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Visualizing weak ferromagnetic domains in multiferroic hexagonal ferrite thin film
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‘We report cryogenic magnetic force microscopy (MFM) studies of a 200-nm-thick hexagonal (%) LuFeO; film
grown by molecular-beam epitaxy on a (111)-oriented yttria-stabilized cubic-zirconia substrate. Labyrinthlike
domains ~1.8 um in size were observed after zero-field cooling below the Néel temperature, Ty ~ 147 K,
where weak ferromagnetic order (P6s;cm) with a canted moment of Mg ~ 0.02 ug/f.u. exists. At 6 K, MFM
images of the magnetization reversal process reveal a typical domain behavior of a pinning-dominated hard
magnet. The pinning strength is substantially reduced at elevated temperature. The temperature dependence of
the domain contrast demonstrates that our MFM is able to detect the domain contrast of magnets with tiny
magnetic moments (~0.002 pg/f.u.). An upper limit of the linear magnetoelectric coefficient of i-LuFeOs;
(a;; < 6 ps/m) is estimated by magnetoelectric force microscopy measurements.
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I. INTRODUCTION

Multiferroic materials, which possess at least two ferroic
properties among ferroelectricity, ferromagnetism, and ferroe-
lasticity, are of great interest to condensed-matter physicists
due to the possible giant cross couplings between these
three order parameters [1-4]. The cross coupling between
ferroelectric and ferromagnetic orderings gives rise to a large
magnetoelectric (ME) effect, i.e., electric polarization induced
by magnetic field or magnetization induced by electric field
[5-7]. The ME effect has a wide range of applications in
electric-field-controlled magnetic memories [8,9], magnetic
field sensors [10,11], and tunable microwave filters [12,13].
Extensive studies have been carried out on transition-metal
oxide multiferroics, such as BiFeO; [14—18], and hexagonal
rare-earth manganites (h-RMnOs, R =Y, Dy-Lu) [19-23].
Recently, the h-LuFeOj; thin film, a member of hexagonal
ferrites (h-RFeO;, R =Y, Dy-Lu), has been claimed to
be another multiferroic material, with potential ME cou-
pling [24-30]. Similar to hexagonal manganites, hexagonal
ferrites exhibit both ferroelectricity and antiferromagnetism.
h-LuFeOj; is, however, more appealing because of its weak
ferromagnetic ground state with significant canted moment
(~0.02 pg/f.u.) and its higher magnetic ordering temperature
(Tn =~ 147K) [28], presumably due to the stronger exchange
interaction between Fe>* moments [31].

Unfortunately, the hexagonal phase of LuFeO; is unstable
when synthesized in ambient condition. The stable polymorph
of LuFeOs3 has the perovskite structure and is orthorhombic.
There are two effective routes to stabilize the hexagonal
polymorph of LuFeOs3. One route is chemical doping of either
Mn onto the Fe site or Sc onto the Lu site in bulk crystals
[32-35]. The other is the epitaxial growth of thin films of
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the metastable phase on substrates with trigonal symmetry
[36]. High-quality A-LuFeO; films have been synthesized
by metal-organic chemical vapor deposition (MOCVD) [36],
pulsed laser deposition (PLD) [27], and molecular-beam
epitaxy (MBE) [28,30]. Stoichiometric LuFeO; films have
a weak ferromagnetic ordering at Ty ~ 147 K [28]. The
weak ferromagnetism comes from the canted moments of
120° ordered Fe3t spins in the A, (P63cm) phase. More
interestingly, recent theory predicts a linear magnetoelectric
(ME) coupling in h-LuFeO3; with a;; ~ 0.16 ps/m [31]. In the
A, phase, the magnetoelectric coefficient is proportional to
the product of the canted moment (M) and the ferroelectric
polarization (P,), i.e., o, & P, - M, [23]. Thus, it is crucial
to directly visualize the ferroelectric and weak ferromagnetic
domains to understand ME coupling in A#-LuFeOs. Direct
imaging, however, of the weak ferromagnetic domains is
quite challenging because of the small canted moment
(0.02 ug/f.u.) [28].

In this paper, we report cryogenic magnetic force mi-
croscopy (MFM) studies on a ~200-nm-thick A-LuFeOj3 film
epitaxially grown on a (111)-oriented yttria-stabilized cubic-
zirconia (YSZ) substrate. Labyrinthlike weak ferromagnetic
domains with an average size of ~1.8 um were observed below
Tn &~ 147 K. The MFM results are in good agreement with
the magnetization data. This suggests the local measurements
by MFM are representative of bulk properties. The field-
dependent MFM results exhibit a typical domain behavior of
a hard ferromagnet with a strong pinning effect.

II. MATERIALS AND METHODS

The h-LuFeOs; film was grown by oxide MBE in a Veeco
GENI10 MBE system at a growth temperature of ~800°C
as measured by optical pyrometry. Effusion cells were used
to thermally evaporate lutetium and iron at elemental fluxes
of ~1 x 10"3 atoms/(cm2 s)onto 10 x 10 mm (111)-oriented
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FIG. 1. (a) 6 —20 XRD data at room temperature, with
h-LuFeOs3 00!/ reflections labeled accordingly; substrate peaks are
denoted by (x). (b) HAADF-STEM image of the h-LuFeO3/YSZ
interface. The “up-up-down” pattern of the lutetium atoms observed
in the film is consistent with a polar domain structure. (c) PFM image
at room temperature without any image processing, which shows a
spatially uniform and positive piezoelectric response. The inset shows
the profile of PFM signals along the solid line in (c).

yttria-stabilized cubic-zirconia (YSZ) substrates. Oxidation of
the incident lutetium and iron fluxes was provided by a mixture
of oxygen and ~10% ozone supplied at a background partial
pressure of 1 x 1076 Torr. The x-ray diffraction (XRD) data
taken on the 200-nm-thick A-LuFeO; film exhibits 00/ reflec-
tion peaks with even /, consistent with single phase P63cm
with (001) orientation, as shown in Fig. 1(a). The room-
temperature ferroelectricity of h-LuFeOs; was investigated
by using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) [37]. A representative
HAADF-STEM was shown in Fig. 1(b). The characteristic
“up-up-down” pattern of the lutetium atoms indicates a
monodomain structure with up polarization. This was also con-
firmed by a background-free piezoresponse force microscopy
(PFM) measurement at ambient condition [38,39], which
shows a positive piezoelectric response d33 ~ 0.24 pm/V over
a 5 um region [see Fig. 1(c)]. The MFM experiments were
carried out in a homemade cryogenic atomic force microscope
(AFM) using commercial piezoresistive cantilevers (spring
constant k &~ 3 N/m, resonant frequency fy =~ 42 kHz). The
homemade AFM is interfaced with a Nanonis SPM Controller
and a commercial phase-lock loop (SPECS) [40,41]. MFM
tips were prepared by depositing a nominally 100-nm-thick
Co film onto bare tips using electron-beam evaporation. A
~50-nm-thick Au film was deposited on the surface of the
h-LuFeOs; film to eliminate electrostatic interaction between
the sample and the magnetic tip. The MFM images were
taken in a noncontact mode with a scanning plane ~40 nm
above the sample surface. The MFM signal, i.e., the change
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FIG. 2. (a) Topographic and (b) MFM image of the h-LuFeOs
film at 50 K after zero-field cooling. (c) Fourier transformation (FT)
image of (b); the virgin domain state shows a ringlike feature at the
center. (d) k dependence of radial FT spectrum intensity (azimuthally
averaged) shows a single peak at A ~ 1.8 um. The green curve is the
quadratic curve fit around the peak.

of the cantilever resonant frequency, is proportional to the
out-of-plane stray field gradient [42]. Dark (bright) regions
in MFM images represent more (less) attractive interaction
between the film and the magnetic tip. The magnetoelectric
force microscopy (MeFM) measurement was conducted by
applying a modulated voltage to the bottom electrode of the
sample and using a lock-in amplifier to demodulate the MFM
signals [23,43]. The bottom electrode was a layer of silver
epoxy glued on the backside of the 100-um-thick YSZ (111)
substrate.

III. RESULTS AND DISCUSSION

Figure 2 shows the topographic and MFM images of the
h-LuFeOs; film at 50 K after zero-field cooling (ZFC). The
topographic image shows a flat, Au-capped surface with a
roughness ~3.5 nm. As shown in Fig. 2(b), a labyrinthlike
domain structure was observed in the virgin domain state,
which is typical for thin films of uniaxial ferromagnets
[44,45]. The characteristic domain size of h-LuFeOs; is
estimated by Fourier transform (FT) analysis of the virgin
domain state, as shown in Fig. 2(c). The image shows a
ringlike feature in the center, indicating an isotropic domain
size distribution. The azimuthally averaged FT spectral
intensity as a function of wave vector k is shown in Fig. 2(d),
which exhibits one broad peak slightly above zero. Using a
quadratic fit, the peak was found at A ~ 1.8 um, which is
the characteristic domain size of the 200-nm-thick A#-LuFeOj;
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FIG. 3. (a)~(p) MFM images (50 K) taken at various magnetic fields after zero-field cooling. The zero-field MFM image is shown in
Fig. 2(b). The magnetic field value of each image is labeled at the top left corner. The gray scale of the MFM images is 0.5 Hz. Representative
defect sites and nucleation sites are labeled by blue and red circles, respectively. Histograms of the MFM images at (q) 0.5 T and (r) 2.5 T
reveal multiple peaks. The profiles can be fit by a combination of either (q) three or (r) two Gaussian peaks. The bin’s number was set to be
100. (s) M-H curves measured by SQUID (blue) and MEM (red) show Hc ~ 2.66 T (50 K).

film after ZFC. The apparently random domain configuration
indicates a significant amount of nucleation and pinning sites.
To characterize these properties, the magnetization saturation
and reversal process are visualized with MFM.

Figure 3 shows the evolution of the weak ferromagnetic
domains as a function of the external magnetic field. The
zero-field MFM image is shown in Fig. 2(b). A magnetic field
of 0.5 T is not strong enough to modify the domain pattern,
as shown in Fig. 3(a). The domain contrast was enhanced
~1.8 times, likely due to the enhancement of the MFM tip
moment. Further increasing the field results in a gradual
reduction of the antiparallel domains due to depinning of the
domain boundaries. As shown in Figs. 3(b)-3(g), the dark
regions expand and the bright regions shrink with increasing
external magnetic field. The film saturates at 4 T because
a further increase of the external magnetic field does not
cause any change of the domain pattern. Note that some
weak domain contrast is still visible in the saturated state.
Those features are not correlated with topography. So they

are magnetic defects (labeled by blue circles), likely due to
local structural or composition imperfections. The film stays
in the saturated state even after the field is ramped down to
zero, as shown in Fig. 3(h). The domain contrast is reversed
at —2 T, indicating the tip moment was switched. This also
verifies that the domain contrast observed in the saturated state
is magnetic. On the other hand, no reversed domain was found
in the scanned area. Maintaining a single domain state under
reverse field is a telltale sign of a strong uniaxial anisotropy
in h-LuFeOs3, which prevents nucleation of reversed domains.
At —2.66 T, many bubblelike reversed domains (labeled by
red circles) were observed in the MFM image, as shown in
Fig. 3(j). This confirms a relatively dense concentration of
nucleation sites randomly distributed over the film. Further
decreasing the magnetic field by 5 mT induces little change
in the domain pattern. From —2.665 to —2.670 T, the domain
pattern changes dramatically. At —2.67 T, the film is dominated
by down domains with only a small amount of up domains
(bright contrast) pinned by defect sites. The sharp transition
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FIG. 4. (a)—(1) MFM images (6 K) of the #-LuFeOs film measured at various magnetic fields after ZFC. The gray scale is 1 Hz. Representative
defect sites, nucleation sites, and topographic features are labeled by blue, red, and yellow circles, respectively. (m) M-H curve deduced from
the MFM images reveals a stronger pinning effect of a hard ferromagnet at 5 K, with Hc ~ 3.2 T. Note that the dashed line is replicated from

measured results via symmetry.

from a positive-magnetization to negative-magnetization state
suggests a relatively narrow distribution of domain wall
pinning strength at 50 K. Further decreasing the magnetic
field to —4 T aligned all of the magnetic domains, i.e., the
film was saturated, showing identical features as the positively
saturated state, further corroborating that they are magnetic
defects. Interestingly, a similar domain pattern was observed
at positive coercive field Hc, as shown in Fig. 3(p), which
indicates a strong memory effect.

A histogram analysis was also carried out on these field-
dependent MFM images (256 x 256 pixels) to estimate the
population of up and down domains. The histogram curves of
a near-zero magnetization multidomain state [Figs. 3(a)-3(d)]
can be fitted by a superposition of three Gaussian peaks, as
shown in Fig. 3(q). Left (red curve) and right (blue curve) peaks
correspond to up and down weak ferromagnetic domains. The
middle peak (purple curve) may originate from the domain
wall contributions. The histogram profiles of the polarized
domain states (e.g., 2.5 T), however, exhibit a two-peak feature
due to a reduced contribution from domain walls. We used
the peak height to estimate the population of up and down
domains. The normalized magnetization M /Mg therefore can
be estimated from (N4 — N|)/(N4 + N,), where Mg is the
saturation magnetization and N4 (N,) is the population of up
(down) domains. From the normalized magnetization, the M
vs H loop (red curve) can be plotted from the MFM images.
It shows a squarelike hysteresis loop of a hard ferromagnet
with a strong uniaxial anisotropy. The virgin curve shows
that domain walls start to depin at ~1.5 T, much lower than

the coercive field. This indicates a relatively wider pinning
strength distribution of the virgin domain state at 50 K. In
contrast, the sharp transition at the coercive field suggests that
the nucleation sites are also strongly pinning. The M-H data
from a superconducting quantum interference device (SQUID)
measurement (blue curve) on the same film shows a two-step
behavior. The first step at zero field, which is absent in the
MFM data, is likely coming from a small amount of iron-rich
impurity phase (e.g., Fe304). The second step at Hc ~ 2.660 T
is in good agreement with that inferred from our MFM data.
This provides compelling evidence that our MFM observation
reflects the representative domain behavior of the A-LuFeOs3
thin films grown by MBE.

Although the SQUID data at 50 K has been confirmed by
MFM measurements, the characterization of the weak ferro-
magnetism at lower temperature is still lacking. The SQUID
measurement of 4-LuFeO; below 50 K is challenging because
the substantial paramagnetic background of the YSZ substrate
dominates the magnetization signals. MFM signal, however,
is not sensitive to uniform magnetization (e.g., paramagnetic
background). Thus, MFM is a suitable technique to study the
weak ferromagnetism of s-LuFeO; at low temperature [46].
Figure 4 shows the field-dependent MFM measurements at
a different location at 6 K after ZFC. A similar labyrinthlike
virgin domain state was observed, confirming that our MFM
(local) observation is representative. The virgin domain state
persists up to 2.5 T, indicating a stronger domain wall pinning
effect. The domain walls start to propagate at 3.5 T, a much
higher applied magnetic field than that needed at 50 K.
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FIG. 5. (a)—(i) Zero-field MFM images of induced weak ferromagnetic domains measured at various temperature. (i) Temperature
dependence of domain contrast from MFM images (red and blue boxes) is consistent with that of magnetization measured by SQUID

(black triangles), indicating a second-order ferromagnetic transition at ¢

curves).

The film saturates at 5.5 T. The saturated state shows a
higher concentration of magnetic defects than the previously
measured region at 50 K. The dark dot (labeled by a yellow
circle) comes from a high topographic feature. The film stays
in the saturation state as the field is ramped down to zero and
negative fields. At —2 T, the domain contrast of the magnetic
defects is reversed, indicating a reversal of the MFM tip
moment. The topographic feature, however, is still attractive,
confirming its nonmagnetic origin. Down domains start to
nucleate at ~ — 3 T. As shown in Fig. 4(g), fewer nucleation
sites can be identified, in contrast to the 50 K case. From —3
and —3.2 T, the MFM results reveal clear domain reversal
behavior via domain nucleation and domain wall propagation,
as shown in Figs. 4(g)—4(1). The down domains tend to nucleate
from the defect sites, suggesting a lower nucleation energy
barrier at these regions. In contrast to 50 K data, the magnetic
transition at 6 K is much smoother, indicating a stronger
domain wall pinning effect. This facilitates the MFM imaging
of the intermediate multidomain states. At Hc ~ —3.2 T,
the concentration of up and down domains is approximately
equal. The M-H loop at 6 K can be deduced by using the
aforementioned histogram analysis. In contrast to the 50 K
data, the virgin curve at 6 K data exhibits a pinning-dominated
behavior. This is likely due to collective pinning from a high
density of strong pinning sites.

The strong pinning preserves the domain configuration
to high temperature. This enables an investigation of the
temperature dependence of the magnetization via MFM
domain contrast. The temperature dependence of the pinned
weak ferromagnetic domains is shown in Figs. 5(a)-5(i).
As the temperature increases, the domain contrast becomes

~ 147 K. It can be fitted by a mean-field-like behavior (blue and red

weaker and weaker. At 150 K, the domain contrast disappears,
indicating a phase transition from a weak ferromagnetic state
to a paramagnetic state. The temperature dependence of the
domain contrast exhibits a mean-field-like behavior, as shown
in Fig. 5(j), which can be fitted by M = A(Tc — T)%>. The
fitting results give the Tc ~ 148 K and Mg ~ 0.242 Hz.
The M-T curve from SQUID shows T¢ =~ 147 K, in good
agreement with MFM data, and Mg ~ 0.02 pg/f.u., which
can be used as a good calibration of our MFM data. The
conversion factor between magnetization M and MFM data
is 0.0826 ug/f.u./Hz. Given the ~21 mHz noise level of
our MFM system, the sensitivity limit of our setup to probe
magnetic moments in this 200 nm thin film is 0.002 pg/f.u.
(i.e., I-nm-thick film would be 0.4 ug/f.u.).

The MeFM measurement has also been performed on a
h-LuFeO; film with multidomain structures. Assuming the
film stays in the single ferroelectric domain state at low
temperature, the ME domains should be coupled with weak
ferromagnetic domains. Unfortunately, we did not observe any
ME signals. One possible explanation is that the weak ME
effect is below our detection limit, assuming the polarization
domains (if any) do not change during the magnetization
reversals. Considering the ~1 mHz noise level of our MeFM,
the smallest magnetization change we can measure is M =

1.38 x 107° up /A3. The dielectric constants of YSZ and
h-LuFeO; film are 27 and 20, respectively [35,47]. The
maximum electric field applied on the h-LuFeO; film is ap-
proximately 2.7 x 10® V/m using a simple double-dielectric
layer model. Therefore, the ME sensitivity of our MeFM is
~6.0 ps/m, which is more than an order of magnitude larger
than the theoretically predicted value of ~0.16 ps/m. In order
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to observe the weak ME effect, we need to improve the MeFM
sensitivity. One possible route is to use a MFM tip with larger
magnetic moment. Another one is to enhance the electric field
by thinning down the YSZ substrate or growing epitaxial Pt
bottom electrode. Current leakage due to pin holes in thin films
may, however, limit the application of high electric fields.

IV. CONCLUSION

In conclusion, we present a systematic study of the domain
behavior in thin films of the weak ferromagnet 4-LuFeOj3 using
cryogenic MFM. Isotropic labyrinthlike weak ferromagnetic
domain patterns with a size of ~1.8 um are observed below
Tc ~ 147 K after ZFC. At low temperature (6 K), the film
behaves like a typical pinning-dominated hard ferromagnet.
At elevated temperature (50 K), the domain nucleation
sites become denser and the domain wall pinning effect is
suppressed, which is consistent with the general scenario
of thermally activated domain nucleation and domain wall
depinning. Our MFM setup has a high sensitivity to probe

PHYSICAL REVIEW B 95, 134443 (2017)

small canted moments (~0.002 ug/f.u.) with a reasonably
good signal-to-noise ratio. This technique is promising to
investigate materials with small magnetic moments, such as
weak ferromagnets and diluted magnetic semiconductors.
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