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Broadband ferromagnetic resonance is measured in single crystalline Fe films of varying thickness sandwiched
between MgO layers. An exhaustive magnetic characterization of the films (exchange constant, cubic, uniaxial
and surface anisotropies) is enabled by the study of the uniform and the first perpendicular standing spin wave
modes as a function of applied magnetic field and film thickness. Additional measurements of nonreciprocal
spin-wave propagation allow us to separate each of the two interface contributions to the total surface anisotropy.
The results are consistent with the model of a quasi-bulk film interior and two magnetically different top and
bottom interfaces, a difference ascribed to different oxidation states.
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I. INTRODUCTION

In recent years, there has been an increased interest in
magnetic films with large perpendicular magnetic anisotropy
due to their potential to improve the efficiency and nonvolatil-
ity of spin transfer torque magnetoresistive random access
memories [1-5]. In this search for new materials, Fe films
interfaced with MgO are of particular interest due to their
favorable properties: a small magnetic damping, a high tun-
neling magnetoresistance and a large perpendicular surface
anisotropy (PSA) [2,3,6-8].

There is a good general agreement between experimental
and theoretical investigations on the nature and order of mag-
nitude of this PSA, with values ranging between 0.86 and
3.15 mJ/m? [3,8-17]. These are up to two times larger than
usual PSA found at the interfaces between transition metals
and heavy metals [6,7,18] despite weak spin-orbit coupling
[15]. Theoretical papers have attributed this large PSA to
the hybridization between interfacial oxygen and iron atoms
[13,14].

Experimentally, it is very challenging to access the in-
ternal magnetic environment of ultrathin films and separate
the contributions of the top and bottom interfaces to the
total PSA of a film. So far, experimental characterizations
[3,8-12,19-21] have relied on magnetometry measurements
to estimate the surface magnetic anisotropy. This means that
additional hypothesis were needed to extract the individual
surface anisotropies, including comparison with a reference
interface or assumptions regarding possible bulk magnetoe-
lastic contributions.

In this paper, we separate the top and bottom perpendic-
ular surface anisotropies of single crystalline MgO/Fe/MgO
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films resorting exclusively to spectroscopic measurements
of inhomogeneous magnetization dynamics. To achieve this,
we perform a broadband ferromagnetic resonance character-
ization of a thickness series of films MgO/Fe(t)/MgO (t =
10-30 nm) and combine it with a careful study of nonrecip-
rocal spin wave propagation. Our results show that the films
of the entire series behave as a quasi-bulk film interior with
two Fe/MgO interfaces that are not magnetically equivalent.
We deduce then different top and bottom surfaces anisotropies
that are in good agreement with theoretical calculations for
ultrathin films [13—17]. This paper not only presents a new
characterization methodology, but also provides evidence that
the large PSA of the technologically relevant ultrathin films
also exists in the thicker films traditionally used in material
science.

II. BROADBAND FERROMAGNETIC RESONANCE
A. Film growth

The studied films were grown by molecular beam epi-
taxy on commercial MgO(001) substrates and consist of the
following stacks: substrate/MgO(20)/Fe(t)/MgO(8)/Ti(4.5)
(thicknesses in nm). The MgO buffer film was deposited on
top of a polished MgO surface at 550°C. The Fe film, with
thickness ¢t = 10, 15, 20, 25, 30 nm, was subsequently grown
at 100 °C (stair-step structure obtained with a movable shut-
ter). Finally, the sample was annealed at 480 °C and capped
with the MgO and Ti layers, both grown at room temperature.
The epitaxial relationship between Fe and MgO is such that
the [010] and [100] in-plane directions (magnetic easy axes
of the Fe film) are rotated by 45° with respect to those of the
MgO films (aligned with the edges of the substrate).

The crystalline quality of the samples was confirmed in-
situ by RHEED. After growth, an x-ray diffraction study

©2022 American Physical Society
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FIG. 1. Ferromagnetic resonance spectrum measured at 40 GHz
for the t = 20 nm film. The main panel shows the real and imaginary
components of the change of effective permeability as function of
the in-plane applied magnetic field (along an the [100] direction of
Fe). One distinguishes both a main peak (uniform resonance, n =
0) and a satellite one (perpendicular standing spin wave, n = 1).
The inset contains a photograph of the CPW loaded with a sample
at its center (top) and a cross-section sketch showing the tapered
CPW, the magnetic film, and the thickness profiles of the dynamic
magnetization for the two resonance modes (bottom, not to scale).

revealed a slight tetragonal distortion of the Fe lattice with
respect to the bulk, more precisely a 0.5% out-plane compres-
sion accompanied by a 0.7% in-plane expansion [22].

B. Vector network analyzer—Ferromagnetic resonance

The dynamic magnetic properties of the films are char-
acterized by Vector Network Analyzer - Ferromagnetic
Resonance. The sample (1.8 x 1.8 mm? piece cut from a film)
lies on a 50 2 channelized coplanar waveguide (CPW) [23]
with a 300-um center line separated from the lateral ground
planes by 100 wm gaps (see inset in Fig. 1). The 50-um
thick copper/gold top metallization rests on a 127-um thick
PTFE/glass Rogers RT5880 substrate backed with a very thick
copper layer. The CPW’s top and bottom grounds are con-
nected through rows of vias parallel to the center line in order
to ensure a single-mode propagation in the entire 0-50 GHz
frequency range. The part of the waveguide on which the
sample is placed has a tapered center line (width 200 ym,
thickness 30 um) that compensates for the impedance change
caused by the presence of the conductive film on top of the
CPW [24].

To perform the magnetic measurements, the CPW and
sample are inserted in the gap of an electromagnet and
connected to a 2-port vector network analyzer via 2.4 mm con-
nectors and coaxial microwave cables. The analyzer can excite
and measure the microwave response of the CPW: microwave
reflection on each port and transmission between the two
ports. The excitation of the ferromagnetic sample results in
a modification of the waveguide’s impedance. After a suitable
calibration and deembedding procedure [25], we extract the
magnetic field-induced change of the effective permeability
A pegs of the waveguide loaded with the ferromagnetic sample.

This magnetic response exhibits clear resonances when the
microwave frequency matches the field-dependent magneti-
zation precession frequency.

Figure 1 shows the ferromagnetic resonance spectrum
measured on a 20-nm-thick Fe film at a microwave frequency
of 40 GHz with an external field H applied in-plane, along the
[100] magnetic easy axis (see Fig. 1 inset). One recognizes
an intense peak centered at 634 mT, which we attribute to
the uniform resonance mode (n = 0 in the inset of Fig. 1).
A satellite peak centered at 112 mT is also observed: We
attribute this to the first perpendicular standing spin wave
mode, corresponding to an inhomogeneous precession across
the film thickness, with opposite phases at the two surfaces
and zero amplitude at the center (n = 1 in the inset of Fig. 1).
The observation of this satellite peak might be surprising
at first glance since the microwave magnetic field produced
by the coplanar waveguide is expected to be homogeneous
over the thickness of the magnetic film, thus preventing the
excitation of inhomogeneous modes. However, the fact that
the ferromagnetic film is conductive leads to the occurrence of
electromagnetic shielding. This effect is characterized by the
creation of electrical currents in the metallic film, which tend
to confine the electromagnetic field within the space between
the waveguide and the sample [24]. This results in a very
inhomogeneous microwave magnetic field distribution across
the ferromagnetic film thickness leading to the excitation of
nonuniform magnetization precession modes [26].

Similarly, ferromagnetic resonance spectra are recorded for
the various thicknesses of Fe with frequency in the range
1.4-50 GHz and external field (up to 2.7 T) applied either in-
plane, along the [100] direction of Fe, or out-of-plane (along
[001]). Each resonance spectrum is fitted with a complex
Lorentzian function. From these fits we extract the reso-
nance fields of the two modes, in the two field configurations
(Fig. 2). From the fit of the resonance peak of mode n = 0 in
the out-of-plane configuration, we also extract the linewidth
and from its frequency dependence we finally estimate the
damping factor & = 2.6 x 1073, It must be noted that mode
n = 1 could not be observed for # = 10 nm and 15 nm with in-
plane applied field and for + = 10 nm with out-of-plane field
because the corresponding resonance frequencies lie beyond
the 50 GHz experimental limit.

C. Theoretical model

To interpret the resonance data of Fig. 2, we use the
so-called Kittel formulas [27]. These simple expressions are
known to be exact in the case of a uniform resonance mode
in a high-symmetry configuration (equilibrium magnetiza-
tion parallel or perpendicular to the anisotropy axes). This
section shows how they can be extended also to the case
of inhomogeneous dynamics (n=1) in films with moder-
ate thickness and sizable surface anisotropies. Our starting
point is the linearized Landau-Lifshitz equation for plane spin
waves,

iom = yp,(Heqg x m — Mg x h). (1)

Here, o is the angular frequency, y is the gyromagnetic
ratio and p is the permeability of vacuum. Mgy and m are
the static and dynamic components of the magnetization,
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FIG. 2. Measured frequency vs resonance magnetic field of both the uniform mode (» = 0) and first perpendicular standing spin wave
mode (n = 1) for the entire thickness series. In the case of in-plane applied field, squares (triangles) correspond to mode n = 0 (n = 1). For the
case of out-of-plane applied field, circles (stars) correspond to mode n = 0 (n = 1). The lines are the corresponding Kittel fits [see Egs. (5)].

respectively. Similarly, Heq and h are the static and dynamic
parts of the effective magnetic field, respectively. The effec-
tive field derives from the total magnetic energy [28], which
in the present case contains five contributions: (i) the exchange
and (ii) demagnetizing contributions present in any ferromag-
net, (iii) the cubic volume anisotropy known to exist in iron,
(iv) surface perpendicular anisotropies at the two Fe/MgO
interfaces, and (v) an additional volume anisotropy with uni-
axial symmetry and perpendicular-to-plane axis, which, we
argue, is created by strain through a magnetoelastic coupling
(see Sec. IV).

When the external magnetic field H is applied along the
easy axes of the Fe films, the static effective field writes

H
H + Hy + hs(§) — M

itH || [100]g.

ifH | [001]g, 2

Heq(E) = {

h=—
M

while the dynamic effective field writes
V2 4 HK]m + [Hy + hs(§) — Ms]mgé}.

(s 3

/"LOMS
Here, M is the saturation magnetization, A is the exchange
stiffness constant, & is a unit vector along the direction
perpendicular to the film and mg is the dynamic magneti-
zation component along this direction. Additionally, Hx =

MZOLA‘I, where K; is the volume cubic anisotropy constant,

S

and HU=551,}, where Ky is the volume uniaxial mag-
S

netoelastic anisotropy constant. Finally, the field hg(§) =
ﬁ[l(gotﬁ (&) + KP8(€ — )] models the perpendicular sur-

face anisotropies with constants Kg* and K& at the top and
bottom interfaces, respectively [29]. Note that mz = 0 when
a saturating magnetic field is applied perpendicular to the
plane of the film (Mcq || é), making Eq. (3) valid for the two
experimental configurations considered in Eq. (2).

The system of equations (1)—(3) is effectively a fourth-
order differential equation for the dynamic magnetization with

mixed-type boundary conditions (so-called surface pinning),
which does not have an exact analytical solution [30]. How-
ever, it is possible to obtain approximate solutions in some
limiting cases. In particular, if the exchange energy A/t is
much larger than the surface anisotropy Kg, we can expand the
dynamic magnetization in a Fourier series of cosine thickness
modes (unpinned standing spin wave modes) and, in the spirit
of the Kalinikos-Slavin theory of dipole-exchange spin waves
[31,32], limit ourselves to the first two terms of the series.
Then we may write the complex amplitude of the dynamic
magnetization m*(£) as

m*(§) = [m) Do + m, ®1(£)] & + [m) Do + my @1 (5)]5,

“
with x and y denoting two directions orthogonal to the static
magnetization Meq. ®o=1/ A/t is the lowest order term in
the Fourier series corresponding to a normalized uniform
distribution, and ®(£) = ﬁcos(?&)/\/; is the second term
corresponding to a normalized nonuniform distribution with
a thickness-profile, which is antisymmetric with respect to
the center of the film (see their sketch in the inset of
Fig. 1). In the basis of the four orthogonal vector modes
[DoXx, (&)X, Doy, P1(§)¥], the complex amplitude of the
dynamic magnetization can be conveniently expressed as
m* = (m;), m}c, m?, m)l,).

After substituting Egs. (3) and (4) in Eq. (1), one can
project the system of equations (1)—(3) on this new four-mode
basis (see Ref. [33] for a detailed treatment of the projec-
tion) and obtain a simplified eigenvalue equation of the form
iom* = Cm*, where C is the 4 x 4 dynamic matrix [29]. The
eigenvalues of this matrix are the resonance frequencies. By
replacing the eigenvectors of matrix C back in Eq. (4) one may
recover the actual oscillation modes of the magnetization.

The dynamic matrix in the presence of surface anisotropies
is given in Appendix A for the case of a spin wave with
wave vector k parallel to the [010]g axis. It is impor-
tant to note that this matrix depends explicitly not only
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TABLE L. Explicit expressions of stiffness fields in the resonance
frequencies of Egs. (5).

Field n=0 n=1

Hy,, Hy Hy + Hg

Hy, M, + Hx — Hy — Hs M, + Hy — Hy — 2Hs + Hg
H,, M, — Hy — Hy — Hs M, — Hy — Hy — 2Hs — Hg

on the total surface anisotropy Ks=Kg*'+K ™" but also on
the difference of surface anisotropies at the two interfaces
AKs =K' — K" [29].

Let us now concentrate on the case of ferromagnetic reso-
nance (k=0). Up to first order in AKjy, our approach produces
Kittel-like [27] expressions for the resonance frequencies of
the first two standing spin wave modes,

Yo 12

an = E[(H +HXn)(H +HYn)] s (58.)
fin = %(H — Hz). (5b)
T

Here n=0, 1 is the mode index, and || and L refer to
the configurations with H || [100]g. and H || [001]g, respec-
tively. H,,, are orientation and mode-dependent stiffness fields
whose expressions are given in Table I, where the following
thickness-dependent exchange and surface anisotropy fields
have been used,

2m2A
Hg = ——, (6a)
I’LOMSI2
2Ks
Hg = ——. (6b)
MOMst

At the chosen level of approximation, which is valid only
for small differences in surface anisotropies (AKs?/A < 1),
the resonance frequencies [Egs. (5)] depend on Ks but not on
AKsg, although the C matrix depends explicitly on it. This may
be explained as follows. With k = 0, the mutual demagneti-
zation factor Q vanishes (see Appendix A) and so does the
largest source of hybridization between the uniform and anti-
symmetric basis modes. Only terms in AKg remain nonzero
in the off diagonal blocks of the C matrix [Eq. (A1)], meaning
that the difference in surface anisotropies becomes the sole
source of hybridization. It happens that the corresponding
coupling is proportional to AKS2 and is thus neglected in the
above approximation. We note also that the contribution of
surface anisotropies to the stiffness fields is doubled in the
case of mode n =1 as compared to mode n = 0. This is a
direct consequence of mode n = 0 being uniform at this level
of approximation while mode n = 1 is fully asymmetric with
large amplitude at the surfaces, which makes it more sensitive
to PSA.

D. Results

Fitting the experimental data in Fig. 2 to the corresponding
Egs. (5) yields the values of the stiffness fields Hy,, Hy,, and
Hz, (n=0, 1) presented in Fig. 3 as open circles. For this
extraction, we assume a unique value for y (see Table II),
which is the average over all film thicknesses of the individ-
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FIG. 3. (a) Stiffness fields as a function of Fe thickness obtained
from Kittel-like fits of the experimental resonance frequencies (open
circles) compared with the analytical model of Table I (solid lines)
and the values obtained from Kittel-like fits of SWIIM simulations
(dotted lines). (b) Stiffness field Hy; as a function of 1/¢2. (c) Stiff-
ness fields Hyo and Hy, as a function of 1/z.

ual y values obtained by fitting fo(H) experimental data to
Eq. (5b).

Values of the stiffness fields associated with the two
oscillation modes (n=0, 1) can be readily treated and com-
bined sequentially so as to extract most of the magnetic
parameters of the iron films. As a starting point and in
agreement with SQUID characterization, the saturation mag-
netization value is set to that of bulk iron ugM;=2.15 T.
Next, we observe that Hyq is thickness independent and
we extract the cubic anisotropy constant K; from Hy,= Hg.
Then, since Hy, —Hyo=Hg varies as t 2 [Fig. 3(b)], we
confidently extract a thickness independent exchange con-
stant A [Eq. (6a)]. We subsequently notice that the thickness

TABLE II. Magnetic parameters obtained for MgO/Fe(r)/MgO
films ( =10—30 nm).

oM [T] v /27 [GHz/T] A [pJ/m] K [kJ/m?]
2.15 29.1 +0.6 19.4+0.1 5241
Ky [KI/m’] Ks [mJ/m?] AKs [mJ/m?]
45428 23403 0.8°£0.1

“Tabulated value for bulk iron at room temperature.
Value obtained from nonreciprocal spin wave measurements (See
Section III).
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dependent parts of Hy, and Hzy both vary as t~1, with
similar slopes [Fig. 3(c)], from which we determine the
average total surface anisotropy constant Ks [Eq. (6b)]. Fi-
nally, we determine the uniaxial anisotropy constant Ky using
Hyo+Hzo—2(Ms—Hs)=2Hy.

The obtained magnetic parameters are summarized in
Table II. In the chosen parametrization, the negative sign
of Ky indicates an easy-plane parallel to the film’s plane
and the positive sign of Kg an easy axis along the film
normal.

The lines in Fig. 3 are the theoretical stiffness fields cal-
culated by injecting the parameters just determined (Table II)
back into our analytical model. The good agreement obtained
illustrates that a single set of thickness independent magnetic
parameters is indeed enough to capture most features of the
magnetization dynamics in the studied MgO/Fe/MgO films.
Furthermore, the fact that the agreement also applies to those
stiffness fields which have not been considered in the above
analysis (Hy; and Hyz;) can be considered as a validation of
the model. There are however points of slight disagreement
between the experimentally determined values and the corre-
sponding analytical predictions. In particular, predicted values
of the difference Hyo—Hyzo are significantly larger than the
ones determined experimentally. As may be inferred from
Appendix B, modifying the analytical model [Egs. (5)] to
include terms up to second order in AKgs allows one partially
reducing the disagreement. This second-order approxima-
tion however produces cumbersome expressions which are
unpractical and, even more importantly, unable to pro-
vide information regarding the sign of AKjg. This points
at the need for an accurate determination of this addi-
tional parameter through an experimental technique, which
is sensitive to it at first order, namely spin wave frequency
nonreciprocity.

III. NONRECIPROCAL SPIN WAVE PROPAGATION

Propagating spin wave spectroscopy has been shown to
be very sensitive to magnetic asymmetries across the thick-
ness of thin films [29], including differences in surface
anistropies at the two interfaces (AKs#0). The principle
of such measurement is sketched in the inset of Fig. 4.
A spin wave propagating in the so-called Damon-Eshbach
geometry (i.e., with its wave vector k oriented perpendic-
ular to the in-plane applied magnetic field H) is known to
exhibit a mode profile nonreciprocity. This means that the
wave has an asymmetric distribution across the film thickness,
with more amplitude on one side of the film than on the
other. This asymmetric profile is reversed when changing the
sign of k, i.e., for spin waves propagating in the opposite
direction [34] (see inset of Fig. 4). Consequently, an inho-
mogeneous magnetic environment across the thickness will
have different effects on the dynamics of counterpropagating
spin waves. This can be measured experimentally as a dif-
ference between their resonance frequencies, which becomes
a spectroscopic signature of the film’s asymmetric magnetic
environment [29].

To measure this frequency nonreciprocity, suitable devices
are fabricated from the Fe samples. This is achieved by
patterning the film into a strip geometry and fabricating a

T
— AL

Im(AL) (pH)

HG <.\}50- k>0

-16 . . .
195 200 205 215 220 225

frequency (GHz)

FIG. 4. Measured imaginary component of the mutual induc-
tance between antennas due to counterpropagating spin waves (with
wave numbers: k; = 3.9rad/um and k, = 1.57rad/um) in a strip of
t = 20 nm Fe film under a 120-mT magnetic field (Damon-Eshbach
geometry). The inset shows an electronic microscope image of the
experimental device (top) and a sketch of the asymmetric modal
profiles of counterpropagating waves across the thickness of the
film and its interplay with asymmetric magnetic surface anisotropies
(bottom).

pair of conductors on top. These conductors with a meander
geometry serve as antennas for exciting and detecting spin
waves of controlled wavelength. With the design chosen in
the present paper (see inset in Fig. 4) the most important
excitation occurs around two particular wave vectors k; =
3.9rad/um and k; = 1.57rad/um. By using two separate
antennas, and interchanging their role, it is possible to mea-
sure the changes in mutual inductance corresponding to spin
waves propagating with positive and negative wave vectors
ALy~o, AL;o [35]. More details on the fabrication process
of the devices and experimental procedure can be found
elsewhere [36].

Figure 4 shows the measured change in mutual induc-
tance corresponding to spin wave propagation in a ¢t = 20-nm
device under a 120-mT field applied along [100]. One can
observe directly a frequency difference between counter-
propagating waves, both for the main spin wave excitation
[f~r(k1)] and for the secondary one [fnr(k»)]. The value
of this frequency nonreciprocity is followed as a function
of the applied magnetic field in the range 30-200 mT. The
different symbols in Fig. 5 show the frequency nonreciproc-
ity measured for three different samples: namely devices
from the FMR series with =10 nm and 20 nm, and a
third device with £ =20 nm but without Ti capping, labeled
thereafter 20 nm*. We observe that fygr is roughly field
independent.

To analyze quantitatively the data in Fig. 5 and estimate
the difference in magnetic surface anisotropy AKg, we use
the theory developed in the previous section with some modi-
fications. To account for the propagating character of the spin
waves, the space-dependent part of the dynamic component
of the magnetization [Eq. (4)] becomes m*(§ Ye 1 where
is a direction vector along the ferromagnetic strip. Now, the
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FIG. 5. Frequency nonreciprocity measurements as a function of
applied magnetic field for devices ¢+ = 10 nm, 20 nm, and 20 nm* and
each wave numbers k; = 3.9rad/um, k, = 1.57rad/wm. The lines
correspond to the average value of fygr over the experimental field
range.

dynamic magnetic field writes

h=! A vy Hy + h g
_AZ Lol + Hg |m + [Hy + hs(§)Im:§

+ /0 Gi(E — £mde’, %)

where the last term is the dipolar contribution and Gy the mag-
netostatic Green’s tensor [37]. As in the previous section, the
system of Egs. (1) and (7) can be projected onto the spin wave
modes basis, which allows one to obtain an eigenvalue equa-
tion with a dynamical matrix C given explicitly in Appendix A
(note that in this case k#0). In the Damon-Eshbach config-
uration, the nonuniform character of magnetization along #
gives rise to dipolar coupling between Fourier components
n=0 and n=1 [through the factor Q0 in the nondiagonal
blocks of the dynamic matrix C, see Eq. (Ala)], which is non-
reciprocal with respect to the wave number. This, combined
with the asymmetry produced by AKs, is at the very origin of
the frequency nonreciprocity.

Once again we can calculate the resonance frequen-
cies from the dynamic matrix C, and in this case, obtain
the frequency difference between counterpropagating waves.
Assuming AKgt /A < 1, an approximate expression can be de-
rived in which the frequency nonreciprocity of mode n=0 is
a linear function of both the wave number k and the difference
in surface anisotropy AKs [29],

SR = flotk < 0) = flok > 0)
8]/ AKS

N ——————k. 8
JTSMS(l 4 A:;-[Z) ( )

Since fnr shows no systematic variation with the external
magnetic field (Fig. 5), we consider below its average value
over the 30-200 mT range and plot it in Fig. 6 as a function
of k for each of the studied films. Applying Eq. (8) and
using values of y, Mg, and A found in Table II, we finally
extract estimates for AKg from the slopes of linear fits: 0.8,

140 T T T T
t=20 nm* .
1204 ® t=20nm & .
A t=10nm ~
100 4
¥ 80 g 1
g //
Z 604 7 b
40 w7 /,x" 1
//. ,”’
204 ////,A,—’ .
0 "'/ T T T T
0 1 2 3 4 5

k (um/rad)

FIG. 6. Frequency nonreciprocity as a function of wave number
for the three films under study. The points represent the average ex-
perimental values in the applied field range 30-200 mT (see Fig. 5).
The solid lines are the corresponding linear fits to Eq. (8). The dashed
lines show the mean value as calculated with SWIIM while using
values for AKj that best adjust the experimental points (see text for
details).

1.1, 1.6 mJ/m2 for the 10 nm, 20 nm, and 20 nm* films,
respectively.

These results confirm the asymmetry of the two film inter-
faces suggested by FMR measurements. They show that AKg
is undoubtedly positive, which means that, in all films, the
bottom interface has a stronger PSA than the top one. Since
the above characterization is based on several approximations
[Egs. (4) and (8)], the magnitude of AKg should however be
refined before comparing and contrasting the films and their
respective interfaces. To this aim, we finally turn to numerical
simulations.

We resort to the code SWIIM [38], which provides a finite-
difference numerical solution of Egs. (1) and (7) to calculate
the difference between the frequencies of counterpropagating
waves as a function of wave number & in the Damon-Eshbach
configuration. For each sample, we adjust AKjg (the remaining
magnetic parameters are taken from Table II), so as to best
reproduce the experimental kngr(k) data in Fig. 6 (dashed
lines). The values of AKg obtained in this way are 0.7, 0.8, and
1.2 mJ /m2 for the 10 nm, 20 nm, and 20 nm* films, respec-
tively. Comparing them with values obtained from Eq. (8), we
observe that the analytical approach systematically underes-
timates the effect of AKg70. Noticeably, using numerical
simulations allows us reducing the difference between the
values of AKg for the 10 nm and 20 nm samples to almost
nothing, which is of course expected for films of similar
composition. We then choose the value AKs=0.8 mJ/m? as
a reference for our MgO/Fe/MgO system.

Having refined the magnitude of AKjg, we finally go back
to the ferromagnetic resonance case and we use SWIIM to
calculate the resonance frequencies of the two lowest FMR
modes as a function of magnetic field using the now com-
pleted set of magnetic parameters (Table II). Then we fit the
frequencies determined numerically to Eqgs. (5) and extract
the corresponding stiffness fields. As expected, accounting for
the difference in surface anisotropy evidenced through propa-
gating spin wave spectroscopy allows one improving slightly
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the agreement between experimentally and numerically deter-
mined Hyq, Hzo, Hy1, and Hy; stiffness fields (Fig. 3). Note
that despite the introduction of AKjg and the exact treatment of
hybridization effects by SWIIM, numerical data remain how-
ever rather close to predictions of our analytical model. This
proves the suitability of our choice of a limited four-vector
mode basis (Sec. I1 C).

IV. DISCUSSION

Starting from a simplified analytical model, we have
described above a method for extracting the magnetic param-
eters of ferromagnetic films with moderate thickness from
broadband ferromagnetic resonance and propagating spin
wave spectroscopy measurements. The positions of the fer-
romagnetic resonance peaks measured over large field and
frequency ranges are first fitted to Kittel formulas (Fig. 2).
Then, the extracted stiffness fields are confronted to explicit
expressions ( Table I) allowing one to extract successively
five magnetic parameters. The deviations between the model
and the experiments do not exceed 3% (Fig. 3), which we
find very satisfactory given the wide range of field, frequency
and film thickness investigated, and the limited number of
parameters involved. Moreover, the extension of the model
to propagating spin waves accounts for the measured fre-
quency nonreciprocity, a quantity from which we extract a
sixth magnetic parameter. The value of the latter is eventually
refined by confronting frequency nonreciprocity data to full
micromagnetic calculations.

The above ferromagnetic resonance study suggests that the
entire thickness series can be described quite accurately with
a thickness independent set of magnetic parameters. The ex-
change stiffness constant we determined lies within the range
of values reported in literature for Fe at room temperature
A=19-23pJ/m [39-41] and agrees particularly well with the
recent determinations by Niitsu [40] and Kuz’min et al. [41].
The measured cubic anisotropy constant, on the other hand, is
slightly larger than the values measured on bulk iron and thin
iron films (K; =44-49kJ/m?) [42-45], but it agrees well with
results from first principles calculations (K; =52kJ/m?) [45].

The third volume parameter, namely the uniaxial
anisotropy Ky, accounts for the difference between the
saturation magnetization M, determined from SQUID mag-
netometry and the so-called effective magnetization Mg =
(Ms—Hy) measured from FMR. Now, we argue that this
anisotropy originates from a distortion of the iron lattice.
Indeed, the —4% mismatch between Fe and the MgO substrate
is known to relax only partly through a dense array of disloca-
tions formed in the first Fe atomic layers, thus leaving a small
residual strain in nanometer thick films [46]. Accordingly, a
tetragonal distortion is measured in the samples under study
consisting of a 0.7% mean in-plane expansion and a 0.5% out-
of-plane compression [22]. Such vertical lattice compression
is expected to enhance the spin-orbit mediated interactions
between electronic states, which favor an in-plane orientation
of the magnetization [47]. To relate phenomenologically this
extra magnetic anisotropy to the measured lattice distortion
one may use the magnetoelastic coupling constants of bulk
iron [48]. The obtained uniaxial anisotropy constant Ky =
—41kJ/ m? (see Sander [49] for calculation details) is in very

good agreement with our experimental observations regarding
both its sign and its magnitude.

In terms of total perpendicular surface anisotropy, our re-
sults (see Table II) agree well with what is expected for an Fe
ultrathin film sandwiched between two MgO layers [13-17].
From the joint results of broadband FMR and spin wave prop-
agation, we can extract the values for the two individual PSA
constants: Kg‘":(KS + AKs)/2=1.55 mJ/m? for the bot-
tom interface (MgO buffer/Fe) and K¢¥ =(Ks — AKs)/2=
0.75 mJ/m? for the top one (Fe/MgO capping). These two
values are within the range for the PSA obtained by ab-initio
calculations [13—-17] and measurements on ultrathin films
with a single MgO/Fe interface [10-12,50,51]. However,
in these previous experimental papers, the extracted values
always included the contributions from two interfaces, and
some hypothesis based on reference interfaces (e.g., V/Fe)
needed to be included to extract individual values. In the
present study we provide individual Kg values for both in-
terfaces, which allows us to compare them directly with
results from ab initio simulations and evidence that the ul-
trathin interface physics can be extrapolated to thicker films
[10-17,50,51].

It has been shown theoretically that over/under oxida-
tion at the Fe/MgO interface reduce drastically its surface
anisotropy [15,16]. Moreover, using Mossbaiier spectroscopy,
it has been shown that the Fe/MgO and MgO/Fe interfaces of
a film can exhibit different amount of interfacial Fe oxidation
[52]. Therefore, we attribute the difference in PSA at the
two interfaces to a difference in their oxidation states. We
assume that the distinct temperature treatments to which the
bottom and top interfaces are subjected during growth is the
reason for that: the 480 °C annealing, performed just after
iron deposition, promotes a better epitaxy and higher value
of surface anisotropy for the bottom MgO/Fe interface [12].
On the other hand, the top interface is not annealed, which
likely leads to an over oxidation of the interfacial Fe atoms
and a lower value of the PSA [15,16]. This behavior is cor-
roborated by the larger value of AKg observed in the 20 nm*
sample without Ti protection (see blue dots in Fig. 6). For
this sample, indeed, we argue that a further oxidation of the
top interface may take place after the unprotected 8-nm thick
MgO capping layer is exposed to water [53,54] both during
the fabrication of this specific device and later under ambient
conditions.

V. CONCLUSIONS

The magnetization dynamics of a thickness series of
MgO/Fe(t)/MgO epitaxial films (f=10 — 30 nm) was char-
acterized using a combination of ferromagnetic resonance
and nonreciprocal spin wave propagation measurements. Our
rather versatile Kittel model accounts consistently for the
frequencies of the uniform mode of magnetization preces-
sion and also for the inhomogeneous first standing spin wave
mode. Noticeably, the ability to probe both of these modes
over a wide range of film thicknesses allowed us to determine
the exchange stiffness constant and the perpendicular surface
anisotropy, two quantities, which are inaccessible through the
sole study of homogeneous dynamics.
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With our detailed ferromagnetic resonance characteriza-
tion, we evidenced that the entire thickness series can be
described with a single set of magnetic parameters. The
magnetic volume parameters, cubic anisotropy and exchange
stiffness, agree very well with what is expected for bulk iron.
Also, an additional uniaxial perpendicular anisotropy was
identified and attributed to a slight tetragonal distortion of
the Fe lattice. Finally, it was possible to separate contribu-
tions of individual film interfaces to the perpendicular surface
anisotropy with the help of complementary propagating spin
wave spectroscopy measurements. The sizable asymmetry be-
tween the top and bottom interfaces was attributed to the
different oxidation states of each interface. Our characteriza-
tion suggest that 10-30 nm thick single crystalline Fe films
have a well defined quasi-bulk magnetic interior, while the
interfaces with MgO retain the large perpendicular surface
anisotropy found in ultrathin film.

Our paper provides new light into the technologically-
relevant ferromagnet/MgO interfaces and their effect on
spin waves, while it also validates a new method for
characterizing magnetic interfaces. Note that our method-
ology could be extended to alloys or multilayer systems,
for which it could provide key information about possi-
ble inhomogeneities/asymmetries of the magnetic properties
across the film thickness.
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APPENDIX A: DYNAMIC MATRICES

To find the resonance frequencies of the magnetization
modes one has to solve the Landau-Lifshitz (LL) equation.
For this, we substitute Eq. (2) for the static field, Eq. (7) for
the dynamic field, and Eq. (4) for the dynamic magnetization
into the linearized LL Eq. (1) and project the latter onto the
space of cosine thickness modes, as explained in Sec. II [31].
To be able to derive useful analytical solutions, it is convenient
to restrict this projection to the first two modes, yielding a
total of four basis vectors [®pX, ®((§)X, DoF, D;(£)X] (two
modes per spacial coordinate of the dynamic magnetization).
After projection, the linearized LL equation [Eq. (1)] takes
the form of an eigenvalue equation: iwm* = Cm*, where C
is the so called dynamic matrix, which in the present case, is
4 x 4 [29]. The eigenvalues of this matrix are the resonance
frequencies and the eigenvectors describe the corresponding
dynamic magnetization mode amplitudes. In Eq. (Al), we
provide expressions for the dynamic matrices in cases where
the external magnetic field is applied in-plane (C;) and out-of-
plane (C)).

—iM;Q(k) 0
—22eks iM,Q(k)
0 H) (k)+Hg+MPy; (k)
—[H, (k)+Hg—Hy—2Hs+M[1—Py; (k)] 0
(Ala)
_ 2J/2AKs
ot Mg
0
(A1b)
H | (k)+Hg+Hs+M;Py (k)
0

APPENDIX B: EFFECT OF A NONZERO AKs ON THE
STIFFNESS FIELDS IN THE CASE OF FERROMAGNETIC
RESONANCE

In Sec. II we have derived Eq. (5) for the resonance
frequencies of the modes n=0, 1 by considering the effect
of AKg only up to first order. In the infinite wavelength
limit (k=0), those frequencies become fully independent of
AKs. Now, we proceed to consider the approximation up
to second order in this parameter and study its effect on

Eq. (5).
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FIG. 7. Second-order correction functions for the stiffness fields
[Eq. (B1)] as calculated with AKs = 1.65 mJ/m? to obtain a sizable
effect. Functions gy, and gz are the stiffness field corrections for in-
plane applied field, while gz applies to the out-of-plane case. The
shaded zones around the lines account for the variations of g,, with
applied magnetic field in the range 0-1.3 T.

When keeping terms proportional to AKS2 in the model, the
stiffness fields need to be modified as follows: Hx, — Hx,,
Hy, — Hy, + gvn, Hzo — Hzo + gz, and Hz1 — Hzi — gz,
where the field corrections gy, (n=0, 1) and gz are given by

-8 Hg+Hx+H AKSZ

gro(H. 1) = (ia et . (Bla)
Hs(Hx+H)+Hg[Hy—Ms—Hg+2(Hs—Hg —H)]
8 (”Kﬁjf’)z AKZ
gri(H. 1) = sl . (Blb)
Hs(Hx+H)+Hg[Hy—Ms—Hg+2(Hs—Hg —H)]
8AK?Z
g,(t) = (Blc)

(roMst)*(Hg + Hs)'

gz is completely independent of the external field H and
gyn depends only very weakly on it in the range of interest
(Fig. 7) so that it can also be considered as constant. There-
fore, under this second-order approximation, the resonance
frequencies fj, and f, retain approximately the Kittel-like
form of Eq. (5), with the external field dependence contained
entirely in the explicit H term. This justifies our fitting of the
ferromagnetic resonance frequencies in Fig. 2 to Eq. (5) even
in the presence of a sizable AKg. We note in passing that,

2.15
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Iﬁ
= 2.00 A ~ H
S - — MY0_model
2 |
1954 P z — HZO_modeI |
- o) P — = Hyo(akg= 0.8 myim?)
. o , = =Hzg(ake= 0.8 mum?)
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FIG. 8. Stiffness fields Hy, (red) and Hy, (blue) as functions
of the Fe film thickness ¢. The open circles are the experimentally
determined values and the lines are predictions of our analyti-
cal approach. Continuous, dashed, and dotted lines correspond,
respectively, to first-order approximation, second-order approxima-
tion with AKs=0.8 mJ/m?, and second-order approximation with
AKs=2.3 mJ/m>.

given their smallness (Fig. 7), the correction fields will have a
negligible effect on the determination of the main parameters
Ks and Ky.

As mentioned in the main text (Sec. IID), moving to
second-order approximation allows one to improve qualita-
tively the agreement between theoretical and experimental
values of the stiffness fields (Fig. 8). However, when assum-
ing the value AKs=0.8 mJ/m? determined from spin wave
spectroscopy (Sec. III) the improvement remains marginal,
especially regarding Hy,, and only a much bigger value of
AKjs allows one reaching a reasonably good matching (note
the different vertical scales in Figs. 3 and 8). Here again, we
evidence the tendency of our analytical approach to underes-
timate the effect of a difference in surface anisotropies. We
attribute this quantitative discrepancy partially to the hypoth-
esis made in writing Eq. (4), which is to neglect higher order
terms in the Fourier series. We overcome this limitation with
our numerical analysis (SWIMM code), which allows us to
obtain a better overall agreement with broadband FMR and
PSWS (see dotted and dashed lines in Figs. 3 and 8).
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