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Finite tunnel magnetoresistance at the compensation point of Sm,_,Gd,Al,,
a ferromagnetic electrode with zero magnetization

M. Da Silva, K. Dumesnil,?) C. Dufour, M. Hehn, D. Pierre, D. Lacour, F. Montaigne,

G. Lengaigne, and S. Robert

Institut Jean Lamour, UMR CNRS 7198, Nancy-Université, BP 239, F-54506 Vandoeuvre les Nancy, France
(Received 22 March 2011; accepted 15 May 2011; published online 6 June 2011)

A tunnel magnetoresistance effect is observed in magnetic tunnel junctions with an original
zero magnetization ferromagnetic electrode composed of Sm;_,Gd Al,. A finite tunnel
magnetoresistance is measured when the Sm;_,Gd,Al, electrode is in a magnetic compensated state
proving that Sm;_,Gd,Al, with zero magnetization is able to give rise to a spin-polarized current.
The temperature dependence of tunnel magnetoresistance reveals that this effect is related to the
relative orientation of spin contributions to magnetic moment in both electrodes and that the tunnel
polarization of the Sm;_Gd,Al, electrode is negative. © 2011 American Institute of Physics.

[doi:10.1063/1.3597625]

Since the discovery of spin dependent tunneling (SDT)
across a Ge barrier by Julliére,1 SDT has been shown to
occur with the use of other tunnel barrier materials like
Al,O3, NiO, MgO, HfO, SrTiO, and TaO.? However, in those
reported results, the electrodes were made mainly based on
conventional magnetic 3d transition metals (TMs). The next
challenge consists in developing electrodes with materials of
specific structural and/or magnetic configurations (epitaxial
materials,” materials with magnetization perpendicular to the
film plane4), or with materials such as Heusler compounds
with predicted half—metallicity.5 An intense research activity
also aims at designing materials with exciting properties that
would permit to get a perfectly stable spin-polarized elec-
trode in a junction device. An ideal compound would be an
half-metallic antiferromagnet6 or ferrimagnet,7 exhibiting
both 100% spin polarization and very small or zero magne-
tization. Such materials would be very useful for device ap-
plications because they would eliminate magnetic dipole
fields that can give rise to significant magnetic coupling
within and between devices and they would be insensitive to
applied field. Up to now, they remain nevertheless only the-
oretical predictions and their experimental synthesis obvi-
ously requires further effort.

Classical ferrimagnetic rare earth (RE)/TM alloys have
been already used as electrode in magnetic tunnel junctions
(MT1Js) and give rise to interesting properties.8 Especially at
the compensation point of the Gd—Co alloy, where the sub-
network magnetizations are equal and the alloy has nearly
zero net magnetization, tunneling spin polarization is main-
tained as deduced from the observed finite tunnel magnetore-
sistance (TMR). This can be understood by considering the
relative contributions of independent spin-polarized tunnel-
ing currents from the Gd and the transition Co subnetwork
magnetizations. Although these RE/TM ferrimagnets can
give rise to spin-polarized current in their magnetic compen-
sated state, the zero magnetization state results from opposite
spin orders. Beyond RE/TM ferrimagnets, interesting and
original materials are developed to achieve simultaneously a
zero magnetization state and long range ferromagnetic order
where all spin contributions point in the same direction.
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These are Sm-based zero magnetization ferromagnets
(ZMFs) that can also be considered as ‘‘self—ferrimagnets.”9
In these specific compounds, the magnetic compensation
does not result from opposite moments located on two dif-
ferent magnetic sublattices, as it is the case in ferrimagnets,
but from opposite magnetic contributions located on a single
magnetic sublattice. In Sm-based ferromagnets as SmAl,, the
magnetic moments, namely, originate from opposite spin (S)
and orbital (L) contributions that almost cancel each other.
The substitution of a small amount of Sm atoms with Gd
atoms that bring supplemental pure S contribution leads to a
magnetic compensation point (M=0) at the so-called com-
pensation temperature (Tcoy,), where the S and L moments
contributions perfectly cancel each other. L moments are the
dominant contribution to magnetization below Ty, while S
moments are dominant above Tcomp.m The nature of this un-
usual compensated state in Sm;_,Gd,Al, (SGA) results in a
ZM long range ferromagnetic order of S moments that could
generate a spin-polarized current.''? Our group has proved
the possibility to grow this material as epitaxial films of high
crystal quality.13 We showed that epitaxial films have inter-
esting properties required for fundamental studies in the field
of spin-resolved devices: they do exhibit a magnetic com-
pensated state that is directly related to the Gd content,"* and
this compensated state coexists with a long range ferromag-
netic order."

The study presented in this letter deals with the use of
this magnetic material (the ZMF SGA), as an original elec-
trode in MTJs. The [111] SGA (x=2.5%) layer was epitaxi-
ally grown by molecular beam epitaxy (MBE) at 500 °C in a
chamber with base pressures around 107! Torr. A 50 nm Nb
buffer layer was first deposited on the (11-20) Al,O; sub-
strate in order to promote the epitaxial growth of [111]
SGA." Before film deposition, the Sm, Al, and Gd evapora-
tion rates were carefully calibrated in order to get the desired
stoichiometry. The layer thickness was 1 um. The crystal-
line quality was checked during growth by in situ reflection
high energy electron diffraction (RHEED) and after growth
by ex situ x-ray diffraction (XRD). RHEED patterns [Fig.
1(a)], formed by thin, continuous, and contrasted streaks,
attest for flat surfaces and the high crystalline quality of the
SGA film with [111] as the growth direction. XRD spectra

© 2011 American Institute of Physics
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FIG. 1. (a) RHEED patterns collected along two different azimuths after the
growth of 1 um (111) SGA (b) 9/29 x-ray scattering measurement using
Ka Cu wavelength and rocking curve (inset) measured across the SGA (111)
Bragg reflection.

for the SGA layer [Fig. 1(b)] show the (111) diffraction
peaks of the expected Laves phase structure with a mosaicity
of 0.35° (see inset).

In order to build up MTJ, the epitaxial SGA layer has to
be covered with an insulating layer. This is a crucial issue of
our study. Indeed, we have to keep the magnetic properties of
the bulk material at the interface. However, interfaces are
very sensitive to material mixing that could change the inter-
face SGA stoichiometry or material oxidation. Indeed, insu-
lating material is often composed of oxygen that can lead to
a reaction with the electrode material compound. Therefore,
we have chosen to cap the SGA layer with a 2 nm thick Al
layer before the exposure to the air for natural oxidation.
Compared to other oxidation methods, in pure oxygen16 or
using oxygen plasma,17 the oxidation in air is a rather uncon-
trolled process. Nevertheless, TMR above 10% have been
reported at room temperature in previous studies.'® %!
RHEED observations performed during and after Al deposit
attest for epitaxial growth of (111) Al with the same hexago-
nal symmetry as that observed for (111) SGA. The presence
of continuous and contrasted streaks also proves the forma-
tion of a high quality and flat Al deposit. After taking the
sample out of the MBE chamber, part of the SGA layer cov-
ered by Al was kept so that the behavior of the single SGA
layer can be compared to that of the MTJ. The second part
of sample was introduced in a sputtering chamber after
natural oxidation of the Al layer in air during 12 h. A
[Co(0.2 nm)/Pt(0.65 nm)]X5 multilayer was then sput-
tered to form the counter electrode. This stack has been cho-
sen to ensure perpendicular magnetization. Indeed, (111)
SGA films have been shown to exhibit an easy magnetization
axis perpendicular to the growth plane, which is attributed to
magnetoelastic effects.”? The continuous multilayers have
been patterned into micron-sized square-shaped MTJs using
standard UV lithography and ion etching techniques. This
allows perpendicular to film plane tunnel transport measure-
ments in the dc voltage mode using a two-terminal method.

Appl. Phys. Lett. 98, 232504 (2011)
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FIG. 2. (a) Minor M(H) curve and (b) minor R(H) curve measured at 20 mV
and at 15 K after 1.4 kOe field-cooling on a SGA/AIO,/[Co/Pt]s tunnel
junction.

Figure 2 shows magnetization and transport measure-
ments performed at low temperature (15 K) on the
SGA/AIO,/[Co/Pt]s tunnel junction. Considering the huge
increase in the SGA coercive field at low temperature, the
[Co/Pt]s magnetization reversal is solely achieved in our
limited experimental field range. In order to extract qualita-
tive information on the polarization, the SGA magnetization
is “initialized” using a field-cooled procedure: just below the
Curie temperature, the S moments are dominant and the
positive field-cooling orients the S moments in the positive
direction. This configuration is maintained even below Ty,
despite the dominant L moments because the cooling field is
not strong enough to drive the magnetization reversal. This is
obvious on the M(H) curve at 15 K [Fig. 2(a)] where the
[Co/Pt]s hysteresis curve is vertically negatively shifted, and
on the M(T) curve [Fig. 3(a)] where the magnetization is
negative below the compensation temperature (72 K).

The first unambiguous observation is that the [Co/Pt]s
magnetization reversal is accompanied by an abrupt change
in the MTTJ resistance [Fig. 2(b)]. Considering the tunnel like
variation in resistance with temperature [inset, Fig. 3(b)],%
the nonlinear current versus voltage characteristics, the large
ratio of the area junction resistance (3.74 X 10° Q um?) over
sheet resistance of the lead (0.6 ()/[J) avoiding current dis-
tribution effects,24 and the linear variation in the junction
resistance with junction surface, this variation in resistance
proves the existence of a TMR effect in this SGA based
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FIG. 3. (a) M(T) curve measured on the SGA single layer in increasing
temperature under zero field after field-cooling under +70 kOe and (b)
TMR(T) curve measured on a SGA/AIO,/[Co/Pt]s tunnel junction at 20
mV. Inset: resistance vs temperature measured at 10 mV.
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MTJ. The TMR signal is defined here as [R(1.4 kOe)
—R(-1.4 kOe)/R(+1.4 kOe)].

Contributions from anisotropic MR and anomalous Hall
effect are ruled out for both electrodes. Indeed, the SGA
magnetization does not switch in the field window used in
our study. Moreover the MR effect decreases in increasing
temperature [Fig. 3(b)] to vanish in the vicinity of SGA Cu-
rie temperature (125 K) while the Co/Pt multilayer remains
ferromagnetic well beyond this temperature.

These transport properties, intimately correlated with the
SGA/AIO, interface, thus reveal an interface magnetic or-
dering temperature close to the core of the SGA layer. This is
a strong indication of the quality of the SGA/AIO; interface.
Another point of paramount interest is the observation of a
finite TMR at the SGA compensation temperature. This con-
stitutes the proof that SGA can simultaneously exhibit zero
magnetization and significant polarization of conduction
electrons, being thus able to give rise to a spin-polarized
current in the magnetic compensated state. One can finally
notice the monotonous decrease in the TMR signal versus
temperature, without any change in sign at the compensation
temperature. A sign inversion, as observed in GdCo-based
MTJ? may have been expected since the dominant magnetic
contribution evolves from L to S when crossing Ty, This
is not the case in our study because the orientation of SGA
magnetic contributions is the same over the entire tempera-
ture range, with S moments always pointing toward positive
fields. This highlights that TMR is related to the relative
orientation of S contributions, and not of magnetizations, of
both electrodes. In this MTJ, the spin parallel (P) state (P
alignment of [Co/Pt] and SGA S contributions) gives rise to
larger resistance than the spin antiparallel (AP) state (AP
alignment of [Co/Pt] and SGA S contributions) over the en-
tire temperature range. It has been shown that the tunnel
polarization of the Co/Al,O5 couple is ascribed to the selec-
tion of the s-character electrons by bonding effects at the
Co-AlL0O4 interface.” This suggested that the positive sign
of the Co polarization is associated with the electronic struc-
ture at the Co—Al,O5 interface rather than with the propaga-
tion through the barrier. Thus considering the positive polar-
ization of the Co electrode in our system, the measured
larger resistance for the spin P state implies that the tunnel
polarization of the SGA electrode should be negative.

This letter reports the proof that SGA can simultaneously
exhibit zero magnetization and significant polarization of
conduction electrons, being thus able to give rise to a spin-
polarized current in the magnetic compensated state. This

Appl. Phys. Lett. 98, 232504 (2011)

paves the way to interesting perspectives for spin torque
effects.

The work presented in this letter is partly supported by
La Région Lorraine. The authors acknowledge S. Suire for
technical assistance.
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