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Interfaces in MgO/FeCoB/MgO trilayer have been studied with grazing incident nuclear resonance scattering
using the x-ray standing wave technique. High depth selectivity of the present method allows one to measure
magnetism and structure at the two interfaces of FeCoB, namely, FeCoB on MgO and MgO on FeCoB,
independently, yielding an intriguing result that both interfaces are not symmetric. A high-density layer with an
increased magnetic hyperfine field at the FeCoB-on-MgO interface suggests different growth mechanisms at the
two interfaces. The azimuthal angle-dependent magneto-optic Kerr effect measurements reveal the presence of
unusual uniaxial magnetic anisotropy (UMA) in the trilayer. An in situ temperature-dependent study discovered
that this UMA systematically reduces with temperature. After annealing at 250 ◦C, the trilayer starts following
the standard Stoner-Wohlfarth model for in-plane UMA. The trilayer becomes isotropic at 450 ◦C with an
order-of-magnitude increase in coercivity. The asymmetry at the interfaces is in turn explained by boron
diffusion from the FeCoB interface layer into the nearby MgO layer. Stress-induced UMA is observed in the
boron-deficient FeCoB layer, superimposed with the bulk FeCoB layer, and found to be responsible for unusual
UMA. The temperature-dependent variation in the UMA and coercivity can be understood in terms of variations
in the internal stresses and coupling between FeCoB bulk and the interface layer.
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I. INTRODUCTION

FeCoB-based thin films have a significant technological
interest as they have the potential for realizing next-
generation high-density nonvolatile memory and logic chips
with high thermal stability and low critical current for
current-induced magnetization switching [1]. Over the last
few years, the FeCoB-MgO–based layered systems have
shown various interfacial phenomena such as interfacial
hybridization [1–4], interfacial Dzyaloshinskii-Moriya inter-
action [5–7], spin-orbit torque [8,9], spin Hall effects [10,11],
and magnetic anisotropy (MA) [12,13]. The MA and mag-
netization reversal are the key properties of magnetic thin
films for applications and a fundamental understanding of
magnetism.

FeCoB alloy has been the most extensively used mag-
netic electrode with the highest tunneling magnetoresistance
(TMR) among all the magnetotunnel junctions (MTJs) with
a MgO barrier [14,15]. In this system, B diffusion is inte-
gral to creating a textured FeCo alloy and, consequently, a
high TMR value. Many studies claim that B diffuses into
the MgO tunnel barrier [16–19], where its presence is sug-
gested to be detrimental to high TMR [20]. Some reports,
however, relate the improved TMR to the diffusion of B
into MgO [21,22]. This has also been supported by theoret-
ical studies, where the band structure of MgO-B provides a
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route for coherent tunneling of electrons, and the diffusion
of B is found to be beneficial for the TMR in the MTJ
device [23].

Thermal annealing is known to be one of the most crucial
steps to achieving high TMR ratios. During the postannealing
process, the TMR increases up to a few hundred percent, from
typically 20–40% in the as-prepared state [14,24–26]. It is
suggested that annealing leads to the coherent crystallization
of a few monolayers of body-centered-cubic (bcc)-FeCo on
the MgO, resulting in the large tunneling magnetoresistance
due to selective tunneling of spin-polarized electrons of dif-
ferent symmetries. However, recently it has been shown that
the spin polarization of amorphous FeCoB is larger than that
of crystalline FeCoB [27]. Thus, there exists some ambiguity
about the role of crystallization at the interface in affecting
TMR. FeCoB/MgO-based MTJs have also been produced
with a large TMR of 240% using electron-beam evaporation.
By controlling the evaporation rate, a suitable texture of the
MgO layer was achieved. These devices exhibit significantly
lower noise than junctions with radio-frequency sputtered bar-
riers [28]. Because of the difference in the add-atom energy
in sputtering and evaporation, the interface structure in the
two cases is expected to be different, influencing the TMR
behavior.

In the case of epitaxial Fe thin film, interesting magne-
tization reversal has been observed when interface-mediated
small amounts of uniaxial magnetic anisotropy (UMA) are
superimposed on cubic magnetic anisotropy, resulting in
single-, double-, and triple-step hysteresis loops in preferred
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orientation [29–33]. In several other studies, such un-
conventional inconsistent hysteresis loops are observed
[12,34–36], which do not follow the standard model of
magnetic anisotropy. Raju et al. observed multijump magneti-
zation reversal in ion-beam sputtered amorphous FeCoB thin
films [12] and attributed it to atomic clustering, which pro-
vides stable domain states. Recently Sadhana et al. observed
a high-density boron-deficient layer at the FeCoB-on-MgO
interface [13]. A two-step unusual hysteresis loop in these
samples is attributed to the coupling between stress-induced
UMA in the FeCoB interface layer and the isotropic bulk
FeCoB layer [13]. From the above discussion, it is clear that
the interface plays a crucial role in inducing peculiar proper-
ties in FeCoB-MgO–based systems. Therefore, considerable
efforts are also being put together to understand the mag-
netic and structural properties of the interfaces. But, despite
extensive investigations [16–18,20] it remained ambiguous.
Especially, the origin of the unusual magnetization reversal
and its correlation with interfaces is yet to be understood.
Despite immense interest in this direction, the main diffi-
culty is determining the interface magnetism accurately and
correlating the same with magnetic and transport properties
unambiguously. Due to the difficulties in getting interface-
resolved magnetic information about a thin-layered material,
there is an acute lack of systematic studies aiming to un-
derstand the observed magnetic properties in terms of the
structure of the layers and interfacial regions.

In most of the studies in the literature, the conclusion
about the interface magnetism, magnetic anisotropy, etc., is
extracted based on conventional techniques such as super-
conducting quantum interface device [37], vibrating sample
magnetometer [38], magneto-optical Kerr effect (MOKE)
[39,40], Mössbauer spectroscopy with 57Fe probe layer [41],
and NMR [42]. However, these techniques either do not have
enough depth resolution so as to resolve the interfaces or
may not be probing the real interfaces. Recently, x-ray stand-
ing wave (XSW) techniques have encouraged experimental
efforts to develop interface-resolved and accurate methods,
where the x-ray-based conventional techniques can be made
depth resolved. It is successfully demonstrated that the depth-
resolved information could be obtained using extended x-ray
absorption spectroscopy, x-ray fluorescence, x-ray diffrac-
tion, and x-ray photon spectroscopy under XSW conditions
[43–45]. Although these measurements are powerful to pro-
vide interface-resolved structural and electronic information
in a nondestructive way, the interface-resolved magnetic in-
formation of buried interfaces is missing.

In the present study, depth-resolved magnetic and struc-
tural properties of MgO/FeCoB/MgO trilayer are studied
using synchrotron radiation-based grazing incident nuclear
resonance scattering (GINRS) and nuclear resonance reflec-
tivity (NRR) under XSW generated through Pt waveguide
structure. GINRS technique made it possible to measure even
a fraction of a monolayer of 57Fe (isotope), whereas by con-
fining x-ray field intensity in waveguide structures, precise
magnetic and structural information from the interface is ob-
tained. Observed properties are correlated with the magnetic
anisotropy obtained using MOKE by rotating the magnetic
field direction in the film plane. The combined analysis is
taken to study (i) the magnetism at both interfaces, namely

FeCoB on MgO and MgO on FeCoB, (ii) the subtle ef-
fects of factors like boron diffusion, structural relaxation, and
(iii) resolving the existing ambiguities in the literature regard-
ing the role of the interface in magnetic anisotropy.

II. EXPERIMENT

The trilayer structure MgO(12 nm)/FeCoB(10 nm)/
MgO(6 nm) is sandwiched between two Pt layers of 30 nm
(buffer layer) and 2.5 nm (capping layer), respectively. These
Pt layers form the walls of the planar waveguide to gen-
erate XSW in MgO/FeCoB/MgO trilayer. Trilayer behaves
as a guiding layer where nodes and antinodes are formed
(XSW modes) and provides interface selectivity for x-ray
scattering-based measurements. The whole structure was pre-
pared using an ion (Ar+)-beam sputtering technique on Si
(001) substrate at room temperature under the base pressure
of ∼5×10−8 Torr. A standard target with a composition of
Fe43Co40B17 was attached with a strip of 57Fe (99.999% pure)
to enriched FeCoB thin film for isotope-selective measure-
ments. As confirmed using x-ray photoemission spectroscopy
measurement, the composition of FeCoB thin film is found to
be Fe (46%) Co (39%) B (15%). The chamber was flushed
with Ar gas before the deposition to reduce oxygen- and
water-vapor contamination. The deposition rates 0.7, 0.4, and
0.3 Å/s corresponding to the Pt, FeCoB, and MgO layers
were kept constant throughout the sample preparation. The
sample was annealed at various temperatures such as 150 ◦C,
250 ◦C, 350 ◦C, and 450 ◦C for 30 min at each temperature in
a vacuum with a base pressure better than 2×10−9 Torr.

X-ray reflectivity (XRR) is sensitive to the total thickness
of the waveguide structure, including the cavity, the posi-
tion of the top Pt layer, the interface roughness, etc. On the
other hand, isotope-selective NRR is particularly sensitive to
the 57Fe-enriched FeCoB layer. Therefore, XRR and NRR
measurements were done simultaneously under XSW to char-
acterize the sample structure precisely. In addition, azimuthal
angle-dependent hysteresis loops were collected using the
MOKE in longitudinal geometry to get magnetic anisotropy in
the trilayers [46]. Synchrotron radiation-based GINRS tech-
nique is applied to determine the magnitude and direction of
magnetic hyperfine fields at the bulk and interface regions of
FeCoB. These measurements were carried out at the nuclear
resonance beamline P01 at PETRA III, DESY (Deutsches
Elektronen-Synchrotron, Hamburg), using energy 14.4 keV
(57Fe Mössbauer transition). The synchrotron was operated
in the 40-bunch mode with a bunch separation of 192 ns
for these measurements. An avalanche photodiode detector
was used for GINRS measurement, having a time resolution of
∼1 ns. The nuclear (NRR) and electronic (XRR) parts of the
signal were separated by making use of the fact that nuclear
transitions are delayed in time due to the finite lifetime of the
Mössbauer excited state (140 ns in the case of 57Fe isotope)
[47,48]. Thus, photons detected within a few nanoseconds
of the incident x-ray pulse constitute the XRR signal due to
electronic scattering, while those detected in an interval of
10–160 ns after the incident x-ray pulse are used to get NRR
and GINRS patterns.

Depth selectivity of NRR and GINRS are greatly enhanced
by generating XSW within MgO/FeCoB/MgO trilayer using
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Pt waveguide structure. Nodes and antinodes of XSW within
the trilayer are generated through a waveguide structure cre-
ated by two Pt layers [44]. Resonance modes of such a planar
waveguide are excited at the incident angle of x rays. This
satisfies the condition θi = θm = (m + 1)π/kW , where k is
the propagation vector of the x rays, W is the width of the
cavity, and m is an integer. Under this condition, the mth trans-
verse electric (TE) mode of the waveguide is excited, which
propagates within the Pt waveguide. All GINRS measure-
ments were done at the adequately selected incident angles,
where the antinode of XSW coincides at the interface and bulk
part of the FeCoB layer. NRR experiments with increasing
incident angles were used to select the appropriate angle for
interface-resolved GINRS measurements. The depth-profile
information about hyperfine interactions in the FeCoB layer
and their magnetization direction were studied by fitting the
time spectra measured at several grazing angles, which adds
reliability to the obtained magnetization depth profiles.

III. THEORETICAL UNDERSTANDING

Isotope-selective nuclear resonance technique makes it
capable of extracting subtle changes in isotope-enriched mag-
netic layer. The total scattering amplitude ( fi) of an atom in
the presence of nuclear resonance can be written as a sum of
the electronic scattering (responsible for XRR) and nuclear
resonance scattering amplitudes. The index of refraction of
the layer material in terms of scattering amplitude for grazing
incidence geometry is written as [49]

nkl =
√√√√1 + λ2

0

π

∑
i

ρi( fi )kl . (1)

At the nuclear transition energies, fi consists of scattering
by electrons ( f e

i ) and nucleus ( f n
i ) :

nkl ≈ 1 + λ2
0

2π

∑
i

ρi
[(

f e
i

)
kl + (

f n
i

)
kl

]
. (2)

where ρi is the volume density of atoms species i, ( f e
i )kl and

( f n
i )kl are the electronic and nuclear scattering amplitudes for

scattering �εl -polarized radiation into �εk-polarized radiation,
respectively. The electronic and nuclear scattering amplitudes
(away from the absorption edge, isotropic dipole oscillator,
and no polarization mixing), are given by

( f e)kl = −Zre + iρe

4πλ0
, (3)

( f n)kl = δkl
λ0

4π

fLM

1 + α

2 j1 + 1

2 j0 + 1

A

x − i
, (4)

where re = e2/mc2, Z , and ρe are the classical radius of
electron, atomic number, and the photoelectric cross-section
respectively. Where x = (	E−h̄ω)/�0, here A and 	E in
Eq. (4) denote inhomogeneous broadening and quadrupole
splitting. �0 is the natural linewidth and fLM is the Lamb-
Mössbauer fraction. It is clear that the electronic scattering
amplitude [electronic contribution to the refractive index
Eq. (3)] does not depend on the energy in the very narrow
energy range (∼μeV) around the nuclear transition energy.

Thus, the electronic contribution to the refractive index
has only a weak dependence on the x-ray energy. Com-

pared to this, the nuclear scattering amplitude for Mössbauer
transition (example, 57Fe nuclei), shown in Eq. (4), exhibits
strong energy dependence around the nuclear resonance (E ∼
14.4 keV). In fact, it dominates the electronic scattering am-
plitude in this energy region. Therefore, the depth distribution
of the isotope (in the present case ∼ 57Fe) can be obtained
from incident angle-dependent nuclear resonance scattering
(NRR). The nuclear and electronic parts of reflectivity were
separated by making use of the fact that nuclear transitions
are delayed in time due to the finite lifetime of the Möss-
bauer excited state (140 ns in the case of 57Fe isotope) [47].
Therefore, photons detected within a few nanoseconds of
the incident x-ray pulse (pulse resolution ∼0.1 ns) give the
XRR (prompt counts) due to electronic scattering, while for
nuclear resonance, scattering delays counts are detected for an
interval of 10–160 ns. Angular dependence of the integrated
resonance counts during the interval 10–160 ns gives NRR
pattern, whereas variation in the counts within the delay time
(∼10–160 ns) gives time spectra of nuclear resonance scatter-
ing (NRS).

NRR can be presented in terms of an integral over the
resonant counts (delayed count) after prompting by the syn-
chrotron radiation excitation [50]:

INRR(θ ) =
∫ T

t
I (θ, t )dt . (5)

Here, T is the interval between synchrotron pulses, and t
is the small delay excluding the prompting pulse influence. In
the above integral I (θ, t ) gives the NRR spectra, and it can be
expressed as

I (θ, t ) =
∣∣∣∣ 1

2π

∫ ∞

−∞
Rσ→σ ′

(θ, ω) exp (−iωt )dω

∣∣∣∣
2

+
∣∣∣∣ 1

2π

∫ ∞

−∞
Rσ→π ′

(θ, ω) exp (−iωt )dω

∣∣∣∣
2

. (6)

This intensity expression I (θ, t ) is the Fourier transform of
the reflectivity amplitude for σ polarization of the synchrotron
radiation, which is written as

Rσ→σ ′,σ→π ′
(θ, ω) =

∫
χnucl,σ→σ ′,σ→π ′

(z, ω)E2
σ (θ, z, ω)dz,

(7)
where χnucl,σ→σ ′,σ→π ′

is the magnetic transverse susceptibility
tensor.

It may be noted that compared to the square dependence
influence on secondary radiation such as x-ray fluorescence
[51], the intensity of the nuclear resonance part from the thin
layer is proportional to the fourth power of the standing wave
amplitude [50] and hence has more sensitivity compared to
the other XSW-based conventional techniques.

IV. RESULTS

A. XRR and NRR measurements

Figure 1(a) gives the XRR as a function of the scatter-
ing vector q = 4π sin θ/λ. Along with periodic oscillations
(Kiessig fringes) up to higher-q values, the XRR pattern
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FIG. 1. (a) XRR (symbols) and the corresponding best fit to the
experimental data using Parratt’s formalism [52]. The Inset shows a
schematic of the sample structure with different XSW mode distri-
butions along the depth (z) of the WG structure. (b) Calculated x-ray
field intensity profile inside Pt waveguide structure. Positions of Pt
and FeCoB layers are marked by a shaded bar. The q0, q1, and q2 are
the angles where XSW modes (TE0, TE1, and TE2) are formed.

exhibits several dips within q = 0.8 nm−1 due to increased
absorption in the cavity MgO/FeCoB/MgO layer caused by
the formation of XSW.

This pattern is fitted by taking the thickness of the different
layers obtained during deposition using a quartz thickness
monitor [44].

To get the best fit to the data, it is found necessary to
divide the FeCoB layer into two parts of 7.1 nm at the MgO-
on-FeCoB side (designated as FeCoBtop) and 3.0 nm at the
FeCoB-on-MgO side (designated as FeCoBbot) with higher
electron density in the FeCoBbot layer. The structure details of
the trilayer can be seen in Ref. [44]. The x-ray field-intensity
profile in the waveguide structure with increasing q is calcu-
lated and plotted in the contour plot shown in Fig. 1(b). The
position of FeCoB (FeCoBbot and FeCoBtop) and Pt layers
are marked as shaded bars. One may note that as q increases,

FIG. 2. (a), (d), (g) X-ray reflectivity (symbols) and (b), (e), (h)
nuclear resonance reflectivity (symbols) and corresponding simulta-
neous fits (continuous line) by considering three different models:
(i) low density of FeCoB at FeCoB-on-MgO interface (c), (ii) uni-
form density of FeCoB throughout the layer (f), and (iii) high density
of FeCoB layer at FeCoB-on-MgO interface (i).

XSW modes (TE0, TE1, and TE3) are formed at fixed q values,
q0 = 0.48, q1 = 0.56, q2 = 0.69, and q3 = 0.84 nm−1.

It may be noted that XRR is sensitive to the total thick-
ness of the waveguide structure, including cavity, Pt layers,
interface roughness, etc. But, it is not so sensitive to the
individual FeCoB layer (morphology, position, and width);
therefore, fitting the XRR data using FeCoB parameters along
with several other parameters may not always lead to genuine
information. On the other hand, NRR depends on the 57Fe
nuclear transition energy; therefore, it is sensitive to only the
57Fe CoB layer. Thus, the precise and detailed structural in-
formation of the total structure is obtained by fitting NRR and
XRR curves simultaneously. Figure 2 shows the XRR and the
NRR as a function of the scattering vector q = 4π sin θ/λ.
The q range is covered up to ∼1 nm−1, as all XSW modes in
the WG (waveguide) structure are excited within this range.
The NRR exhibits well-defined peaks almost at the same q
values, corresponding to each dip in the XRR.

The origin of these peaks could be understood with the
help of the XSW field-intensity contour plot in Fig. 1(b). For
incident angle, q0 = 0.48 nm−1, the antinode of TE0 mode
partly overlaps with the FeCoB-on-MgO interface, giving rise
to the first peak in the NRR. With a further increase in q,
one of the antinodes of TE1 mode overlaps with the MgO-
on-FeCoB interface and gives rise to the second peak. The
third and fourth NRR peaks can be understood similarly. The
shape of the NRR third peak is sensitive to the variation of
57Fe concentration across the bottom side of the FeCoB layer,
while the second peak depends upon the 57Fe concentration
profile across the top side of the FeCoB layer. It demonstrates
that even a small variation in the position and density of
the FeCoB layers would result in a significant variation in
the intensity ratio of the peaks because, at this depth, the
distributions of the XSW antinode have steep gradients. Thus,
fitting the NRR peaks provides a sensitive way to study the
FeCoB layer.
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The NRR data in the right panel of Fig. 2 [Fig. 2(h)]
are fitted simultaneously with XRR data [Fig. 2(g)] by
taking the thickness obtained by the thickness monitor. To
best fit the data, it is found necessary to take a 3-nm-thick
high-density FeCoB layer towards the bottom interface
(FeCoBbot). For the comparison, the simulated XRR and
NRR curves are also shown in Figs. 2(a)–2(f) by considering
(i) a low-density FeCoB layer at the interface and (ii) the
uniform density of FeCoB throughout the layer. There is
a clear disagreement between these simulated curves and
experimental data with these two models. The quantitative
structural information based on the combined simultaneous
fitting confirms two layers within the FeCoB layer: (i)
dtop = 7.1 nm, ρtop=5.28×10−5 Å−2 and (ii) dbot = 3.0 nm,
ρbot = 5.89×10−5 Å−2 FeCoBbot (near the FeCoB-MgO
interface). ρbot is about 12% more as compared to
ρtop, and the final sample structure is Si/Pt (33.2 nm)/
MgO(11.3 nm)/FeCoBbot (3.0 nm)/FeCoBtop(7.1nm)/
MgO(6.5 nm)/Pt(2.5 nm).

B. GINRS measurements under XSW condition;
Interface-resolved magnetism

Since the XSW antinodes at q1 = 0.56 nm−1 and q2 =
0.69 nm−1 overlap with the bottom and top interface
side of the FeCoB layer, GINRS measurements will have
interface-weighted magnetic information of the FeCoB layer.
Schematic in Fig. 3(a) gives the geometry and GI-NRS curves
obtained at q1 = 0.56 nm−1 and q2 = 0.69 nm−1 are shown
in Fig. (3b). In Fig. 3(a), ki and k f denote the incident and
reflected wave vectors, αi and α f represent the incidence
and reflected angle of the synchrotron beam, respectively.
To get the hyperfine field (Bhf) and distribution of the hy-
perfine field around the mean value (	Bhf), both curves are
fitted simultaneously using REFTIM software [53] by taking
trilayer structure as obtained from XRR and NRR measure-
ments. The best fit to the data is obtained by considering
three different hyperfine fields (Bhfs) 29.5, 33.2, and 30.0
T in FeCoBtop and FeCoBbot layers. The density concentra-
tion of all the Bhfs in FeCoB is shown in Fig. 3(c). The
broad 	Bhf 5.5, 2.3, and 2.6 T corresponding to the Bhf
29.5, 30.0, and 33.2 T, respectively, confirm the amorphous
nature of FeCoB [46]. The cause of different Bhfs contri-
butions in the top and bottom parts of the FeCoB layer
is due to the different magnetism caused by compositional
differences [54,55].

C. Angular-dependent magnetism using MOKE;
Magnetic anisotropy

Hysteresis loops were collected using MOKE after apply-
ing magnetic fields in different in-plane azimuthal directions
(ϕ). Figures 4(a)–4(d) shows some representative loops ob-
tained in ϕ = 0◦, 30◦, 60◦, and 90◦ directions. There is a
strong variation in the shape of the loops with angle ϕ.
The hysteresis loop is almost square for the applied mag-
netic field along the ϕ = 0◦ direction, suggesting that the
magnetization occurs through domain-wall motion [56]. With
the increasing azimuthal angle, the rounding off of the hys-
teresis curve indicates the increasing contribution of the

FIG. 3. (a) Schematic of the GINRS measurements. (β, γ ) de-
fines the relative orientation of the magnetization m of the sample
and (σ, π ) are the linear polarization basis vectors. (b) GINRS time
spectra measured at grazing angles at q1 = 0.56 and q2 = 0.69 nm−1

before the critical angle of Pt. (c) Depth distribution of the 57Fe nuclei
with the contribution of different hyperfine fields.

rotation of domain magnetization. The normalized remanence
(Mr/Ms) and coercivity (Hc) variations, as observed in an-
gular dependence, are shown in Figs. 4(e) and 4(f). The
dumbbell-shaped variation of Mr/Ms indicates the presence
of uniaxial magnetic anisotropy, whereas the easy and hard
direction of magnetization can be understood with the stan-
dard Stoner-Wohlfarth (SW) model [57] for in-plane magnetic
anisotropy.

According to the SW model, the minimizing of the free
energy of the system in the presence of an applied field
H making an angle ϕ from the easy axis can be written
as [56]

2m(1 − m2)
1/2

cos 2ϕ

+ sin 2ϕ(1 − 2m2) ± 2h(1 − m2)
1/2 = 0, (8)
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FIG. 4. (a)–(d) Representative MOKE loops taken for ϕ = 0◦,
30◦, 60◦, and 90◦. (e), (f) Polar plots of Mr/Ms and Hc as a function
of ϕ, respectively.

where h = H/Ha is the reduced field, Ha being
the anisotropy field, and m = M/Ms is the reduced
magnetization.

The solutions of this equation for different values of ϕ (0 °,
60 °, and 90 °) are shown in the simulated plot in Fig. 5. The
m vs h curve for ϕ = 0◦ is a perfect square (Mr/Ms ∼ 1),
while for ϕ = 90◦ the curve is almost linear (Mr/Ms 	 1).
It is important to note that for intermediate values of ϕ, the

FIG. 5. Simulated m vs h for angles ϕ = 0◦, 60 °, and 90 ° (ϕ is
the angle when the applied field is along the direction of the easy
axis of magnetization) using Stoner-Wohlfarth model of magnetic
anisotropy in thin films.

applied field needed to saturate the magnetization is signifi-
cantly higher than that needed to saturate the magnetization
for ϕ = 0◦.

Therefore, it is clear that in Fig. 5
(i) Square loop (Mr/Ms ∼ 1) along ϕ = 0◦ is the easy

axis of magnetization; and
(ii) For Mr/Ms 	 1 or normal to the easy axis (ϕ = 90◦)

belongs to the hard magnetization axis.
The SW model considers coherent rotation of magneti-

zation, and therefore, as shown in the simulated Fig. 5, it
predicts a monotonous decrease of Hc with increasing ϕ from
0◦ to 90◦. However, in the present case, the coercivity first
increases as ϕ; it rotates away from the easy axis (ϕ = 0◦)
but decreases when approaching the hard axis (ϕ = 90◦), as
shown in Fig. 4(f). Therefore, it cannot be interpreted using
the SW model.

Hc variation is understood by including both coherent
rotation and domain-wall nucleation (two-phase model) and
employed to understand the magnetization reversal in the
present case. The angular variation in coercivity, in this case,
is described as [58]

HC (ϕ) = HC (0◦)
(Nx + NN ) cos ϕ

Nz sin2ϕ + (Nx + NN )cos2ϕ
, (9)

where Nz and Nx are the demagnetizing factors along ϕ =
0◦ and ϕ = 90◦, respectively. The NN = Ha/Ms is an ef-
fective demagnetizing factor; Ha and Ms are the anisotropy
field and saturation magnetization. If (NN + Nx )/Nz is close
to zero, the magnetization-reversal mechanism is dominated
by the coherent rotation. For an infinite value of this ratio,
the magnetization-reversal mechanism is mediated by the
domain-wall nucleation. As given in Fig. 4(f), the angular
dependence of coercivity is fitted by Eq. (9). Two kinds of
phases at a low-field regime have been employed to account
for the angular-dependent magnetization in the FeCoB layer
[59]. The angular variation Hc is well fitted with a two-phase
model.

D. Effect of thermal annealing

The sample is annealed at various temperatures to inves-
tigate the angular-dependent magnetism. Figure 6 represent
the hysteresis curves obtained along ϕ = 0◦, 80◦ directions
after annealing at different temperature of 150 ◦C, 250 ◦C,
350 ◦C, and 450 ◦C for 30 min. The Hc and Mr/Ms are
plotted as a function of ϕ in the same figure. Mr/Ms vs ϕ

for 150 ◦C shows uniaxial anisotropy, whereas Hc variation
is almost independent of the angle. It is important to note
that compared to the as-prepared sample, where Hc near the
hard axis was higher, at this temperature it becomes almost the
same in both directions. At 250 ◦C temperature, anisotropy in
Hc and Mr/Ms decreased but started to follow the standard
uniaxial magnetic anisotropic trend as per the SW model. At
this temperature, Hc and Mr/Ms vs ϕ plots exhibit decreasing
trends with increasing ϕ from 0◦ to 90◦. Anisotropy almost
disappeared at a temperature of 350 ◦C. After annealing at
450 ◦C, the Hc values dramatically increased, and anisotropy
vanished.

Figures 7(a) and 7(b) give GINRS time spectra measured at
grazing angles q1 = 0.56 and q2 = 0.69 nm−1 after annealing
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FIG. 6. Representative MOKE loops with azimuthal angle
ϕ = 0◦ and 80◦ for annealed samples at (a) 150 ◦C, (b) 250 ◦C,
(c) 350 ◦C, and (d) 450 ◦C. (e), (f) Polar plots of coercivity (Hc) and
the squareness ratio (Mr/Ms) as a function of ϕ, respectively.

samples at 300 ◦C and 450 ◦C, respectively. The amplitude
of the beating pattern is enhanced and more pronounced af-
ter annealing with respect to the as-deposited sample. As
compared to the as-prepared sample, the experimental data
are fitted by considering a single FeCoB layer with three
different Bhfs: 30.5, 31.2, and 35.9 T and 30.3, 36.3, and
28.7 T corresponding to temperatures 300 ◦C and 450 ◦C,
respectively. These Bhf contributions have also been shown
in Table I for comparison. After annealing at 300 ◦C and
450 ◦C, Bhf contribution corresponding to the 35.9 and 36.3
T is found to be 72 and 87%, respectively. Higher Bhfs

FIG. 7. (a), (b). GINRS time spectra measured at grazing angles
(q1 = 0.56 and q2 = 0.69 nm−1) before the critical angle of Pt for
selected antinode positions of TE1 and TE2 (symbols are the exper-
imental counts and lines are the fit) after annealing at 300 ◦C and
450 ◦C. (c), (d) Distribution of the 57Fe nuclei with selected types of
hyperfine fields.

(35.9 and 36.3 T) after annealing in the magnetic layer can
be attributed to the crystallization of FeCoB. It is in accor-
dance with some earlier studies, where the crystallization
in FeCoB starts due to the diffusion of boron (B) from
FeCoB [60,61].

There are various reports on FeCoB crystallization and
migration of B into MgO. Using x-ray photoelectron spec-
troscopy, Read et al. elucidate that when the CoFeB/MgO
bilayer was heated above 350 ◦C, B moved into the MgO
matrix and formed a composite MgBxOy layer [16]. Another
similar report by Greer et al. studied the distribution of B
in a Ta/Co0.2Fe0.6B0.2/MgO sample annealed at 300 ◦C with
hard x-ray photoemission spectroscopy. They suggested the
diffusion of 19.5% of the B uniformly into the MgO layer and
of 23.5% into a thin TaB interface layer [3].

V. DISCUSSION

In several studies in the literature, unusual angular-
dependent magnetism is always seen in the FeCoB- and
MgO-based systems and is always attributed to the uniax-
ial magnetic anisotropy, which does not follow the stan-
dard Stoner-Wohlfarth model [34,36,62–64] of magnetic
anisotropy. For example, Kipgen et al. observed MA in ion-
beam sputtered FeCoB on Si(001) substrate and argued that
this MA is strain induced where the crystallographic orienta-
tion of the underlying Si(001) substrate played an important
role in the anisotropy of the film [35]. In another report,
Hindmarch et al. demonstrated in-plane MA in amorphous Fe-
CoB thin films grown on epitaxial GaAs(001) substrate [64].
They have attributed the origin of MA to bond-orientational
anisotropy due to interface interaction. Thiruvengadam et al.
grew FeCoB on SiO2 and MoS2 substrate [65]; MA in the
case of only FeCoB/MoS2 is observed and attributed to the
hybridization between MoS2 and Fe or Co. Our observation
related to the asymmetry at FeCoB/MgO and MgO/FeCoB
interface is in accordance with the theoretical study, where
PMA (perpendicular magnetic anisotropy) was found in
FeCoB/MgO/FeCoB structures, driven by FeCoB/MgO
interface [1,66].

In the present case, combined data analysis suggests the
existence of a 3-nm-thick B-deficient FeCoB layer at the
interface. Hence, both parts of the FeCoB layers are expected
to be magnetically different because of B diffusion from the
interface layer, which suggests stress in the interface layer
[13]. B diffusion into MgO at the bottom interface could be
due to the porousness of the MgO layer, which might have
been generated during the deposition of ion-beam sputtering
[13]. Due to the small size of B compared to the Fe and Co and
the high electron affinity of Mg and O, B has a great chance to
migrate into the MgO matrix during FeCoB deposition [67].
Stress in the interface layer may stabilize the stress-induced
UMA in the FeCoB layer at the interface [68]. In general, the
FeCoB layer does not possess UMA due to the absence of
long-range structural order.

To make it clearer, contributions of two magnetic com-
ponents in a single magnetic layer are simulated with a
mathematical function [13] by taking Kerr signal K(H), co-
ercive field (Hc), and squareness (Mr) for two magnetic
components corresponding to the FeCoB (FeCoBtop) and
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TABLE I. The Bhfs, 	Bhf, and their percentage are presented for the as-deposited along with annealed stage at 300 ◦C and 450 ◦C samples.

FeCoB layer between
MgO layer Sample states d (nm ± 0.1) Bhf (T ± 0.5) 	Bhf (T ± 0.1) Percentage (%)

FeCoBtop RT 7 29.5 5.5 14
30.0 2.3 7
33.2 2.6 27

FeCoBbot 3 29.5 5.5 13
30.0 2.3 7
33.2 2.6 31

FeCoB (single layer) 300 ◦C 9.6 30.5 3.1 12
31.2 2.4 16
35.9 1.6 72

FeCoB (single layer) 450 ◦C 9.1 28.7 3.1 8
30.3 2.7 5
36.3 1.9 87

interface layer (FeCoBbot):

k(H ) = k(H )FeCoB(top) + k(H )FeCoB(bot)

k(H ) = 2M top
s

π
arctan

∣∣∣∣∣
(
H ± H top

c
)

H top
c

tan

(
πM top

r

2

)∣∣∣∣∣
+ 2Mbot

s

π
arctan

∣∣∣∣∣
(
H ± Hbot

c

)
Hbot

c

tan
πMbot

r

2

∣∣∣∣∣, (10)

where M top
r and Mbot

r are magnetic remanence and H top
c and

Hbot
c are coercivity of FeCoBtop and FeCoBbot layer, respec-

tively. The values of these parameters are taken by assuming
the interface layer is anisotropic (along the easy axis: Mbot

r =
0.96, Mbot

s = 0.5, and Hbot
c = 25 Oe; along the hard axis:

Mbot
r = 0.15, Mbot

s = 0.5, and Hbot
c = 2 Oe) and FeCoB layer

is isotropic (M top
r = 0.96, M top

s = 0.5, and H top
c = 25 Oe).

The calculated loops along easy and hard directions for both
layers are presented in Figs. 8(a) and 8(b), respectively.

One of the magnetic components exhibits angular depen-
dence, a square loop along an easy and sheared loop in a
hard direction, similar to the Stoner-Wohlfarth model [69]
for uniaxial magnetic anisotropy. At the same time, loops are

FIG. 8. Simulated loops along the easy and hard axis of mag-
netization with (a) and without (b) magnetic anisotropy. (a) Blue
loop translated upward with respect to the red loop for a clear view.
Combined loops along easy (c) and hard (d) directions if both are
combined in a single layer.

similar in easy and hard directions for the isotropic layer.
The combined contribution of both the layer along easy and
hard directions is calculated using Eq. (10) and presented in
Figs. 8(c) and 8(d). The shape of the combined loop is similar
to the loops observed in the reported sample. It suggests that
the FeCoBbot layer in the present case exhibits different mag-
netization processes in the film plane due to UMA and couples
differently with the magnetically isotropic FeCoBtop layer
in different directions. Similar anisotropic coupling between
two different magnetically anisotropic components in a single
layer is observed and found to result in invariable coupling as
a function of angle [13,70,71].

The present understanding revealed that the coupled
domain-wall motion in FeCoBtop and FeCoBbot parts together
gives such an unusual hysteresis loop. The rounding off of the
hysteresis loop from easy to hard direction indicates an in-
creasing contribution of the rotation of domain magnetization
in the FeCoBbot layer, which is in contrast to the domain-
wall motion in the FeCoBtop layer. Hence, the magnetization
process of the combined FeCoB layer is significantly differ-
ent from either of the loops, resulting in a double-step loop
with increased coercivity near the hard axis in the combined
hysteresis loop of the FeCoB layer. A similar observation of
two-step magnetization reversal in FeCoB/MgO bilayer thin
film is reported in Ref. [13]. The origin of stress-induced mag-
netic anisotropy in the interfacial FeCoB layer is attributed to
the boron diffusion from the bulk FeCoB layer to the MgO
layer.

The disappearance of anisotropic loops after anneal-
ing at 450 ◦C is correlated with the nanocrystallization of
amorphous FeCoB thin film. Since the density of the crys-
talline bcc-FeCo phase is higher than that of the amorphous
phase, the nanocrystals exert random tensile stress in the
amorphous matrix around it and vice versa [72]. Random
stress in the crystalline FeCoB film after annealing is ex-
pected to overcome the long-range stresses present in the
as-deposited film, resulting in the disappearance of mag-
netic anisotropy. The observed increase in the coercivity
and hyperfine field are well correlated with the initiation of
crystallization of the amorphous FeCoB phase. Additionally,
structural defects and compositional inhomogeneities may
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be generated after annealing and will also hinder the mo-
tion of domain walls and would contribute to the increased
coercivity.

VI. CONCLUSION

In conclusion, MgO/FeCoB/MgO trilayer structure grown
in Pt waveguide has been studied with an aim to study
the origin of the unusual angular-dependent magnetism.
Depth-resolved interface magnetism in the buried structure
is resolved by generating XSW in the waveguide. The field-
intensity enhancement has been achieved by performing
synchrotron radiation-based GINRS at different grazing in-
cident angles at XSW modes TE0, TE1, and TE2 positions.
XSW technique is used to elucidate the asymmetry in the
magnetism of the two interfaces FeCoB on MgO and MgO on
FeCoB, and the same is correlated with magnetic properties.
The combined structural analysis revealed the formation of
a high-density layer at the FeCoB-on-MgO interface due to
B diffusion from FeCoB into the MgO matrix results in the
formation of Fe and Co-rich interface layer. B diffusion into
MgO at the bottom interface is attributed to the porousness of
the MgO layer, which might have been generated during the
deposition of the film. Due to the small size of B compared

to the Fe and Co and the high electron affinity of Mg and O,
B migrates into the MgO matrix during FeCoB deposition.
Stress in the boron-deficient interface layer coupled with the
magnetoelastic energy resulted in the preferential orientation
of magnetization along the easy axis in the film plane. The
observed preferential orientation of moments in the FeCoBbot

interface layer and its coupling with the rest of the magnetic
layer (FeCoBtop) cause unusual UMA in this system. The
systematic reduction in magnetic anisotropy with temperature
is due to the removal of stress and crystallization of FeCoB.
The disappearance of anisotropy after annealing at 450 ◦C is
mainly due to the removal of stress and the formation of the
crystalline bcc-FeCo phase.
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