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We observed and studied pinned uncompensated magnetization in an antiferromagnet using magnetoresistance
measurements. For this, we developed antiferromagnet-ferromagnet spin valves (AFSVs) that consist of an
antiferromagnetic layer and a ferromagnetic one, separated by a nonmagnetic conducting spacer. In an AFSV,
the uncompensated magnetization in the antiferromagnet affects scattering of spin-polarized electrons giving rise
to giant magnetoresitance (GMR). By measuring angular dependence of AFSVs’ resistance, we detected pinned
uncompensated magnetization responsible for the exchange bias effect in an antiferromagnet-only exchange bias
system Cu/FeMn/Cu. The fact that GMR measured in this system persists up to 110 kOe indicates that the
scattering occurs on strongly pinned uncompensated magnetic moments in FeMn. This strong pinning can be
explained if this pinned uncompensated magnetization is a thermodynamically stable state and coupled to the
antiferromagnetic order parameter. Using the AFSV technique, we confirmed that the two interfaces between
FeMn and Cu are magnetically different: The uncompensated magnetization is pinned only at the interface with
the bottom Cu layer.
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I. Introduction. A combination of unique properties demon-
strated by antiferromagnets [1–3] stimulates the growing
interest towards their application in spintronics devices
[4–7]. Ability to characterize and tune magnetic properties
of antiferromagnets is essential for the future developments in
this field. However, there have been much fewer studies of an-
tiferromagnetic materials compared to those of ferromagnets.

Typically, the phenomenological description of a per-
fect antiferromagnet assumes that the neighboring magnetic
moments compensate each other, resulting in a zero total
magnetization in the bulk of the antiferromagnet. However,
even in a perfect antiferromagnet, the surface can lead to
formation of uncompensated magnetization [8–10]. This un-
compensated magnetization can play an important role in many
mesoscale magnetic phenomena [11] and proximity effects
in antiferromagnet-antiferromagnet [12,13], antiferromagnet-
superconductor [14,15], and especially antiferromagnet-
ferromagnet [16–18] systems. One of the manifestations of
the interaction in antiferromagnet-ferromagnet bilayers is
the exchange bias effect [19–21]. Many theoretical models
[19,22–27] of exchange bias assume that some uncompensated
magnetization at the interface between a ferromagnet and an
antiferromagnet are pinned after the sample is cooled down
through the blocking temperature. This pinned magnetization
produces an effective field yielding a shift of the hysteresis
loop. Different theoretical models propose different scenarios
for the origin of the uncompensated magnetization.

In the simplest scenario, the uncompensated magnetization
can happen at a crystal surface where the sublattices are not
presented equally, i.e., uncompensated surface. This produces
a net magnetization due to the dominating sublattice [8,9].
But even at the nominally “compensated” surface, i.e., when
the surface contains an equal number of spins from all
sublattices, net magnetization forms for certain types of
antiferromagnets [8,10]. In this case, the surface breaks the

symmetry between the sublattices, introducing an unbalanced
magnetization, thus, creating a macroscopic equilibrium state
with a net magnetization [8,10]. Since in both scenarios, the
magnetic moments contributing to the uncompensated mag-
netization are still a part of the antiferromagnetic sublattices,
this magnetization is strongly coupled to the bulk antiferro-
magnetic order. Moreover, reversal of this uncompensated
magnetization requires reversal of an entire antiferromagnetic
domain. As a result, this magnetization is strongly pinned
below the blocking temperature.

Magnetization originating from other sources, e.g., chemi-
cal disorder or defects [28] either at the surface or in the bulk
where the spins contributing to this magnetization are not an
integral part of either of the antiferromagnetic sublattices and
therefore can be pinned or unpinned. If this magnetization
is pinned, the pinning happens via interaction with the
surrounding magnetic moments in the antiferromagnet. But
in this case, even if the antiferromagnet has a high enough
anisotropy to create a substantial barrier for reversal of such
pinned magnetization, that reversal does not require reversal
of an entire antiferromagnetic domain. This is because in this
case, on a macroscopic scale, coupling of this magnetization
with the antiferromagnetic order parameter does not depend
on the sign of this magnetization, and, therefore, the states
with the opposite directions of the pinned magnetization have
the same energy. As a result, such pinned magnetization can
be reversed in a moderate magnetic field.

Typically, the pinned magnetization in an antiferromagnet
is a small fraction of the total uncompensated magnetiza-
tion [29,30]. This fact makes the detection of the pinned
magnetic moment an extremely challenging task. It may seem
that the “traditional” superconducting quantum interference
device (SQUID) or vibrating-sample magnetometer (VSM)
magnetometry is the most direct technique for the detec-
tion [27]. However, for the samples where full magnetic
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saturation cannot be achieved, it can be hard to untangle
reliably the horizontal shift of the hysteresis loop due to the
exchange bias and the vertical one due to the pinned magnetiza-
tion. In such cases, for proper extraction of pinned magnetiza-
tion magnitude, additional assumptions are required [31–34].
Hence, complementary techniques for detection of the uncom-
pensated magnetization in antiferromagnets, both pinned and
unpinned, have been utilized: polarized neutron reflectometry,
x-ray dichroism, magnetic force microscopy, and anomalous
Hall magnetometry [30,35–39].

In this Rapid Communication, we demonstrate an experi-
mental technique that enables studying the pinned uncompen-
sated magnetization while varying temperature and magnetic
field. This method relies on the special design of a spin valve
that consists of an antiferromagnetic layer and a ferromagnetic
one, separated by a thin nonmagnetic conducting spacer. The
spacer must be thick enough to ensure the absence of an
interlayer exchange coupling between the ferromagnet and
the antiferromagnet. We call these valves “antiferromagnet-
ferromagnet spin valves” (AFSVs) to emphasize their differ-
ence from the conventional giant magnetoresistance (GMR)
spin valves, which are typically composed of two dedicated
ferromagnetic layers separated by a conducting spacer.

Similarly to the conventional GMR spin valves, the
magnetization in the ferromagnetic layer of the AFSV is
free, whereas the pinned uncompensated magnetization in
the antiferromagnet is expected to play the role of the fixed
ferromagnetic layer. Hence, as in the conventional GMR spin
valves, the resistance of an AFSV must depend on the mutual
orientation of magnetization in the ferromagnetic layer and the
pinned uncompensated magnetization in the antiferromagnet.
Consequently, by measuring the angular dependences of the
AFSV resistance and subsequently extracting the GMR value,
one can obtain information about the direction and magnitude
of the pinned magnetization in the antiferromagnet.

It is noteworthy that, despite the obvious similarities
between conventional GMR spin valves and AFSVs, one
significant difference in their operations is expected. In the
conventional GMR spin valves, pinning of the fixed layer
usually is achieved by exchange biasing the layer with an
antiferromagnet. Hence, once the external magnetic field con-
siderably exceeds the exchange bias field, the magnetization
in the fixed layer starts reversing. As a result, the GMR
significantly decreases in high magnetic fields. In contrast, it
is expected that a magnetic field of the order of the interatomic
exchange field must be applied to rotate the strongly pinned
uncompensated magnetization in the antiferromagnetic layer
of the AFSVs. Thus, the characteristic feature expected from
the AFSVs is that GMR does not vanish even in very high
magnetic fields.

Whereas magnetoresistive measurements have previously
been used to study uncompensated magnetization in antiferro-
magnets [40–42], the focus of those studies and the capabilities
of those approaches were different. Our design of the AFSV
and measuring the angular dependence of its resistance enable
us to study pinned magnetization in very high magnetic fields.

II. Details of the experiment. Previously, we reported
the observation of exchange bias in multilayers composed
of antiferromagnetic FeMn and diamagnetic Cu [43]. The
analysis of the hysteresis loops showed that Cu was responsible

for the pinned uncompensated magnetization at the interface
between FeMn and Cu. The interaction of pinned and unpinned
uncompensated magnetizations results in exchange bias, de-
spite the multilayers not having a nominal ferromagnetic layer.
The same Cu/FeMn/Cu trilayers were chosen for studying
pinning of the uncompensated magnetization using the AFSV
technique.

Multilayers with structures Ta(5 nm)/Cu(5 nm)/Py(2
nm)/Cu(5 nm)/FeMn(5 nm)/Cu(5 nm)/Ta(5 nm) and Ta(5
nm)/Cu(5 nm)/FeMn(5 nm)/Cu(5 nm)/Py(2 nm)/Cu(5nm)/
Ta(5 nm) are fabricated using magnetron sputtering at room
temperature. Permalloy (Py) with the composition Ni0.81Fe0.19

is used as a ferromagnetic free layer. Ta/Cu at the bottom and
Cu/Ta at the top of the AFSVs are responsible for seeding and
for capping, respectively. The deposition rates are 1 Å/s for
Cu, Ta, and Py and 0.11 Å/s for FeMn. The AFSVs are cut into
stripes with dimensions of 12 mm × 2 mm and mounted on
a horizontal rotator. Thus, the external magnetic field is kept
parallel to the interfacial planes of the spin valves. The current
is passed along the long edge of the stripes. In the coordinate
system used for the angular-dependence measurements, the
zero angle corresponds to the orientation where the long
edge of the stripe is parallel to the external magnetic field. A
four-probe technique is used for the resistivity measurements
(Quantum Design PPMS - physical property measurement
system). Three parameters are varied in the magnetoresistance
measurements: the amplitude of the magnetic field during
the measurement (HMEAS), the amplitude (HCOOL) and the
direction (�COOL) of the external magnetic field in which the
valves are cooled down in preparation for the measurement. To
check that the deposition conditions yield Cu/FeMn/Cu with
the expected magnetic properties, another multilayer stack
with structure Ta(5 nm)/[FeMn(5 nm)/Cu(5 nm)]10/Ta(5 nm)
is prepared and characterized using magnetometry
(Quantum Design SQUID VSM). The hysteresis loop
for Ta(5nm)/[FeMn(5 nm)/Cu(5 nm)]10/Ta(5 nm) (Fig. 1)
demonstrates the same exchange bias shift and net
magnetization as those reported previously [43].

III. Py/Cu/FeMn/Cu AFSV. The angular dependences of
the resistance for the Ta(5-nm)/Cu(5-nm)/Py(2-nm)/Cu(5-
nm)/FeMn(5-nm)/Cu(5-nm)/Ta(5-nm) AFSV measured at
10 K in 200-Oe (open dots) and 70-kOe (solid dots) magnetic
fields after three different cooling procedures are shown
in Fig. 2. According to the first procedure, the AFSV
was cooled down from 300 K in a 70-kOe magnetic field
applied along the long edge of the AFSV (�COOL = 0◦). The
angular dependence of resistance measured after this cooling
procedure [Fig. 2(a)] has two peaks with maxima at 0° and
180°. It is noteworthy that these peaks are different. For the
measurement performed in 200 Oe, the resistance at 0° is
1.6 ± 0.1 m� smaller than that at 180°. Overall, for the mea-
surements performed in small (200-Oe) and large (70-kOe)
magnetic fields, the angle-dependent part of the resistivity
demonstrates harmonic behavior and can be presented as
a superposition of two components. The first component is
symmetric with respect to reversing the magnetic field and can
be parametrized as cos(2�), where � is the angle of rotation.
This component is due to anisotropic magnetoresistance of
Py [44]. The second component describes the asymmetry of the
resistance with respect to reversing the magnetic field during
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FIG. 1. Magnetic hysteresis loop of the Ta(5-nm)/[Cu
(5-nm)/FeMn(5-nm)]10/Ta(5-nm) stack measured at 10 K after a
70-kOe-magnetic-field cooling. The bottom-right inset shows the
central part of the loop with a clear indication of exchange bias shift.
The exchange bias field is HE = −985 Oe. The top-left inset depicts
the pinned and unpinned uncompensated magnetic moments inside
the FeMn layer; the compensated antiferromagnetic spin structure is
not shown.

the measurement and can be parametrized as cos(�). This
component is attributed to the GMR effect which is caused by

the scattering of electrons polarized by the free Py layer on the
uncompensated magnetic moments inside FeMn. To prove that
the asymmetry in the peak heights is due to the GMR effect
caused by the pinned uncompensated magnetic moments and
it is not an artifact of the measurements, such as a drift of the
signal, misalignment between the rotation plane and the AFSV
plane, the angular dependence of resistance was measured
after cooling the valve in a 70-kOe magnetic field applied
perpendicular to the current direction, i.e., at �COOL = 90◦
[Fig. 2(b)] and after zero-field cooling [Fig. 2(c)]. Figure. 2(b)
demonstrates that changing the direction of the cooling field to
�COOL = 90◦ yields equal resistances at 0° and 180°, whereas
a difference in resistances at 90° and 270° appears. This is
consistent with the proposed mechanism of GMR. Cooling the
sample at �COOL = 90◦ causes pinning of the uncompensated
magnetic moments in this direction, yielding GMR minimum
and maximum at 90° and 270°, respectively. Finally, cooling
down the AFSV in a zero magnetic field [Fig. 2(c)] does not
break the symmetry between the opposite directions, and,
as a result, GMR is absent. These measurements confirm
that the difference between resistances measured when the
measurement field is along and opposite to the cooling field
�R↑↓ is due to the GMR effect caused by the uncompensated
magnetization in FeMn that gets pinned after the AFSV is
cooled in a magnetic field.

As mentioned above, the uncompensated magnetization in
FeMn can be divided into two categories: pinned and unpinned.
In principle, for the angular dependences obtained in 200 Oe,

FIG. 2. Angular dependences of resistance of the Ta(5-nm)/Cu(5-nm)/Py(2-nm)/Cu(5-nm)/FeMn(5-nm)/Cu(5-nm)/Ta(5-nm) AFSV
measured in 200 Oe (black line/open dots) and 70 kOe (black line/solid dots) after the AFSV was cooled down from 300 K in (a)
HCOOL = 70 kOe,�COOL = 0◦; (b) HCOOL = 70 kOe, �COOL = 90◦; (c) HCOOL = 0 kOe. The zero angle corresponds to the orientation of
the AFSV where the current is parallel to the external magnetic field. (d) and (e) are schematics illustrating the structure of the AFSV and
scattering of polarized electrons on pinned uncompensated magnetic moments, respectively.
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FIG. 3. The difference in resistances measured at 180° and
0°, �R↑↓ at T = 10 K after field cooling at �COOL = 0◦

for the Ta(5-nm)/Cu(5-nm)/Py(2-nm)/Cu(5-nm)/FeMn(5-nm)/Cu(5-
nm)/Ta(5-nm) AFSV as a function of magnetic-field HMEAS applied
during the measurement.

the asymmetry of peaks could be explained without regard
for pinned uncompensated magnetization. It is reasonable to
assume that, due to local anisotropy, a part of the unpinned
uncompensated magnetic moments saturated by a 70-kOe
magnetic field cannot be reversed by a modest −200-Oe
magnetic field. Hence, these magnetic moments could be
responsible for the increased scattering when the AFSV is
rotated. At the same time, if the GMR signal were only due to
the remanence of the unpinned uncompensated magnetization
then the asymmetry would have disappeared when the valve
was rotated in a high magnetic field. Remarkably, as can be
seen in Figs. 2(a) and 2(b), the asymmetry is preserved even
for the measurements conducted in 70 kOe. Moreover, for the
HMEAS = 70 kOe measurements, �R↑↓ = 1 ± 0.1 m�, which
is only 40% smaller than �R↑↓ measured in a 200-Oe magnetic
field. At this high field, all unpinned uncompensated magnetic
moments are aligned along the magnetization of the free Py
layer in the 70-kOe magnetic field. This observation confirms
that the scattering on the pinned uncompensated magnetization
plays the dominant role in the observed GMR effect.

The giant magnetoresistance �R↑↓ in the first approx-
imation is proportional to the density of scattering cen-
ters or pinned uncompensated magnetization. It means that
GMR of an AFSV can serve for qualitative and, to some
extent, quantitative estimations of pinned uncompensated
magnetization at the surface of the antiferromagnet under
different conditions: magnetic field, temperature, or field-
cooling procedure. To evaluate qualitatively how the external
magnetic field breaks the pinning of uncompensated magneti-
zation, the Ta(5-nm)/Cu(5-nm)/Py(2-nm)/Cu(5-nm)/FeMn(5-
nm)/Cu(5-nm)/Ta(5-nm) AFSV was cooled down from 300 K
in a 70-kOe magnetic field, and then a set of R(�) dependences
was measured at 10 K in different external magnetic fields. The
resulting �R↑↓(HMEAS) dependence is presented in Fig. 3. As
has already been pointed out, �R↑↓ does not go to zero even
in a 110-kOe magnetic field, which confirms the presence of
strongly pinned magnetic moments. A naive expectation would
be that �R↑↓ should decrease more rapidly in higher fields,
thus, indicating that the magnetic field breaks the pinning.

As can be seen in Fig. 3, the opposite trend is observed:
the slope of �R↑↓(HMEAS) decreases after HMEAS exceeds
HCOOL. Again, the hysteresis loop for the FeMn/Cu multilayer
stack (Fig. 1) demonstrates a significant coercive field of 2.3
kOe, and hence, it would be reasonable to assume that upon
rotation of the AFSV in 200 Oe even unpinned magnetization
could contribute to the scattering, thus, increasing �R↑↓ at
HMEAS = 200 Oe. However, this was not observed in the
experiment. In our previous work [43], we showed that the
majority of the pinned uncompensated magnetic moments
are located at the interfaces between FeMn and Cu, whereas
the unpinned magnetic moments are uniformly distributed
within the FeMn layer. This means that GMR effect in this
particular AFSV is caused mostly by the strongly pinned
magnetic moments located at the interface, whereas the
unpinned uncompensated magnetic moments in the bulk of
the FeMn layer are screened by the surface pinned magnetic
moments and, hence, do not significantly affect the electron
scattering.

IV. Cu/FeMn/Cu/Py AFSV. A recent combined neutron and
x-ray reflectometry study revealed that FeMn is not chemically
homogeneous across the FeMn layer thickness [45]. Refine-
ment of the reflectometry data revealed that FeMn located
near the interface with the bottom Cu layer has an increased
content of Mn. That is, structurally, the top and bottom
interfaces with Cu are not identical. Moreover, the comparative
magnetometry studies of Cu/FeMn/Cu and FeMn/Cu films
have suggested that that the pinning of the uncompensated
magnetization happens only at the bottom interface with
Cu [45]. To verify this fact, in addition to Py/Cu/FeMn/Cu, the
Cu/FeMn/Cu/Py AFSV with the Ta(5-nm)/Cu(5-nm)/FeMn(5-
nm)/Cu(5-nm)/Py(2-nm)/Cu(5-nm)/Ta(5-nm) structure was
fabricated. For this AFSV, most of the scattering should
occur at the top, FeMn/Cu, interface. The same measurement
procedures as before were used for this sample. Figure 4(a)
shows the angular dependence of resistance measured at 10 K
in 70 kOe after cooling down from 300 K in a 70-kOe magnetic
field applied along the current direction (�COOL = 0◦). In
contrast to the Py/Cu/FeMn/Cu AFSV where the difference
in resistance at 0° and 180° is very pronounced [Fig. 2(a)], for
the Cu/FeMn/Cu/Py AFSV, �R is present, but it is almost
an order of magnitude smaller: 0.16 ± 0.1 m� [Fig. 4(a)
inset].

There could be two possible mechanisms responsible for
this weak but nonzero GMR observed in the Cu/FeMn/Cu/Py
AFSV. First, a small fraction of the pinned uncompensated
magnetization might be in the bulk of the FeMn layer, causing
a weak GMR effect. Second, since the thickness of FeMn is
only 5 nm, which is comparable to the spin-diffusion length
in this material (1.8 ± 0.5 nm) [46], a small fraction of
polarized electrons can penetrate through the FeMn layer,
scattering on the strongly pinned magnetic moments at the
bottom, Cu/FeMn, interface. To determine which of these two
mechanisms is responsible for the scattering, the magnetore-
sistance of the AFSV as a function of FeMn thickness will be
investigated in the future. Even though the exact mechanism of
the weak GMR demonstrated by the Cu/FeMn/Cu/Py AFSV
is yet to be proven, an order-of-magnitude-smaller GMR for
this AFSV, as compared to that for the Py/Cu/FeMn/Cu AFSV,
unambiguously proves that the pinned magnetization at the top,
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FIG. 4. (a) Angular dependence of the resistance of the
Ta(5-nm)/Cu(5-nm)/FeMn(5-nm)/Cu(5-nm)/Py(2-nm)/Cu(5-nm)/Ta
(5-nm) AFSV measured in 70 kOe after the AFSV was cooled
down in HCOOL = 70 kOe applied at �COOL = 0◦. The inset in
the top-right corner shows the magnified peaks. (b) and (c) are
schematics illustrating the scattering of polarized electrons at the
Cu/FeMn interface and the structure of the AFSV, respectively.

FeMn/Cu, interface is zero or much smaller than the pinned
magnetization at the bottom, Cu/FeMn, interface.

V. Conclusion. To summarize, a new spin valve technique
has been developed and applied to study the pinning of the un-
compensated magnetization in the Cu/FeMn/Cu exchange bias
system. The special design of the spin valve combined with
measuring the angular dependence of the resistance allowed
us to demonstrate that the strongly pinned magnetization in
antiferromagnetic FeMn cannot be reversed even by applying a
magnetic field as high as 110 kOe. Persistence of the pinning in
a high field can be explained only if the pinned uncompensated
magnetization originates from the antiferromagnetic sublat-
tices (also discussed in Ref. [45]). This pinned uncompensated
magnetization at the Cu/FeMn interface is an equilibrium
property of the system and does not originate from defects
or other nonequilibrium sources of uncompensated magneti-
zation [47]. Comparison of the magnetoresistances measured
for the Py/Cu/FeMn/Cu and Cu/FeMn/Cu/Py AFSVs revealed
that strongly pinned uncompensated magnetization forms
primarily at the bottom, Cu/FeMn, interface. We believe
that the proposed AFSV technique can be extremely useful
for detection and studies of uncompensated magnetization
in antiferromagnets. The proposed technique can be utilized
as a platform for development of new antiferromagnet-based
spin valves for applications in magnetic-field sensors and data
storage.

Acknowledgments. Work was supported by the United
States Department of Energy Office of Science, Basic En-
ergy Sciences, Material Sciences and Engineering Division.
P.N.L. also received partial support from Texas A&M Uni-
versity. We acknowledge inspiring discussions with K. D.
Belashchenko and thank him for critical reading of the
manuscript.

[1] A. V. Kimel, A. Kirilyuk, A. Tsvetkov, R. V. Pisarev, and T.
Rasing, Nature (London) 429, 850 (2004).

[2] F. Manfred, D. Nguyen Phuc, S. Takuya, B. V. A. Bas, M.
Kenjiro, T. Yasuhide, and T. Yoshinori, J. Phys. D: Appl. Phys.
41, 164005 (2008).

[3] R. Cheng, J. Xiao, Q. Niu, and A. Brataas, Phys. Rev. Lett. 113,
057601 (2014).

[4] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and Y.
Tserkovnyak, arXiv:1606.04284.

[5] V. Schuler, K. Olejnik, X. Marti, V. Novak, P. Wadley, R. P.
Campion, K. W. Edmonds, B. L. Gallagher, J. Garces, M. Baum-
gartner, P. Gambardella, and T. Jungwirth, arXiv:1608.03238.

[6] P. Wadley, B. Howells, J. Železný, C. Andrews, V. Hills, R. P.
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[23] L. Néel, Ann. Phys. (Paris) 2, 61 (1967).
[24] A. P. Malozemoff, Phys. Rev. B 35, 3679 (1987).

020409-5

https://doi.org/10.1038/nature02659
https://doi.org/10.1038/nature02659
https://doi.org/10.1038/nature02659
https://doi.org/10.1038/nature02659
https://doi.org/10.1088/0022-3727/41/16/164005
https://doi.org/10.1088/0022-3727/41/16/164005
https://doi.org/10.1088/0022-3727/41/16/164005
https://doi.org/10.1088/0022-3727/41/16/164005
https://doi.org/10.1103/PhysRevLett.113.057601
https://doi.org/10.1103/PhysRevLett.113.057601
https://doi.org/10.1103/PhysRevLett.113.057601
https://doi.org/10.1103/PhysRevLett.113.057601
http://arxiv.org/abs/arXiv:1606.04284
http://arxiv.org/abs/arXiv:1608.03238
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1063/1.4943758
https://doi.org/10.1063/1.4943758
https://doi.org/10.1063/1.4943758
https://doi.org/10.1063/1.4943758
https://doi.org/10.1103/PhysRevLett.105.147204
https://doi.org/10.1103/PhysRevLett.105.147204
https://doi.org/10.1103/PhysRevLett.105.147204
https://doi.org/10.1103/PhysRevLett.105.147204
https://doi.org/10.1063/1.4913594
https://doi.org/10.1063/1.4913594
https://doi.org/10.1063/1.4913594
https://doi.org/10.1063/1.4913594
https://doi.org/10.1134/1.566978
https://doi.org/10.1134/1.566978
https://doi.org/10.1134/1.566978
https://doi.org/10.1134/1.566978
https://doi.org/10.1557/mrs.2015.264
https://doi.org/10.1557/mrs.2015.264
https://doi.org/10.1557/mrs.2015.264
https://doi.org/10.1557/mrs.2015.264
https://doi.org/10.1088/0022-3727/48/2/025002
https://doi.org/10.1088/0022-3727/48/2/025002
https://doi.org/10.1088/0022-3727/48/2/025002
https://doi.org/10.1088/0022-3727/48/2/025002
https://doi.org/10.1021/ic302384j
https://doi.org/10.1021/ic302384j
https://doi.org/10.1021/ic302384j
https://doi.org/10.1021/ic302384j
https://doi.org/10.1103/PhysRevB.68.144517
https://doi.org/10.1103/PhysRevB.68.144517
https://doi.org/10.1103/PhysRevB.68.144517
https://doi.org/10.1103/PhysRevB.68.144517
https://doi.org/10.1088/0953-8984/14/37/305
https://doi.org/10.1088/0953-8984/14/37/305
https://doi.org/10.1088/0953-8984/14/37/305
https://doi.org/10.1088/0953-8984/14/37/305
https://doi.org/10.1103/PhysRevLett.84.6102
https://doi.org/10.1103/PhysRevLett.84.6102
https://doi.org/10.1103/PhysRevLett.84.6102
https://doi.org/10.1103/PhysRevLett.84.6102
https://doi.org/10.1103/PhysRevLett.98.237201
https://doi.org/10.1103/PhysRevLett.98.237201
https://doi.org/10.1103/PhysRevLett.98.237201
https://doi.org/10.1103/PhysRevLett.98.237201
https://doi.org/10.1209/epl/i2005-10078-2
https://doi.org/10.1209/epl/i2005-10078-2
https://doi.org/10.1209/epl/i2005-10078-2
https://doi.org/10.1209/epl/i2005-10078-2
https://doi.org/10.1103/PhysRev.105.904
https://doi.org/10.1103/PhysRev.105.904
https://doi.org/10.1103/PhysRev.105.904
https://doi.org/10.1103/PhysRev.105.904
https://doi.org/10.1016/S0304-8853(98)00266-2
https://doi.org/10.1016/S0304-8853(98)00266-2
https://doi.org/10.1016/S0304-8853(98)00266-2
https://doi.org/10.1016/S0304-8853(98)00266-2
https://doi.org/10.1016/S0304-8853(99)00453-9
https://doi.org/10.1016/S0304-8853(99)00453-9
https://doi.org/10.1016/S0304-8853(99)00453-9
https://doi.org/10.1016/S0304-8853(99)00453-9
https://doi.org/10.1103/PhysRevB.69.064405
https://doi.org/10.1103/PhysRevB.69.064405
https://doi.org/10.1103/PhysRevB.69.064405
https://doi.org/10.1103/PhysRevB.69.064405
https://doi.org/10.1103/PhysRevB.35.3679
https://doi.org/10.1103/PhysRevB.35.3679
https://doi.org/10.1103/PhysRevB.35.3679
https://doi.org/10.1103/PhysRevB.35.3679


RAPID COMMUNICATIONS

PAVEL N. LAPA et al. PHYSICAL REVIEW B 95, 020409(R) (2017)

[25] D. Mauri, H. C. Siegmann, P. S. Bagus, and E. Kay, J. Appl.
Phys. 62, 3047 (1987).

[26] M. Kiwi, J. Magn. Magn. Mater. 234, 584 (2001).
[27] J. Nogues, C. Leighton, and I. K. Schuller, Phys. Rev. B 61,

1315 (2000).
[28] Z. Mao, X. Zhan, and X. Chen, J. Phys.: Condens. Matter. 24,

276002 (2012).
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