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The perpendicular magnetic anisotropy at magnetic transition-metal–oxide interfaces is a key element
in building out-of-plane magnetized magnetic tunnel junctions for spin-transfer-torque magnetic random
access memory (STT MRAM). Size downscaling renders magnetic properties more sensitive to thermal
effects. Thus, understanding the temperature dependence of the magnetic anisotropy becomes crucial.
In this work, we theoretically address the correlation between the temperature dependence of magnetic
anisotropy and magnetization in typical Fe/MgO-based structures. In particular, the possible mechanisms
behind the experimentally reported deviations from the Callen and Callen scaling power law are analyzed.
At ideal interfaces, first-principles calculations reveal (i) small high-order anisotropy constants compared
to first order and (ii) enhanced exchange constants. Considering these two intrinsic effects in the atomistic
simulations, the temperature-dependence of the total and layer-resolved anisotropy are found to follow
the Callen and Callen scaling power law, thus ruling out an intrinsic microscopic mechanism underlying
deviations from this law. Besides, two possible extrinsic macroscopic mechanisms are unveiled, namely
the influence of the dead layer, often present in the storage layer of STT-MRAM cells and the spatial inho-
mogeneities of the interfacial magnetic anisotropy. About the first mechanism, we show that the presence
of a dead layer tends to reduce the scaling exponents. In the second mechanism, increasing the percentage
of inhomogeneity in the interfacial perpendicular magnetic anisotropy is revealed to decrease the scal-
ing exponent. These results allow us to coherently explain the difference in scaling exponents relating
anisotropy and magnetization thermal variations reported in earlier experiments. This is crucial for the
understanding of the thermal stability of the storage-layer magnetization in STT-MRAM applications.

DOI: 10.1103/PhysRevApplied.17.054041

I. INTRODUCTION

The evolution in magnetic random access memory
(MRAM) technologies has been made possible due to
fundamental research breakthroughs in spintronic phe-
nomena and materials development. Intensive efforts have
been focused on spin transfer torque (STT) [1,2], which
enables current-induced switching and thus better down-
scalability compared to field-written MRAM [3–6]. More
precisely, perpendicular STT MRAMs where out-of-plane
magnetized magnetic tunnel junctions serve as storage
elements provide both low switching currents, owing
to the relatively weak Gilbert damping, and high ther-
mal stability due to their large perpendicular magnetic
anisotropy (PMA) values [7–9]. PMA has been observed
to be common at magnetic metal–oxide interfaces with
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either amorphous or crystalline oxides [10–12] and has
been theoretically attributed to the electronic hybridization
between the oxygen and magnetic transition-metal orbitals
across the interface [13].

The memory retention, which is determined by the
thermal stability of the storage-layer magnetization, is
directly related to the PMA of this layer. This is a
key parameter in STT-MRAM applications. The concept
of thermally assisted STT MRAM has also been pro-
posed to reduce the write current while maintaining a
large thermal stability factor [14]. With regard to applica-
tions, the sensitivity of magnetic properties to temperature
is a critical point, especially for applications that have
to operate over a broad range of temperatures, such as
automotive applications. This emphasizes the need for
a fundamental understanding of the PMA dependence
on temperature. In this context, the correlation between
the temperature-dependent anisotropy constant K and the
magnetization M of ferromagnets, as described by Callen
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and Callen, follows a power scaling law: K(T)/K(0) =
[M (T)/M (0)]n, with n = i(2i + 1) corresponding to the
ith-order anisotropy constant [15,16]. It follows that for
the first-order anisotropy constant K1, a scaling expo-
nent n = 3 is expected. However, deviations from this
law with scaling exponents n < 3 have been experimen-
tally reported [17–19]. This has been explained by the
two-ion anisotropy model in L10 Fe-Pt alloys [20,21] and
more recently in (Co-Fe-B)/MgO structures [19]. How-
ever, considering various mechanisms that are likely to
occur in actual devices and their probable contribution to
the temperature dependence of the magnetic properties,
the analysis of the relationship between thermal variations
of anisotropy and magnetization requires further clarifi-
cation. For instance, the effect of a magnetic dead layer,
which often forms when using buffer or capping layers
for transition-metal–oxide structures [22], has not been
addressed so far. Since the thickness of the dead layer is
temperature dependent, considering its effect on the cor-
relation between the temperature dependencies of K and
M becomes essential. Another possible effect is the spa-
tial thickness fluctuations at the interface [23], which give
rise to a second-order anisotropy, K2, contribution mani-
fested as canted or easy-cone magnetic states [24]. All this
emphasizes the importance of clarifying the mechanisms
contributing to the temperature dependence of magnetic
anisotropy and whether they are micro- or macroscopic
in nature. In particular, the mechanisms underlying devi-
ations from the theoretical Callen and Callen power law
require further investigation.

In this paper, we study theoretically the correla-
tion between the temperature dependencies of magnetic
anisotropy and magnetization in typical Fe/MgO-based
structures, addressing several fundamental and practi-
cal aspects. Our first-principles calculations carried out
on ideal structure reveal that the second-order magnetic
anisotropy constant K2 is one order of magnitude smaller
than its first-order one, K1, indicating that higher-order
anisotropy terms of intrinsic magnetocrystalline origin
are unlikely to account for temperature-dependent mech-
anisms. Neglecting higher-order anisotropy contributions
to the atomistic spin Hamiltonian, calculations are per-
formed in order to unveil the macroscopic mechanisms of
the temperature dependence of magnetic anisotropy. After
calculating the layer-resolved exchange constants in an
ideal Fe/MgO interface, we demonstrate that inclusion of
the effect of enhanced exchange at the interface is cru-
cial to obtain scaling exponents consistent with the Callen
and Callen scaling power law. We elucidate that the layer-
resolved temperature dependence of magnetic anisotropy
also follows the law, with n = 3. Next, two mechanisms
that are very likely to occur in magnetic metal–oxide
structures are considered and their impact on the correla-
tion between the temperature dependencies of K and M
is analyzed. It is shown that the presence of a magnetic

dead layer yields lower effective scaling exponents that
deviate from the theoretical law. The second mechanism
reveals that increasing the percentage of inhomogeneity in
the interfacial PMA decreases the scaling exponent. The
present results elucidate that the mechanisms behind the
deviations from the theoretical Callen and Callen power
law are extrinsic (the presence of a dead layer and of inter-
facial roughness) rather than intrinsic. These results allow
us to coherently explain the difference in scaling exponents
relating anisotropy and magnetization thermal variations
reported in earlier experiments.

The paper is organized as follows. In Sec. II, we present
the first-principles calculation results of the first- and
second-order anisotropy constants at Fe/MgO interfaces
with different terminations. The layer-resolved exchange
constants are identified in Sec. III. Then, the atomistic cal-
culations of the temperature dependence of the magnetic
anisotropy are presented and discussed in Sec. IV. The
effect of a magnetic dead layer is addressed in Sec. V,
while Sec. VI is dedicated to the effect of the inhomogene-
ity in the perpendicular magnetic anisotropy on the temper-
ature dependence. The main conclusions drawn from this
study are summed up in Sec. VII.

II. K1 AND K2 EVALUATION FROM FIRST
PRINCIPLES

The interfacial magnetic anisotropy energy EMCA is
obtained from the dependence of the total energy E on
the angle θ between the magnetization direction and the
normal to the interface, expressed as

EMCA(θ) = E(θ) − E(0) = K1 sin2 θ + K2 sin4 θ

+ K3 sin6 θ + · · · =
∑

Ki sin2i θ . (1)

Typically, the first-order term K1 dominates the higher-
order ones in structures with interfacial anisotropy. How-
ever, in experiments, the influence of the second-order K2
has been observed, namely in the formation of an easy-
cone state [24,25]. The origin of significant K2 values
is attributed to spatial fluctuations of the film thickness
[23,26], strongly interface-concentrated PMA combined
with a moderate exchange coupling of the interface
moment to the rest of the film [27], or strong mag-
netic inhomogeneities [28]. Although the aforementioned
experiments have been explained by such extrinsic mech-
anisms, it is necessary to elucidate whether the higher-
order anisotropy terms may also be of intrinsic origin. For
this, we perform systematic first-principles calculations
to quantify the higher-order anisotropy terms in MgO-
based interfaces, including Fe/MgO and (Fe-Co)/MgO
with either Co or Fe-Co termination. Details of the com-
putation method are provided in Appendix A.

The total energies from first-principles calculations are
fitted with Eq. (1) up to the third order. As an example,
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Fit using EMCA [see Eq. (1)]

q (rad)

First-principles data

FIG. 1. The magnetic anisotropy energy as a function of the
angle θ between the magnetization direction and the normal
to the interface calculated for the Fe/MgO structure by first
principles (data points), fitted to EMCA [see Eq. (1)] (solid line).

in Fig. 1 we show the result for the case of the Fe/MgO
structure. The obtained K1 and K2 values for the studied
interfaces are summarized in Table I. One can observe that
(i) both K1 and K2 values are dependent on the interface
termination, while (ii) K2 is found to be one order of mag-
nitude smaller than K1 and (iii) the K3 values are found to
be negligible for all cases.

To gain more insight, in Fig. 2 we present the layer-
resolved K1 and K2 values for the different interfaces
studied. In the case of Fe/MgO, K1 is not entirely localized

TABLE I. The first-order K1 and second-order K2 anisotropy
constants obtained for Fe/MgO and (Fe-Co)/MgO structures
with either Co- or Fe-Co–terminated interfaces by fitting the
first-principles-calculated EMCA to Eq. (1).

Fe/MgO (Fe-Co)/MgO (Fe-Co)/MgO
Termination Fe Co Fe-Co

K1 (erg cm−2) 3.52 0.45 0.87
K2 (erg cm−2) 0.038 0.077 0

at the interface but, rather, propagates into the bulk, show-
ing an attenuating oscillatory behavior [29]. The layer-
resolved K2 for this structure follows K1 in trend and sign.
The situation is different in the case of the (Fe-Co)/MgO
interface, showing that for all terminations, K1 is overall
lower compared to that at Fe/MgO and that the PMA orig-
inates from the first layer. As for K2, it is positive and one
order of magnitude smaller than K1 for the Co-terminated
interface, while it is negligible and depends strongly on
the atomic distribution for the Fe-Co-terminated inter-
face. Note that the asymmetry in the structure between
the two interfaces in the Fe-Co-terminated case is at the
origin of the observed asymmetry in the K2 values [cf.
Appendix A(1)].

Based on these findings, we conclude that significant K2
are not of intrinsic origin in MgO-based interfaces and that
their emergence should be attributed to extrinsic mecha-
nisms. In particular, fluctuations of interfacial PMA have
been pointed out by experiments [28] and modeled analyt-
ically [26] or by micromagnetic simulations [30], giving
rise to significant K2 values. Thus, in order to address

Fe-Co
Co
Fe

FIG. 2. Layer-resolved values of K1 and K2, obtained from first-principles calculations, compared for Fe/MgO and (Fe-Co)/MgO
structures with either Co- or Fe-Co–terminated interfaces.
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the temperature dependence of magnetic anisotropy, we
exclude K2 from the atomistic spin Hamiltonian. In the
following, we focus instead on exploring two extrinsic
mechanisms that are commonly encountered in experi-
ments, namely the presence of a magnetic dead layer and
of spatial inhomogeneities in the interfacial PMA.

III. CALCULATION OF THE EXCHANGE
CONSTANTS

To study the temperature dependence of magnetic
anisotropy, it is important to determine the fundamental
parameters that are decisive for this effect. As presented in
Appendix A, the first-principles calculations provide both
the layer-resolved magnetic moments and anisotropy val-
ues at zero temperature. Notably, we observe the enhance-
ment of those two parameters at the two Fe interfacial
layers compared to their bulk counterparts, in agreement
with previous reports [13,29]. As for the exchange con-
stants, one might expect reduced values at surfaces or
interfaces due to the reduced atomic coordination based on
a classical Heisenberg model. However, an enhancement
of the exchange interaction has been reported at different
magnetic surfaces using ab initio calculations [31]. Thus,
obtaining layer-resolved exchange constants is important
not only for characterizing the Fe/MgO interface but also
to study macroscopic effects such as magnetic dead layers
created by atomic interdiffusion at the Fe/Ta interface, as
discussed later.

Using first-principles calculations, we calculate the
long-ranged exchange constants in MgO/Fe(t)/MgO struc-
tures with variable Fe thickness, 5 ≤ t (ML)≤ 15. Since
the exchange interaction is strongly distance dependent,
truncating it to include only nearest-neighbor interactions

FIG. 3. The layer-resolved nearest-neighbor-exchange con-
stants Ji,i+1 corresponding to the interaction between atoms
in layers i and i + 1 calculated from first principles in
MgO/Fe(t)/MgO structures, with the Fe thickness varied between
5 ≤ t ≤ 15 monolayers (MLs).

remains a good approximation when used in parametriz-
ing atomistic simulations so as to reduce the computational
effort. As explained in Appendix A, this is done by includ-
ing the tail of the long-ranged exchange into the nearest-
neighbor one so that the exchange interaction between
atomic monolayers (MLs) remains the same. The layer-
resolved nearest-neighbor-exchange pairs Ji,i+1 between an
atom located at layer i and another at i + 1 are shown in
Fig. 3 for a variable Fe thickness. It can be clearly seen
that the values of the exchange interaction at the interface
[Ji,i+1 ≈ (1.3 − 1.4) × 10−20 J] are well enhanced com-
pared to their bulk-counterpart values [Ji,i+1 ≈ (5 − 6) ×
10−21 J], independent of the Fe thickness. This finding is
consistent with enhanced exchange interaction reported at
the Fe(001) surface [31]. We also note that the presence
of quantum-well states leads to the observed oscillations
in the bulk exchange values as a function of the distance
from the interface [32].

IV. TOTAL AND LAYER-RESOLVED
TEMPERATURE DEPENDENCE OF MAGNETIC

ANISOTROPY IN IDEAL Fe/MgO INTERFACE

Before investigating the macroscopic mechanisms that
contribute to the temperature dependence of magnetic
anisotropy, let us first address its total and layer-resolved
behavior for an ideal Fe/MgO interface. The details of
the calculations are provided in Appendix A(2). We start
with a simple model using uniform exchange fixed to the
Fe bulk exchange constant (J = 7 × 10−21 J [33]). The
15-ML-thick system comprises one Fe layer with interfa-
cial magnetic anisotropy (Fe1) and the bulk region with
negligible anisotropy [Fig. 4(a)]. The normalized satu-
ration magnetization Ms of Fe1 decreases more rapidly
with temperature compared to that of the bulk, as shown
in Fig. 4(b), due to the reduced atomic coordination at
the interface. Next, we fit and compare the calculated
anisotropy K(T) to Ms(T) in two cases. If the total sat-
uration magnetization Mtotal(T) is considered, we obtain
a scaling exponent n = 4.9 [Fig. 4(c)]. However, use
of the interface saturation magnetization MFe1(T) yields
n = 3, i.e., KFe1(T)/KFe1(10 K) = [MFe1(T)/MFe1(10 K)]3

following the Callen and Callen law exactly [Fig. 4(d)].
Next, we improve the model by including the layer-

resolved exchange constants calculated from first princi-
ples while keeping the magnetic anisotropy associated with
Fe1 only. In this case, by fitting K(T) to Mtotal(T), a scaling
exponent n = 3 is obtained. This emphasizes the impor-
tance of including the enhanced interfacial exchange in the
model to obtain reasonable scaling exponents. We further
improve our model, by including the layer-resolved mag-
netic anisotropy of the two interfacial Fe layers Fe1 and
Fe2. In Fig. 5(a), we compare the layer-resolved saturation
magnetization for the three different regions. The magneti-
zation of Fe2 reduces with temperature more slowly than
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(a)

(b)

(c)

(d)

FIG. 4. (a) The model Fe/MgO structure used to calculate the temperature-dependent magnetic properties comprising a bulk Fe
region and one interfacial layer (Fe1). (b) The normalized saturation magnetization Ms per region, plotted as a function of temperature.
The normalized magnetic anisotropy K as a function of temperature, shown with its fit to the normalized saturation magnetization of
the whole structure, M total (resp. the normalized saturation magnetization of the interfacial Fe1 layer M Fe1), yielding scaling exponent
n = 4.9 (resp. n = 3), shown in panel (c) [resp. panel (d)].

that of Fe1 and the bulk region. This can be explained
by the enhanced exchange at the interface, namely in the
J1,2 nearest-neighbor pair interaction, compared to the bulk
values, accompanied by a reduced atomic coordination of
the Fe1 layer and a full coordination of Fe2. This has a
direct implication on the scaling exponent, which is found
to be n = 2.8 by fitting K(T) to Mtotal(T).

To extract the per-layer-resolved correlation between
K(T) and Ms(T), the results of the previous two models are
used. Considering two interfacial Fe MLs, the expression
for the temperature-dependent anisotropy can be expanded
as

KFe1+Fe2(T)

KFe1+Fe2(10 K)

= KFe1(T)

KFe1(10 K)

[
KFe1(10 K)

KFe1(10 K) + KFe2(10 K)

]

+ KFe2(T)

KFe2(10 K)

[
KFe2(10 K)

KFe1(10 K) + KFe2(10 K)

]
. (2)

Assuming that the magnetic anisotropy of every Fe layer
i (KFei) scales as n = 3 with its saturation magnetization
MFei according to the Callen and Callen power law, Eq. (2)

can be rewritten as

KFe1+Fe2(T)

KFe1+Fe2(10 K)

=
[

MFe1(T)

MFe1(10 K)

]3 [
KFe1(10 K)

KFe1(10 K) + KFe2(10 K)

]

+
[

MFe2(T)

MFe2(10 K)

]3 [
KFe2(10 K)

KFe1(10 K) + KFe2(10 K)

]
.

(3)

The calculated data accounting for the anisotropy of both
Fe1 and Fe2 that yields n = 2.8 are then compared to those
obtained using Eq. (3) [Fig. 5(b)]. The excellent agree-
ment between the two curves confirms the validity of our
assumption that the layer-resolved behavior follows the
Callen and Callen scaling power law for each individual
Fe layer: KFei(T)/KFei(10 K) = [MFei(T)/MFei(10 K)]3.

To examine the effect of the sample thickness on the
scaling exponent, we use our previously calculated layer-
resolved exchange constants for the Fe thickness varying
as 5 ≤ t ≤ 15 MLs. The scaling exponents obtained by fit-
ting K(T) to Mtotal(T) as a function of the Fe thickness are
shown in Fig. 6 and lie in the range 2.8 ≤ n ≤ 3.1. This
demonstrates that the Callen and Callen power law holds
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(a)

(b)

FIG. 5. (a) The normalized saturation magnetization Ms per
region as a function of temperature for the model Fe/MgO
structure used to calculate the temperature-dependent magnetic
properties, comprising a bulk Fe region and two interfacial
layers (Fe1 and Fe2). (b) The calculated normalized magnetic
anisotropy KFe1+Fe2 as a function of temperature, shown by circle
data points. The solid line corresponds to Eq. (3).

for the anisotropy of Fe/MgO interfaces independent of
the sample thickness. This is remarkable, given that the
enhanced exchange at the interface is crucial to obtain rea-
sonable values of the scaling exponent around 3. Based on
all this, one can conclude that an ideal Fe/MgO interface
with its intrinsic properties cannot explain the observed
deviations from the Callen and Callen power law. This
finding indicates that the deviations may be due to macro-
scopic effects, which we address in the remainder of this
paper.

V. EFFECT OF MAGNETIC DEAD LAYER

Magnetic dead layers form when the atoms of the cap-
ping or buffer layer diffuse into the magnetic region upon
annealing, resulting in reduced coordination. We therefore
choose to model the dead layer by introducing Ta diffusion
in the outermost four Fe layers opposite to the Fe/MgO
interface, with respective Ta percentages of 100, 75, 50,
and 25% (see the inset of Fig. 7) [34]. After relaxing the

FIG. 6. The scaling exponent n of the temperature dependence
of the magnetic anisotropy for an Fe/MgO interface, calculated
as a function of the Fe thickness.

structure, the nearest-neighbor-exchange constants are cal-
culated and are compared to those of an ideal Fe/MgO
interface in Fig. 7. Using those exchange constants, atom-
istic calculations for variable system thickness are per-
formed in order to extract the dead-layer thickness. We find
that the estimated dead-layer thickness tdead is negligible at
sufficiently low temperatures [region (i) in Fig. 8], since
the Fe layers hosting Ta atoms still contribute a substantial
saturation magnetization Ms (see Appendix C). However,
increasing the temperature results in the decrease of their
Ms values, which in turn increases the dead-layer thickness
[region (ii) in Fig. 8].

FIG. 7. The calculated nearest-neighbor-exchange constants
across a 15-ML-thick Fe/MgO structure with Ta diffusion rep-
resented by solid red squares and compared to the values in an
ideal Fe/MgO interface, represented by open blue squares. The
inset displays the model structure used where the Ta atoms are
introduced in the four outermost layers opposite to the MgO, with
100, 75, 50, and 25%, respectively.
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FIG. 8. The variation of the magnetic dead-layer thickness
tdead plotted as a function of temperature, showing two regimes: a
negligible-thickness regime denoted by (i) and another revealing
an increase of tdead with temperature (ii).

In order to check how the magnetic dead layer affects
the correlation between the temperature dependence of K
and Ms, we calculate the scaling exponent as a function of
the thickness of the system presented in Fig. 9, the vari-
ation of which can be fitted exponentially. Interestingly,
the scaling exponent for all considered thicknesses devi-
ates significantly from the Callen and Callen power law
and lies in the range 1.5 ≤ n ≤ 2.2. Thus, the low values
of the experimental scaling exponents reported earlier can
be attributed to the presence of a magnetic dead layer. Note
that modeling magnetic dead layers in this way provides a
qualitative insight into their influence on the temperature
dependence of the magnetic properties of realistic samples.
In other words, changing the model of the Ta diffusion

FIG. 9. The effect of the magnetic dead layer on the temper-
ature dependence of K , revealed by the variation of the scaling
exponent n as a function of the magnetic layer thickness.

FIG. 10. The variation of the scaling exponent n, plotted as
a function of the percentage of interfacial PMA obtained by
employing the core-shell model shown in the inset.

would modify the exchange constants and, consequently,
the values of the scaling exponents without changing the
trend of its variation with the thickness of the sample.

VI. EFFECT OF INHOMOGENEITY IN
PERPENDICULAR MAGNETIC ANISOTROPY

As already mentioned above, an analytical model
[23,26] and recent experiments [24,28] have pointed out
the presence of spatial fluctuations in the interfacial mag-
netic anisotropy. These fluctuations have been attributed to
local variations in the ferromagnetic layer thickness associ-
ated with film roughness or to the diffusion of buffer-layer
atoms through the ferromagnetic layer toward the MgO
interface upon postdeposition annealing. Consequently,
it is important to investigate the effect of inhomoge-
neous interfacial perpendicular magnetic anisotropy on its
temperature dependence. We thus employ the core-shell
model, comprising two regions at the interface, one with
a perpendicular PMA and the other possessing in-plane
magnetic anisotropy, the values of which are equal in mag-
nitude but opposite in sign, as shown in the inset of Fig. 10.
The resulting dependence of the scaling exponent on the
percentage of the interfacial PMA is shown in Fig. 10. One
can see that the scaling exponent decreases to values below
2.5 as the interfacial PMA percentage decreases. This high-
lights that the effect of interfacial roughness also plays a
crucial role in the temperature dependence of the magnetic
properties of MgO-based interfaces and leads to deviations
from the theoretical Callen and Callen limit.

VII. CONCLUSIONS

The results presented in this work unveil several
important mechanisms for understanding the temperature
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dependence of the magnetic anisotropy at MgO-based
interfaces. Based on small second-order anisotropy K2 val-
ues obtained from first-principles calculations on ideally
homogeneous interfaces, we conclude that the higher-
order anisotropy terms observed in some experiments
arise mainly from extrinsic contributions such as spa-
tial fluctuations of first-order anisotropy. Therefore, only
the first-order K1 term is included in the atomistic spin
Hamiltonian to describe the temperature dependence of
the magnetic anisotropy. First-principles calculations of
the layer-resolved exchange constants show an enhance-
ment of the values at the Fe/MgO interface compared to
the bulk, which provides a more accurate description of the
temperature dependence of the magnetic properties in our
atomistic model. In an ideal Fe/MgO interface, the temper-
ature dependence of the total and layer-resolved anisotropy
follow the Callen and Callen scaling power law and thus
the intrinsic properties cannot explain deviations from this
law. In this respect, we show that such deviations observed
experimentally can be attributed to two macroscopic mech-
anisms: the presence of a magnetic dead layer and the
spatial fluctuations of the interfacial PMA. In particular,
the scaling exponent is found to vary with the thickness
of the sample in the presence of a magnetic dead layer.
In fact, this dependence has been observed in Ref. [35]
at a Co/AlOx interface. It may be possible to distinguish
between these two mechanisms experimentally in either
of the following two ways: (i) thickness-dependent mea-
surements can be performed in the knowledge that the
mechanisms yield different thickness dependencies of n;
(ii) or interface-sensitive techniques such as Mössbauer
experiments with an Fe-doped interfacial layer can give
access to the interfacial magnetization. Accordingly, if
scaling K(T) by the interfacial magnetization only leads to
n = 3 independent of the magnetic layer thickness, then a
magnetic dead-layer mechanism can be concluded. Other-
wise, still considering the interfacial magnetization only,
the n < 3 scaling exponents indicate an inhomogeneous
interfacial PMA mechanism. We anticipate that the pro-
vided description of the temperature dependence of the
magnetic properties at MgO-based interfaces will be help-
ful for a fundamental and technical understanding of the
thermal effects.
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APPENDIX A: CALCULATION METHODS

1. First-principles calculations

Our first-principles calculations are based on the
projector-augmented-wave (PAW) method [36] as

(a) (b) (c)

FIG. 11. The periodic structures used in the first-principles
calculations: (a) Fe-, (b) Co-, and (c) Fe-Co-terminated MgO-
based interfaces.

implemented in the VASP package [37–39] using the gen-
eralized gradient approximation [40] and including spin-
orbit coupling within the second-order perturbation theory
[41]. A kinetic energy cutoff of 550 eV is used for the
plane-wave basis set and a 31 × 31 × 1 k-point mesh to
sample the first Brillouin zone. The periodic structures
comprise five magnetic MLs, Fe or Fe-Co, sandwiched
between five MLs of MgO, as shown in Fig. 11. As is
known for the Fe/MgO interface, the most stable loca-
tion for the oxygen atoms is on top of metal ions, due to
the strong overlap between the Fe-3d and O-2p orbitals
[13]. For the (Co-Fe)/MgO interface, Co-Fe has a Cs-Cl
structure and it is in B2-ordered phase, with the Co-
Fe (100) parallel to the MgO (110) direction, where we
consider two cases. The first is with Co termination,
as shown in Fig. 11(b), which has been found to be
the more stable in previous reports [42,43]. The second
case is with 50% Fe-50% Co termination, as shown in
Fig. 11(c), where the transition-metal atoms are located
above the O atoms at the interface. All the structures
are fully relaxed in atomic positions and volume until
the forces become smaller than 1 meV/Å. We find opti-
mized lattice constants a = 2.976, 2.918, and 4.149 Å for
the cases of Fe/MgO, Co-terminated (Fe-Co)/MgO, and
Fe-Co-terminated (Fe-Co)/MgO, respectively. The layer-
resolved magnetic anisotropy contributions are evaluated
following Ref. [29].

The calculations of the exchange constants are done
in two steps. First, first-principles calculations based on
linear combination of atomic orbitals (LCAOs) are per-
formed using the SIESTA package [44] within the Perdew-
Burke-Ernzerhof (PBE) form of the exchange-correlation
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functional [40]. A linear combination of numerical atomic
orbitals with a double-ζ -polarized basis set, a real-space
grid cutoff of 1000 Ry, and 25 × 25 × 3 k-point sam-
pling of the Brillouin zone are used. In the second step,
the converged Hamiltonian and overlap matrix are used
by the TB2J package [45] to calculate the long-range
exchange interactions. This is done based on the Green’s
function method and using the magnetic force theorem,
which takes the rigid spin rotation as a perturbation to the
electronic structure. To perform atomistic calculations, the
short-range exchange constants are obtained from the long-
range ones by truncating to the nearest-neighbor inter-
actions such that the exchange between an atom located
at layer i and another at i + 1 is calculated by summing
over all atomic planes above and below layer i, where
Ji,i+1 = 1/4

∑
n≤i,m>i Jn,m. Note that we perform additional

tight-binding (TB) – linear-muffin-tin-orbital (LMTO) cal-
culations [46] of the exchange interaction, which show
similar trends with the Fe thickness.

2. Atomistic calculations

The atomistic calculations are based on the classical
atomistic spin model implemented in the VAMPIRE package
[33,47]. This allows us to study the influence of thermal
spin fluctuations on the intrinsic magnetic properties such
as the magnetization and magnetic anisotropy. The spin
Hamiltonian including the exchange interaction and the
uniaxial magnetic anisotropy is written as

H = −
∑

i<j

Jij Si · Sj −
∑

i

ku(Si · ei)
2, (A1)

where Jij is the isotropic exchange constant between
nearest-neighbor atomic sites of local spin-moment direc-
tions Si and Sj , ku is the uniaxial anisotropy constant per
atom, and ei is a unit vector along the magnetic easy
axis. Only the first-order anisotropy constant is included
in the Hamiltonian since our first-principles calculations
demonstrate small second-order K2 values. To model the
Fe/MgO interface, we construct a cylindrical-shaped sys-
tem with a 15-nm diameter and we vary the thickness t
from the body-centered-cubic (bcc) Fe crystal of lattice
parameter a = 2.866 Å. We fix the in-plane lattice param-
eter in all calculations, since we find that it has a negligible
effect on the calculated properties (Appendix B). We divide
the system into two regions: (i) bulk with negligible ku
and an atomic spin moment of 2.2 μB and an (ii) inter-
facial region with an enhanced atomic spin moment of
2.76 (2.49) μB and ku = 1.099 × 10−22 (4.593 × 10−23)
J per atom for the first Fe1 (second Fe2) ML, respec-
tively. Those site-resolved magnetic anisotropy values,
shown in Fig. 12, are based on our first-principles calcula-
tions, revealing that the interfacial magnetic anisotropy in
Fe/MgO is mainly contributed from the first and second Fe

ku (J per atom)

FIG. 12. The layer-resolved anisotropy energies to first order
EMCA at Fe/MgO interface, obtained from first-principles
calculations, showing that both the first (Fe1) and sec-
ond (Fe2) Fe MLs contribute to the PMA. Those values
are used to parametrize the temperature-dependent atomistic
calculations.

MLs [29]. The layer-resolved nearest-neighbor-exchange
constants are obtained as described in Appendix A(1).
The constrained Monte Carlo approach, as described in
Ref. [48], is used to calculate the temperature-dependent
saturation magnetization and the anisotropy of the mod-
eled system. We use 100 000 Monte Carlo equilibration
steps followed by 100 000 steps, with a 10−16 s time step,
over which the thermodynamic averages are calculated to
obtain the temperature-dependent properties of the system.
We note that the calculated temperature-dependent magne-
tization and the anisotropy are normalized by their values
at T = 10 K so as to be closer to experiments done at
very low temperatures, where spin fluctuations are almost
negligible.

APPENDIX B: CHOICE OF IN-PLANE LATTICE
PARAMETER IN THE ATOMISTIC

CALCULATIONS

As mentioned previously, our calculations are done in
two steps. Our first-principles calculations start by opti-
mizing the atomic structures through full relaxation of the
atomic positions and the volume. In Fig. 13, we show
the variation of the relaxed in-plane lattice parameter of
Fe/MgO as a function of the Fe thickness. Here, one can
clearly see how increasing the Fe thickness while keeping
the MgO thickness fixed leads to a decrease in the lat-
tice parameter getting closer to that of Fe a = 2.866 Å.
Then, the calculated layer-resolved magnetic moments,
magnetic anisotropy energies, and exchange interactions
are obtained using those relaxed structures.
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FIG. 13. The variation of the optimized in-plane lattice param-
eter of the Fe/MgO supercell with the Fe thickness.

The atomistic calculations are parametrized with the
layer-resolved magnetic moments, anisotropy energies,
and exchange interactions obtained from first principles
using optimized structures. Namely, we fix the in-plane
lattice parameter in the modeled cylindrical-shaped sam-
ples to a = 2.866 Å. In order to compare and verify that
the effect of the lattice parameter is minor, we perform test
calculations using the ab initio optimized lattice constants.
For instance, the results of those two calculations for 11-
ML-thick Fe samples are compared in Fig. 14. One can see
that both the normalized saturation magnetization (M ) and
the magnetic anisotropy (K) dependencies as a function of
temperature are hardly affected by the choice of the lat-
tice parameter. Consequently, the scaling exponent of their
temperature dependence, on which we focus in the present
study, is also not affected.

APPENDIX C: LAYER-RESOLVED CHANGE OF
THE MAGNETIZATION AS A FUNCTION OF

TEMPERATURE

The decrease of the magnetization with temperature
is indeed layer dependent. In case of an ideal interface,
the layer-resolved saturation magnetization for the differ-
ent layers is compared in Fig. 5(a). The magnetization of
second iron layer (Fe2) decreases more slowly with tem-
perature compared with that of the first (Fe1) and the bulk
region. This can be explained by the enhanced exchange
at the interface, namely in the nearest-neighbor pair inter-
action J1,2 compared to the bulk values accompanied by
reduced atomic coordination of the Fe1 layer and full
coordination of Fe2.

In case of the presence of a dead layer, we show the
layer-resolved variation of the normalized magnetization
(M ) as a function of temperature in Fig. 15. The previ-
ous explanation still holds for the upper interface, which is

FIG. 14. The temperature dependence of the normalized mag-
netization and anisotropy obtained from the atomistic calcula-
tions using either the ab initio optimized lattice constant or fixed
to that of Fe.

ideal, and we can observe an almost identical trend for all
the bulk layers. However, a faster decrease of M is found
for the lower interface. This is due to the reduced exchange
caused by the Ta diffusion, namely in Fe13-Fe14-Fe15,
that can also be depicted in Fig. 7.

FIG. 15. The layer-resolved normalized magnetization as a
function of temperature for a sample comprising a dead layer at
its lower interface.
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