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ABSTRACT

The magnetic anisotropy of bit-patterned media, such as a mesocrystal, is a key parameter in spintronics. Here, we utilize the high sensitivity
of dynamic cantilever magnetometry to investigate the foundation of a mesocrystal, an individual CoFe,O4 pyramid nanocrystal. The mag-
netic anisotropy of the nanosample can be inferred through quantitatively correlating the main features in the evolution of the magnetic
energy with frequency shifts in dynamic cantilever magnetometry measurements. Magnetometry data taken at 280 K exhibit hybrid magnetic
anisotropy, including uniaxial anisotropy and cubic anisotropy. Low-temperature measurements further confirm the previously reported
single-domain state and indicate that the cubic anisotropy is mainly magnetocrystalline anisotropy, while uniaxial anisotropy is likely to be
induced by the interface between the CoFe,O, pyramid and the BiFeOs layer. The analysis provides an alternative interpretation for dynamic
cantilever magnetometry data, which may extend the application of magnetometry.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0004598

Magnetic anisotropy, including magnetocrystalline anisotropy, form of spin-valve-based devices including magnetic random

shape anisotropy, magnetoelastic anisotropy, exchange bias, and
induced magnetic anisotropy, is a key feature of magnetic materials. It
gives rise to the magnetism of permanent magnets and also plays an
important role in recently popular spintronics, as represented by the
giant magnetoresistance effect."”” Motivated by industrial interest in
magnetic storage and sensors,” ° research into magnetic anisotropy in
low-dimensional materials, especially in thin films, has been flourish-
ing in recent decades.

Several breakthroughs have improved the stability and
recording density of magnetic materials, e.g., exchange bias”* and
perpendicular magnetic anisotropy, '’ which is manifested in the

access memory and spin-transfer torque magnetic random access
memory.'" The performance can be enhanced using an elegant
design of the recording media structure, such as bit-patterned
media (BPM),'” ” in which one single bit of information is stored
in an individual nanostructure.'®'” However, conventional fabri-
cated BPM contain isolated polycrystal islands, so that the switch-
ing field has a wide distribution due to the nonuniform
microstructure.

Recently, a unique crystallographically hierarchical structure that
was made of isolated well-organized nanocrystals, called mesocrystals,
was synthesized by a one-step self-assembly crystallization process."”
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We further developed the method and fabricated 2D magnetic
CoFe,04 (CFO) mesocrystals, which protrude from the substrate
surface with perfect crystal facets, specific crystallographic orientation,
and fully relaxed stress.'” To test the quality of BPM or magnetic sen-
sors made of a single nanocrystal, it is essential to know the magnetic
anisotropy of an individual nanomagnet. This cannot be roughly
extrapolated from conventional measurements of ensembles like a
vibrating-sample magnetometer or a superconducting quantum inter-
ference device (SQUID) because of sample-to-sample inhomogeneities
in size, shape, orientation, and dipole interaction between the nano-
magnets. In this work, we investigate the magnetic anisotropy of such
an individual nanocrystal using dynamic cantilever magnetometry
(DCM) because of its high sensitivity.”’

In previous studies, two approaches for analyzing DCM measure-
ments created an analytical model based on the Stoner-Wohlfarth
approximation or numerical simulations.”' *° The samples are mainly
nanowires or nanotubes, which naturally exhibit uniaxial anisotropy.
In fact, it is not easy for samples with other forms of anisotropy to
exhibit an explicit frequency shift.”” In our earlier work,” there was
some evidence for biaxial anisotropy in a rectangular Co thin film.

The CFO mesocrystals were fabricated through a combination of
the growth of a nanoseed layer and the self-assembly of oxides."” An
individual CFO nanomagnet was prepared and transferred onto an
ultrasoft cantilever for the DCM experiments using a FEI Helios
NanoLab 600i focused ion beam and a scanning electron microscope
(SEM) dual-beam system.” The single-crystal silicon cantilever used
here was 147 um long, 4 um wide, and 0.1 um thick. The cantilever
used in our experiments has a resonant frequency of f, = 2612 Hz
and a spring constant of kg = 43 uN/m. The frequency of the cantile-
ver was measured using a home-built microlens fiber-optic interfer-
ometer system. The interferometer has a 1550nm laser with an
incident laser power of less than 1 ¢W. The DCM experiments were car-
ried out in a vacuum chamber with the pressure below 1 x 10~ mbar. A
superconducting vector magnet produced a magnetic field of up to
9T along the vertical z-axis and 1T along the horizontal x- and
y-axes. The orientation of the CFO nanopyramid on the cantilever is
shown in Fig. 1(a). The single-domain CFO nanopyramid has an
edge length of 87 nm."” One edge of the bottom plane was attached
to the cantilever, and the height of the nanopyramid was parallel to
the length of the cantilever. In the main text, we discuss only data
for H applied along the vertical z-axis. Measurement data for H in
the other directions are discussed in the supplementary material.

Figure 2 shows the measured frequency shift at 280 K. Unlike
previously reported data where Af monotonically increases with the
magnetic field strength,”**" the frequency shift seems to be relatively
insensitive to the magnetic field except for four sharp peaks, which are
labeled T1, T2, T3, and T4 in ascending order of field strength for con-
venience. The observed data indicate that an explicit hybrid anisotropy
term, rather than a sum or integral of several influences, contributes to
the frequency of the single-crystal CFO nanopyramid. Here, we specu-
late on the nature of this hybrid anisotropy, which can be verified
by comparing the four measured peaks and additional data (see the
supplementary material) with the predictions of the model. We can
calculate the anisotropy parameters using this hybrid anisotropy and
experimental data.

Although solving the frequency shift as a function of the mag-
netic field is rather challenging,” the peaks can still be regarded as
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FIG. 1. (a) Schematic of dynamic cantilever magnetometry (DCM). The inset shows
a scanning electron microscope (SEM) image of an individual CoFe;O, pyramid
nanocrystal with a BiFeO3 seed layer. (b) SEM image of the pyramid on a cantile-
ver. Scale bar: 50 um.

solid evidence of magnetization jumps. As a reasonable approxima-
tion, we neglect the oscillations of the cantilever and consider only
static magnetization as the cause of the magnetization jumps.

For simplicity, a spherical coordinate system is established
[Fig. 3(a)]. The speculated energy of the system can be written as the
sum of the cantilever energy, the Zeeman energy, and the magnetic
anisotropy energy,

0
#,H (T)

FIG. 2. Experimental frequency shift Af as a function of magnetic field H. The red
(blue) curve is for H sweeps in the positive (negative) direction. The enlarged insets
represent detailed Af vs H at transition points with magnetization jumps.
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FIG. 3. Theoretical interpretation of the frequency peak as a magnetization jump.
(a) Spherical coordinate system for the oscillating sample. The orange pyramid is
the CFO nanomagnet. The red and green arrows are the magnetization and mag-
netic field, respectively. The blue triangle is the oscillating plane of the cantilever,
and y is the oscillating angle. (b) Magnetic energy profile and jump derived from
the hybrid anisotropy model at transition points T, and T,. The points and curves
are experimental data as a reference.

1
E= Eko(lelp)2 — MVH((sin { sin 0 cos ¢, + cos i cos Oy)

1
+ Kewpic V. (Z sin*0y cosZZ(pM + sin’0y cosZGM)
— Kin V sin 20y, (1)

where Kk is the intrinsic spring constant of the cantilever, J, is the effec-
tive length of the cantilever, and V is the volume of the pyramid. The
third term describes the cubic magnetic anisotropy energy, including
magnetocrystalline anisotropy and shape anisotropy. As half of
an octahedron, the nanomagnet is believed to have a cubic shape
anisotropy based on the method of images.”” Since CoFe, 04 has cubic
magnetocrystalline anisotropy,” the total magnetic anisotropy energy
is cubic and the coefficient K pic is the sum of the shape anisotropy
constant Kgpape and the magnetocrystalline anisotropy constant Kerys.
The fourth term gives the uniaxial anisotropy.”’

Here, we describe the theoretical magnetic behavior predicted by
this hybrid anisotropy to analyze how magnetization jumps occur. For
simplicity, we discuss the frequency peak for the positive magnetic
field (H > 0), as the magnetic behavior is symmetric with respect to
the magnetic field.

scitation.org/journal/apl

Conventionally, the equilibrium state of magnetization can be
obtained by setting the first derivative of energy with respect to the
magnetization angle to zero. In fact, ¢,, = 45° is always a solution for
OE /¢y = 0. Moreover, the detailed analysis of the local minimum
of energy in the supplementary material indicates that the motion of
the magnetization is inplane.

Figure 3(b) shows the theoretical energy profile near the transi-
tion points. The experimental data are also plotted as a reference.
When the magnetic field decreases to a critical value T,, the magneti-
zation state becomes an inflection point and can jump from 0p =0
to Oy = 0;. The magnetic free-energy profile at T, is illustrated in the
bottom left inset. On increasing the magnetic field, M will experience
a different jump from 0y = 0, to 0y = 0 at transition point T} Like
other magnetic phenomena, the magnetic free-energy profile depends
on the magnetization history. Thus, the T,-type profile occurs for
decreasing |H|, whereas the T),-type profile occurs for increasing |H|.
Note that the four magnetization jumps occur only when the ratio of
the two anisotropy constants Ki,/Kpic falls into a certain range.
Besides, the absolute value of the critical magnetic field at T}, is always
larger than that at T,. The supplementary material includes a video
showing the evolution of the magnetic energy as the magnetic field
increases. The magnetization jump is a direct result of competition
between the Zeeman energy and the hybrid anisotropy energy.

Now, we consider the experimental data shown in Fig. 2.
According to the field sweeping direction, T2 and T3 are T,-type
transitions, while T1 and T4 are T),-type transitions. Consistent
with the theory, the observed absolute value of the critical mag-
netic field at T1 or T4 is indeed larger than that at T2 or T3 (see
Fig. S4). This evidence, along with further supporting data in the
supplementary material, forms a solid demonstration of the valid-
ity of the anisotropy model.

Since the measured frequency shift is confirmed by the model, it
is possible to calculate the anisotropy constant from the critical mag-
netic field strength. Starting from the reduced magnetic energy,

(E— (1/2)ko(k)’)
Keuvic V
= —n(siny sin Opr cos ¢, + cos iy cos Opr)

EM:

1

+ 7 sin *0p cos 22¢y,

+ sin 20y cos 20y — msin 26y, (2)
where n(H) = MH/Kqpic and m = Ky /Kouic. Here, we consider
static cantilever magnetometry, and so i = 0°. Since the magnetiza-
tion has an inplane motion, as discussed before, ¢,; = 45° is a con-
stant. Ej; can be simplified as

Ey = —ncos Oy + sin?0y cos? 0y — m sin?Oyy. (3)

We first analyze the experimental data for a positive magnetic
field [Fig. 3(b)]. Both transition points T, and T}, are inflection points.
They satisfy

E,
gOTM = (n+ cos Oy — 2mcos Oy + cos30y)sinfy =0,  (4a)
M
O?Ey
50 = ncos by — 2mcos 20y + 2 cos 40y = 0. (4b)
M
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There are two sets of solutions for Eq. (4). One is
HM = 00, (Sa)
n=2m-—2. (5b)
This is exactly the expression for transition point T,. The other

solution, which corresponds to T, is a little more complicated,

5—m
Oy = arctany [ —— 6a

- % (3\/8\/1 T m+3v6my1+m—v6(1+ m)3/2). (6b)

We can find m using the ratio of the two critical magnetic field
strengths (Hy, = 1.285 T and Hy, = 1.312T),

2m —2
(1/9) (3\/6\/1 T m+3v6myT+m—/6(1+ m)3/2)
1.285
= 7
1.312 @)
Thus, m can be found numerically,
m = 3.83. (8)

Also, the two angles 0; and 0, can be calculated. Using n = 5.66
and m =3.83 in Eq. (4a), 0; can be calculated to be 37.8°. According
to Eq. (6), 0, = 26.2°.

The anisotropy constants can be calculated using

— MHy, =
|y,

Kin = mKeypic- (9b)

Kcubic = MHT;,y (93)

|HTb

Here, ny;, and n|H are the values of n when H is Hy, and HTb,
respectively. Con51der1ng saturated magnetization in Eq. (9),"" we
have Kupic = 2.3 X 10° erg/cm?® and Ki, = 8.8 x 10%rg/cm’. The
corresponding anisotropy fields are Heybic = 2Keubic/M = 4.6kOe
and H;, = 2K;,/M = 17.6kOe.

The experimental data for a negative magnetic field can be
explained by applying this method with 0y = 180°. Similar conclu-
sions can be made.

To investigate the physical origin of anisotropy, we measured the
frequency shift at low temperatures. The variation of m = Ky, /Keybic
with respect to temperature T can be obtained, as shown in Fig. 4(a).
The temperature dependence of the cubic anisotropy field is plotted in
Fig. 4(b). As the temperature decreases, Hepic gradually increases until
260 K and shows a drastic elevation to a maximum value at 230 K. As
the temperature further decreases, Hqpic drops moderately. Since
shape anisotropy is induced by surface magnetic free poles, Kgape is
proportional to the square of M. Thus, the Hgpe vs T curve just
reflects the dependence of the magnetization on temperature. As
reported in the literature,” the magnetization increases monotonically
as the temperature decreases. Thus, the cubic magnetic anisotropy is
dominated by magnetocrystalline anisotropy K. In fact, similar
behavior has been observed in cobalt-doped magnetite due to the
Verwey transition.”"*”

The uniaxial magnetic anisotropy field Hy,, which is m times the
cubic anisotropy field, has a more complex dependence on
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FIG. 4. Temperature dependence from 180 to 280K of (a) m = Kin /Kcubic and (b)
the cubic anisotropy field He,sic (red squares) and uniaxial anisotropy field Hi, (blue
triangles). The non-monotonic behavior of the cubic anisotropy field can be attrib-
uted to the Verwey transition of the CoFe,04 crystal.

temperature [Fig. 4(b)]. A possible physical origin of the uniaxial
anisotropy is an interfacial effect arising from the coupling between
the CoFe, 04 pyramid and the BiFeOs seed layer. The coupling may
also account for the slight exchange bias in the measured frequency
shift (Fig. S4). In fact, extensive research has unveiled several phenom-
ena associated with the interface between BiFeO; and ferromagnetic
materials, by mechanisms like exchange bias and superexchange cou-
pling due to the charge transfer or electronic orbital reconstruction at
the interface.”

As the temperature decreases further, the frequency shifts at 4 K
and 10K (see the supplementary material) do not exhibit four sharp
peaks compared to those at high temperatures, but resemble the result
for the sample with uniaxial anisotropy. This is consistent with the
analysis for Heybic vs T at high temperatures. Below the Verwey point,
the crystal transforms into a structure with a lower symmetry, so that
the magnetocrystalline anisotropy becomes uniaxial.”

The robustness and generalization of our model were further
demonstrated by measurements made with the magnetic field applied
in the other two orientations, which is comprehensively discussed in
the supplementary material. We also performed an experiment with
another CFO sample, the data for which have already been pub-
lished."”*® The calculated m = Kin/Kepic = 4 is comparable with
m = 3.8 here.
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In conclusion, we have presented a method for investigating the
magnetic anisotropy of nanosamples based on DCM. By quantitatively
correlating the main features observed in the evolution of the trial
magnetic anisotropy energy using DCM measurements, the magnetic
anisotropy constants can be calculated for critical magnetic field
strengths. In this work, we applied this method to an individual
CoFe, 04 (CFO) nanopyramid sample. The magnetic anisotropy was
demonstrated to be hybrid, with a cubic term and a uniaxial term. The
temperature dependence of the anisotropy suggests that the cubic
term Kupic is dominated by magnetocrystalline anisotropy, whereas
the uniaxial term Kj, may be induced by coupling between the CFO
pyramid and the BiFeOj; seed layer at the interface. Our work provides
an insightful perspective for contemporary DCM research.

See the supplementary material for more information on the
samples and the setup, more DCM data and discussions for H in other
directions, and DCM data and discussions for low temperatures.
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