nm-thick NaF layers, and
the corresponding MgO cap layer on the 0.1-nm-thick NaF
layer, are shown in Fig. 1(b), respectively. The sharp streaks
observed in the RHEED pattern of the Fe layer signify an

atomically flat, single-crystalline surface. The streaky patterns
observed in the RHEED images of the 0.1- and 0.6-nm-thick
NaF layers indicate the epitaxial growth of the NaF layer on
the Fe layer. The RHEED pattern of the MgO overlayer on
the 0.1-nm-thick NaF layer also shows a sharp streaky pat-
tern, indicating the well-epitaxial deposition of the MgO layer
on the ultrathin NaF layer. This suggests a potential of the
Fe/NaF/MgO trilayer as a dielectric layer for MTJ application,
as in the case of the Fe/LiF/MgO structure [17].

To evaluate the lattice matching properties, we estimated
the in-plane lattice constants of the NaF layers with various
thicknesses by measuring the distance between the streaks in
the RHEED patterns [represented as d in Fig. 1(b)]. As the
in-plane lattice constant is inversely proportional to d , we
plotted 1/d values for the Fe and NaF layers normalized to
that for the V layer in Fig. 1(c). The in-plane lattice constant
of the reference V layer is indicated by a red dashed line, while
the lattice constant of the Fe underlayer is plotted in blue at a
NaF thickness of 0 nm. Error bars in the plot represent one
pixel of the images. Shifting the electron beam on the sample
surface to different regions with various NaF thicknesses did
not significantly alter the d values, as verified by changing
the beam position on the uniform V layer. Assuming that
the in-plane lattice constant of the V layer is the same as
the bulk lattice constant (aV = 3.03 Å), neglecting its slight
compression (<1%) induced by the epitaxial strain from the
MgO substrate [7], the in-plane lattice constant of the Fe layer
is evaluated as ∼2.99 Å. This lattice constant value matches
well with that of the MgO layer (aMgO/

√
2 = 2.98 Å).

Regarding the NaF layers, the 1/d value remained constant
with a 0.1-nm-thick NaF insertion but drastically increased
when the NaF thickness exceeded 0.1 nm. The in-plane lat-
tice constant of the 0.6-nm-thick NaF layer is estimated as
∼3.23 Å, approaching its unconstrained bulk lattice constant
(aNaF/

√
2 = 3.27 Å). These results indicate that a NaF layer

epitaxially forms islands on the Fe layer when the NaF layer
is thinner than a monolayer. However, for thicker NaF layer
insertions, accumulated internal stress overcomes the epitaxial
stress and creates interfacial defects, and therefore, the lattice
constant approaches the bulk lattice constant. On the other
hand, an LiF layer can grow epitaxially without forming in-
terfacial defects up to a larger thickness of 0.4 nm due to its
superior lattice matching [19].

The Fe thickness dependence of polar-MOKE hysteresis
loops for the sample with a 0.1-nm-thick NaF layer is shown
in Fig. 2(a). Squarelike hysteresis loops confirm the presence
of PMA. Figure 2(b) shows the Fe thickness dependence of
saturated Kerr rotation angles obtained from the PMA mag-
netization curves for various NaF thicknesses. The penetration
depth (∼17 nm) of incident 660 nm light [22] is much longer
than the Fe thicknesses, allowing the Kerr rotation angle to
be proportional to the Fe magnetization and thickness. This
relationship can be expressed as αMeff (tFe − tDL), where α

is the proportionality constant, Meff represents the effective
magnetization or magnetization in the bulk region, tFe is
the nominal Fe thickness, and tDL represents the thickness
of a magnetically dead layer near the interface. The pro-
portionality constant α is determined by our previous x-ray
magnetic circular dichroism measurements, where an average
magnetic moment of 2.17 μB/Fe was deduced for the V/Fe
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FIG. 2. (a) Hysteresis loops of the NaF 0.1-nm samples with
various Fe thicknesses measured using the polar magneto-optic Kerr
effect. (b) Fe thickness dependence of the saturation Kerr rotation
angle. NaF and LiF (Ref. [19]) thickness dependence of the (c)
magnetic moment and the (d) dead layer. Reprinted LiF data with
permission from [19].

(0.5 nm)/MgO multilayer [7]. We assume that the proportion-
ality constant does not change for different NaF thicknesses.

Saturation Kerr rotation angle data are fitted to estimate
the effective magnetization and the dead layer thickness. The
solid lines in Fig. 2(b) represent the fit with both magnetiza-
tion and dead layer thickness as free parameters. The obtained
magnetization values of the NaF sample and the control LiF
sample [19] are plotted in Fig. 2(c). Similar to the LiF case, the
magnetization of the NaF sample remains unchanged within
error bars. Consequently, we used the effective magnetiza-
tion of the Fe/MgO for the NaF-inserted regions for further
analysis. The results of such fixed-magnetization (fixed-slope)
fitting are depicted by dashed lines in Fig. 2(b). The overlap
between the solid and dashed lines again suggests that the bulk
magnetization is unaffected by NaF insertion. The magnetic
dead layer thickness of the NaF sample and the compared
LiF sample obtained by the fixed-magnetization fit is shown
in Fig. 2(d). A near-zero but negative dead layer thickness at
the Fe/MgO interface without LiF or NaF insertion indicates
the interfacial enhancement of the magnetic moment [23]. The
dead layer exhibits robustness after LiF insertion and remains
unchanged with a 0.1-nm-thick NaF insertion. However, it
drastically increases as the NaF thickness becomes thicker,
suggesting interlayer mixing between NaF and Fe layers.

The Fe thickness dependence of normalized polar-MOKE
hysteresis loops for Fe/MgO and Fe/NaF (0.1 nm)/MgO
are shown in Figs. 3(a) and 3(b), respectively. Linear
background subtraction was applied to all the data. As in-
plane shape magnetic anisotropy becomes dominant with
increasing Fe thickness, the magnetic anisotropy transforms
from perpendicular to in plane at a certain Fe thickness. This
transformation is evident in the change of the hysteresis loop
from a squarelike shape with a sudden jump near zero mag-

netic field [see the black curves in Figs. 3(a) and 3(b)] to a
more rounded shape with gradual increase as a function of
magnetic fields [see the red and green curves in Figs. 3(a) and
3(b)]. The robustness of magnetization against the perpendic-
ular magnetic field manifests the strength of in-plane magnetic
anisotropy. The Fe/MgO exhibits larger in-plane magnetic
anisotropy than the Fe/NaF (0.1 nm)/MgO, indicating that the
0.1-nm-thick NaF insertion increases interfacial PMA.

The PMA energy Keff represents the magnetic energy dif-
ference under in-plane and out-of-plane magnetic fields and is
given by [24]

Keff = μ0Meff

{∫ 1

0
HIPdM̂IP −

∫ 1

0
HOPdM̂OP

}
, (1)

where Meff represents the effective saturation magnetization
deduced above. HIP (HOP) and M̂IP (M̂OP) denote the in-plane
(out-of-plane) magnetic field and corresponding magnetiza-
tion normalized by saturation magnetization, respectively.
This expression corresponds to the work needed to align
magnetization from the in-plane to the out-of-plane direc-
tion. Each term can be calculated as an area between each
normalized magnetization curve and the magnetization axis
[see the shaded area in the inset of Fig. 3(b), for example].
In the present system, the easy-axis magnetization curves are
square, and therefore, we ignored the first term for magnetic
anisotropy energy estimation.

Here we decompose the contribution from the interfacial
(KI) and bulk (KV) magnetic anisotropy to the PMA energy
using the following expression [25]:

Keffteff = (
KV − 1

2μ0M2
eff

)
teff + KI. (2)

The effective Fe thickness teff is defined as the nominal
Fe thickness subtracted by the dead layer thickness, and the
shape magnetic anisotropy is included as the second term in
the parentheses. Keffteff values as a function of teff are plotted
in Fig. 3(c), where the positive and negative values represent
perpendicular and in-plane magnetic anisotropy energies. KI

and KV are deduced as the y intercept and the slope of the
linear fit from Eq. (1). The results of the NaF sample and the
LiF sample [19] are shown in Figs. 3(d) and 3(e), respectively.
For the NaF sample, KI and KV are estimated as KI ∼2 mJ/m2

and KV ∼−1 MJ/m3 in the Fe/MgO region. These values are
consistent with those reported in a previous study, ensuring
the sample quality [19].

The 0.1-nm-thick NaF insertion shows a slight enhance-
ment of KI while maintaining the KV value. For the thicker
NaF insertion, both KI and KV weaken with the increasing
NaF thickness. Such behavior is similar to the LiF case, except
that KI and KV weakening occurs at a larger LiF thickness
of 0.4 nm [19]. This critical thickness difference between
Fe/LiF and Fe/NaF probably originates from the difference
in lattice matching conditions. The weakening of KI probably
originates from interface dislocations created upon releasing
accumulated internal stress and from an intermixing of the
NaF and Fe layers, as discussed above. In fact, the increase of
magnetic dead layers [Fig. 2(d)] strongly suggests the increase
of intermixing at the Fe/NaF interface [26–28]. The interlayer
mixing can also be a reason for the weakening of interfacial
PMA and bulk in-plane magnetocrystalline anisotropy.
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FIG. 3. Normalized magnetization curves for the (a) Fe/MgO and (b) with 0.1-nm-thick NaF layer insertion. The magnetic anisotropy
energies Keff are estimated from the magnetization curves, as indicated in the shaded area in the inset in (b). (c) Magnetic anisotropy energy
multiplied by the effective Fe thickness Keff teff as a function of the effective Fe thickness. (d) Interfacial (KI) and (e) volume (KV) magnetic
anisotropy energies as a function of NaF and LiF thickness. Reprinted LiF data with permission from [19].

Finally, let us discuss the origin of the KI enhancement.
Previous studies on interfacial magnetic anisotropy at the
Fe/LiF interface attributed the origin of the KI enhancement
to either the strong electron negativity of fluorine atoms or the
improved lattice matching [17–19]. The present results, which
demonstrated KI enhancement in the Fe/NaF interface despite
suboptimal lattice matching, underscore the importance of
fluorine atoms on the Fe atoms. We infer that the stronger
ionic nature of LiF and NaF compared to MgO modifies the
interfacial electronic structure and results in more robust elec-
tron localization at the interface. Such electron localization
strengthens electron-electron correlation and enhances PMA
energies [18]. A previous theoretical study pointed out the
importance of interstitial fluorine or oxygen impurities located
within the topmost Fe layer and suggested that the reduc-
tion of PMA energy caused by interstitial F atoms is not as
significant as that caused by interstitial oxygen atoms [29].
Nevertheless, Fe oxidation due to interstitial oxygen atoms
in the Fe layer might not be significant [30], and a deeper
microscopic understanding of PMA enhancement by fluoride
layer insertion may still be necessary.

IV. CONCLUSION

In this study, we have investigated the influence of NaF
insertion on magnetic anisotropy at the Fe/MgO interface

to disentangle the effects of fluorine electron negativity and
lattice matching. The insertion of a 0.1-nm-thick NaF layer
enhanced interfacial PMA while retaining bulk magnetic
anisotropy. Insertion of a thicker NaF layer weakened both
interfacial PMA and bulk magnetic anisotropy. This reduction
was attributed to interface dislocation and interlayer mixing.
The enhancement in interfacial PMA caused by the inser-
tion of an ultrathin NaF layer with relatively unmatched
lattice constants underscores the significance of having
fluorine atoms on the Fe atoms and their orbital hybridiza-
tion. These findings deepen our understanding of magnetic
anisotropy at the Fe/MgO interface influenced by fluoride
insertion, offering valuable insights for the continued ad-
vancement of magnetic tunnel junction structures for memory
applications.
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