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Abstract

The structural and magnetic properties of amorphous thin—films with various CoFeTaB
thicknesses were studied to observe magnetic phase transitions due to compositional variation
through the CoFeTaB layer. The investigations of the structural properties of amorphous
CoFeTaB thin—films were undertaken to confirm layer thickness, interface roughness, and
their amorphous structure. Temperature dependent magnetic characterizations were performed
to extract Curie temperatures of each thin—film structure, where there is evidence of more than
one magnetic transition point. These transition points indicate magnetic phase transitions,
which may be attributed to compositional variations across the amorphous CoFeTaB thin—
films. Investigation of diffusion process in ferromagnetic thin—films is crucial for the

development of spintronic applications.

1. Introduction

High-moment ferromagnetic CoFe alloys show
excellent soft magnetic properties, including high
saturation magnetization, high spin polarization, and
low coercivity, and they have been considered to have
considerable potential for use in many technological
applications in the fields of spintronics [1-3]. CoFe
alloy has a BCC crystal structure with a cubic
magnetocrystalline anisotropy. The addition of B of
composition greater than 20% in the CoFe alloy
produces an amorphous metallic glass with a reduced
Curie temperature (Tc¢) and reduced magnetization
compared to CoFe alloy [4]. Amorphous ferromagnetic
alloys represent an important class of materials, which
have a unique disorder atomic arrangements and zero
magnetocrystalline anisotropy energy, which makes
amorphous metallic alloys functional for a broad range
of applications. Amorphous CoFeB thin—films have
been attracted extensive attention in recent years in
giant and tunnelling magnetoresistance devices [5,6],
current-induced magnetization switching [7], and are
utilized in commercial applications such as HDD read—
heads and magnetic random access memories. The
amorphous CoFeB alloys have high spin polarization,
which could lead to a high TMR value at room
temperature [5,6]. The addition of a transition metal to
an amorphous Fe-based alloy, reduces both the Tc and
the magnetic moment per Co and Fe atoms [8], where
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this reduction can be explained as a result of charge
transfers from the transition metal atoms to the unfilled
holes in the electronic d—states of the Fe.

The discovery of the perpendicularly magnetized
Ta/CoFeB/MgO heterostructures, which exhibit
perpendicular magnetic anisotropy (PMA) is attracting
significant interest for potential applications in
magnetic random access memory (MRAM) [6]. The
underlayer to the CoFeB layer also plays a crucial role
in the size of PMA, where Ta is widely used as an
underlayer because the Ta/CoFeB interface can control
the perpendicular magnetic anisotropy and the related
magnetic responses [9]. Diffusion of Fe atoms towards
oxide layer has been reported in CoFeB/MgO
structures during the deposition of MgO, where a Fe—
O rich interfacial region was formed with reduced
magnetization [10]. Another study showed that Tc can
be tuned from 200 K to below 100 K by increasing Ta
composition from ~ 15% to ~30% in FeTa amorphous
alloy [8]. In order to identify the influence of the Ta
diffusion in the magnetic properties of the
ferromagnetic layer, the relationship between the
structural and magnetic properties of this structure
needs to be clarified. The influence of the diffusion of
Ta in the Ta/CoFeB/MgO system has often been
discussed [11-13], however, there is no sufficient
information that clearly shows the relationship
between the Ta diffusion and the magnetic properties
of a ferromagnetic layer at low temperatures.
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Previously, Ta diffusion within the CoFeTaB layer has
been observed during the thin—film deposition, which
causes variation of magnetization and T¢ through the
thin—film [14]. As many spintronic devices work at
elevated temperatures, understanding the Ta diffusion
on the magnetic properties of CoFeTaB thin—film is
important for the development of spintronic
applications. The amorphous CoFeTaB alloy used in
this study was designed to have a T¢ below room
temperature in order to observe the influence of Ta
diffusion on the magnetic properties at low
temperatures. In this manuscript, the structural and
magnetic properties of the bilayered amorphous thin—
film with various CoFeTaB thicknesses were studied
to indicate magnetic phase transitions due to Ta
diffusions at low temperatures because diffusion of Ta
produces regions of different composition through the
CoFeTaB layer, which causes variation of
magnetization and Tc through thin—films.

2. Experimental Procedures

In this study, a series of amorphous ferromagnetic
thin—films (CosoFe30TaxsB1s — The subscript represents
the nominal composition of CoFeTaB) with a thickness
from 10 A to 40 A were deposited at room temperature
onto Si (100) substrate using dc magnetron sputtering
under ultra—high vacuum. The structure of the layer
stacks was Si/SiO,/CoFeTaB (t)/Ta(30 A)/Ta,0s with
a CoFeTaB layer thickness ranging from 10 to 40 A, as
shown schematically inset of Figure la. The
CosoFe3TaxsBis layers (CoFeTaB hereafter) were
capped with a 30 A Ta layer to prevent oxidation.
Grazing incidence x-ray reflectivity (XRR) was
performed using a Rigaku Smartlab laboratory
reflectometer at room temperature in order to
characterize the physical structure of each thin—film.
X-ray reflectivity scans were performed by scanning 0
— 20 from 0° to 6° with a step size of 0.02°. All
reflectivity measurements were fitted using the GenX
simulation code [15], which utilizes the Parratt
recursive  formalism for simulating specular
reflectivity. It uses a model based on the sample
structure including free structural parameters to
determine the layer thickness and interface/surface
roughness and densities of each layer. In order to
validate the amorphous nature of the CoFeTaB films,
x—ray diffraction (XRD) profiles were obtained.
Magnetic characterization of amorphous CoFeTaB

thin—films was performed using a Quantum Design
superconducting  quantum interference  device
(SQUID) magnetometry in a temperature range
between 5 K to 300 K with an external magnetic field
of 100 Oe to extract Tc for each thin—films.

3. Results and Discussion

3.1. Structural characterization of thin—films

Measured grazing incidence XRR data and
corresponding best fit simulations for 40 A CoFeTaB
thin—film are presented in Figure 1a. Here, the red solid
line represents simulated fits of specular reflectivity
data. Reflectivity simulations were performed by
starting with nominal thicknesses of each layer of the
as—deposited thin—films and adding a thin Ta,Os layer
to model oxide formation on the Ta cap, with a
thickness up to a few nanometers. To improve the
fitting quality of the XRR data, a thermally oxidized
Si0; layer on top of the Si (100) substrate was added.
The structural parameters including layer thicknesses,
interface roughnesses, and layer densities were
obtained from the bestHfitting simulations of
amorphous thin—films as a function of CoFeTaB
thicknesses. Sample parameters from best fit XRR
including layer thickness and interface roughness used
in the simulation of specular reflectivity of amorphous
thin—films with various CoFeTaB thickness are
summarized in Table 1. It is well-known that
surface/interface roughness affects the magnetic
properties of thin—film structures, such as domain
structure, and magnetic anisotropy [16], where it has
been shown that an increase in interface roughness
increases the exchange bias field and the coercivity
[17]. The roughness parameters for each structure are
around 3 A, indicating thin—films are continuous in the
direction normal to the scattering plane.

The structural characterization of thin—films was
undertaken using an x—ray diffraction (XRD) pattern to
derive information on the nature of the crystal
structure. Figure 1b presents the XRD patterns of all
thin—films with various CoFeTaB thicknesses studied
here. As shown in the figure, all thin—films revealed an
XRD peak at 20 of 69° corresponding to the (400)
diffraction peak of the Si (100) substrate. The Bragg
peaks corresponding to all CoFeTaB thin—films are not
observed in these patterns which confirm the
amorphous nature of CoFeTaB layers.
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Figure 1: (a) Specular reflectivity data and corresponding simulated reflectivity for amorphous 40 A CoFeTaB thin—film.
The red solid line represents best—fit simulations. The inset shows the sample schematic. (b) X-ray diffraction pattern of the

amorphous thin—films with various CoFeTaB thicknesses.

The structural scattering length density (SLD) profiles
and their derivatives for all structures are given in
Figure 2 for thin—films with various CoFeTaB
thicknesses, as shown by shaded regions. Here, the
width of the substrate/CoFeTaB interface appears
relatively broad for all thin—films. This broad interface
is attributed to the diffuse interface between the Si
(100) substrate and the thin SiO; layer. Within the
volume of the CoFeTaB films, the structural SLDs are
roughly constant, which indicates the ferromagnetic
CoFeTaB layers are uniform layers. However, the
structural SLD profiles are varied from the bulk values
in the interface of the CoFeTaB/Ta capping layer,
which suggests that compositionally—graded layers are

formed in the region of CoFeTaB layers and the Ta
capping layers. During the deposition of thin—films, the
interdiffusion of Ta atoms into CoFeTaB layers is
possible because highly energetic Ta atoms can
penetrate into the CoFeTaB layer, resulting in a broad
CoFeTaB/Ta structural interface. Interdiffusion of
atoms has studied at CoFeB/Ta and CoFeB/Ru
interfaces, where Ta atoms can penetrate more deeply
into the CoFeB layer because Ta is heavier than Ru
[18]. A similar study has shown that a 0.2 nm thick
TaB layer is formed at CoFeB/Ta interface after
annealing of CoFeB/Ta thin—films, which is due to
out—diffusion of B atoms from the CoFeB layer to the
Ta capping layer [19].
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Figure 2: Structural scattering length density profiles and their derivatives for amorphous thin—films. The shaded regions
show with various CoFeTaB layer thicknesses ranging from 10 to 40 A. The vertical dashed lines correspond to the positions

of the layer interfaces in the model structures.
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The derivatives of the structural SLD profiles are
plotted in Figure 2 to visualize positions of the
structural interfaces more accurately in these structures
with various CoFeTaB thicknesses. Here, the peaks
and dips show each layer interfaces in the model
structures, shown by vertical solid lines. In the
derivative of SLDs, the first peaks correspond to the
thickness of ~ 15 A for both structures which indicates
the thickness of the SiO, layer, and beyond this
thickness, the magnetic CoFeTaB layer starts to
increase. The second peaks, indicating CoFeTaB/Ta
interface, shift to the right as the thickness of the
CoFeTaB layer increases. The shaded regions indicate
the approximate thickness of CoFeTaB layers and the
vertical solid lines correspond to the approximate
positions of the layer interfaces in the model structures.

3.2. Magnetic characterization of thin—films

The main purpose of the present study is the
investigation of the magnetic phase transitions for
thin—films with various CoFeTaB thicknesses, as given
in Figure 3. Here, the magnetic response of thin—films
shows that the CoFeTaB layers do not act as a single
homogeneous magnetic layer with a single Tc, as
usual. Instead, the ferromagnetic layers comprise two
or three magnetic sub—layers depending on layer
thicknesses. These inhomogeneities are related to the
Ta distribution within the CoFeTaB layer, as it varies
the Tc, resulting in the asymmetry in magnetic
properties at the CoFeTaB/Ta interface, and indicating
the contribution of the different moments at the
CoFeTaB/Ta interface and within the CoFeTaB layer.
At low temperatures, the temperature dependent
magnetization in a ferromagnetic material can be fitted
using the spin—wave model and described by the Bloch
T3/2 power—law equation given as,

7\3/2
M(T) = M(0) [1—(T—C) ] (1)
where M(0) is the spontancous magnetization at
absolute zero. The spontaneous magnetization

approaches zero when the temperature increases
towards the T¢ and phase transition from paramagnetic
to ferromagnetic state is observed, which is identified
as a point of abrupt change in magnetic behaviour. In
order to understand the magnetic phase transitions due

to Ta diffusion within the CoFeTaB layer, there is
evidence of more than one transition point, notated as
T¢’s in the magnetic behavior of thin—films. Therefore,
it is quite difficult to obtain T¢ values from temperature
dependent magnetization profiles using Equation (1).

The  derivative  of  temperature  dependent
magnetization curves for all thin—film structures with
various CoFeTaB thicknesses are calculated. The
curves, where the derivative of magnetization reaches
a minimum value, indicate more than one transition
point in the magnetic response, as noted T¢’s for all
thin—film structures. Two phase transitions are
observed, indicating two different magnetic regions,
denoted as Tc; and T, across the thin—film with 10 A
CoFeTaB thickness. For the rest of the thin—films,
there are three transition temperatures, denoted as Tci,
T, and Tcs, indicating three active magnetic regions.
These transition points show magnetic phase
transitions, which may be attributed to compositional
variations across the CoFeTaB thin—films. These
variations suggest non—uniformity in the magnetic
profile due to the Ta distribution in the CoFeTaB layer,
causing variations in the T¢’s.

Figure 3a shows temperature—dependent
magnetization and its derivative for the thin—film with
10 A CoFeTaB thickness. The derivative of
magnetization shows two sharp curves, which indicate
magnetic phase transitions at temperatures as shown by
Tc1 and Ty, where these transitions are at ~ 220 K and
~ 50 K, respectively. The thinnest CoFeTaB film might
have adopted the Volmer—Weber growth mode on
Si0,, where the vaporized atoms bond to each other
more strongly than to the substrate surface. This strong
bonding leads to the formation of islands that join to
form continuous thin—film structures. The coverage of
the CoFeTaB layer at 10 A may not be 100%, hence
the Ta capping layer grown on top of CoFeTaB will
have a lesser CoFeTaB neighbor. As a result of this low
CoFeTaB thickness, Ta atoms may be in direct contact
with the substrate surface, which may create
compositional variations in the magnetic response of
the CoFeTaB layer. This results in two magnetic phase
transitions, where Tc; is the first transition temperature
at 220 K, attributed to the magnetic region adjacent to
the
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Figure 3: Temperature dependence of magnetization curves and their derivatives for amorphous thin—films with various
CoFeTaB thicknesses measured under the magnetic field of 100 Oe.

buffer interface with less Ta concentration, and Tc; is
the second transition temperature at 50 K, attributed to
the magnetic region adjacent to the top interface with
the maximum Ta concentration, the least magnetic
moment and the lowest Tco.

An increase in the thickness of the CoFeTaB layer
leads to a better surface coverage due to the
coalescence of grains, causing multiple phase
transitions across CoFeTaB layers. As the thickness of
the CoFeTaB layer increases to 20 A, as shown in
Figure 3b, the magnetization appears relatively broad
at temperatures between 125 K to 225 K, and a
magnetic phase transition is observed at T¢; ~ 220 K.
This is attributed to the transition temperature of the
sublayer with less Ta concentration, corresponding to
a magnetic region adjacent to the buffer interface. A
second transition point is observed more clear, as
shown by the sharp curve on the derivative of
magnetization at Tco ~ 90 K. The T, may be the
transition temperature of the magnetic thin—slab at the
center of the CoFeTaB layer because heavy Ta atoms
can penetrate within the center of the CoFeTaB layer
during the deposition of the Ta capping layer. Also, a
third transition point, which is not clear as others,
emerges slightly indicated by Tc; ~ 50 K, which may
be the transition temperature of a magnetic region
adjacent to the top interface, with the lowest transition
temperature and the highest Ta concentration.

Similar transition temperatures are obtained as Tci ~
220 K, Tz ~ 95 K, and T3 ~ 65 K for the rest of the

thin—films, as given in Figure 3¢ and 3d. Here, T¢; has
the same transition temperature as for the films with 10
A and 20 A CoFeTaB thicknesses. This is attributed to
the transition temperature of the magnetic region close
to the bottom interface with less Ta concentration. The
second transition temperature Tco ~ 95 K, corresponds
to the magnetic thin—slab at the center of the CoFeTaB
layer with the higher Ta concentration compared to the
magnetic region at the buffer interface. Tc; ~ 65 K, is
the third transition temperature of the magnetic slab
adjacent to the Ta capping layer, where the maximum
Ta concentration at this thin—slab causes the reduction
of Tc. All transition temperatures of each thin-film
structures are summarized in Table 1.

10 nm thick CoFeTaB thin—film with 30% Ta
concentration, sandwiched with 3 nm thick Pt layers
was studied to understand the temperature dependent
interfacial magnetization, where diffusion of Ta
creates magnetic regions of different composition and
resulting in three different transition temperatures.
These transition temperatures were obtained as T¢; ~
215K, Tz ~ 120 K, and Tc; ~ 80 K, where Tc; and
Tcz correspond to the transition temperature of the
region adjacent to the bottom/top interfaces,
respectively. Tcs ~ 80 K indicates the transition point
of the center of the CoFeTaB layer with the highest Ta
concentration and least magnetic moment, which is
attributed to the the transition temperature from
paramagnetic to ferromagnetic state [20]. As it is
known
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Table 1: Sample parameters from best fit XRR including layer thickness and interface roughness used in the simulation of
specular reflectivity of amorphous CoFeTaB thin—films, and transition temperatures, obtained from the minimum value of

the derivative of magnetization.

Sample Layer Thickness Roughness Transition Temperatures (K)
(A) (A) Tc Tco Tes
CoFeTaB CoFeTaB 10.5+0.8 24+1.2
(10 A) Ta 315433 33413 220 50
CoFeTaB CoFeTaB 21.1+14 21+1.2
(20 A) Ta 323418 34417 220 90 50
CoFeTaB CoFcTaB 309+1.6 23+1.5
(30 A) Ta 318425 31418 220 95 65
CoFeTaB CoFeTaB 41.2+23 24+1.2
(40 A) Ta 30.9+2.5 26+1.5 220 95 65

that higher Ta concentration decreases the Tc and the
magnetic moment per Co and Fe atoms [8], it is also
possible to comment about the location of transition
temperatures for each magnetic region in this study. In
the present work, similar behaviour of magnetic
transition temperatures is obtained for CoFeTaB/Ta
bilayered thin—films. Due to the compositional
variation of Ta (30%) through the ferromagnetic layer,
the Tc was estimated as ~ 80 K [20], which is 15 K
lower than the Tc of 30 A and 40 A thick CoFeTaB
thin—films studied here. The transition temperature of
Tc is obtained as ~ 220 K for all thin — film structures,
which indicates the initial stage of the deposition for
all thin—films show similar behaviour and resulting in
the magnetic thin—slab adjacent to the buffer interface.
These phase transitions confirm the expected
compositional variations within the CoFeTaB layers.

4. Conclusion

In summary, the magnetic phase transitions due to
compositional variation of the Ta capping layer were
studied for amorphous thin—films with various
CoFeTaB thicknesses. An investigation of the
structural properties of amorphous thin—films was
undertaken to confirm layer thickness, interface
roughness, and the amorphous structure of thin—films.
Temperature dependent magnetic characterizations
were performed to extract Curie temperatures of each
thin—film, where the CoFeTaB layer does not act as a
homogenous magnetic layer with a single Tc. Instead,
the data suggest more than one magnetic transition
point, which indicates multiple magnetic phase
transitions. These transitions may be attributed to

compositional variations through the amorphous
CoFeTaB layer thickness.
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