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Anti-Ferromagnet Controlled Tunneling Magnetoresistance

Yuyan Wang, Cheng Song,* Guangyue Wang, Jinghui Miao, Fei Zeng, and Feng Pan*

The requirement for high-density memory integration advances the develop-
ment of newly structured spintronic devices, which have reduced stray fields
and are insensitive to magnetic field perturbations. This could be visualized
in magnetic tunnel junctions incorporating anti-ferromagnetic instead of
ferromagnetic electrodes. Here, room-temperature anti-ferromangnet (AFM)-
controlled tunneling anisotropic magnetoresistance in a novel perpendicular
junction is reported, where the IrMn AFM stays immediately at both sides

of AlO, tunnel barrier as the functional layers. Bi-stable resistance states
governed by the relative arrangement of uncompensated anti-ferromagnetic
IrMn moments are obtained here, rather than the traditional spin-valve signal
observed in ferromagnet-based tunnel junctions. The experimental observa-
tion of room-temperature tunneling magnetoresistance controlled directly

by AFM is practically significant and may pave the way for new-generation

memories based on AFM spintronics.

1. Introduction

The discoveries of giant magnetoresistance (GMR) in 1988 and
the following tunneling magnetoresistance (IMR) establish the
basis for current spintronic applications, which center on mag-
netic storage and sensing.!'! So far, the GMR- and TMR-based
devices typically feature a trilayer system with two ferromagnets
(FM) sandwiching a non-magnetic metal or insulating layer.[!
Unfortunately, the existence of ferromagnetic stray fields and
the sensitivity of FM to magnetic field perturbations pose great
obstacles for high-density memory integration.l!l To eliminate
these unfavorable factors, applications of anti-ferromagnets
(AFM) in spintronics are attracting increasing interest much
beyond their current passive role as pinning layers. The rigidity
to external magnetic fields and the absence of stray fields make
AFM particularly favorable for ultrafast and ultrahigh-density
spintronics.”~ Early studies that achieved spin-dependent tun-
neling with AFM electrodes were carried out in scanning tun-
neling microscope using the vacuum as the tunneling gap.!'%!1l
Recently, spin-transfer torques!'? and magnetoresistance
effects™] have been theoretically predicted and experimentally
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confirmed in AFM memory resistors!'41]
and AFM-based tunnel junctions with
only a single IrMn layer adjacent to the
barrier.1*1617] The manipulation of AFM
moments via an exchange-coupled FM
and the detection of tunneling anisotropic
magnetoresistance (TAMR) have been
realized at room temperature.'’”] Never-
theless, the spin signals arise from the
magnetic anisotropy of tunneling density
of states in a single magnetic electrode on
the basis of exchange coupling, and the
interaction between the non-magnetic top
electrodes and AFM electrodes makes no
sense for TAMR.[®l The tunneling magne-
toresistance between two AFMs (bi-AFM
TAMR) across a tunnel barrier is still in a
realm that lacks experimental insight and
in-depth investigation. It would be tech-
nically significant if the AFM moments
could be freely manipulated on both sides of the barrier, thus
achieving the preferable functionality for miniaturized memo-
ries that cannot be obtained with FM.

There are two crucial factors for realizing bi-AFM TAMR:
the independent reversal of the two AFM layers in different
response to the stimulus and the immediate interaction
between the moments in AFM across the barrier. Here, Co/Pt
multilayers are chosen as a supporting material to trigger the
rotation of IrMn moments because of their superior thermal
tolerance as well as perpendicular magnetic anisotropy (PMA),
which can be easily tailored by varying the thickness of Co.[1%-2
The experiments reported demonstrate a novel junction IrMn/
AlO,/IrMn where AFM-controlled room-temperature TAMR
is achieved and is governed by the relative arrangement of the
uncompensated AFM moments separated by the AlO, barrier.

2. Results and Discussion

Multilayers  of  [Pt(1)/C0(0.5)]s/IrMn(t)/AlO,(2) /IrMn(t)/
[Co(0.3)/Pt(1)]5 (unit in nanometers) with different [rMn thick-
nesses () of 2 nm, 6 nm, 10 nm and 20 nm were grown by
magnetron sputtering at room temperature. Different thick-
nesses of Co in the top Co/Pt layer (Co 0.3 nm) and the bottom
layer (Co 0.5nm) are adopted to tailor the coercivity of the Co/
Pt multilayers. The PMA of the multilayers with different t at
300 K is characterized by magnetic hysteresis loops, as shown
in the left column of Figure 1 (Figure S1 in the Supporting
Information). Remarkably, there exists a platform separating
two different coercivities (Hc) in each magnetization loop
under out-of-plane fields (H). The larger H originates from
the bottom [Pt/Co(0.5)]/IrMn and the smaller H¢ corresponds
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Figure 1. Normalized magnetization loops of the stack structure with
a) 2 nm IrMn, b) 6 nm IrMn, and c) 20 nm IrMn at 300 K. Normal-
ized field-cooled magnetization loops measured at 4 K with cooling fields
of +10 kOe (triangles) and —10 kOe (circles) of the stack structures with
d) 2 nm IrMn, e) 6 nm IrMn, and f) 20 nm IrMn.

to the magnetically softer IrMn/[Co(0.3)/Pt] top layer. Besides,
a strong PMA of the bottom Co/Pt layer with (111)-oriented
texture is induced by the Pt buffer layer,”®! while the pre-
deposition of IrMn damages the fcc texture of the top Co/Pt,
resulting in a weaker PMA.2* Accordingly, a weaker coupling
between the top Co/Pt and IrMn is obtained, leading to a subtle
moment rotation within IrMn. For ¢t = 6 nm, the corresponding
perpendicular anisotropy energy is estimated to be K; = 4.55 X
10° erg cm™ and K,; = 3.25 x 10° erg cm, respectively.® To
verify the perpendicular exchange coupling between Co/Pt and
IrMn AFM, each sample was measured at 4 K with the cooling
H of £10 kOe (right column of Figure 1). The shift of the mag-
netization loops indicates a strong exchange coupling which
enables the effective manipulation of IrMn moments through
Co/Pt magnetization. Clearly, the separation of H as well as
the different PMA for the top and bottom coupling layer is suc-
cessfully achieved, which could trigger different alignment of
IrMn moments in the same magnetic field, providing a funda-
mental basis for the generation of bi-AFM TAMR.

We next focus on the magnetoresistance of the tunnel junc-
tions controlled by IrMn AFM. Figure 2a—d present the resist-
ance-area (RA) product measured with vertical H at 300 K as
t =2 nm, 6 nm, 10 nm, and 20 nm, respectively. Hysteresis
windows with stable low-resistance states (LRS) at +H and
high-resistance states (HRS) at —H are clearly recognizable in
Figure 2a,b, where the magnitude of the reversal field coincides
with the H¢ of the bottom [Pt/Co]/IrMn layer for both of the
samples with 2 nm- and 6 nm-thick I[rMn, as shown in Figure 1.
The extraordinary TAMR with only one sharp reversal during
sweeping H, different from the traditional spin-valve-like signals
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Figure 2. Magnetoresistance acquired by sweeping vertical H at 300 K for
the junctions with different t: a) 2 nm, b) 6 nm, c) 10 nm, and d) 20 nm.
Schematics of the moment arrangements in the junctions at -H and +H
are shown in €) 6 nm IrMn and f) 10 nm IrMn. Arrows in the cubic rep-
resent the IrMn moments and Co/Pt moments. The black arrows denote
the directions of external H.

in FM-based tunnel junctions, is ascribed to the changes in the
density of states when IrMn moments rotate with respect to the
crystallographic directions.['®1”] This rotation is obtained by the
exchange-spring effect, and the two Hc at both sides of the bar-
rier trigger the rotations at different instances.

The graphics in Figure 2e depict the moment arrangements
in the whole junctions and illustrate the generation of HRS and
LRS for t = 6 nm, the optimal thickness for obtaining a combi-
nation of strong perpendicular exchange coupling and TAMR.
In general, IrMn anti-ferromagnetic layer exhibits an in-plane
easy direction?®l. Taking the case of the bottom [Pt/Co]/IrMn
coupling layer firstly, the bulk moments in IrMn are aligned in-
plane when vertical +H is applied (in-plane arrows in Figure 2e),
but at —H there is a partial rotation of the IrMn moments
which is triggered by the sharp reversal of Co/Pt moments
(out-of-plane arrows).'”] This observed asymmetry between the
two states (at +H and —H) could be attributed to the original
downward component of the interfacial IrMn moments at the
interface of Co/Pt and IrMn, which is an imprint of the domain
pattern of the as-deposited Co/Pt.?] Due to this initial tilt,
IrMn spins prefer to rotate downward at —H while align almost
in-plane at +H. It is worth pointing out that the entire IrMn
layer forms an exchange-spring for t smaller than the domain-
wall width (=7.8 nm).['7?8] Consequently, the uncompensated
interfacial spins of IrMn adjacent to AlO, barrier tilt from in-
plane to out-of-plane direction as the field sweeps from +H to
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—H. Note that the strong PMA at the interface of bottom [Pt/
Co]/IrMn is responsible for driving the rotation of the whole
IrMn exchange-spring.

In the magnetically softer IrMn/[Co/Pt] top layers, the Co/
Pt moments undergo a gentle reversal from the upward to the
downward direction (highlighted by the thin arrows in top Co/
Pt). In this scenario, the moments in the top IrMn adjacent to
AlO, barrier almost align in-plane during sweeping H, except
for the slightly canted IrMn moments at the interface of [rMn/
[Co/Pt] due to exchange coupling. Compared with the high K,
of the bottom FM, the IrMn moments are hardly rotated by the
top Co/Pt with weak PMA, resulting in a weak or negligible
exchange spring in IrMn. To sum up, the uncompensated in-
plane moments adjacent to AlO, barrier in the top and bottom
IrMn align parallel at +H and produce the LRS in Figure 2b.
However, the angle between the uncompensated interfacial IrMn
moments (marked in Figure 2e) generates the HRS at —H,12930
closely related to the formation of the IrMn exchange-spring in
the bottom layer. Because of the relative immobility of the top
IrMn moments during sweeping H, the only one sharp resist-
ance transition in Figure 2b is attributed to the rotation of the
bottom IrMn moments driven by Co/Pt, corresponding to the Hc
of the bottom [Pt/Co]/IrMn layer (Figure 1b). When t decreases
to 2 nm, the observed TAMR in Figure 2a could be easily inter-
preted as a shorter exchange-spring in IrMn remains to change
the relative alignment of IrMn moments adjacent to AlO, barrier.

However, the magnetoresistance signals vanish in sam-
ples with ¢t = 10 nm and 20 nm (Figure 2c and d). It is worth
mentioning that the thick IrMn layer (10 nm or 20 nm) could
be divided into two parts (Figure 2f): the exchange-spring
(=7.8 nm) and the bulk.73! The exchange-spring is formed in
the vicinity of Co/Pt FM, while the bulk part is formed close
to AlO,. Even though the exchange-spring could be rotated by
Co/Pt magnetization, the uncompensated moments in bulk
IrMn adjacent to AlO, align persistently in-plane (Figure 2f).
As a result, the relative orientation of the uncompensated AFM
moments in top and bottom IrMn remains parallel during
sweeping H, leading to the constant resistance (Figure 2c,d).
These t-dependent TAMR signals confirm the crucial role of the
interfacial IrMn moments separated by AlO,. Note that both
top and bottom IrMn thicknesses are changed simultaneously
in the present case. In fact, because of the relatively stationary
moments in the top IrMn which are scarcely rotated by the top
Co/Pt with weak PMA, the TAMR is insensitive to the top IrMn
when only its thickness is varied. Particularly, when the top
IrMn layer is removed, the interactions between the top Co/Pt
FM and bottom IrMn AFM through AlO, barrier give rise to
the HRS/LRS in the magnetoresistance curves,?” in contrast
to negligible signals for the case of removing the bottom IrMn
(Figure S2, Supporting Information). As is generally known,
traditional FM-based tunnel junctions with sandwich structure
generate spin-valve effect, where the two reversals between LRS
and HRS reflect specific correlation with the magnetizations
of top and bottom FM electrodes.® In our case, the only one
reversal of resistance verifies that the bi-AFM TAMR is domi-
nated by the relative arrangement of IrMn moments, rather
than the Co/Pt FM.

Further evidence for the partial rotation of IrMn moments
is provided by the Mn L-edge X-ray magnetic linear dichroism

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mn L-edge XMLD difference in absorption intensities for the
in-plane and out-of-plane linear polarization vectors E: a) 6 nm IrMn at
—H, b) 6 nm IrMn at +H, c) 10 nm IrMn at —H, and d) 10 nm IrMn at +H.
Right insets: schematic drawing of the moment arrangements in [Pt/Co]/
IrMn corresponding to each figure.

(XMLD) experiments, characterized by different absorption of
light with its linear polarization vector E orientated parallel or
perpendicular to the spin axis of IrMn.[">3132] Multilayers of
substrate/[Pt(1)/Co(0.5)]s/ItMn/Pt(2) with 6 nm- and 10 nm-
thick IrMn were prepared since the detection depth is less than
5 nm. The linear polarization was rotated by 90° to obtain the
in-plane and out-of-plane (60° from the surface) E (see the left
inset of Figure 3). Then XMLD differences in absorption inten-
sities (Iin.plane E~Toutof:plane £) Of €ach sample at the two remanent
states after magnetization (+2 kOe and -2 kOe) are plotted in
Figure 3. For the sample with 6 nm-thick IrMn, the opposite
sign of the XMLD spectra (Figure 3a,b) confirms that the [rMn
moments in the two states (after +H and —H) are rotated by
an angle with respect to each other.™! In contrast, for 10 nm
IrMn quite similar XMLD spectra are detected at opposite H
(Figure 3c and d), indicating the same arrangement of IrMn
moments. As is known, the signals for the thick IrMn are largely
contributed by the moments in bulk IrMn far from the [Pt/Co]/
IrMn interface, which are aligned in-plane and hardly rotated
by Co/Pt when we take the domain wall width of =7.8 nm
into account (insets of Figure 3c,d). Thus we can conclude
that for the sample with 6 nm-thick IrMn, the moments in the
exchange-spring are in-plane at +H, according to the similar
XMLD spectra between Figure 3b—d. Nevertheless, the opposite
signals observed in Figure 3a indicate a partial rotation of IrMn
moments towards the out-of-plane direction (inset of Figure 3a).
These elemental specific XMLD results confirm the twisted
IrMn moments in the bottom [Pt/Co]/IrMn coupling layer, thus
supporting the graphics of moment arrangements in Figure 2.
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Figure 4. a—d) The effect of rotating junctions with different t on resist-
ance in fixed H of 40 Oe (circles) and 10 kOe (squares). e-h) The mag-
netization of the stack structures as a function of out-of-plane rotation.
The inset: the sample was rotated first from 6 = 90° to 6 = -90° (filled
symbols) and then backwards (open symbols). All data were recorded
at 300 K.

We have explored the resistance and magnetization as a
function of out-of-plane rotation (6) to explicit the AFM origin
of TAMR. The samples with different t were rotated from a ver-
tical field (6 = 90°) to an in-plane field (6 = 0°), and continue
to 6 = -90°, finally backwards to 6 = 90°. Both the TAMR and
vibrating sample magnetometer (VSM) measurements were
recorded by setting two opposite extreme fields of 40 Oe (cir-
cles) and 10 kOe (squares). At first glance, the RA product as
a function of 0 is closely related to ¢t (left column of Figure 4).
During rotating the device in a 40 Oe field, the RA product with
t = 2 nm increases gradually (circles in Figure 4a), indicating
a slight rotation of the bottom IrMn moments. However, this
low field is insufficient to trigger an exchange-spring action on
the 6 nm-thick IrMn,/'73%l without breaking the parallel align-
ment between the uncompensated IrMn moments, which
brings about a nearly constant RA signal (Figure 4b). Thus the
varied tendencies of angle-dependent RA between the sam-
ples with 2 nm- and 6 nm-thick IrMn verify the crucial role of
anti-ferromagnetic moments in the observed TAMR. When a
10 kOe high field is applied, the resistance changes from a LRS
to a HRS with 6 rotating from 90° to —-90°, as a result of the
relative arrangement between uncompensated IrMn moments
(squares in Figure 4a,b). In contrast to the tunneling transport
by IrMn, the VSM signal is sensitive to Co/Pt. The magnetiza-
tion rotates with the sample at 40 Oe, far below the H¢ of the
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bottom coupling layer (circles in Figure 4e,f). While it increases
to be saturated at 10 kOe, the magnetization keeps its orienta-
tion parallel to the external fields at all angles, generating a con-
stant VSM signal. This clear distinction between the TAMR and
VSM measurements confirms the AFM-controlled origin of the
detected TAMR signals, differing from the FM-dominant TMR.

The situation changes dramatically when t increases to
10 nm and 20 nm. From the curves in Figure 4c,d, we note that
the RA signals present negligible changes, except for noises. As
discussed in Figure 2f, the relative orientation of the uncom-
pensated AFM moments in the top and bottom IrMn remains
parallel during the rotation, leading to the constant resistance.
In addition, Figure 4gh display the magnetization features of
Co/Pt FM in the stack with 10 nm- and 20 nm-thick IrMn,
which are relevant to their corresponding magnetization fea-
tures (Figure S3, Supporting Information).

It is quite natural to remind us of the TAMR effect in the
junction comprising of only one AFM electrode (referred to as
one-AFM TAMR), which is intimately related to the anisotropy
of tunneling density of states on one side of the barrier, where
the whole exchange-spring of AFM works.['®17] Nevertheless the
observed bi-AFM TAMR here and the one-AFM TAMR effect
are not completely the same. In spite of the similar origins of
the TAMR effect based on the changes of the density of states
in IrMn, the relative arrangement of the moments in two AFM
layers also greatly contributes to the transport properties in the
case of bi-AFM TAMR, proved by the following two aspects.
Firstly, a LRS is detected because of the parallel relationship
between the IrMn moments at the initial +H in the bi-AFM
TAMR, contrary to the HRS in the [Pt/Co]/IrMn/AlOx/Pt junc-
tions at + H which is related to the angle between in-plane IrMn
moments and upward Co/Pt moments (Figure S4, Supporting
Information). Secondly, the room-temperature one-AFM TAMR
effect could only be detected as IrMn is thicker than 4 nm in
order to ensure the stability of AFM moments, even though the
magnitude drops gradually from 8 nm to 20 nm (Figure S5,
Supporting Information). It is interesting that bi-AFM TAMR
cannot be detected when ¢ is larger than the length of a whole
exchange-spring (such as t = 10 nm and 20 nm), but a recog-
nizable signal appears in the sample with 2 nm-thick IrMn
(Figure S6, Supporting Information). It confirms that the
bi-AFM TAMR in the present case is closely related to the inter-
actions between two IrMn layers adjacent to AlO,, not merely
the anisotropy of tunneling density of states in IrMn on one
side of the barrier. Combining the magnetization and magne-
toresistance measurements, we can conclude that the bi-AFM
TAMR reported here is not only essentially different from the
ordinary TMR based on FM, but also not exactly the same with
the previous one-AFM TAMR. Admittedly, further optimization
of the tunnel barrier and interfaces in the present junctions is
required to increase the ratio of TAMR to a magnitude compa-
rable with TMR based on FM.

3. Conclusions

In summary, we have demonstrated a room-temperature tun-
neling magnetoresistance effect in anti-ferromagnet-based
tunnel junctions. In contrast to the traditional ferromagnetic
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tunnel junctions, a unique structure is designed in our work to
place two IrMn layers on both sides of AlO, barrier. The neigh-
boring Co/Pt FM electrodes with distinct PMA are utilized to
control the IrMn moments through exchange coupling. In par-
ticular, bi-stable resistance states (LRS/HRS) are detected as a
result of the relative arrangement of IrMn moments, associated
with the partial rotation of the exchange-spring. The elemental
specific XMLD spectra and TAMR measurements as a function
of IrMn thicknesses and rotating devices confirm the dominant
role of uncompensated interfacial IrMn moments separated by
the barrier. We propose a new paradigm for AFM-controlled
transport if the moments in the two AFM layers could be inde-
pendently controlled by spin current, electric field or strain engi-
neering, with the absence of FM in the whole devices. Because
of the superior features of AFM such as negligible stray fields
and insensitivity to strong magnetic fields compared to FM, the
utilization of AFM in tunnel junctions will be a cornerstone for
exploring the ultrafast and high-density spintronic devices.

4. Experimental Section

Multilayers ~ of  [Pt(1)/Co(0.5)]s/IrMn (t) /AIO,(2) /IrMn (£) /[Co(0.3)/
Pt(1)]s (unit in nanometers) were grown on Si/SiO, substrates with a
15 nm-thick Pt buffer layer. The multilayers were patterned into rectangle-
shaped junctions of dimensions 20 x 12 pm?, using photolithography
and ion milling. X-ray diffraction was used to study the crystalline
texture of the multilayers, showing a Co/Pt (111) preferred orientation.
The magnetization properties were carried out in a superconducting
quantum interference device by Quantum Design. Measurements with
fields up to 10 kOe were performed in a vibrating sample magnetometer.
The tunneling magnetoresistance was measured by a four-point contact
geometry with a bias of 100 pA at 300 K, using the Physical Property
Measurement System by Quantum Design in resistivity mode.

Further evidence for the partial rotation of IrMn moments is provided
by our Mn L-edge X-ray magnetic linear dichroism (XMLD) experiments,
characterized by different absorption of light with its linear polarization
vector E orientated parallel or perpendicular to the spin axis of IrMn.
Multilayers of substrate/[Pt(1)/Co(0.5)]s/IrMn/Pt(2) with 6 nm- and
10 nm- thick IrMn were prepared to perform the X-ray absorption
experiments since the detection depth is less than 5 nm. The incident
angle was fixed at 60°, while the linear polarization of the photon was
rotated by 90° to obtain the in-plane (parallel to the easy-direction of
IrMn moments) and out-of-plane (60° from the surface) E.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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