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Quantifying perpendicular magnetic anisotropy at the Fe-MgO(001) interface
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(Received 13 January 2013; accepted 11 March 2013; published online 29 March 2013)

We show that Fe-MgO interfaces possess strong perpendicular magnetic anisotropy of 1.0 =
0.1 erg/cm? in fully epitaxial MgO/V/Fe/MgO(001) and MgO/Cr/Fe/MgO(001) heterostructures. The
sign and amplitude of the total anisotropy are quantified as a function of Fe thickness using
magnetometry and ferromagnetic resonance. There is a transition from out-of-plane to in-plane
anisotropy for 6 Fe monolayers in V/Fe/MgO and only 4 monolayers in Cr/Fe/MgO. A detailed
study of the Fe magnetization and effective anisotropy in both systems explains this difference
and quantifies the Fe-MgO interface anisotropy. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798291]

The implementation of films with perpendicular mag-
netic anisotropy (PMA) enables a broad range of magnetic
nanotechnologies. PMA materials have been implemented in
hard disk drives for more than a decade delaying the onset of
the superparamagnetic limit and are also the basis for proto-
type bit-patterned media.' There is current interest in inte-
grating PMA materials into spin transfer torque magnetic
random access memory (STT-MRAM) as PMA materials
provide a pathway to low critical current and high thermal
stability.?

Perpendicular STT-MRAM devices need to combine
large tunnel magnetoresistance (TMR) to read the information
and large spin torque efficiency to switch magnetization with
a polarised current. This has been largely achieved through
the discovery of PMA in CoFeB/MgO/CoFeB magnetic tun-
nel junctions.>” It has further been shown that the PMA can
be tuned by the application of a voltage.*”'* Theoretical analy-
ses highlight different possible mechanism that would lead to
PMA and generally involves band hybridization, spin-orbit
coupling splitting or strain.'>”'> Particularly, Yang et al.
attributed the PMA to a combination of two factors: overlap
between O-pz and transition metal dz? orbitals, as well as
degeneracy lift of out-of-plane 3d orbitals induced by spin-
orbit coupling.'* In addition, He and Chen have shown that
the lattice mismatch between MgO and FeCo could also
induce an additional PMA."’ Predicted PMA amplitudes can
reach 1.46erg/cm” in Ref. 14 and 1.9 erg/cm® in Ref. 15 per
Fe-MgO interface. Such values are more than 2 times larger
than the value obtained for other interface-induced PMA like
in Co/Pd, Co/Pt, Fe/Ag, Fe/Au, or Co/Ni.'®

Many recent experimental reports deal with tuning PMA
and demonstrating the role of Fe,Co;_,-MgO interface. Effect
of buffer/cap, inserted Mg layer, MgO thickness, Fe,Co;_
concentration, CoFeB annealing,”™ and electric charges'”'®
has been investigated. Besides, similar researches have
focused on Co/AlO, interfaces'®?° and FePd/MgO.2l Most of
these recent experimental results confirm that Fe,Co;_,/MgO
provides an anisotropy that is perpendicular to the interface.

Y Author to whom correspondence should be addressed. Electronic mail:
stephane.andrieu@ijl.nancy-universite.fr.

0003-6951/2013/102(12)/122410/4/$30.00

102, 122410-1

However, the amplitude of PMA anisotropy found in the litera-
ture shows a large spectrum of PMA amplitude®'"'® and the
largest values stay much below the theoretical predictions.'*"?
One could argue that CoFeB-MgO interfaces obtained by sput-
tering exhibit structural defects whereas perfect interfaces are
generally assumed in calculations. However even in molecular
beam epitaxy (MBE) grown Au/Fe/MgO system, the Fe/MgO
magnetic anisotropy is found to be much lower than the Au/Fe
one, i.e., lower than 0.5 erg/cm2.5‘9’10

In this letter, we present a careful study of the magnetic
features of MBE-grown single-crystal MgO/V/Fe/MgO (001)
and MgO/Cr/Fe/MgO (001) heterostructures. Magnetization
and magnetic anisotropies are measured by different techni-
ques including magneto-optic Kerr effect (MOKE), ferromag-
netic resonance (FMR), and magnetometry for Fe thickness
ranging from 5 to 12 monoatomic layers (MLs). By consider-
ing the contributions of the Fe magneto-crystalline and shape
anisotropies, and the V-Fe, Cr-Fe and Fe-MgO interfaces ani-
sotropies, we can quantify the Fe-MgO interface anisotropy
and compare to existing experimental and theoretical results.

The samples were grown on single-crystal MgO (100)
substrate using MBE with a base-pressure lower than
10" Torr. The V or Cr buffer layers were deposited at room
temperature (RT) and then annealed at 600 °C. An Fe wedge
was then grown on the V or Cr buffer layers and covered with
a 6-ML (1.2nm) MgO(001) film. The typical stacking of a
sample is thus V or Cr(10 nm)/Fe(tg.)/MgO(1.2 nm) where the
Fe thickness tg, is varied from 5 to 12 MLs in 1 ML steps. Fe
was deposited at RT with no further annealing and capped
with MgO also at RT. The epitaxial relationship, growth
mode, number of deposited MLs, and surface flatness were
controlled in situ using reflection high energy electron diffrac-
tion (RHEED). Figures 1(a) and 1(b) show RHEED intensity
oscillations recorded during the growth of Fe on Cr and V,
respectively. The oscillation period corresponds to 1 ML,
which allows accurate control of tg, and demonstrates layer-
by-layer growth and a low surface roughness. The RHEED
patterns in the insets confirm the (001) crystalline order for
the Cr and V buffer layers and Fe magnetic layers.

Figure 2 shows magnetization curves measured using a
Quantum Design SQUID-VSM on both V/Fe(5-7 MLs)/MgO

© 2013 American Institute of Physics
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FIG. 1. RHEED intensity oscillations recorded during the growth of Fe on
Cr(001) (a) and V(001) (b), respectively. In inset, RHEED patterns of V and
Cr (001) buffer layers are shown, as well as Cr/Fe(8 MLs) and V/Fe(8 MLs).

and Cr/Fe(3-5 MLs)/MgO systems for both in-plane and out-
of-plane applied magnetic fields. For the thinnest Fe layers,
we observed square out-of-plane loops indicating PMA for
the system. For the V/Fe/MgO(001) wedge (Figs. 2(a)-2(c)),
the preferential magnetization direction moves from out-of-
plane to in-plane as Fe thickness increases from 5 to 7 MLs.
In contrast for the Cr/Fe/MgO(001) wedge (Figs. 2(d)-2(f)),
this transition occurs for 3-5 ML. Considering that the origin
of the PMA in such thin Fe layers is thought to be primarily
due to the Fe-MgO interface anisotropy, these results clearly
show additional contributing factors.

This apparent contradiction results from the difference
in the magnetization of the Fe layers in both systems. The
measured areal magnetic moment (i.e., M divided by sample
area in erg/cm®) should increase linearly with the Fe thick-
ness. If the Fe atomic moment is the same for all Fe atoms in
the film, the M/yca(tg.) should be a straight line passing
through 0, with a slope equal to the bulk Fe magnetization
(about 1715 emu/cm3). It is indeed observed in the Cr/Fe/
MgO system (see inset of Fig. 3). This means that the Fe
atomic moment is similar in the whole film, and conse-
quently also at the Cr/Fe interface. The V/Fe/MgO system

Appl. Phys. Lett. 102, 122410 (2013)

does not behave the same way (inset in Fig. 3). If the M(tg.)
slope in V/Fe/MgO is similar to the slope observed in Cr/Fe/
MgO (corresponding to a magnetization of 1680 = 50 emu/
cm?® which is close to the bulk Fe value), the straight line fit
clearly crosses zero for 0.3nm. Such results suggest that
there is a deadlayer thickness tq = 0.3 nm indicating 2 dead
magnetic MLs in our V/Fe/MgO samples. This behavior is in
fact not surprising since a reduction of Fe magnetization at
the interface with V is known and has been explained by
roughness, charge transfer, and anti-parallel polarization of
the V.?*** An oxygen contamination of the starting V(001)
surface should also contribute to these magnetic dead layers
in Fe grown at RT.*

The effective anisotropy constant K¢ was extracted from
the area between the out-of-plane and in-plane loops in one of
the hysteresis quadrants. The results are shown in Fig. 3 where
we plot the result for the magnetic thickness (tg, — tq). We
also measured the V/Fe/MgO wedge samples for tg, ranging
from 7 to 12 MLs using MOKE and FMR. The FMR meas-
urements used a coplanar waveguide connected to a vector
network analyzer to both generate and record the signal. The
external DC magnetic field was applied in-plane. Figure 4
shows the typical FMR profiles obtained for in-plane magne-
tized samples. Shift in the field resonance with in-plane
applied field gives access to the effective anisotropy through
the relation wo=7 [Hj, (Hip + Hyer)]? where @y is the fre-
quency at resonance, y is the magneto-mechanical ratio for an
electron spin, Hjp, is the strength of the static applied magnetic
field, and Hy.¢ is the effective anisotropy field of the sample
Hygepr = 2Ke/M; (Ref. 25) (we ignore here the small Fe cubic
anisotropy). MOKE experiments were performed with an
applied field perpendicular to the sample plane. For all sam-
ples, typical hard axis loops were recorded and anisotropy
fields were extracted assuming a square in-plane loop. The
results for various thicknesses are also shown in Fig. 3.

The values of effective anisotropies K¢ extracted from
SQUID-VSM, FMR, and MOKE experiments are plotted in

—
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FIG. 3. Effective anisotropy constant K¢ times tge-tq as a function of tge-tg
deduced from SQUID-VSM, FMR, and MOKE measurements at RT for
both V/Fe/MgO and Cr/Fe/MgO systems. The line is a fit using Eq. (2). In
inset are plotted the areal magnetization versus Fe thickness, showing that
tq=0 for Fe on Cr and tq; =3 A for Fe on V.

Fig. 3 versus the active Fe thickness corrected from the dead
layers at Fe/V interface. The unique linear variation confirms
the good agreement between the results obtained from the
different techniques. This behavior is usually explained writ-
ing the effective anisotropy as the sum of the different ani-
sotropy contributions as'® (here in CGS unity)

K,
Ko = Ky +7—2an, (1)

where K, is the magnetic volume anisotropy and Kj is the
interfaces anisotropy acting in the Fe layer. The —2nM,>
term comes from the shape anisotropy for a thin film. The
negative sign shows that this anisotropy term tends to align
the magnetization in the film plane. The thickness t is the
thickness of the film, but here we should take into account

20 m 7ML A 8ML ]
< ¢ 9ML » 10ML
11ML & I12ML
s
915_ g~ ML ] 1
>‘A ’;‘ 3 i
% \‘i "; 10 GHz
s 10_ %‘v«-—J‘-——-—-}.ﬁL&HZ. T
o R 18 GHz
[O) wn
E A 20GCHz|
5 0 2500 5000
f H (Oe)
0 5000 10000
Hres (Oe)

FIG. 4. FMR resonance field plotted versus DC magnetic field frequency
(points) and simulations (lines) performed on V/Fe/MgO wedge with
tee=7, 8,9, 10, 11, and 12 MLs. In inset, typical FMR responses versus
field for tge=12 MLs for several excitation frequencies of the in-plane
applied DC field.

Appl. Phys. Lett. 102, 122410 (2013)

only the active magnetic layers, that is t =tg. — tg. We thus
get the linear relationship

Koy (tre—tar)=(Ky—21M?) (tre—ta)+K, 2

where ty; =2 MLs for Fe on V and tg =0 for Fe on Cr. We
can go further by looking in details at the volume and inter-
face anisotropy contributions. From the slope of the experi-
mental curve in Fig. 3, we can extract a value of the volume
anisotropy K, —27M> = —1.78 x 10" erg/cm®. By taking
into account M, = 1680 = 50 emu/cm3, the calculated shape
anisotropy term is 22M,> = 1.8 x 10’ erg/cm’. Therefore, we
can conclude that Ky is small as compared with shape ani-
sotropy. Indeed, volume anisotropy of cubic Fe is usually of
the order of few 10° erg/cm® (Refs. 26 and 27) and magneto-
elastic contributions are expected to be small. It should be
pointed out that a magneto-elastic contribution in K, should
also be taken into account in the case of strained epitaxial
thin films. This contribution is very small in Cr/Fe/MgO
since the Cr/Fe misfit is around 0.6%. But the misfit is much
larger in V/Fe, around 5.6%. Consequently, if the Fe growth
on V is pseudomorphic, the magnetoelastic anisotropy
should be non-negligible. However, we have shown in a pre-
vious study?® that the critical thickness for plastic relaxation
during Fe growth on V at RT in our MBE system is lower
than 1 ML. This means that Fe layer relaxes to its stable bcc
structure, leading to small magnetoelastic anisotropy. As a
consequence, the volume anisotropy originates mostly from
the demagnetization term.

There are two contributions in K, one coming from the
V-Fe or Cr-Fe interfaces, the other from the Fe-MgO one. V/
Fe/V superlattices have been heavily studied in the past and
in-plane anisotropy has always been reported for Fe thickness
as low as 3 MLs.>*! At low temperatures, Anisimov et al.
found positive interface anisotropy of the order of few merg/
cm? that monotonically disappears as the temperature
increases to RT.?° The value of K, at Cr/Fe interface has been
measured only once in Ref. 32 as +0.19 erg/cm?. To summa-
rize, both data for Fe on Cr and on V in Fig. 3 are well
described by Eq. (2) considering a negligible K, contribution.
Therefore only K is an unknown parameter in Eq. (2) and the
accuracy on this extracted K value is very good yielding a
value of 1.0 = 0.1 erg/cm®. As the V-Fe interface anisotropy is
very small, this means that this K value comes from the Fe/
MgO interface. We should however observe a slightly higher
total K in Cr/Fe/MgO since the Cr/Fe interface contribution is
not negligible when compared to the extracted Fe-MgO one.

The extracted K value for Fe/MgO interface is larger than
the value obtained in MBE-grown Au/Fe,Co;_,/MgO
(<0.5 erg/cm?®)®'®!® but smaller than in tuned CoFeB/MgO
interfaces (1.6 erg/cmz).7 Such a dispersion of the K values is
in fact not surprising since K determination by analyzing K¢
may depend on subtleties that mainly come from samples prep-
aration. This is particularly true for Fe on V here: Plotting
Kefitre versus tg. (that is ignoring the dead layers) leads to a K
two times larger. Finally, we observe a K smaller than calcu-
lated ones.'*'> One possible explanation may be the level of
oxidation of Fe in contact with MgO as pointed out in Ref. 14,
but we never observed such an effect in our samples.*>**
However, other defects like steps, kinks, and vacancies present
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in real systems are difficult to take into account in calculations
and may decrease this interface anisotropy.

In summary, detailed analysis of magnetic properties
(magnetization, effective anisotropy) allows us to enlighten
the origin of PMA in V/Fe/MgO(001) and Cr/Fe/MgO(001)
epitaxial layers. The Fe thickness limit for getting PMA is
found to be different in both systems (below 6 MLs in V/Fe/
MgO and 4 MLs in Cr/Fe/MgO). This is explained by the
occurrence of 2 MLs magnetic dead layers in Fe on V that
does not exist on Cr. For a given Fe thickness, the shape
anisotropy is thus smaller in V/Fe than in Cr/Fe whereas the
Fe/MgO interface anisotropy is found to be similar for both
systems. This work allows an accurate and robust determina-
tion of the Fe/MgO interface anisotropy Ki=1.0 = 0.1 erg/
cm? (mJ/m?) responsible for PMA. Such a high K (around 2
times larger than in the low spin-orbit prototype Co/Ni(111)
system>”) is very promising for further use in STT-RAM and
spintronic systems.
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