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Temperature-dependent properties of CoFeB/MgO thin films: Experiments versus simulations
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CoFeB/MgO heterostructures are a promising candidate for an integral component of spintronic devices due to
their high magnetic anisotropy, low Gilbert damping, and excellent magnetoresistive properties. Here, we present
experimental measurements and atomistic simulations of the temperature and CoFeB thickness dependence of
spontaneous magnetization and magnetic anisotropy in CoFeB/MgO ultrathin films. We find that the thermal
fluctuations are different between the bulk and interface magnetizations, and that the interfacial anisotropy
originates from a two-site anisotropic exchange interaction. These effects lead to a complex temperature
and thickness dependence of the magnetic properties critical to device operation and stability at elevated

temperatures.

DOLI: 10.1103/PhysRevB.98.214428

I. INTRODUCTION

In recent years, an interfacial anisotropy at ferromagnetic
metal (FM)/oxides has been an interesting subject in the field
of spintronics because of its importance for applications. For
instance, the interfacial anisotropy reduces the intrinsic crit-
ical current for spin-transfer-torque (STT)-induced magneti-
zation switching in magnetic tunnel junctions (MTJs) with an
in-plane easy axis (i-MTJs) without reduction of the thermal
stability factor. In addition, the interfacial anisotropy enables
the manufacture of MTJs with a perpendicular easy axis
(p-MTlJs) by reducing the FM layer thickness, which allows a
higher efficiency for the STT switching compared to i-MTJs.

A large interfacial perpendicular anisotropy energy den-
sity K; of 1.18mJ/m? at a FM/oxide interface was re-
ported in a single-crystal Fe substrate/MgO/Fe/Au struc-
ture [1]. The presence of the interfacial anisotropy at
FM/oxide interfaces was also reported in polycrystalline films
with Pt/Co(Fe)/MO, (M: Al, Mg, Ta, or Ru) [2,3] and
MgO/CoFeB/Pt structures [4]. In Ta/CoFeB/MgO structure,
a technologically relevant structure owing to its high tun-
nel magnetoresistance ratio [5,6], the presence of K; was
also found [7]. This brought about the demonstration of
high-performance p-MTJs with Ta/CoFeB/MgO at a junction
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diameter of 40 nm [8], which triggered ongoing intensive
studies on p-MTJs with the CoFeB/MgO system at reduced
dimensions less than 20 nm [9,10].

First-principles calculations indicated that the interfacial
perpendicular anisotropy is brought about by the hybridization
of Fe 3d and O 2p orbitals [11]. The calculation is supported
by an experimental work on x-ray magnetic circular dichro-
ism, which showed that the anisotropy is related to Fe 3d
orbital anisotropy at the CoFeB/MgO interface [12]. While
the origin of the interfacial anisotropy appears to be well
understood, the origin of its temperature dependence, which
is important for further development of p-MTIs, is still to be
elucidated.

As shown by Callen and Callen, the temperature 7 depen-
dence of the anisotropy energy density K of ferromagnets has
a correlation with that of the spontaneous magnetization Mg
through a power-law scaling relationship [13],

ey

K(T*)  \ Ms(T*)

K(T) ( Ms(T) )"
where T* is a normalizing temperature originally taken as 0 K.
In this study we choose 10 K as 7%, the lowest measurement
temperature, at which thermal spin fluctuation is expected to
be small. The exponent # is known to depend on the physical
mechanism causing the magnetic anisotropy; n is equal to 3
for materials with a uniaxial single-ion anisotropy [13], and is
closer to 2 for materials with a dominant two-site anisotropy
[14]. However, one may need to care about a mixture of the
effects from bulk and surface properties on the anisotropy in
thin films and nanoparticles with interfacial anisotropy [15].
Hence, the investigation of the correlation between K and Mg

Published by the American Physical Society
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FIG. 1. Magnetic moment m per unit area versus in-plane mag-
netic field H for 1.1-nm-thick CoFeB film measured at 10 K. From
the shaded area, areal magnetic anisotropy energy density Kegfcorep
is evaluated.

as a function of T is expected to provide us an insight of the
exchange mechanism relating to the interfacial anisotropy.

In this study, we investigate the temperature dependence of
Mg and K of the thin CoFeB/MgO system. We compare the
experimental results with atomistic spin-model simulations
[16], and show that their temperature dependence is related
to thermal spin fluctuations and the finite thickness of the
system.

II. EXPERIMENT

A. Film fabrication and measurement method

A stack structure of Ta (5)/Ru (10)/Ta (5)/CoyoFegyBog
(tcores)/MgO (1.4)/Ta (5) was deposited on a thermally ox-
idized Si substrate by rf magnetron sputtering. Numbers in
parentheses are nominal thicknesses in nm determined from
the deposition rate. We prepared five samples with different
CoFeB thicknesses (tcopeg = 1.1, 1.3, 1.7, 3.0, and 4.0 nm).
The CoFeB composition is also nominal, and corresponds to
that of a sputtering target. The boron composition of the film is
probably higher than the nominal one, while the composition
ratio of Co to Fe is almost the same [17]. The stacks were
annealed in vacuum at 300 °C for 1 h under an out-of-plane
magnetic field of 0.4 T. We do not expect the formation
of a magnetically dead layer in the structures as shown
in the previous work [8]. We measured the magnetization
curve for the stacks along the hard-axis direction at various
temperatures by a vibrating sample magnetometer. A typical
magnetization curve is shown in Fig. 1 for the stack with
tcores = 1.1 nm at 10 K. From the curves, we determined the
spontaneous magnetic moment per unit area mg and areal
effective perpendicular magnetic anisotropy energy density
Kefrtcoren (the area enclosed by the m-H curve and m = mg
in Fig. 1) [8].

B. Results

Figure 2(a) shows the temperature dependence of Mg
between 10 and 300 K as a function of #cogeg, Where Mg was
determined from Ms = mg/tcores. The Mg exhibits a mono-
tonic decreasing tendency in all the CoFeB films with dif-
ferent 7copep Within experimental errors. The thinner CoFeB
film (fcopep < 2 nm) shows a larger variation of Mg with
increasing temperature, as noticed from Fig. 2(b), in which
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FIG. 2. Temperature T dependence of (a) spontaneous magne-
tization My and (b) normalized Ms(T)/Ms(10 K) for CoFeB/MgO
stacks as a function of CoFeB thicknesses fcopep.-

the normalized spontaneous magnetization Ms(T)/Ms(10 K)
is presented.

Figure 3(a) shows the temperature dependence of the per-
pendicular anisotropy energy density K = Ko + Ms>/2u0,
where (i is permeability in free space, as a function of #copep.-
Because the interfacial anisotropy plays a dominant role for
the perpendicular anisotropy in the CoFeB/MgO system, K is
approximately equal to K;/tcoren, Where Kj is the interfacial
anisotropy energy density. As can be seen, K decreases with
increasing 7, indicating that K; also decreases with increasing
T. The thinner CoFeB film (fcopes < 2 nm) shows a larger
variation of K with change in 7, as noticed from Fig. 3(b),
in which the normalized anisotropy energy density K(7)/K(10
K) is presented.

Figure 4 shows the double-logarithm plot of K(7)/K(10
K) versus Mg(T)/Ms(10 K) as a function of fcopeg. A linear
fit to the data for the samples with fcopep < 2 nm gives the
slope n of 2.2, in agreement with previous experimental mea-
surements [18-20]. The scaling exponent n ~ 2 suggests that
the anisotropy is not dominated by single-ion anisotropy with
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FIG. 3. Temperature 7 dependence of (a) perpendicular
anisotropy energy density K and (b) normalized K(7)/K(10 K) for
CoFeB/MgO stacks as a function of CoFeB thicknesses #copep-
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FIG. 4. Double-logarithm plot of K(7)/K(10 K) versus
Ms(T)/Ms(10 K) for CoFeB/MgO with different CoFeB thicknesses
fcoren- Line is a linear fit for the sample with #copes < 2 nm.

n = 3 according to the Callen-Callen theory [13]. A similar
experimental scaling exponent of n ~ 2.1 was observed for
FePt [21], and was explained theoretically by a model based
on two-site exchange anisotropy [14].

II1. SIMULATIONS
A. Atomistic spin model with single-ion anisotropy

The simulations are based on the atomistic spin model
[22], which naturally models the influence of thermal spin
fluctuations on the intrinsic magnetic properties such as the
spontaneous magnetization and magnetic anisotropy. We use a
classical atomistic spin model utilizing the VAMPIRE software
package for the numerical calculations [22,23]. The spin
Hamiltonian using the Heisenberg form of exchange,

Ho=="1;Si-S; - Zku(s,- ), )

i<j

describes the energy of the system, where J;; is an isotropic
exchange constant between nearest-neighbor spins as usual
in the Heisenberg model, S; and S; are spin unit vectors at
local sites i and nearest-neighbor sites j, respectively, &, is the
uniaxial anisotropy constant per atom, and e; is a unit vector
along the magnetic easy axis.

The simulated system is shown schematically in Fig. 5.
The system is generated by creating a bulk body-centered-

FIG. 5. Schematic of the simulated system incorporating bulk
and interfacial CoFeB in contact with the MgO layer. The sys-
tem dimensions are 15nm x 15nm X fcopeg NM, Where fcopep i the
thickness of the CoFeB layer. Boron impurities indicated by dark
spheres are randomly distributed through the CoFeB.

TABLE I. Adopted model parameters.

Bulk Interface
k, (J/atom) 0 1.35 x 1072
Jij (J/link) 7.735 x 10721 1.547 x 1072

cubic (bee) crystal with lattice constant of 0.286 nm. The
dimensions of CoFeB layer in the simulation are 15nm X
15nm X fcopeg Nm, with periodic boundary conditions in the
in-plane x and y directions. The Fe and Co atoms are treated
as an average species with an averaged moment of 1.6up (up
is the Bohr magneton). This approximation is not expected
to strongly affect the calculated temperature dependence of
Mg and K resulting from the thermal spin fluctuations. The
boron atoms are included explicitly as nonmagnetic impuri-
ties randomly distributed in the CoFeB. Despite the boron
being nonmagnetic, it strongly affects the magnetic properties,
because the presence of the impurities reduces the number
of coordination of the magnetic atoms, and thus reduces the
effective Curie temperature of the whole sample. As with
boron, the MgO is nonmagnetic, but has a strong influence on
the magnetic properties of the interfacial Co and Fe atoms.
We consider two important effects: one is the presence of
strong interfacial anisotropy k, [24], and the other is an en-
hancement of the exchange interaction J;; at the CoFeB/MgO
interface [25]. We model the interfacial anisotropy using an
effective uniaxial anisotropy for the CoFeB/MgO interfacial
layer guided by previous first-principles calculations showing
a localized enhancement of the anisotropy at the CoFeB/MgO
interface [11]. The enhancement of the interfacial exchange
interaction is treated in the same nearest-neighbor approxi-
mation as the bulk CoFeB but with an enhanced exchange
constant. The adopted values of k, and J;; are listed in Table I.
The k, is derived from the experimental results in Fig. 3, and
the exchange constant J;; is derived from a mean-field expres-
sion of the effective exchange energy [22] including a cor-
rection for spin-wave excitations [26]. The bottom interfacial
layer of CoFeB to be in contact with Ta is assumed to have no
special interfacial qualities other than the usual loss of coordi-
nation. We do not consider the bulk anisotropy of the CoFeB,
as experimentally it is known to be negligibly small [8].

The temperature-dependent properties are calculated us-
ing the constrained Monte Carlo method [16], in which the
direction of the magnetization is fixed, while the net mag-
netization can be changed due to thermal fluctuations. The
computational approach chooses moves of two spins, which
are rotated in such a way as to conserve the direction of the
magnetization. The static properties can be calculated when
the system achieves thermal equilibrium after many such
moves. Due to the symmetry of the system (consisting of a
single high-anisotropy interface layer with periodic bound-
aries in the plane), the interfacial anisotropy is wholly uniaxial
in nature, resulting in the angle-dependent torque following
a sinf form at all temperatures, where 6 is the angle from
the film normal. Applying a quadrature rule, the effective
anisotropic free energy is calculated directly from the thermo-
dynamic average of the total torque on the system [16]. Given
the sin® form of the torque, we fix 6 at 45°, at which the
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FIG. 6. Simulated temperature 7 dependence of normalized
spontaneous magnetization Mg(T)/Ms(0) for the CoFeB/MgO sys-
tem with B composition of 4% (a) as a function of CoFeB thicknesses
tcoren and (b) surface and bulk components for CoFeB with 7copes =
3 nm. Lines are fits by Eq. (3).

torque is largest, to minimize the numerical error. The Monte
Carlo (MC) trial moves use the Hinzke-Nowak method using a
combination of different trial moves to optimize the relaxation
to thermal equilibrium [27]. After equilibrating the system by
10000 MC steps, the thermodynamic averages of the torque
and magnetization are collected averaging over further 10 000
MC steps.

B. Calculation of the spontaneous magnetization

Because of J;; > ky, the anisotropy has a negligible effect
on the calculated Ms(T). Figure 6(a) shows the calculated
Ms(T) normalized by Ms(T = 0) as a function of #copep Of the
CoFeB/MgO system with B composition of 4%. The value of
4% is extracted from a series of calculations to give the best
agreement with the experimentally measured temperature-
dependent magnetization. The reduced boron composition in
the simulation is consistent with an experimental result that
the boron composition in the CoFeB film is reduced owing to
absorption by Ta adjacent to the CoFeB layer via annealing
[28].

Because the CoFeB layers consist of a few monolayers, the
magnetization curves in Fig. 6(a) show significant finite-size
effects. This is apparent in the reduced criticality of the mag-
netization curve compared with a bulk sample, as well as a vis-
ible variation among samples with different fcopep. It is clear
from the simulations that the low-temperature gradient of the
magnetization is thickness dependent, as seen also in the ex-
perimental data (Fig. 2). Quantitative agreement between the
experimental data and simulations is obtained for thin CoFeB
after tuning the boron concentration in the simulations.

Both experimental and simulated sets of data show a
decrease in the gradient with increasing fcopes. In the case
of the simulations, this decrease is purely due to finite-size
effects. As the film thickness increases, the thermally fluc-
tuating surface spins make up a smaller portion of the total
magnetization, and thus the gradient approaches the classical

limit for the bulk with a slower variation of Mg(T). For the
experimental result, we see a similar behavior; however, the
large change of the gradient for the thicker films seen in Fig. 2
may suggest the presence of an additional effect. For bulk
CoFe, one would expect the usual Bloch-like behavior, where
the gradient of the temperature-dependent magnetization is
small due to the quantum nature of the spin-wave spectrum
[29]. For the thin-film samples studied in the present work,
however, it is clear that the gradient is much closer to that of a
classical system, where the atomic spins are unquantized. We
attribute this fundamental disparity to microstructural disorder
and the polycrystalline nature of the films, which disrupt
the long-range crystallinity and quantum nature of the spin
waves. One would therefore expect that these effects become
less important for larger film thicknesses, and so the larger
decrease in the gradient of Ms(T) compared to the classical
simulations is indicative of a classical-quantum transition.
This transition indicates an important finite-size effect, where
the microstructural disorder can disrupt the quantum nature
of the spin-wave spectrum leading to significantly different
Ms(T) from the expected bulk behavior.

The temperature-dependent magnetization Ms(7) for a
classical system is well described by the expression [29]

(1 0
Ms(0) Tc)’

where B is a critical exponent. We fit Eq. (3) to simulated
Ms(T) treating Tc and B as free parameters. The obtained
Tc is ~1100 K, which is not strongly dependent on fcopes-
However, it is important to note that the finite-size effect is
visible in the larger magnetization fluctuations in the inter-
face layers, which has a strong influence on the temperature
dependence of the anisotropy. This is an important generic
feature of ultrathin films, arising from the loss of magnetic
coordination at the interface. In the case of CoFeB/MgO, an
enhanced exchange interaction at the surface included in the
simulation might be expected to somewhat compensate this
effect [23].

To investigate the difference in the temperature depen-
dence between interface and bulk-like magnetization, we have
calculated separate contributions from the MgO-terminated
interface and bulk atoms to the total magnetization, as shown
in Fig. 6(b). The bulk atoms make up the majority of the com-
plete system, and so the average magnetization is generally
closer to the net magnetization. The temperature-dependent
magnetizations show a slightly elevated Curie temperature for
the MgO-terminated interface atoms compared with the bulk,
owing to the stronger exchange interactions at the interface.
The calculated Curie temperature for the interfacial atoms also
converges rapidly to an asymptotic value. The temperature
dependence of the interface magnetization is an important
quantity that determines the spin fluctuations of the interfacial
layer, which provides the magnetic anisotropy.

C. Calculation of the perpendicular anisotropy
based on single-ion anisotropy

The magnetocrystalline anisotropy in the CoFeB/MgO sys-
tem arises almost solely from the MgO-terminated interface.
We proceed with calculation of the temperature dependence

214428-4
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FIG. 7. Calculated temperature 7 dependence of magnetic
anisotropy energy densities K for the CoFeB/MgO as a function of
CoFeB thicknesses fcorep based on single-ion anisotropy.

of the interface anisotropy using the constrained Monte Carlo
method [16]. The calculated free anisotropy energy for dif-
ferent #copep 1 shown in Fig. 7(a). All samples have a single
MgO-terminated interface with the same anisotropy energy,
which leads to a change in the average magnetic anisotropy
energy density, allowing engineering of the magnetic proper-
ties through thickness variation [8]. Additionally, the different
temperature dependence of the surface magnetization leads to
a different temperature dependence of the anisotropy for the
samples with different #copes. According to Eq. (1), we make
double-logarithm plots of K(7)/K(10 K) versus Ms(T)/Ms(10
K) (Callen-Callen plots) (as shown by dashed line in Fig. 9
shown later) [13]. We determine the scaling exponent n to
be 2.82-3.26, which is close to 3 expected from single-ion
anisotropy but inconsistent with the experimental observation
in Fig. 4. This indicates that the magnetic anisotropy in
CoFeB/MgO thin films is not single ion in origin.

D. Calculation of the perpendicular anisotropy
based on two-site anisotropy

Two-site anisotropy arises from an orientation-dependent
exchange interaction. For example, in layered L1, alloys such
as FePt, the symmetry of the crystal along the ¢ axis causes an
asymmetry in the exchange interactions between atoms in the
same plane [14,15] leading to a two-site exchange anisotropy.
This is also expected to be the case for CoFeB/MgO layers,
where the hybridization of the interfacial Fe layer leads to
a change in symmetry along the z direction. The two-site
anisotropy can be expressed by an exchange tensor as a
perturbation of the usual isotropic exchange,

Joo 00
Ji=10 J, 0], 4)
0 0 .

where subscripts to J of tensor components denote the compo-
nents of the spin direction at i and j sites. For a system with
only two-site anisotropy, the spin Hamiltonian is given by

H == SIS, 5)

i<j

In the case of isotropic exchange, all the diagonal exchange
components are the same, J,, = J,, = J;;. For anisotropic
exchange with asymmetry along the z direction, J,, = J,, #
J:.

The value of the effective anisotropy at very low tem-
peratures is the same and independent of its physical
origin, where the origin is only evident from the scaling with
respect to the magnetization. Therefore, in our model we
must translate the value of anisotropy from Sec. IIC into
a two-site exchange anisotropy. Considering the exchange
interactions between two spins §; and S;, we have the total
exchange energy Eex = —J,,SixSjx — JyySiySjy — J228i2S)z,
where subscripts for S;; denote the x, y, and z components
of spin at i(j) site, respectively. In ferromagnets at low
temperatures, all spins are well aligned and so it can be
assumed that S; ~ S;. For the case with an easy axis along
the z direction and spin rotation in the z-x plane (S; = cos6
and S, = sinf), we obtain Eex = (J;; — Jix )sin%0 — J.;, and
thus the anisotropic exchange gives the exchange energy with
an identical sin’0 symmetry to the single-ion anisotropy.
The total two-site exchange anisotropy is expressed by the
difference in the diagonal values of the exchange tensor
J.; — Jix. For spins with several neighbors, the anisotropy
energy should be divided amongst each of the interactions to
give the same effective anisotropy. In the case of a nearest-
neighbor model the coordination number defines the number
of interactions, giving geometric factors of 1/6 for simple
cubic, 1/8 for bee, and 1/12 for face-centered-cubic and
hexagonal lattices. The CoFeB/MgO interfacial anisotropy
is a special case, since the anisotropy arises from the Fe-O
hybridization and the interfacial atoms are only half coordi-
nated. In this case, the anisotropic exchange energy should be
divided among the four nearest atoms in the interface, giving
a geometric factor of 1/4. In this case, the exchange values at
the interface in terms of the parameters from Table I are given

by
Jox = ijs

Ty =Jijy  Jee = Jij + ku/4. (6)

The bulk parameters are unchanged. Revisiting the simu-
lations using the spin Hamiltonian given in Eq. (5), we now
explicitly exclude any single-ion contribution to the effective

FIG. 8. Calculated temperature 7 dependence of magnetic
anisotropy energy densities K for the CoFeB/MgO with 2-nm-thick
CoFeB based on two-site anisotropy along with that based on single-
ion anisotropy shown in Fig. 7.
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FIG. 9. Double-logarithm plot of K(7)/K(10 K) versus
Ms(T)/Ms(10 K) for CoFeB/MgO. Symbols correspond to the
experimental results for the samples with CoFeB thicknesses less
than 2 nm. Lines are determined from linear fitting to the simulated
results (solid line for two-site anisotropy and dashed line for
single-ion anisotropy).

anisotropy. We note that in both cases the total effective
interfacial anisotropy at zero temperature is the same. The
obtained K(7) is shown in Fig. 8.

The scaling plots between K(7)/K(10 K) and Ms(T)/Mgs(10
K) give the scaling exponent n of 2.21, which is consis-
tent with the experimental observation as shown in Fig. 9.
The result indicates that the Callen-Callen plot gives n ~ 2
for systems with two-site anisotropy [14], indicating that the
Callen-Callen plot can be used to gain insight into the origin
of the anisotropy [30].

IV. CONCLUSION

We have conducted a joint experimental and computa-
tional study on the temperature-dependent magnetization and
magnetic anisotropy of CoFeB/MgO ultrathin films. Our ex-
perimental measurements have found the strong temperature
dependence of the saturation magnetization in close agree-

ment with classical atomistic spin-model simulations. The
scaling of the anisotropy with the magnetization provides
direct insight into the physical origin of the anisotropy by
comparison with the Callen-Callen theory. From the Callen-
Callen theory, a scaling exponent of n =3 suggests local
single-site anisotropy while an exponent of n ~ 2 suggests
two-site exchange anisotropy. Experimental measurements
give the scaling exponent of n = 2.2, indicating the dominant
role of two-site exchange anisotropy in this material system.
We have also performed atomistic simulations to compare
with experimental observation by considering thermal fluctu-
ations due to the finite-size effect and a reduction in atomic
coordination at the interface. The atomistic simulations with
single-ion anisotropy model result in n = 3.03 as expected,
which does not agree with the experimental results. The sim-
ulations with purely two-site exchange anisotropy reproduce
the experimentally observed value (n = 2.2). In this work,
we assume identical magnetic atoms in a uniform structure
and negligible anisotropy at CoFeB/Ta interface, suggesting
that the temperature-dependent magnetic properties are de-
termined mainly by the MgO/CoFeB interface. This study
provides information of the important factors determining
the temperature-dependent thermal stability of CoFeB/MgO
magnetic tunnel junctions and to guide the design of structures
for various applications.
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