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BiFeOs is a rich room-temperature multiferroic material in which noncollinear antiferromagnetic spin
cycloids can be deterministically controlled by an electric field through the magnetoelectric interaction,
opening perspectives for low-power reconfigurable antiferromagnetic spintronics. Using a commercial
scanning nitrogen-vacancy (N-}) magnetometer, we are able to image two different types of spin cycloids
stabilized in strain-engineered BiFeO; epitaxial thin films. We show that, in these samples harboring two
ferroelectric variants, each ferroelectric domain is coupled to a single spin cycloid, giving rise to a zigzag
magnetic pattern. These ferroelectric domains can be manipulated at the local scale by piezoresponse force
microscopy, allowing the design of micron-sized single domains. Thanks to its coupled optical microscope
and fast-imaging capabilities, the scanning N-J magnetometer enables a quick repositioning in such areas
of interest. Finally, quantitative imaging on single ferroelectric domains provides insights into the physical

parameters of each spin-cycloid type and their impact on the magnetic-stray-field measurements.

DOI: 10.1103/PhysRevApplied.17.044051

I. INTRODUCTION

In the bulk, BiFeOj; crystallizes in the R3¢ space group
and is ferroelectric at room temperature (7¢c=1100 K)
with a large polarization (100 ©C/cm?) pointing along
one of the eight possible [111] pseudocubic directions
[1]. Moreover, this material is antiferromagnetic below
Ty =640 K with an additional antisymmetric magneto-
electric interaction that leads to an incommensurate anti-
ferromagnetic spin cycloid with a period of 62—64 nm
[2,3]. A second Dzyaloshinskii-Moriya magnetic interac-
tion (DMI) is triggered by the antiferrodistortive tilts of
oxygen octahedra, which gives rise to a spin-density wave
developing perpendicularly to the cycloidal plane [4]. This
spin cycloid can be destroyed either by strong magnetic
fields [S5] or by hydrostatic pressure [6], resulting in a
canted G-type antiferromagnetic state. The ferroelectric
and antiferromagnetic orders are coupled in this room-
temperature multiferroic material [3,7], which stimulates
intensive research on epitaxial thin films of BiFeO;3 over
the last two decades [8].
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At first, the antiferromagnetic cycloid was believed
not to exist in thin films due to epitaxial strain, result-
ing in a canted G-type antiferromagnetic order [9,10].
Nevertheless, neutron diffraction revealed that partially
relaxed thick BiFeO; layers (>200 nm) possess a spin-
cycloidal state as in the bulk material [11]. Later, Moss-
bauer and Raman spectroscopy studies showed that even
epitaxial thin films of BiFeO3; (<60 nm) harbored a bulk-
like spin cycloid for low compressive strain, while large
compressive and tensile strain favored a canted antiferro-
magnetic state [12]. Recently, real-space imaging of the
antiferromagnetic spin textures using scanning nitrogen-
vacancy (N-V) magnetometry demonstrated unambigu-
ously the existence of the spin cycloid in 30-nm-thick films
of BiFeO; with a one-to-one correspondence between
cycloidal and ferroelectric domains [13]. Thanks to mag-
netoelectric coupling, the electric field allows a determin-
istic control of spin cycloids, opening a path for low-power
reconfigurable antiferromagnetic spintronics. Furthermore,
these noncollinear antiferromagnetic textures of BiFeO;
can be controlled by the combination of epitaxial strain
and electric field [14]. Notably, for low tensile strain, a dif-
ferent kind of spin cycloid can be stabilized, as inferred
from fitting Mossbauer data. Combining high-quality
strain-engineered epitaxial thin films with highly

© 2022 American Physical Society
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sensitive scanning N-V magnetometry, the magnetic ver-
sus strain phase diagram is investigated and demonstrated
to be richer than previously depicted [12]. Indeed, using
DyScO;(110) or TbScO3(110) substrates, imposing low
compressive strain, favors the bulklike (type I) cycloid
with [110] propagation vectors restricted to the film plane
of BiFeOj. For large compressive strain [on SrTiO3(001)]
or small tensile strain [on GdScO3(110)], the exotic type-
I cycloid is stabilized with propagation vectors along the
[211] and [121] directions, i.e., as close as possible to
the film plane of BiFeOs. Finally, large tensile strain [on
SmScO3(110)] seems to destroy the cycloid and favor
pseudocollinear canted antiferromagnetic domains.

Here, using a commercial scanning N-V magnetome-
ter, we explore the antiferromagnetic textures of BiFeOj3
thin films, displaying a self-organized ferroelectric stripe-
domain pattern. The films are grown on (110) DyScO,
and SmScO; substrates, imposing compressive and ten-
sile strain, respectively. Surprisingly, in both cases, the
periodic zigzag magnetic pattern attests to the presence
of spin cycloids. This observation pushes back the bor-
ders of the spin-cycloid stability domain in the magnetic
versus strain phase diagram. We clearly distinguish the
presence of the bulklike (type I) and exotic (type II) spin
cycloids for films grown under compressive and tensile
strain, respectively. Owing to its excellent mechanical and
thermal stability, the scanning N-/" magnetometer allows
the mapping of large areas, including single ferroelectric
domains previously written ex situ using piezoresponse
force microscopy. Finally, quantitative maps in single fer-
roelectric domains containing either type I or type II spin
cycloids allow us to extract the different physical param-
eters at play and to reveal a small deviation of the type-
II-cycloid propagation vector with respect to the expected
one.

II. SCANNING N-V MAGNETOMETER AND
PROBE CALIBRATION

The antiferromagnetic spin textures of the BiFeO; sam-
ples are imaged using a commercial scanning N-J magne-
tometer (ProteusQ™, Qnami AG) operated under ambient
conditions, with key components conceptionally sketched
in Fig. 1(a). In our setup, the scanning tip is a commercial
all-diamond probe with a single N-J defect at its apex inte-
grated on a quartz tuning fork (Quantilever™ MX, Qnami
AGQG). The diamond tip is integrated into a tuning-fork-
based atomic force microscope combined with a confocal
microscope optimized for single N-J defect spectroscopy.

The N-V center is initialized by an integrated green-laser
source (continuous wave with a wavelength of 515 nm,
focused onto the scanning tip via the 100x magnification
and NA =0.7 top objective) and the photoluminescence
(PL) signal emitted from the N-J center is collected via
the same objective, which is part of the confocal optical
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FIG. 1. (a) Working principle of the Qnami ProteusQ scan-

ning N-V magnetometer. Single N-V defect (red arrow) local-
ized at the apex of a diamond tip is scanned above BiFeOj;
thin film grown on X ScO; (X =Dy, Sm) substrates. Near-field
microwave (MW) delivery line is used to excite the electron-
spin resonance of the N-V center. Objective placed above the
tip is used to collect the photoluminescence of the N-V defect
under continuous green-laser excitation. (b) Calibration of the
N-V-to-sample distance, dy .y, by measuring a line profile of
the magnetic stray field produced by the edges of a 20-um-wide
out-of-plane magnetized ferromagnetic (FM) Co-Fe-B stripe of
0.8 nm thickness and 1.2 MA m~' magnetization [16]. Fit
(blue line) gives dy.y = (62.7 £2) nm, 6 = 60.1°+0.5°, ¢ =
—90.2°£1°, considering the topography of the ferromagnetic
wire and fitting to data from both edges simultaneously.

module of the instrument. A near-field microwave deliv-
ery line in proximity to the N-J tip is used to excite the
N-V spin resonance for magnetometry [Fig. 1(a)]. Mag-
netic fields emanating from the sample are detected by
recording the Zeeman shift of the N-V defect’s electronic
spin sublevels through optical detection of the electron-
spin resonance (ESR) [15]. The magnetic field component
projected along the N-J quantization axis is determined by
measuring the splitting of the ESR spectra, via the simple
relation of By_y= Av/2yN_p, where yn_y=28 GHZz/T is
the gyromagnetic ratio of the N-J center, and Av is the
splitting of the ESR spectra.
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Here, we use two different N-J imaging modes. For
a fast sample overview in a larger scan area [as dis-
cussed later in Fig. 3(d)], we use “single iso-B scans” with
a typical pixel integration time of tens of milliseconds
(20 ms/pixel). In such images, dark contours indicate the
local isomagnetic field lines, where the N-J spin transition
is in resonance with the preselected microwave frequency,
Viso [15]. For detailed quantitative studies in the local
regions of interest, we use a full quantitative imaging mode
by recording the full N-V ESR spectra at each pixel, with
typical integration times of a few seconds (4.5 s/pixel).

We calibrate the N-J -to-sample distance, dy . y, follow-
ing the procedure described in Ref. [17], by mapping the
magnetic stray field generated above the edges of a uni-
formly magnetized ferromagnetic Co-Fe-B thin-film stripe
with out-of-plane anisotropy (see sample details in Ref.
[16]). We first estimate roughly the polar angle, 0, and the
azimuthal angle, ¢, which determine the N-J-center orien-
tation [Fig. 1(a)] by means of a permanent magnet, before
fitting the analytical expression for the stray-field profile
to experimental data, while leaving dy .y, 6, and ¢ as free
parameters [Fig. 1(b)]. Because the ferromagnetic stripe is
20 um wide, we measure the up and down steps separately
using the full quantitative mode, but perform the fit on both
sides simultaneously. This calibration allows us to achieve
a quantitative analysis of our data, as illustrated in detail in
Sec. IV.

While the incommensurate antiferromagnetic spin
cycloid is not expected to produce any stray field because
of full spin compensation at (001) surfaces, the uncom-
pensated magnetic moment, mpy, of the spin-density
wave produces a small stray field in the few tens of uT

(@)

PFM amplitude

FIG. 2.

range [18]. The scanning N-J magnetometer sensitivity
(~1 uT/+/Hz) allows the mapping of such a stray field
and the visualization of the long-range periodicity of the
spin cycloid.

II1. IMAGING AS-GROWN AND ELECTRICALLY
CONTROLLED SPIN CYCLOIDS

BiFeO; thin films are grown by pulsed-laser depo-
sition on DyScO;(110), and SmScO3(110), (o stands
for orthorhombic) substrates, using a KrF excimer laser
(248 nm). Prior to growth, the scandate substrates are
annealed under an oxygen flow for 3 h at 1000 °C. On
each substrate, an oxide buffer electrode of SrRuO; is
grown at 650 °C under an oxygen pressure of 0.2 mbar.
BiFeOj; is grown at the same temperature under an oxy-
gen pressure of 0.36 mbar. The samples are then cooled
to room temperature under 300 mbar oxygen pressure. The
film thicknesses are determined using x-ray reflectivity and
cross-checked with Laue fringes in the 260—w diffraction
patterns. We estimate the thickness of SrTRuOj3 to be around
5 nm for both samples. The thicknesses of BiFeOs are esti-
mated to be 33 and 54 nm for films grown on DyScO,
and SmScOs, respectively. Using advanced x-ray diffrac-
tion with reciprocal space maps [14], we deduce that the
BiFeOj thin films are (001) oriented with only two ferroe-
lastic variants, as imposed by the symmetry of the (110),
orthorhombic substrates [19]. A suitable set of reciprocal
space maps allows us to estimate the in-plane epitaxial
strain as —0.3% (on DyScO;) and +0.5% (on SmScOs3).

Using piezoresponse force microscopy (PFM), we are
able to map the ferroelectric domains in these films.

PFM phase (deg)
PFM amplitude

In-plane PFM (a) phase and (b) amplitude images of the BiFeOj; thin film grown on DyScO5(110). (c) Quantitative scan-

ning N-V magnetometry image on the same sample and (d) corresponding FT. In-plane PFM (e) phase and (f) amplitude images
of the BiFeOs thin film grown on SmScO3(110). (g) Quantitative scanning N-J" magnetometry image on the same sample and (h)
corresponding FT. Green and yellow arrows indicate the two in-plane polarization directions (wide arrows) and the corresponding &

propagation vectors of the spin cycloids (thin arrows).
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Figures 2(a) and 2(e) display typical in-plane PFM phase
images showing striped domains aligned along the [001],
direction of the substrates, with periodic 71° domain walls
for both samples. The corresponding in-plane PFM ampli-
tude images [Figs. 2(b) and 2(f)] show a homogeneous
bright signal that vanishes only at the domain walls.
Notably, the out-of-plane PFM phase signal (not shown) is
homogeneous for both samples and indicates polarization
pointing downward, i.e., towards the SrRuOj; electrode.
Hence, from one domain to another, the in-plane com-
ponent of polarization rotates by 90° [as sketched by the
green and yellow arrows in Figs. 2(a), 2(b), 2(e), and 2(f)]
and the out-of-plane component of polarization remains
the same.

Scanning N-J magnetometry images are collected on
both samples. Figure 2(c) displays the magnetic-stray-field
image produced by the striped-domain structure of BiFeO;
grown on DyScO;. As previously reported [13,14], the
stray field evolves periodically, indicating the presence of
a spin cycloid. In addition, the propagation direction of the
spin cycloid rotates periodically with a period matching
the ferroelectric one, giving rise to a magnetic zigzag pat-
tern. The rotation angle between each propagation vector is
estimated to be 90°, as expected for a type-I cycloid with
a [110] propagation vector in each ferroelectric domain,
i.e., systematically in the film plane. The Fourier trans-
form (FT) of the image [Fig. 2(d)] confirms the presence
of two orthogonal propagation vectors, defining a square
pattern with an estimated period of (66 + 10) nm. Indeed,
on the film-plane projection, each k; propagation vector
makes an angle of 90° with the polarization. For BiFeO3
thin films grown on SmScOj; substrates, a regular zigzag
pattern is also observed [Fig. 2(g)]. This is surprisingly
different from previous observations in which a transition
to a canted antiferromagnetic state was concluded [14].
While the epitaxial strain is similar, we believe that the
films presented here possess a higher crystalline quality
than that in our previous report, as visible from the high
degree of ferroelectric order [Figs. 2(e) and 2(f)]. Such
a self-ordered ferroelectric pattern is indeed computed as
being the ground state of BiFeO; thin films [20]. In con-
trast to BiFeOj; films grown on DyScOj3, the rotation of the
propagation vector is no longer 90° from one domain to
another. From the FT [Fig. 2(h)], we estimate this angle to
be 112° % 10° with a surface period of (88 £ 10) nm. This
rectangular pattern in the FT is consistent with a type-II
cycloid, where £’y and k', propagation vectors are aligned
along the [211] and [121] directions, respectively, as previ-
ously observed for lower tensile strain (BiFeO3; grown on
GdScO3) [14]. The intrinsic period of this type-II cycloid
is calculated to be (80 £ 10) nm, using a geometrical \/5/6
factor [14].

Figure 3(a) displays an out-of-plane PFM phase image
in which the homogeneous bright contrast stands for the
initial downward-polarization state. Two dark 2 x 2 um?

squares are written by scanning the grounded conducting
tip of the PFM at 45° from the [001], direction while
applying a positive dc bias (about twice the coercive bias)
on the SrRuO; bottom electrode, which reverses the polar-
ization to upward variants. The different directions of the
slow-scan axis of the atomic force microscope enable us
to control the in-plane directions of polarization thanks
to the so-called trailing field [21,22], as confirmed by the
two different in-plane PFM phase signals in the squares of
Fig. 3(b). Using gold markers defined by optical lithog-
raphy and lift-off, we are able to relocate these areas of
interest with the optical microscope of the scanning N-V
magnetometer. To start with, a fast (typically a few tens
of milliseconds per pixel) 2 x 2 um? single iso-B fluo-
rescence scan is displayed in Fig. 3(d), and its location
with respect to the ferroelectric domains is shown by the
red squares in Figs. 3(a)-3(c). From this large scanned
area, we clearly distinguish the virgin zigzag pattern of the
magnetic stray field inferred from the striped ferroelectric
domains and areas containing only a single spin cycloid.
Then, the high stability of the microscope allows us to scan
selected areas in a full quantitative mode [typically a few
seconds per pixel, see Figs. 3(e)-3(g)]. In addition to the
virgin state [Fig. 3(e)], two magnified areas are selected: in
a single ferroelectric domain [Fig. 3(f)] and at the domain
wall between two single domains [Fig. 3(g)]. In the single
ferroelectric domain [Fig. 3(f)], a regular periodic mag-
netic signal is observed with a single k; propagation vector
oriented 90° from the in-plane component of polarization
[Fig. 3(b)]. Interestingly, in the area of the 109° tail-to-tail
ferroelectric domain wall [Fig. 3(g)], the magnetic pat-
tern shows 90° rotation of the propagation vector of the
spin cycloid, with an associated high magnetic stray field.
This suggests that the charged 109° ferroelectric domain-
wall structure splits into more stable 71° neutral domain
walls. Vectorial PFM investigations on similar artificial
109° domain walls (not shown) confirm the presence of
nanodomains forming 71° domain walls, thus avoiding the
formation of charged domain walls. In the putative case
of charged 109° domain walls, we would expect the N-V
image to show only the same in-plane component of the &
vector, including possible stitching peculiarities.

IV. QUANTITATIVE ANALYSIS IN SINGLE SPIN
CYCLOIDS

Figure 4 summarizes the influence of the epitaxial strain
on the cycloidal period in (001)-oriented BiFeOj; thin
films. The different types of spin cycloids are color coded
as a guide to the eye. For films under low compressive and
tensile strain between —0.35% and +0.05%, despite the
change from type-I to type-II cycloids, the period remains
very close to that of bulk BiFeO;. Interestingly, for films
under higher strain (<—1.35% or >4-0.5%), which are
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Piezoresponse force microscopy (a) out-of-plane phase, (b) in-plane phase, and (c) in-plane amplitude images, showing

two written ferroelectric domain areas containing a single out-of-plane variant and two in-plane ones. Red square indicates the area
scanned in (d). (d) Large-area single iso-B fluorescence image obtained with the scanning N-/ magnetometer, with blue-, yellow-, and
green-colored squares representing different areas collected in the quantitative imaging mode in (e)—(g), respectively.

at the edge of a transition to the pseudocollinear G-type
antiferromagnetic state, the period diverges.
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FIG. 4. Magnetic state versus strain phase diagram. Evolu-
tion of the spin-cycloid period measured as a function of strain
in both the as-grown striped-domain state and written state are
displayed in the upper and lower panels, respectively. Black
dots are extracted from Refs. [14,23,24] and black stars repre-
sent bulk values from Refs. [2,3]. Gray dots are extracted from
the present work. G-AFM stands for pseudocollinear G-type
antiferromagnetic order.

Going further, we can extract the value of the DMI-
induced uncompensated magnetic moments forming the
spin-density wave from quantitative field maps. To achieve
this, we perform additional quantitative measurements of
the spin cycloid inside single written ferroelectric domains.
As already shown in Fig. 3(f), we obtain a cycloid with a
single propagation vector in these written zones, allowing
us to fit experimental data with the analytical expression
of the stray field generated by the spin-density wave and to
extract the value of mpy.

Figure 5(a) displays the map of the stray field produced
by the type-I cycloid of a single ferroelectric domain of
the BiFeO; thin film grown on DyScO;. The propaga-
tion vector of the cycloid is perpendicular to the in-plane
projection of polarization (which is parallel to the [111]
direction), and therefore, corresponds to k;, oriented along
the [110] direction. In this configuration, the cycloid itself
does not produce any magnetic stray field because of the
compensation of the magnetic moments on the (001) sur-
face. However, we are able to detect the spin-density wave,
which we describe as

Msw () = \n/ngs cos(k - )@ + ey, —2e,)
a
mpm k A R “
= cos| —(x — )) (exy+e, —2e,), (1

with k = 27 /A, where A is the cycloid period. To obtain
an analytical expression of the stray field generated by
the spin-density wave, we start by computing [13,25,26]
the magnetic potential, ®, for a single BiFeO; layer of
thickness a = 0.3965 nm:
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¢(x,y,z) =

Since @ is expressed as convolutions, we can compute
it using two-dimensional Fourier transforms:

Z=a/2
o a1
=20 M -
= z'=—<a/2>{ [ ]]:[3 R]
+ F[M,]F 9 + FIMJF ! dz'
y ay azRr|["
3)
where M,, M,, and M. are the components of Msw

and 1/R = 1/,/x> +y? + (z — z/)*>. Next, we invert the
Fourier transform and compute each term separately (see
the Supplemental Material [27] for details of the calcula-
tions) to obtain the analytical expression of &:

2uompy e ka k
o = W © sinh (7) CcOoS (E(x —y)) . (4)

The expression for the stray field, B, for the whole film of
thickness f results from B = —V® and the sum of the field
contributions from each BiFeOj; layer. Finally, at a distance
z = dx .y from the sample surface,

Bu(w.y)= Asin (L),
By(x,) = —Asin (L= ), 5)
B.(x,y) = v/2 Acos <%(x —y)) )

with

—kt
__ Mo mpmMm _de_Vl_e . k_a
A= i e P sinh 5 ) (6)

As shown in Fig. 5(b), we use the analytical expres-
sion [Eq. (5)] of the stray field arising from the spin-
density wave tied to the type-I cycloid to fit the line
profile extracted from our measurements on a 30-nm-
thick film. Taking into account the calibration [Fig. 1(b)]
of the N-JV-to-sample distance, dy.y, and the projec-
tion of the field along the N-V orientation direction
(polar angle 6, azimuthal angle ¢), we can evalu-
ate the DMI-induced uncompensated magnetic moments,
mpy = (0.51 £0.13) g, and the cycloid period,
(61.5 £ 0.6) nm. This period is in agreement with the
usually observed 64-nm cycloid period, whereas the
uncompensated moments are significantly larger than that

o x'=c0 py'=co p=a/2
——/ / Msw(x',y') - V'
4 X'=—00 Jy'=—00 Jz/'=—a/2

1
Ja—aP 40—y + -2y

dx'dy'dz’ . )

(

measured in bulk BiFeO; (0.06 ug) from neutron scat-
tering experiments [4], indicating either a surface or a
confinement effect. The large error in the determination
of this parameter originates from the high sensitivity of B
to the value of dy_y [see Eq. (6)]. See the Supplemental
Material [27] for details of the estimation of the error.

We can repeat this procedure for the type-II cycloid
in BiFeO; thin films grown on SmScO;, as shown in
Figs. 5(b) and 5(d). We observe in the stray-field map that
the projection of the propagation vector of the cycloid is
almost parallel to the projection of the polarization, P.
Therefore, we assume that the cycloid propagates along

— -

k' 3, which is parallel to the [112] direction. In this con-
figuration, the spin-density wave is located in the surface
plane:

Msw () = cos(k F)(—ey +&). @)

«/_a

Such a magnetic state does not generate any magnetic stray
field above the surface of the film [4], which is obviously
in contradiction with our experimental results. We relate
th1s to the misalignment between the projections of P and

k’3, which was also found in previous experiments [14].

We take this into account by considering that the cycloid
—

is rather propagating along k(«), which still lies in the

> —
plane perpendicular to P, but deviates from k% by a small
rotation angle, o. The geometrical relationship between o
and the measurable angle, oy, indicated in Fig. 5(c) is

—/3 tana. (8)

tan pr) =

The spin-density wave corresponding to this situation
can be described as

M,= — fDNé («/?cos « + sin oz) cos[l;’ (@) - 7],
= DM _ 9
= Tas ( 3cos @ — sin oz) cos[k’ (@) - 7], )
M. = MRS Gos[K (o) - 7,
with
2
17;(01) = % [(cosa — x/gsina) ey

+ (cosa + «/gsina) e, —2cosa éz] . (10)
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(a) FIG. 5. (a) Quantitative stray-field map of
- R ' : the type-I cycloid in BiFeO;/DyScO;. (b)
e B ‘I%mj Extracted and fitted line profile of the type-
-'.I.h_l‘“ . BEEY I cycloid. (¢) Quantitative stray-field map of
b A A B the type-Il cycloid in BiFeOs/SmSc0s. (d)
K 3: Extracted and fitted line profile of the type-II
. e - & cycloid.
- %
k,3 , -h "
4 e
(b) 100
5 5 .
3 500
® “ —100
0 250 500 0 250 500
r (nm) r (nm)

To compute @, we insert Egs. (9) and (10) into Eq. (3) and
we obtain, for a single BiFeO; layer,

) . —(ykz/v/6) ki — -
kya 2V6
(11)
where
y = Voosta + . (1)

Summing again the field contributions for each single
BiFeOs layer in the film of thickness 7 leads to the fol-
lowing expression of B, at a distance dy.p from the
surface:

B.= é (cosa — /3 sin a) Im{S},
B,= é (cosa +3 sina) Im{S}, (13)
= _ Zcosa
B.=A <Re{8} > Im{S}),
where
2 ki _
A = ZHOIDM G & sinh <u) e <yde'V/\/E>, (14)
V6 ad 2v/6
and
— ] — g~ kt/VO) (y+2icosa)
S = F3@7 (15)

1 — e—(ka//6)(y+2icosa)

In the experiment presented in Fig. 5(c), we measure
o = 4.5°£1°. Using again the probe calibration described
in Fig. 1(b), we extract the values of mpy and A from a fit
of the line profile in Fig. 5(d) to Eq. (13). We get smaller
uncompensated magnetic moments than that for the type-
I cycloid, mpy = (0.12 +0.03) wp, and a significantly
larger cycloid period, (91.7 & 0.6) nm.

V. CONCLUSIONS

Using scanning N-J° magnetometry, we are able to
identify a critical epitaxial strain at which the cycloidal
antiferromagnetic state of BiFeOs; is on the brink of
destabilization. While previous experiments suggested
the presence of a pseudocollinear antiferromagnetic state
with multiple domains for BiFeO; thin films grown on
SmScO3(110) [14], here we observe that the cycloidal
state is preserved while the period starts to diverge. Fur-
thermore, we demonstrate that quantitative scanning N-V
magnetometry provides insights into the physical param-
eters at play in antiferromagnetic cycloidal states. Cou-
pling our measurement with analytical calculations of the
expected stray field, we can even quantitatively character-
ize the spin-density wave, which is tied to the cycloid. For
the bulklike spin cycloid with propagation vectors lying
along the [110] direction, we extract a value of the uncom-
pensated moment associated with the spin-density wave
that is well beyond values reported for the bulk mate-
rial. Regarding the exotic spin cycloid with propagation
vectors lying along the [112] direction, this uncompen-
sated moment is 3 times lower and associated with a 4.5°
shift of this propagation vector. These experiments sug-
gest that scanning N-J magnetometry is a powerful tool
to provide quantitative physical parameters in complex
antiferromagnetic spin textures.
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