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a b s t r a c t

We report a detailed study of the temperature dependence of the magnetic anisotropy in
Ta/Co2FeAl/MgO structures by means of Anomalous Hall Effect measurements. The volume magnetic
anisotropy, although negligible at room temperature, shows a non-negligible value at low temperatures
and favors an in-plane easy magnetization axis. The surface magnetic anisotropy, which promotes the
perpendicular magnetic easy axis, shows an increase from 0.76 0.05 erg/cm2± at 300 K, up to
1.08 0.04 erg/cm2± at 5 K, attributed to the evolution of the Co2FeAl layer saturation magnetization with
temperature.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ultrathin magnetic films are attracting considerable research
interest from both fundamental and applications points of view. In
particular, ferromagnetic (FM) films showing perpendicular mag-
netic anisotropy (PMA) are of special importance due to their use
for perpendicular magnetic recording technology, including bit-
patterned media, racetrack and spin transfer torque magnetic
random access memories (STT-MRAM) [1–3]. The conventional
PMA systems comprise the L10 ordered alloys (FePt and CoPt), Co-
based multilayers (Co/Pd and Co/Pt) and rare-earth and transition
metal alloys [4–10]. An important advantage of spintronic devices
with FM electrodes showing PMA is that, due to the absence of the
demagnetization term, they allow reducing the spin transfer tor-
que (STT) switching current density (Jc0) [11,12], which is also
dependent on the Gilbert damping constant α and on the spin
polarization [13]. An alternative route to obtain PMA is by ex-
ploiting the FM transition metal/oxide interfacial magnetic ani-
sotropy [14–16], commonly attributed, from first principles cal-
culations, to the hybridization of the O p2 and Co or Fe d3 orbitals
. Gabor),
[17–19]. This allows to avoid the use of large spin–orbit coupling
(SOC) elements like Pd or Pt which have a detrimental effect on
both Gilbert damping and spin polarization of the FM material.
Since it was shown to provide giant tunneling magnetoresistance
(GTMR) in MgO based magnetic tunnel junctions (MTJs) [20–25],
to possess a low Gilbert damping [26,27] and to provide PMA in Pt/
CFA/MgO, Cr/CFA/MgO, Ta/CFA/MgO and Ru/CFA/MgO structures
[28–31], the full Heulser alloy Co2FeAl (CFA) proves itself as an
important candidate to be used in STT-MTJs based spintronic
devices.

For a ferromagnetic thin film the transverse Hall resistivity
(ρxy) was found [32] to follow the empirical relation:

R H R M4xy S z0ρ π= + , where R0 and RS are the ordinary and anom-
alous Hall constants, H is the applied perpendicular magnetic field,
while Mz is the magnetization along the perpendicular to the
plane direction. The normal Hall contribution is a consequence of
the Lorentz force acting on the conduction electrons and it man-
ifests itself as a linear dependence of ρxy on the field H, discernible
at relative high fields, where the magnetization is saturated.
Usually, the normal Hall component is much smaller than the
anomalous one and as a result, below saturation, the Hall re-
sistivity is essentially proportional with the out-of-plane compo-
nent of the magnetization. Therefore, the Anomalous Hall Effect
(AHE), as a manifestation of magnetism on electronic transport, is
a useful tool for studying the magnetic properties of ultrathin

www.sciencedirect.com/science/journal/03048853
www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2015.05.013
http://dx.doi.org/10.1016/j.jmmm.2015.05.013
http://dx.doi.org/10.1016/j.jmmm.2015.05.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2015.05.013&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2015.05.013&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2015.05.013&domain=pdf
mailto:Mihai.Gabor@phys.utcluj.ro
mailto:Coriolan.Tiusan@phys.utcluj.ro
http://dx.doi.org/10.1016/j.jmmm.2015.05.013


M.S. Gabor et al. / Journal of Magnetism and Magnetic Materials 392 (2015) 79–8280
magnetic films and multilayers. In this paper, we use AHE in order
to study the temperature dependence of the perpendicular mag-
netic anisotropy in Ta/CFA/MgO multilayers.
2. Experimental

The Si/SiOx/Ta(4 nm)/CFA(1.1-4.5 nm)/MgO(1.3 nm)/Ta(1.2 nm)
multilayer stacks were elaborated using magnetron sputtering.
Details about the growth and crystal structure of the stacks can be
found in our previous work [30]. After deposition, the multilayers
were ex situ annealed for one hour at 200 °C in vacuum. The sa-
turation magnetization of the films was studied using Super-
conducting Quantum Interference Device (SQUID) magnetometry.
For the electronic transport measurements the samples were
patterned by UV lithography in the form of Hall bars [inset of
Fig. 1(a)]. Hall experiments were performed using a standard DC
technique in a temperature range between 5 and 300 K and in
magnetic fields up to 7 T.
Fig. 2. (a) The sheet saturation magnetization (M tS × ) as a function of CFA nominal
thickness (t) measured at 300 K. The inset shows the temperature dependence of
the normalized saturation magnetization for the 1.1 and the 2.4 nm thick CFA films.
(b) The temperature dependence of the magnetic dead layer thickness and of the
mean saturation magnetization.
3. Results and discussions

Fig. 1 shows representative Hall loops for CFA films with
nominal thicknesses of 1.1 and 2.4 nm measured at 5 and 300 K. In
the case of the 2.4 nm thick film, the measurements indicate an in-
plane magnetic anisotropy and the coherent rotation of the mag-
netization towards the out-of-plane direction as the magnetic field
is increased. In the case of the 1.1 nm thick film the Hall loops
show a square shape with full remanence (Mr/Ms¼1) and with a
coercive field that increases as the temperature is decreased. This
is expected as a consequence of the reduction of the thermally
Fig. 1. Transverse Hall resistivity as a function of the perpendicular magnetic field
for the (a) 2.4 nm and (b) 1.1 nm thick CFA films, measured at 5 and 300 K. The
inset of (a) shows an optical microscopy image of a Hall patterned element. The
inset of (b) shows the temperature dependence of the coercive field of the Hall
loops measured for the 1.1 nm thick CFA film.
activated magnetization reversal processes [inset of Fig. 1(b)]. The
square shape of the loops indicates the presence of perpendicular
magnetic anisotropy for the 1.1 nm thick CFA film in the whole
temperature range.

In order to characterize the magnetic properties of our films we
performed SQUID measurements on samples with different CFA
thicknesses. Fig. 2 shows a plot of the sheet saturation magnetization
(M tS × ) as a function of CFA nominal thickness (t), measured at
300 K. In this representation, the intercept of the linear fit with the
horizontal axis gives the extent of the magnetic dead layer (MDL),
while the slope gives the mean saturation magnetization (M0

S) of the
CFA films. Most likely, the MDL is a result of the interdiffusion at the
Ta–CFA interface. The thickness of the MDL is around 0.6 nm at RT
and shows a slight decrease down to 0.5 nm as the temperature is
decreased down to 4 K [Fig. 2(b)]. Furthermore, the as-determined
mean saturation magnetization shows an increase from around
920 emu/cm3 at RT, up to around 970 emu/cm3 at 5 K. The inset of
Fig. 2(a) shows the temperature dependence of the normalized sa-
turation magnetization, determined from the SQUID hysteresis loops,
for the 1.1 and the 2.4 nm thick CFA films, respectively. Between
5 and 300 K the data are well fitted by the three dimensional Bloch
spin-wave law M T M bT0 1S S

3/2( ) = ( )( − ), where M 0S ( ) is the spon-
taneous magnetization at 0 K and b is the spin-wave parameter [33].
The normalized spontaneous magnetization [M T M/ 0S S( ) ( )] of the
1.1 nm thick CFA film shows a stronger temperature dependence as
compared to the 2.4 nm thick one. This is an indication of the re-
duced Curie temperature of the 1.1 nm thick film relative to the
2.4 nm one. This is expected, having in view the reduced average
coordination number of the thinner film relative to the thicker one,
due to the relative increase of the surface spins density [34,33].

The different magnetic anisotropy contributions were quantified
from the Hall effect measurements in the case of the in-plane
magnetized films, and planar Hall measurements in the case of
the out-of-plane magnetized ones. The anisotropy constants were



Fig. 3. Measured and simulated planar Hall (a) and Hall (b) effect curves for the 1.1 and 2.4 nm thick CFA films. (c) Temperature dependence of the second (K1) and fourth
(K2) order anisotropy constants for the 1.1 (c) and 2.4 nm (d) thick CFA films.
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extracted by fitting the measured data within the Stoner–Wohlfarth
(S–W) coherent rotation model [35], using the following energy ex-
pression: E K m K m MHz z1

2
2

4= + − , where K1 and K2 are the second
and the fourth order uniaxial anisotropy constants,mz is the direction
cosine of the magnetization M and the last term represents the
Zeeman energy. We have simulated numerically the Hall and planar
Hall curves using as parameters the K1 and K2 constants. Using a least
square algorithm, the values of K1 and K2 were optimized until the
best fit to the experimental data was obtained. Fig. 3 (a) and
(b) shows the result of such calculations compared to the experi-
mental data measured at 5 K for the 1.1 nm (planar Hall) and 2.4 nm
(Hall) thick CFA films. A very good agreement between the experi-
mental data and the simulations can be observed, except for the
switching region. Since the S–W model does not accommodate ir-
reversible effects such as domain walls nucleation and propagation,
the switching fields are overestimated. However, this does not affect
the correctness of the K1 and K2 evaluation. Fig. 3 (c) and (d) shows
the as-determined values of the K1 and K2 as a function of tem-
perature for the 1.1 nm and 2.4 nm thick films. It can be easily no-
ticed that K1 shows a stronger temperature dependence for the
1.1 nm thick film relative to the 2.4 nm thick one. This can be un-
derstood if the interface anisotropy term is considered and will be
discussed in the next paragraph. Moreover, the value of K2 corre-
sponding to the 1.1 nm CFA film, although negligibly small at 5 K,
shows a monotonous increase with temperature up to a value of

K2 0.38 0.14 10 erg/cm2
6 3= ( ± ) × at 300 K. At this temperature the

value of K1 is around 1.89 0.13 10 erg/cm6 3( ± ) × . In the case of the
2.4 nm thick film, the K2 shows negligibly small values in the whole
temperature range with no obvious temperature dependence. It is
known [34] that for a thin film for which the interface anisotropy
favors a perpendicular magnetization alignment, due to the compe-
tition with shape anisotropy, which favors an in-plane magnetization
configuration, a vertical non-collinear magnetization orientation can
develop. In this configuration, the magnetization is homogeneously
aligned in each atomic layer but changes direction, in the different
atomic layers, when going form one interface towards the other.
From an energetic point of view this is equivalent with the presence
of higher anisotropy term like the fourth order (K2). When increasing
the temperature, due to thermal fluctuations, the noncollinearity is
augmented. This leads to an increase of K2, as the one observed in the
present study.

To quantify the PMA we define the effective anisotropy con-
stant as K K K2eff 1 2= + . In our model, Keff is positive for perpen-
dicular easy axis and negative in the case of in plane magnetic easy
axis. The Keff can be described by the phenomenological relation

[33]:
⎡
⎣⎢

⎤
⎦⎥K t K M t K2v S Seff eff

0 2
eff( )π× = − × + , where Kv describes the

bulk magnetic anisotropy, M2 S
0 2( )π the shape magnetic anisotropy

and KS the surface (interface) magnetic anisotropy. By fitting the
teff (CFA layer effective thickness) dependence of the product
K teff eff× the different anisotropy contributions can be evaluated.
Fig. 4(a) shows the result of such an analysis for the measurements
performed at 300 K. In Fig. 4(b) the temperature dependence of
the as-determined surface and bulk magnetic anisotropy con-
tributions are illustrated. One can observe that the volume ani-
sotropy is within the limit of the error bars negligible at RT, and
that its value becomes non-negligible at low temperatures. The
volume anisotropy is expected to result from magnetocrystalline
and/or magnetoelastic contributions. Given the polycrystalline
nature of the CFA films grown on Ta [30] it is reasonable to assume
that Kv is not of magnetocrystalline origin. Therefore, a strain re-
lated contribution via the magnetoelastic coupling has to be con-
sidered. Although, strains can be induced by various mechanisms,
the ones that are most probable in our case are the intrinsic strains
developed during film growth and/or the thermal strains



Fig. 4. (a) Effective anisotropy times effective thickness vs effective thickness at
300 K. (b) Ks and Kv dependence on temperature. The lines serve only as visual
guides.
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associated with differences in the thermal expansion coefficients
of the different layers and substrate. Indeed, in a recent paper it
was demonstrated that CFA magnetoelastic coefficients show a
strong temperature variation [36]. Therefore, even if at RT the
contribution to the magnetic anisotropy by intrinsic strains might
be negligible, at low temperatures, a strong increase of the mag-
netoelastic coefficients might induce a non-negligible contribution
via the magnetoelastic coupling. Similar to the volume anisotropy,
Ks shows an important increase when decreasing temperature
from 0.76 0.05 erg/cm2± at 300 K, up to1.08 0.04 erg/cm2± at 5 K.
Contrary to Kv the sign of Ks is positive which is a confirmation
that Ks alone is responsible for the PMA. Although we cannot ex-
clude the variation of the surface electronic structure with tem-
perature, we attribute the decrease of Ks with temperature mainly
to the decrease of the saturation magnetization with temperature
[inset of Fig. 2(a)]. Indeed, it is already known that the increase of
the thermal agitation results in a decrease of the effectiveness of
the anisotropy to maintain a certain direction of the magnetiza-
tion. This is equivalent to a reduction of the anisotropy constant
with temperature [37], as observed in the case of our films.
4. Conclusions

In summary, we have performed a detailed study on the tem-
perature dependence of the magnetic anisotropy in Ta/CFA/MgO
structures. Our analysis has been mainly based on transport ex-
periments in variable field and temperature using the Anomalous
Hall Effect. For this purpose, the multilayer thin film samples have
been patterned in strip-lines structures with Hall geometry via UV
lithography and ion beam etching. The results of our studies point
out an important increase of surface magnetic anisotropy from
0.76 0.05 erg/cm2± at 300 K up to 1.08 0.04 erg/cm2± at 5 K.
Corroborated with standard SQUID magnetometry analysis, we
have attributed this behavior to the evolution of the saturation
magnetization with temperature. Moreover, the bulk magnetic
anisotropy, although negligible at RT, shows a non-negligible value
at low temperatures.
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