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High-resolution scanning transmission x-ray microscopy (STXM) can provide quantitative access to
local magnetization canting angles relative to the surface. We use this cutting-edge microscopy technique
to probe the weak stripe magnetic texture hosted by a 180-nm-thick CosoFe49B,¢ layer. We report a full set
of measurements of the weak stripe canting angle, as well as a method that uses only a single-impinging-
direction x-ray beam to extract the angle. This method also allows the spatial profile to be extracted
with 30 nm resolution, and the canting angle versus applied field can be measured. Combining these
information, the macroscopic magnetization versus applied field loop on a complex spin texture can be
reconstructed in an unprecedented way and shows undoubtedly that flux closure domains exist. These
results show that the presence of flux closure domains, at the surface of such a thick film, is difficult to
demonstrate by means of the STXM technique. Beyond the characterization of the weak stripe angle, this
quantitative x-ray magnetic microscopy can be used to study the local textures hosted in all materials

exhibiting some circular x-ray magnetic dichroism.

DOI: 10.1103/PhysRevApplied.14.024083

I. INTRODUCTION

The growing use of magnetic materials in advanced
technologies [spin transfer torque magnetic random access
memory (STTMRAM), hard drive read heads, magnetic
field sensors] is accompanied by a growing need for
local magnetic texture characterization. During the last
decades, a large variety of textures have been stabilized
by changing the intrinsic properties of the magnetic mate-
rials themselves, changing their interfaces or shapes [1].
One well-known and observed case is the development of
stripe domains in thin magnetic films with a perpendicular
anisotropy axis of value K, which promotes magnetiza-
tion perpendicular to the film plane. Competition with
the thin-film shape anisotropy, equal to (uo/2)MZ (Ms is
the material magnetization at saturation), induces in-plane
magnetization when a film is typically several nanome-
ters thick. However, above a critical thickness [1-3], the
magnetization starts to deviate from the film plane by sta-
bilizing magnetic stripes, a wavy structure in which a small
component of perpendicular magnetization develops (see
Fig. 1). It alternates between up and down across the stripes
to decrease the demagnetization energy. So, the magne-
tization makes an angle 6(y) (=n/2—p in Fig. 1) with
respect to the film plane with a maximum angle +6™
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at the center of a stripe. 6™** can vary between zero and
/2. Such a magnetic configuration is often called a “weak
stripe” (WS). As the layer thickness is increased, the sit-
uation where 6™* = /2 is encountered and is assigned
to the “strong-stripe” (SS) phase. While the presence of
stripes can be unveiled by a large variety of imaging
methods with adequate resolution, determining the precise
stripe structure [i.e., 6(y) and 6™#*] is not possible. There-
fore, global magnetometry techniques are used, since both
phase (WS and SS) have different hysteretic responses [1].
From those macroscopic measurements, determining 6 (y’)
and 6™ remains challenging due to both the presence
of closure domains and assumptions on the magnetization
distribution. In 2015, Blanco-Roldan et al. obtained 6™
for an amorphous NdCos thin film hosting a weak stripe
domain structure [4]. To do so, they acquired a series of
transmission X-ray microscopy images (TXM), varying the
impinging angle of the x-ray beam over a range of 100°.
Here, we extend their work to measure the magnetization
angle distribution using a single impinging angle, taking
advantage of x-ray-beam polarization. The method we use
saves acquisition time and extends the use of TXM to
scanning TXM (STXM), in which the accessible range of
impinging angles is limited by the use of zone plates, and
goniometric membrane holders are rarely used. Further-
more, we are able to measure the magnetization canting
angle versus in-plane applied field and to extract the spatial

© 2020 American Physical Society
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FIG. 1. Sketch of the weak stripe texture and a definition of
the angle with beam b impinging the sample at @pean, to the sam-
ple surface normal. Colors of the arrows are linked to 6 values
(yellow corresponds to 6™, brown to —9™¥).

profile of magnetization with 30 nm resolution. This allows
us to reconstruct the total magnetization versus applied
field loop and compare it to macroscopic measurements.
As a result and in contrast to previous reports [4], we
also highlight the limits of STXM, which cannot show the
existence of flux closure domains.

A large variety of materials are shown to develop WSs
and the conclusions of our study could be extended to those
materials such as Co-Gd [5], Fe-Pt [6], (Fe, Co)AION [7],
Fe-Zr-N [8], FegoGayg [9], (Fe,Si1)B [10,11], and Fe-Ni
[12—14]. Depending on the material’s properties, film com-
position [12—14], and deposition conditions [2,3,15,16],
the critical thickness leading to WS appearance varies from
20 nm for epitaxial Co [17] and 100 nm for (Fe, Ta)C [18]
to 355 nm for Nig,Fe;g [14]. WSs are also observed in
amorphous (Co, Fe)B films [16,19,20]. We choose this last
material, since it has many attractive properties (low damp-
ing, high magnetic response in very low magnetic field,
high magnetoresistance tunnel junctions), which make it a
very good basis for application in spintronic-based devices
(STTMRAM, hard drive read heads, and low- and high-
frequency magnetic sensors [21]). This periodically mod-
ulated magnetic texture can also be used as a medium
of choice for reprogrammable magnetic devices, in which
spin waves are channeled into the magnetic domains [22]
or pinning centers for magnetic vortices [23]. On the basis
of Ref. [19], the thickness of the Co4gFe49Byo layer is fixed
to 180 nm to obtain WS domains.

II. EXPERIMENTAL DETAILS

Amorphous thick CoggFesoB¢ thin films are grown in
an Alliance Concept UHV sputtering system on a 5-nm-
thick Ta seed layer deposited both on a thin SiN membrane
from Silson Co. for STXM measurements and on a (100)
Si substrate for magnetic force microscopy (MFM). The
thin films are capped with a 5-nm-thick Pt layer to prevent
oxidation. The macroscopic hysteresis cycles are recorded
using an ADE vibrating sample magnetometer with the
magnetic field applied in plane. Magnetic imaging is per-
formed using both Asylum MFM and the STXM end

station of the HERMES beamline (SOLEIL Synchrotron)
[24]. Considering the thickness of the CosoFesBs¢ layer,
we work with a beam energy tuned to the Co L, edge
(790 eV) to avoid saturation effects and nonlinearity of the
x-ray absorption spectroscopy; furthermore, the L3 edge is
totally absorbed for thicker layers. The membrane holder
is surrounded by a quadrupole magnet, allowing magnetic
fields to be applied either in plane or perpendicular to the
film plane with a maximum amplitude of 200 mT.

ITI. RESULTS

As a first step and similar to many studies, the stripe
domain structure is observed by conventional microscopy,
here MFM. The stripe domains, stabilized after in-plane
saturation, are very regular without defects within a scan
area of 50 x 50 um? (Fig. 2).

This contrasts with the report on (Co, Fe)B [19] and
gives credit to all WS domain image processing that is
reported here. Indeed, as shown in Fig. 2, in all experi-
ments, the stripe domain pattern is prepared and oriented
parallel to the plane of incidence of the x-ray beam that
impinges on the surface. The in-plane hysteresis cycle is
characteristic of a WS domain structure, even if the MFM
image cannot give any information on the canting angle.
These stripes keep their directivity for all applied fields,
except in the region close to H., which is the in-plane
coercive field of the film equal to 3 mT.

(a) \l (b) \\‘
(c)
- ' &

FIG. 2.
nence after a saturation at 800 Oe. (b) 10 x 10 um?> MFM
image recorded under the same conditions. (¢) Two-dimensional
Fourier transforms of 50 x 50 gm?> MFM image that allows the
measurement of a stripe period of 315 nm.

(a) 50 x50 um?> MFM image recorded at rema-
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FIG. 3. XMCD signal measured at the center of (a) up domains
(domains with angle #™%*) and (b) down domains (domains with
angle —0™#) as a function of the x-ray-beam impinging angle
with respect to the surface. Solid lines are fits using a cosine
variation of XMCD.

As a second step, the x-ray magnetic circular dichro-
ism signal (XMCD), equal to (/% — IR /(IF 4+ ICR) is
measured at the center of both the up domain (domain
with maximum canting of #™**) and the down domain
(domain with maximum canting of —6™%*) as a function
of the impinging angle of the x-ray beam, as reported in
Figs. 3(a) and 3(b), respectively. /% (IR) corresponds
to the intensity transmitted when circular left (circular
right) polarization of the x-ray beam is used [25]. Starting
from zero and increasing @peam, the XMCD signal of the
up domain decreases and equals zero when @peam = 6™,
Since XMCD gives a projection of magnetization along
the photon beam direction, angular variations are fitted
using cos[(7/2) — 0™ 4 @Ypeam] and cos[(7/2) + 6™ +
®¥oeam |, the variations expected from the schematic in Fig.
1 if the stripe angles are symmetric with respect to the film
plane and ™ is the maximum magnetization angle. The
best fit gives a value of §™** = 33.9°4+2.8°.

In the third step, we show how to extract the WS angle
from a single STXM measurement, in which the x-ray
beam is not perpendicular to film plane, by the use of
photon light polarization. The experimental geometry is
sketched in Fig. 1. As discussed in Ref. [4], the transmitted
beam intensity can, in general, be written as

_ T 1—aqp.
[CL :IOe c0s(¢peam) r(1=d"b-m)

: (1a)

T 1
ICR = I()e_ cos(¢heam) z(I+db-m)

) (1b)
where T is the film thickness, L is the x-ray attenua-
tion length, d is the maximum magnitude of the dichroic
absorption, and / is the incident beam intensity through
the membrane without the ferromagnetic layer. b and m
are unit vectors defining the beam and magnetization direc-
tions, respectively. From Eq. (1), d*bem can be extracted

from the calculation of a contrast function that is related to
the XMCD signal as

b 1n(ICL/ICR)
Cg cam — W = d b-m= —dCOS(q)beam +(ﬂ)
In( /

2 -
2

Simple trigonometric calculations lead to CH*™ —
Crream = —2d c0S Ppeam c08 ¢ and CpP™™ + Cim = —2d
SN Ppeam Sin . Co>*™is calculated directly from 7¢F, IR,
and /y. For symmetry reasons, if the magnetic texture is
translated by half a period in the y direction perpendicular
to the stripes, angle ¢ becomes 7 — ¢. C(,’;b_ezm is calculated
from /%, IR and I, and is translated by half of a stripe
period. Consequently, the profile of the weak stripe angle
can be extracted by the use of a single impinging beam
angle using

1 e 4 (o
¢ = arctan (tan oo T C‘,’;"e?/,"‘> 3)
This allows us to compute 6(y) = /2 — ¢, which is pre-
sented in Fig. 4 for ¢gpeam = 30°. A cosine function repro-
duces accurately the experimental 6 (y) profile (see red line
in Fig. 4). These measurements can be made with other val-
ues of @peam, €XCePt Ypeam = 0°: the incident x-ray beam
has to be oblique with respect to the sample surface. A
measurement at Qpeam = 45° leads to the same profile and
value of 6™, As a result, a 6™ value of 34.4°can be
extracted.

In the last step, we measure the variation of 6™#* with in-
plane applied field H,. Since the field direction is always
perpendicular to the x-ray photon beam, the field cannot
be applied in plane with the sample tilted to @peam = 30°.
Therefore, the images collected as a function of applied
field are acquired at @peam = 0° for different values of H,,

AAAR
iy

y poéition (,,,m)

40
30

2.0

FIG. 4. Measurement of the magnetization angle, 6, versus y
position. Data are obtained after averaging the contrasts along
the x direction. Red curve is the fit with a cosine variation of the
stripe angle with y.
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which is the magnetic field applied along x. However, in
this configuration, Eq. (3) cannot be used, as explained pre-
viously. We need to measure conventionally the XMCD at
the center of the stripes, either up or down:

]CL _ ]CR

T

7R = tanh [chos(go)] . “)
To obtain ™%, it is required to evaluate the prod-
uct (7/L)d. The easiest way would be to measure
XMCD in a saturated state either in plane or out of
plane. Since these configurations cannot be accessed, we
directly extract (7/L)d from the XCMDs in the cen-
ter of up and down stripes, since 6™** is known at
zero field. In the center of up domains, XMCD,, =
tanh{ (7/L)[1/cos(¢veam)]dcos[(17/2) + ocam — 0™} ,
while, in the center of down domains, XMCDyown =
tanh{ (7/L)[1/cos(¢beam)] dcOS[(7/2) + @peam + 0]}
(tanh is the hyperbolic tangent). As a result, (7/L)d ~
0.2294. Finally, 6™* (H,) can be plotted as a function of H,
for up and down domains [Fig. 5(a)]. First, at zero applied
field, 8™ equals 37° and is close to the value obtained by
the measurement at zero field with @ye,y, fixed to 30°.

Combining the measured 6™ (Hy) presented in
Fig. 5(a) to the spatial cosine variation of 6 (y) in Fig. 4, we
reconstruct the M (H) loop with the field applied in plane
[red dots in Fig. 5(b)]. We calculate the average, over a
stripe period along y, projection of the magnetization along

X using
1 Tstripe
cos |0™* (H,)cos (2 4 dy,
Ly
T, stripe J 0 T, stripe

®)

Mx (Hx) =

where Tipe is the period of the stripes.

It appears clearly that the remanence in this reconstruc-
tion is overestimated [red dots in Fig. 5(b)]. As reported
in previous studies [1], closure domains can exist with the
magnetization component in plane and perpendicular to the
applied field, which would reduce strongly the remanence.
In our experimental STXM configuration, these closure
domains cannot be observed, since their magnetization is
mostly perpendicular to the x-ray beam. Rotating the sam-
ple 90° to align the impinging x-ray with respect to the y
direction does not allow the flux closure domain structure
to be solved because the XMCD contrast is mainly domi-
nated by the contribution of the out-of-plane component of
magnetization. We use micromagnetic calculations to con-
firm that the low remanence is linked to the presence of
closure domains, and this is done using Mumax3 [26]. All
magnetic parameters of CoggFes9By¢ are extracted from
experiments; the incertitude on the value of anisotropy
is the largest [27]. We can reproduce all characteristic
parameters of the domain structure: the domain period
[experiments: 315 nm from Fig. 2, simulations: 335 nm
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FIG. 5. (a) <XMCD™*> versus the magnetic field, H,, along
the x axis for up (orange) and down (brown) domains, and vari-
ation of the maximum stripe angle. Errors bars are the standard
deviation of XMCD™®* on the same figure, variation of maxi-
mum stripe angle. (b) Magnification of a region of interest of
M, /M; versus H, recorded with a vibrating sample magnetome-
ter (open blue circles). Inset is the total hysteresis cycle. Red dots
are reconstructed values of M, /M, from the XMCD signal. Blue
star is the remanence calculated using micromagnetic calcula-
tions. (c) Magnetization map calculated using MuMax3 in the
plane perpendicular to the stripes (Muview?2 code is used to plot
vectors). Displayed unit cell corresponds to one period (equal to
335 nm) of the stripes and contains two walls; this cell is repli-
cated by periodic boundary conditions into x and y to model the
infinite film.

R R R T s i W, |

from Fig. 5(c)], saturation fields [experiments: 13 mT from
Fig. 5(b), inset; simulations: 13 mT (not shown)], in-plane
remanence {experiments: 0.62 from Fig. 5(b), inset; sim-
ulations: 0.6225 [blue star in Fig. 5(b)]}. As far as the
stripe angle is concerned, the micromagnetic simulations
show the existence of Néel caps that close the magnetic
flux at the surface. At the center of the stripe, the mag-
netization angle varies from 73° at the center of the film
to 6° at the surface. In the geometry of the last experi-
ment, i.e., Ppeam = 0°, it is simple to show from Eq. (1)

that I = Iye~T (+dm:)/m9) \where (m,) is the average of
the z component of magnetization over the film thickness.
Using micromagnetic calculations, a mean value of stripe
angle of 46.4° can be calculated. It is slightly higher than
the mean value determined experimentally, but within the
measurement uncertainty. The difference arises from the
difficulty in adjusting the value of the anisotropy (within
the uncertainty of measurement) to reproduce all charac-
teristic parameters of the domain structure [27], but also
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from averaging of the angle due to the size of the photon
beam (36 nm in diameter).

IV. CONCLUSIONS

By the use of high-resolution scanning transmission x-
ray microscopy, we have quantitative access to the mean
canting angles relative to the surface normal and a sense
of weak stripe domains. We extend previous reports to
measure a single angle by the use of x-ray beam polar-
ization. We are also able to gain access to the spatial
variation of the stripe angle and measure the canting angle
versus applied field. This method is applied to 180-nm-
thick Coy9Feq9By for which canting angles of between
33.9°and 37° can be measured. We shed light on the
fact that, without a combination of techniques, one can
miss out on the presence of Néel flux closure domains.
This kind of study should be completed by a more
surface- and in-plane-magnetization-component-sensitive
microscopy technique, such as x-ray photoemission elec-
tron microscopy to gain a complete understanding of the
micromagnetic configuration.

Beyond characterization of the WS angle, this quanti-
tative x-ray magnetic microscopy can be used to study
the local textures hosted in all materials that exhibit some
circular x-ray magnetic dichroism.
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