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ABSTRACT

Magnetic anisotropy (MA) is an important property of magnetic materials, which not only determines the orientation of the magnetic moment
in the magnetic material but also influences the working frequency of magnetoelectric devices. Unrevealing the origin of MA has become an
important topic and attracts lasting interest. Here, we report a quite significant magnetic field-induced uniaxial MA in amorphous CoFeB thin
films containing double ferromagnetic atoms. The thickness independence of MA was obtained by observing a series of hysteresis loops and
magnetic domains. The MA is proved subtly to be related to the variation of orbital magnetic moment acquired by ferromagnetic resonance.
Furthermore, we found that atoms combine into clusters and incline to an order in amorphous CoFeB thin films with field-induced MA. Based
on these experimental results, we proposed a direction-like order model to interpret the origin of magnetic field-induced MA in amorphous
CoFeB thin films well.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0086805

When the orientation of the magnetic moment has a promi-
nent effect on the total energy of ferromagnetic material, it signifies
the appearance of the phenomenon of magnetic anisotropy (MA).
As MA affects the working frequency and transport capacity of mag-
netoelectric devices, it is essential for researchers to regulate MA in
many important fields, such as information storage, biomedicine,
and geomagnetic detection.' ” The magnetic anisotropy originates
from multifarious sources such as magnetocrystalline anisotropy,
shape anisotropy, exchange anisotropy, anisotropy induced by the
magnetic field, and so on. Up until now, the origin of MA, as
a momentous subject, has attracted intensive interest. In general,
unlike the exchange interaction originated from electronic spin,

which has the isotropic property, the orbital moment’s anisotropy
is very important for MA of the crystalline material. Concretely,
it relies on spin-orbital coupling interaction of the ferromag-
netic material and can interact with atomic structure and spin
magnetization.””"”

With regard to the anisotropy of the amorphous material
induced by the magnetic field, which attracted lasting interest,
some works have certified that the local structural anisotropy or
spin reorientation explains this phenomenon in thin films that
contain only a type of ferromagnetic (Co, Fe, or Ni) and other
non-ferromagnetic atoms.'*'® The work of Chen et al.'” further
indicated that the surface-induced short-range order is the origin
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of MA for amorphous transition metal rare earth films deposited
in a magnetic field. However, for the magnetic thin films con-
taining different types of ferromagnetic atoms such as amorphous
Co-Fe-B films, which have wide applications such as magnetic
random access memory (MRAM),'*"” the origin of magnetic field-
induced MA has not been fully identified.”” ** In this work, we
selected amorphous CosoFesoBay (CoFeB) thin film as represen-
tative materials to investigate the mechanism of magnetic field-
induced MA in the thin film containing two types of ferromagnetic

ARTICLE scitation.org/journall/adv

atoms. Based on a number of experimental characterization and
analyzing the change of structure or magnetic moment in these
films, we proposed a direction-like order model to explain in-
plane MA induced by magnetic field in the amorphous CoFeB
thin film.

A series of Ta (2 nm)/CoFeB (10, 30, 50, 150, and 250 nm)
films were grown on a Si substrate at room temperature by dc mag-
netron sputtering without magnetic field (OMF-CoFeB) and with
800 Oe magnetic field (MF-CoFeB). The vacuum of the sputtering
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FIG. 1. (a) Hysteresis loops of 10 nm CoFeB/Ta/Si. The insets show the experimental setup of VSM characterization. (b) Angular dependence of normalized M:/Ms for 10 nm
CoFeB/Ta/Si. Hysteresis loops for (c) 30 nm, (d) 50 nm, (e) 150 nm, and (f) 250 nm CoFeB/Ta/Si, and corresponding insets exhibit the angular dependence of normalized

M:/Ms.
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chamber could be below 2.1 x 107 Pa as the base pressure. Dur-
ing the deposition, we maintained the the rotation rate of the sample
stage at 10 rpm to greatly weaken the influence of oblique sputtering
on the MA”* and the pressure of Ar at 1.3 Pa. At the same time,
the flowing rate of Ar and deposition power were 25 SCCM and
80 W, respectively. It is noted that there was ~2 nm Ta deposited
as the buffer layer before growing CoFeB film. Then, the sur-
face morphology of these specimens was observed by atomic force
microscopy (AFM, Bruker Dimension Icon), and the magnetic
domains were observed by magnetic force microscopy (MFM). By
using a vibrating sample magnetometer (VSM, Lakeshore 7410), we
obtained the angular dependence of hysteresis loops at room tem-
perature. Here, the film was placed on a flat tail in a fused silica
sample rod to rotate, where the direction of the external magnetic
field H was parallel to the sample plane. The schematic diagram of
the sample layout is depicted in the inset of Fig. 1(a). The dynamic
magnetic characterization was carried out by ferromagnetic reso-
nance (FMR) at electron spin resonance spectrometer (ESR, E500),
which operated at a resonance frequency of f; = 9.8 GHz. In addition,
the film surface structure was confirmed from transmission electron
microscopy (TEM, Tecnai F20) images.

Figure 1(a) shows hysteresis loops with different thicknesses
and angular dependence of squareness M,/M; obtained by VSM.
On the one hand, when the applied magnetic field H increased to
150 Oe, along with different directions, a different magnetic field
strength is required for the magnetic moments to attain saturation.
On the other hand, the curvilinear shape of the angular dependence
of M;/M; tended to be ellipse shape for OMF-CoFeB; however, it
becomes an “8” shape for MF-CoFeB [Fig. 1(b)]. The MF-CoFeB
thin film shows more significant in-plane uniaxial MA than that
of OMF-CoFeB film.”*" Here, the small in-plane anisotropy of
OMF-CoFeB may be due to the effect of the stray field.”””" Then,
considering the influence of CoFeB thickness, we measured a num-
ber of hysteresis loops with different CoFeB thicknesses, as shown
in Figs. 1(c)-1(f). We can observe that the direction of Hgow cor-
responds to the easy axis. Furthermore, these curves of the angular
dependence of M,/M; are still “8” shape with thickness from 10 to
250 nm, although this “8” becomes smaller and more irregular with
250 nm CoFeB. That is, the in-plane MA decreases obviously when

30 nm
R+0:23 nm

150:nm )

0 3 um

250 nm

scitation.org/journal/adv

the thickness of the CoFeB film increases to 250 nm. Meanwhile, the
coercivity H. changes in the range of 2.0-11.4 Oe.

Figures 2(a)-2(d) show a series of surface topographies with
different CoFeB films from 10 to 250 nm. Here, these AFM images
were obtained with a scanning area of 3 x 3 ym®. Regardless of
the changes in the CoFeB thickness, all these films have a very flat
surface, which fluctuates around the root-mean-square roughness
(Rg) of 0.2 nm when the thickness is less than 40 nm and then
slightly increases along with the increase in the film thickness (only
arrived in Rq 0.5 nm with 250 nm CoFeB). The result indicates that
the quality of these films was outstanding. The corresponding mag-
netic domains are shown in Figs. 2(e)-2(h). Here, the color scale for
Figs. 2(e)-2(h) is the phase change of the magnetic probe caused
by long-range magnetic force, which reflects the magnitude of out-
of-plane magnetization in the thin film. It is unusual that there has
been a stripe structure in the magnetic domain with 250 nm CoFeB.
By combining with the results of previous works,”® we can infer
that this is because a number of columnar crystals appear in the
base of amorphous CoFeB (~200 nm), which destroy the original
microstructure and decrease the MA. In short, amorphous MF-
CoFeB films show a significant in-plane uniaxial MA, and this MA
still remained outstanding when the CoFeB thickness lies between
10 and 250 nm.

To confirm the magnetic field-induced MA in amorphous
CoFeB film, we perform a deep analysis by using FMR. In general,
the FMR technology can be used to determine the MA and Landé g
factor related to the spin and orbital magnetic moments. According
to the work of Gayen et al.,”” when pgM; >> Hy, the expression of the
in-plane FMR resonance field (H,) can be simplified to

poHr = Ho — Hicos 2¢n, (1)

where M; is the saturation magnetization, Hy is the anisotropy
field associated with the in-plane uniaxial anisotropy constant Ky
(= HM,/2), and Hy is the order of (Zﬂfr/y)z/yoMS, where y (=gus/h)
represents the gyromagnetic ratio related to the g factor, the reduced
Planck constant (), and Bohr magneton (ug). We can obtain Hy
by fitting the curve of the in-plane angular dependence of H;.
Figures 3(a) and 3(b) show a polar coordinate system of the

1.5 nm

FIG. 2. (a)-(d) The AFM images (with
Rq) and (e)—(h) the corresponding MFM
images of CoFeB films grown on the Si
substrates with different thicknesses.
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FIG. 3. (a) Schematic diagram of Hryg in
a spherical polar coordinate system. ¢y
is the in-plane angle of the external mag-
netic field Hryr to the x axis. (b) In-plane
angular independence of resonance field
(Hr) for near 30 nm CoFeB films.
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sample configuration used in the subsequent discussion and an in-
plane angular dependence of FMR resonance fields with 30 nm
CoFeB film. It is noted that the dc external magnetic field Hrmr
in the horizontal plane is perpendicular to the direction of the easy
magnetic axis (Hgrow) when ¢y was 0° as depicted in Fig. 3(a). The
in-plane angular dependence of H; is shown in Fig. 3(b), and the
solid line represents the corresponding simulated result by using Eq.
(1). Tt is clear that H, (¢n) had a periodic variation with cycle 180°
and could be fitted well by using Eq. (1). Therefore, we can obtain
the values of Ms, Hy, and Ku. It is noted that M; slightly decreases
from 88.7 Oe at OMF-CoFeB to 83.5 Oe at MF-CoFeB, and Hy
and K, increase from 23.2 to 50.0 Oe and from 0.8 x 10° to 1.7
x 10° J/m?, respectively. In addition, the M-H loops of 30 nm CoFeB
are shown in Fig. 1(c), combined with Hy = Hg(0°) — Hst(90°);!
thus, the value of Hy is about 49 Oe. Therefore, all these observations
are in line with the VSM results depicted in Fig. 1, and the applied
magnetic field, indeed, induces MA significantly.

In addition, the g factor can be used to investigate the change in
the magnetic moment. We obtained y and g factor deduced by Eq.
(1) in the order of 2.01 x 10"'/(sT) and 2.29, respectively. Then, by

. - . so 2829
simply considering Larmor motion condition,

2

We found that the value of y is 8.71 x 10"/(sT), which is also in
the order of the one deduced by Eq. (1). Hence, by combining Egs.
(1) and (2), we obtained y = wo/H, = gup/h, namely,

hfr = gusH;.

wo = yH;.

(©)

250 300 350

It is consistent with the resonance condition ignoring some effects
such as the Gilbert damping torque. Based on the above-mentioned
result, we obtained the simplified g-value combining with the exper-
imental H:(¢u) to perform some analysis. Here, as for the 30 nm
MF-CoFeB thin film, Fig. 3(b) shows an increase in H; from 673.2
to 754.4 Oe along with an increase in ¢y from 0° to 90°; meanwhile,
g decreases from 10.44 to 9.32. Next, when ¢y increases from 90° to
180°, H; decreases from 754.4 to 673.4 Oe, and the corresponding
g-value increases from 9.32 to 10.44. When ¢y increases from 180°
to 360°, there is the next cycle. That is to say, the variation of g (Ag)
was 1.12, which was bigger than that of OMF-CoFeB (Ag = 0.72).

There has been the analogous rule in other samples performed,
as shown in Table I. Furthermore, g is related to spin and orbital
angular momentum S and L,

L JU+1)+S(S+1)-L(L+1)
g=1+ 2J(J+1) ’ @)

where J = § + L is the total angular momentum. Then, we car-
ried out a computation, named partial differential, to obtain the
mathematical formula of Ag,

L S
dg = ds - dL,
87 s+ (s+L)?

(5)

where dg is consistent with Ag. Considering that the sample is stable,
dS tends to be 0 so that dg is almost inversely proportional to dL. As

TABLE 1. Angle1 and g1 correspond to minimum H;, angle2 and g2 corresponding to maximal H, and Ag(=|g1 — ¢2|) in different types of samples.

Sample composition Anglel (deg) gl Angle2 (deg) g2 Ag
Si/Ta 2 nm/OMEF-CoFeB 30 nm 0 10.30 90 9.58 0.72
Si/Ta 2 nm/MF-CoFeB 30 nm 0 10.44 90 9.32 1.12
Si/Ta 2 nm/OMEF-CoFeB 20 nm 0 9.55 90 8.72 0.83
Si/Ta 2 nm/MF-CoFeB 20 nm 0 10.09 90 8.93 1.16
Copper grid/Ta 2 nm/OMF-CoFeB 10 nm/Ta 2 nm 0 9.25 90 9.08 0.17
Copper grid/Ta 2 nm/MF-CoFeB 10 nm/Ta 2 nm 0 9.32 110 8.86 0.46
Copper grid/MF-CoFeB 10 nm 0 8.93 90 8.24 0.69
AIP Advances 12, 045203 (2022); doi: 10.1063/5.0086805 12, 045203-4
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aresult, AL decreases due to the increase in Ag for MF-CoFeB. Then,
the orbital magnetic moment m, is associated with [,

(m5) = ~Caifl). ©)

It is noted that Eq. (6) belongs to a vector expression. Hence,
we can perform a qualitative analysis by using Eq. (6). Here, Am,
should increase as AL decreases, i.e., the higher the value of Ag is,
the higher the value of Am, will be. Therefore, compared to OMF-
CoFeB, it is amorphous MF-CoFeB that had larger Ag and larger
variation of orbital magnetic moment Am,. All specimens in Table I
can also certify this conclusion.

Figures 4(a) and 4(b) show the TEM images (inset) with
selected area electron diffraction (SAED) of the sample, and the
CoFeB film remains amorphous by the diffused rings in the SAED
pattern.”’ Meanwhile, the MF-CoFeB has not observed a distinct
difference in the bright field image in comparison with that of OMF-
CoFeB [insets of Figs. 4(a) and 4(b)]. However, on these red frame
areas of the high-resolution TEM images in Figs. 4(c) and 4(d),
the changes in the local atomic structure become visible by Fourier
transformation (FT) [Figs. 4(e) and 4(f)] and inverse Fourier trans-
formation (IFT) [Figs. 4(g) and 4(h)]. The OMF-CoFeB formed a
few icosahedra-like atomic clusters, which are marked by red cir-
cles in Fig. 4(g), and had an arrangement of one atom surrounded
by six ones [inset of Fig. 4(g)]. Meanwhile, it seems to be easier
to find more icosahedra-like clusters for MF-CoFeB in Fig. 4(h).
There is an analogous result in the copper grid substrate in Fig. S1
(see the supplementary material). In addition, after these diffrac-
tion patterns have been calibrated with the camera length used

—— OMF-CoFeB .
MF-CoFeB (l)

I(arb.units)

5 1/nm 5 1/nm
_— OMF-CoFeB _—

MF-CoFeB

5 nm

OMF-CoFeB- %

MF-CoFeB

FIG. 4. The selected area diffraction patterns of (a) OMF-CoFeB and (b) MF-
CoFeB with the corresponding TEM images (inset). (c) and (d) The high-resolution
TEM images and (e)—(h) the corresponding FT and IFT images of the red square
area, respectively. (i) Diffraction data corresponding to the green and blue lines in
SAED. The thickness of CoFeB thickness is near 30 nm.

scitation.org/journal/adv

and pattern center defined, the diffraction data could be exported
along the blue and green lines in Figs. 4(a) and 4(b) to obtain
corresponding transmission-electron diffraction pattern (TEDP) in
Fig. 4(i). There is a complete second peak although the first peak was
hindered by the blocking needle, and it is apparent that the short-
range order leads to diffuse Bragg reflections. Meanwhile, compared
to OMF-CoFeB, ME-CoFeB has observed the shoulder on the sec-
ond peak become more marked, which also reflects the increase in
icosahedra-like clusters.'* Interestingly, as shown in Figs. S2 and S3
(see the supplementary material), when performing a series of XPS
and EELS analyses, we find electronic intensity at 2p* and 2p*?
energy states of MF-CoFeB significantly stronger than OMF-CoFeB,
regardless of Co or Fe element in each scan spot, respectively, which
can reflect the Co and Fe atom signals in MF-CoFeB more intensely
than OMF-CoFeB, and they further imply that atoms combine into
clusters.

Based on the above discussion, we come up with the direction-
like order model as shown in Fig. 5 to explain the magnetic field-
induced MA in amorphous CoFeB thin film containing two types
of ferromagnetic atoms. Figures 5(a) and 5(b) show the models of
icosahedral and icosahedra-like clusters observed in Figs. 4(h) and
4(i). Here, the clusters of 12 atoms on icosahedral sites (trigonal or
octahedral sites) in Fig. 5(a) [Fig. 5(b)], namely, icosahedral clusters
(icosahedra-like clusters), whose top view consists with the arrange-
ment of one atom surrounded by five (six) ones in Figs. 4(h) and
4(i). It is noted that the high-resolution TEM images are still hard to
perfectly distinguish between icosahedral and icosahedra-like clus-
ters. Figures 5(c) and 5(d) show the changes of these clusters and the
electric cloud state of each atom in OMF-CoFeB and MF-CoFeB,
respectively. Compared to these scattered atoms in OMF-CoFeB,
when grown CoFeB with an applied magnetic field, atoms combine
into clusters and the electron cloud elongates in the direction of
magnetization, which is in agreement with the previous report by
De Vries et al.’” Furthermore, the state of the outer electron cloud is
related to the change in the orbital magnetic moment. By combining
with our FMR result, we can surmise that the increase in the orbital
magnetic moment is associated with the variation of these atomic
clusters in amorphous CoFeB material. In detail, the atomic gathered
phenomenon is a benefit to result in orbital hybridization or electron

Icosahedral cluster (a) Icosahedralike cluster (b)
front view top view front view top view

FIG. 5. (a) Icosahedral and (b) icosahedra-like clusters models. The in-plane 2D
atom arrangement model with (c) OMF-CoFeB and (d) MF-CoFeB.
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cloud orbit elongation with altered orbital angular momentum along
the easy axis and further increase in Am,.

Therefore, as shown in Figs. 5(c) and 5(d), the direction-like
order models can be depicted as follows: On the one hand, more
icosahedral and icosahedra-like clusters for MF-CoFeB containing
ferromagnetic metal atoms, Co or Fe, at local areas of the amor-
phous film plane appeared, which increase the order degree. On the
other hand, electron cloud may be elongated along Hgrow, which
results in direction-like order in the ferromagnetic property. Hence,
we acquire 2D atomic experimental models related to the changes of
icosahedral and icosahedra-like clusters in CoFeB thin films, which
agrees well with the actual experimental observation and computed
results, and explain the magnetic field-induced MA in amorphous
CoFeB thin films well.

In summary, amorphous CoFeB ferromagnetic thin films were
deposited on Si substrates with the constant magnetic field by dc
magnetron sputtering. The thickness dependence of the magnetic
properties and the structural properties and the in-plane angular
dependence of the resonance field for FMR were mainly investi-
gated. It is more significant for MF-CoFeB films from 10 to 250
nm to observe in-plane uniaxial MA than that of OMF-CoFeB films.
Furthermore, this magical phenomenon is related to the strong vari-
ation of the g factor, where MF-CoFeB rotated at a different in-plane
angle compared to the direction of the easy axis by FMR charac-
terization. In addition, a corresponding increase in the amounts of
icosahedral and icosahedra-like clusters was observed by TEM char-
acterization. These results can be commendably explained by the
proposed direction-like order model.

See the supplementary material for the other high-resolution
TEM images and XPS and EELS results for OMF-CoFeB and MF-
CoFeB in the copper grid or the Si substrate.
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