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We investigate the exchange coupling between perpendicular anisotropy (PMA) Co=Pt and IrMn in-

plane antiferromagnets (AFMs), as well as tunneling anisotropic magnetoresistance (TAMR) in

½Pt=Co�=IrMn=AlOx=Pt tunnel junctions, where Co=Pt magnetization drives rotation of AFM moments

with the formation of exchange-spring twisting. When coupled with a PMA ferromagnet, the AFM

moments partially rotate with out-of-plane magnetic fields, in contrast with being pinned along the easy

direction of IrMn for in-plane fields. Because of the superior thermal tolerance of perpendicular exchange

coupling and the stability of moments in �6 nm-thick IrMn, TAMR gets significantly enhanced up to

room temperature. Their use would advance the process towards practical AFM spintronics.
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The spin-valve effect stands out as a seminal phenome-
non in the emerging field of spintronics for providing a
fingerprint to determine giant magnetoresistance and spin
injection [1,2]. Antiferromagnets (AFMs), which play a
fundamental role in the spin-valve effect by establishing a
reference magnetization direction, have been generally
used as a static supporting material in spin-valve and
magnetic tunnel junctions [3,4]. Despite the exchange
bias (EB) discovered 50 years ago [5], the essential feature
of ultrathin AFMs has been commonly ignored because
they are overshadowed by their ferromagnetic counterparts
[6]. Recently, Martı́ et al. [7] reported the behavior of
antiferromagnetically ordered moments in IrMn exchange
coupled to in-plane magnetized NiFe. In fact, perpendicu-
lar magnetic anisotropy (PMA) magnetic tunnel junctions
are of great significance since they have a potential for
realizing new-generation nonvolatile memory [8–10]; es-
pecially PMA is required for the reduction of critical
current in spin-transfer torque switching [10]. Although
the perpendicular EB with the focus of ferromagnets (FMs)
has been discussed [11,12], a satisfying microscopic de-
scription and transport characteristics of AFMs when
coupled with PMA FMs are still lacking.

A milestone observation for AFMs is the tunneling
anisotropic magnetoresistance (TAMR) effect governed
by the IrMn AFM [13], ascribed to the partial rotation of
AFM moments in IrMn induced by in-plane magnetized
NiFe, shedding promising light on AFM spintronics.
Before that, the TAMR effect had been observed in FM-
based systems, such as (Ga,Mn)As [14–16], Fe=GaAs=Au
[17], Co2MnSi=GaAs [18], and ½Co=Pt�=AlOx=Pt [19].
Unfortunately, almost all of these measurements were
carried out below 100 K [14–19]; especially TAMR nearly
disappeared above 100 K in NiFe=IrMn-based junctions
with 1.5 and 3 nm IrMn [13], limiting their practical
significance. The expected TAMR effect at room tempera-
ture (RT) in tunnel junctions, at the heart of its potential

applicative interest, remains to be demonstrated. The ex-
periments described here investigate the exchange cou-
pling between PMA Co=Pt and the IrMn functional layer
and confirm the RT TAMR effect in ½Pt=Co�=IrMn-based
junctions via electrical transport and magnetization rever-
sal measurements.
The tunnel junctions Ptð5Þ=½Coð0:5Þ=Ptð1Þ�4=Coð0:5Þ=

IrMnð6Þ=AlOxð2Þ=Ptð5Þ (units in nanometers) were grown
by magnetron sputtering with an Ar pressure of 0.4 Pa
on Si=SiO2 wafers at RT. Co=Ptð111Þ multilayers
allow manipulation of the moments within the IrMn
active layer through exchange coupling. Magnetization
studies were carried out using a vibrating sample
magnetometer (VSM). The multilayers were then pat-
terned into rectangle-shaped pillars of dimensions
5�3–100�60�m2, using photolithography and ion mill-
ing. The tunneling magnetoresistance was measured by a
four-point contact geometry between 4–400 K with a bias
of 100 �A. Here, we focus on data obtained from the
20� 12 �m2 sample as they cover all the central features
observed in the experiments.
To verify magnetic properties of full stack structures, we

first show hysteresis loops in Fig. 1(a) measured with both
vertical and parallel magnetic fields (H) at 300 K. The
squared vertical hysteresis loop demonstrates a strong
PMA of the multilayers with the coercive field (HC) of
117 Oe. The presence of PMA profoundly affects the
magnetoresistance probes [Figs. 1(b)–1(d)]. In Fig. 1(b),
the resistance-area (RA) product of the junctions varying
with vertical H is shown, referring to the easy axis of
Co=Pt. Remarkably, the TAMR signal exhibits a hysteresis
window with a stable high-resistance state (HRS) at ini-
tially applied positive H and a low-resistance state (LRS)
at negative H, originating from the partial rotation of
antiferromagnetic IrMn moments induced by Co=Pt mag-
netization, rather than Co=Pt itself [13,20], which will be
discussed later in detail with the help of graphics in
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Figs. 1(e) and 1(f). Although the TAMR ratio is relatively
small, �0:236% [defined as ðHRS–LRSÞ=LRS� 100%],
the clearly detected signals illustrate the high sensitivity of
transport properties in this system. Similar TAMR values
were previously observed in FM-based junctions [17,19].
The results are surprisingly different when H’s are applied
in-plane. In Figs. 1(c) and 1(d), spin-valve-like signals of
positive and negative TAMR are detected when the in-
plane H are orthogonal and parallel to the easy direction
of IrMn, defined as mode 1 and mode 2, respectively.

In general, EB systems exhibit an easy direction, e.g.,
unidirectional anisotropy [7,21], commonly defined by
applying H during the growth [7,22] or postannealing
[23,24]. In our case, the easy direction along the radius
direction of the substrate holder is intimately correlated to
the film growth procedure [25]. Figures 1(e) and 1(f)
illustrate mode 1 and mode 2 for the same junction, where
the only discrepancy between them is that the in-plane H

are, respectively, orthogonal and parallel to the easy direc-
tion of IrMn, denoted by the solid arrows in the IrMn layer.
Let us now discuss the high- or low-resistance variation
with vertical fields. The Co=Pt moments are free to rotate
in the reversed fields along their easy axes. Meanwhile,
bulk IrMn moments are initially aligned in-plane due to
their intrinsic character, producing a HRS because the
Co=Pt and IrMn moments are orthogonal when vertical
þH are applied [right inset of Fig. 1(b)]. Afterwards, when
fields sweep down to �1 kOe, an incomplete rotation of
IrMn moments occurs (shadows in the IrMn layer), with
the rotation angle of �52� from the film plane (Fig. S4 of
[25]). Ultimately, the IrMn spins align along �H with a
rotation of 90� at around �90 kOe. The parallel relation-
ship between Co=Pt and IrMn leads to a LRS. This ob-
served asymmetry between the two states (HRS/LRS)
could be ascribed to the downward component of interfa-
cial IrMn spins, which is an imprint of the domain pattern
of as-deposited Co=Pt [26]. The initial tilt makes IrMn
easier to rotate to a downward direction (Fig. S5 of [25]).
Note that the domain-wall width (�W) in IrMn is calculated
to be �7:8 nm [25], indicating that the whole 6 nm IrMn
layer is an exchange spring [left inset of Fig. 1(b)], and the
rotation angle described above could be considered as the
average of all the IrMn spins.
This situation changes dramatically with in-plane fields.

The positive TAMR in mode 1 could be explained as
follows: the Co=Pt moments (arrows in the Co=Pt layer)
rotate with in-plane H (shadows in the Co=Pt layer),
whereas the AFMmoments in IrMn are persistently pinned
along the easy direction [21] and the in-plane rotation
could not occur. Obviously, the Co=Pt and IrMn moments
are mutually orthogonal both at high positive and negative
fields. At zero field, the Co=Pt moments are aligned par-
allel and antiparallel to the film normal at this demagne-
tized state, producing the resistance in the intermediate
state between the HRS and the LRS (Fig. S6 of [25]).
This case allows perpendicular! intermediate!
perpendicular interactions between Co=Pt and IrMn with
þH ! zero-field ! �H, ensuring the positive TAMR. In
mode 2, large in-plane þH are applied along the easy
direction of IrMn; corresponding to a parallel FM/AFM
arrangement, a subsequent sweep of fields from þH via
zero field to �H results in a parallel ! intermediate !
parallel change, accompanied by the negative TAMR.
In addition to the two specific positions, vertical and

parallel, we plot in Fig. 2(a) the TAMR ratio as a function
of out-of-plane rotation (�) from � ¼ 90� to � ¼ 0�. The
TAMR ratio decreases gradually with rotation to in-plane,
revealing that the IrMn moments are easier to reverse,
showing larger TAMR signals with vertical H.
Meanwhile, we have explored resistance variation with
changing the angle from ’ ¼ 90� (mode 1) to ’ ¼ 0�
(mode 2) with in-plane H of 5 kOe [Fig. 2(b)]. The RA
product reaches its maximum when H’s are orthogonal to

FIG. 1 (color online). (a) Magnetization loops of the stack
structure with vertical H (?, squares) and parallel H (//, circles).
Magnetoresistance acquired by sweeping H’s which are
(b) vertical to the films and (c),(d) parallel to the films, respec-
tively. The sweep direction is given by arrows (first from þH to
�H). Insets of (b): schematic of no rotation (right) and exchange
spring (left) of IrMn spins associated with Co=Pt magnetization.
The only difference between (c) and (d) is that the in-planeH are
orthogonal (mode 1) and parallel (mode 2) to the easy direction
of IrMn, respectively, as sketched in (e) and (f). Arrows in the
cubics represent the IrMn moments and the Co=Pt moments. All
data were recorded at 300 K.
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the easy direction of IrMn (’ ¼ 90� and �90�), whereas
the minimum is obtained in the parallel case (’ ¼ 0�).
Given that the Co=Pt moments rotate with H at all angles
even in its hard axis, a perpendicular ! parallel !
perpendicular interaction of Co=Pt and IrMn moments
induces an arc-shaped curve, confirming that the IrMn
moments are fixed to the easy direction of AFMs with in-
plane H.

The effects of rotating junction devices and stack films
on the RA product and magnetization at representatively
fixed H are shown in Fig. 3, which provides strong evi-
dence for the TAMR effect based on AFMs [13]. The
samples initially stay at a vertical field (� ¼ 90�), then
rotate to an in-plane field (� ¼ 0�) and continue to rotate to
� ¼ �90�. Both the TAMR and VSM measurements were
recorded by first applying H ¼ �5 kOe, followed by set-
ting þH marked in each panel. During rotating the device
in a 40 Oe field, a constant resistance is observed (top left
panel in Fig. 3), indicating no exchange-spring action on
the IrMn because of no significant rotation of the Co=Pt
moments at this low field. However, the magnetization
detected by VSM switches with the sample, with the
magnetization from negativity to positivity (top right panel
in Fig. 3). Note that the magnetization is sensitive to
Co=Pt, whereas the tunneling transport is governed by
IrMn. The field of 70 Oe begins to motivate the tilt of
IrMn moments. At H ¼ 100 Oe, clear TAMR is observed
arising from a gradual rotation of the IrMn moments.
When fields reach the HC of 120 Oe, corresponding mag-
netization exhibits a butterfly curve, revealing higher mag-
netization obtained in vertical H. With further increasing
H, the hysteresis windows in both panels decrease. While it
increases to be saturated at 5 kOe, a nearly constant VSM
signal is observed because Co=Pt is saturated at all angles.
Differently, the resistance changes from a HRS to a LRS
with � rotating from 90� to�90� because of the exchange
spring in IrMn. The intricate connection between the
TAMR and VSM measurements offers an effective ap-
proach to prove that the magnetoresistance is indeed of
AFM-based TAMR origin.

We now turn towards the temperature dependent TAMR.
Figures 4(a) and 4(b) illustrate the magnetoresistance
curves with out-of-plane and in-plane H at 4 K, respec-
tively. Compared to that at RT, the resistance trace with
out-of-plane fields at 4 K exhibits the broadening of HC

and a resolvable bias field (HE) [Fig. 4(a)], demonstrating
the exchange coupling in ½Pt=Co�=IrMn and the AFM-
based TAMR effect. This is bolstered by the opposite
horizontal shifts of magnetization loops at 4 K after the
field-cooled procedure with �10 kOe (Fig. S7 of [25]).
The in-plane magnetoresistance trace in Fig. 4(b) shows
the spin-valve-like behavior as that at RT. Temperature (T)
dependent TAMR values are then presented in Fig. 4(c).
Interestingly, the out-of-plane TAMR values keep almost
constancy,�0:236% (Fig. S8 of [25]), in contrast to a rapid
decay of in-plane TAMR, from 0:171% to 0:070% as T
increases from 4 to 300 K. These findings verify the
superior thermal tolerance of perpendicular EB, which is
crucial for the realization of TAMR at RT. In addition, the
angular dependent RA product at H ¼ 5 kOe at various
temperatures is depicted in Fig. 4(d). For � ¼ 90�–0�

FIG. 2 (color online). (a) The TAMR values with the changing
out-of-plane � at 300 K. (b) In-plane angle ’ dependent resist-
ance with H ¼ 5 kOe at 300 K. The insets are the sketches of
measurement configurations.

FIG. 3 (color online). The effects of rotating junctions and
stack films on resistances (TAMR, left panels) and magnetization
(VSM, right panels) in fixed fields at 300 K. The sample was
rotated first from � ¼ 90� to �90� (squares) and then back-
wards (circles).
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(marked by a bracket), the slope of the curves decreases
with enhancing T, producing a plateau at 400 K, reflecting
the comparable resistances with vertical and parallel H.
Because the resistance is manipulated by angles between
Co=Pt and IrMn [25], a relatively larger resistance
with parallel H (� ¼ 0�) at 4 K reveals that the strong
unidirectional anisotropy of IrMn stabilizes its moments
along the easy direction. The anisotropy is reduced, and the
partial rotation of IrMn becomes prevailing as T is en-
hanced, resulting in the higher resistance with vertical H.
This verifies that the out-of-plane TAMR dominates at RT.

We now address the question whether RT TAMR exists
with decreasing IrMn thickness (t). Figures 5(a)–5(d) ex-
hibit magnetoresistance curves with vertical H at repre-
sentative T for 4 and 2 nm IrMn samples. For 4 nm IrMn,
typical TAMR curves are obtained at 4 K [Fig. 5(a)], which
remains when T ¼ 300 K [Fig. 5(b)], but with a decreasing
magnitude from 0:116% to 0:051%. TAMR at 4 K is
recognizable in Fig. 5(c) as t ¼ 2 nm, whereas it vanishes
just above 150 K [Fig. 5(d)], consistent with the TAMR
signal up to 100 K in Ref. [13]. The squared TAMR curves
for 6 nm IrMn [Fig. 1(b)], compared with an asymmetric
hysteretic feature and reduced TAMR values for 2 nm
IrMn, reveal that the AFM moments in thicker IrMn
(� 6 nm) are more stable (Fig. S9 of [25]), as a key to
realizing RT TAMR.

The HC and HE for different t at 4 K after a field-cooled
procedure are plotted in Fig. 5(e), showing the maximum at
6 nm [25], which is critical for building a stable exchange
coupling [22,24,27–29]. For the samples with IrMn beyond
6 nm, e.g., 8, 10, 15, and 20 nm, we also observe TAMR
signals [Fig. 5(f)]; however, as expected, this is less

pronounced compared with the 6 nm IrMn sample
(Fig. S10 of [25]). Hence, 6 nm could be an ideal AFM
thickness for obtaining a combination of strong EB and
TAMR. Particularly, the TAMR ratio drops rapidly be-
tween 6–10 nm [Fig. 5(f)], supporting the TAMR manipu-
lated by the exchange spring with �W of �7:8 nm. The
IrMn spins with the distance larger than this value cannot
be triggered by Co=Pt, producing both exchange spring
and bulk in the thick IrMn (Fig. S11 of [25]). The TAMR
decays slower when t ¼ 10–20 nm. This t-dependent ten-
dency could be explained by spin flipping in IrMn: strong
spin flipping occurs at the interface of exchange spring and
bulk, but it becomes weaker in the bulk [30]. Therefore, the
TAMR ratio dramatically drops when t increases just above
�W , and then slowly decreases.
In summary, our Letter verifies that the antiferromag-

netic moments in IrMn are persistently pinned along the
easy direction of IrMn with in-plane fields due to the
unidirectional anisotropy, whereas it is comparatively
easy to achieve partial rotation associated with PMA
Co=Pt with vertical fields. We demonstrate room-
temperature TAMR in AFM-based tunnel junctions, which
is due to two crucial aspects: superior thermal tolerance of
perpendicular exchange coupling and stable antiferromag-
netic moments in relatively thick IrMn (e.g., 6 nm).
Practical applications of AFM spintronics are expected
with a higher TAMR magnitude through optimizing the
structure of the present junctions.

FIG. 4 (color online). Magnetoresistance acquired by
(a) sweeping vertical and (b) parallel H at 4 K.
(c) Temperature dependent TAMR ratio with vertical (?, tri-
angles) and parallel (//, circles) fields. (d) The angular depen-
dence of resistances at 5 kOe at five typical temperatures.

FIG. 5 (color online). Magnetoresistance of the 4 nm IrMn
sample with H vertical to the films at (a) 4 K and (b) 300 K. The
signals measured in the sample with the 2 nm IrMn at (c) 4 K and
(d) 150 K. (e) t-dependent HC and HE at 4 K after a field-cooled
procedure. (f) t-dependent TAMR ratio at 300 K.
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