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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 (AFSV) that consist of an antiferromagnetic
layer and a ferromagnetic one, separated by a non-magnetic 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.

I. INTRODUCTION
A combination of unique properties demonstrated by antiferromagnets'” stimulates the growing interest towards their
application in spintronics devices.*” 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 antiferromagnetic materials compared

to those of ferromagnets.

Typically, the phenomenological description of a perfect 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 magnetiza‘[ion.&10 This uncompensated

magnetization can play an important role in many mesoscale magnetic phenomena'' and proximity effects in
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antiferromagnet-antiferromagnet, antiferromagnet-superconductor,' ' and especially antiferromagnet-ferromagnet'’

systems. One of the manifestations of the interaction in antiferromagnet-ferromagnet bilayers is the exchange bias effect.'®**

23-26

Many theoretical models 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.” ** But
even at the nominally “compensated” surface, i.e., when the surface contains equal number of spins from all sublattices, net
magnetization forms for certain types of antiferromagnets.® '° 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.* '° Since in both scenarios, the magnetic moments contributing to the uncompensated magnetization are still a
part of the antiferromagnetic sublattices, this magnetization is strongly coupled to the bulk antiferromagnetic 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.

1920 oither at the surface or in the

Magnetization originating from other sources, e.g., chemical disorder or defects,
“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 magnetization.”
This fact makes the detection of the pinned magnetic moment an extremely challenging task. It may seem that the
“traditional” SQUID or VSM magnetometry is the most direct technique for the detection.*® However, for the samples where
full magnetic 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 magnetization. In such cases, for proper extraction of pinned
magnetization magnitude, additional assumptions are required.’'** Hence, complementary techniques for detection of the
uncompensated magnetization in antiferromagnets, both pinned and unpinned, have been utilized: polarized neutron

reflectometry, x-ray dichroism, and anomalous Hall magnetometry.>>’
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In this manuscript, we demonstrate a new experimental technique that enables to study the pinned uncompensated
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 non-magnetic 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” (AFSV) to emphasize their difference 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 AFSV is free, while 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 is usually achieved
by exchange biasing the layer with an antiferromagnet. Hence, once the external magnetic field considerably 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 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 been previously used to study uncompensated magnetization in
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antiferromagnets, the focus of those studies and the capabilities of those approaches were different. Our design of AFSV

and measuring the angular dependence of its resistance enable us to study pinned magnetization in very high magnetic fields.

II. DETAIL OF THE EXPERIMENT
Previously, we reported the observation of exchange bias in multilayers composed of antiferromagnetic FeMn and
diamagnetic Cu.** 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 magnetization
results in exchange bias, despite 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.
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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 NijgFe, 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 A/sec for Cu, Ta, and
Py; and 0.11 A/sec for FeMn. The AFSVs are cut into stripes with dimensions of 12 mmx2 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). Three parameters are varied in the
magnetoresistance measurements: the amplitude of the magnetic field during the measurement (Hygas), the amplitude
(Hcoor) and the direction (@coor) 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)];¢/Ta(5 nm) is prepared and characterized using
magnetometry (Quantum Design SQUID VSM). The hysteresis loop for Ta(5 nm)/[FeMn(5 nm)/Cu(5 nm)];o/Ta(5 nm) (Fig.

1) demonstrates the same exchange bias shift and net magnetization as those reported previously.**

II1. 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 70 kOe
magnetic field applied along the long edge of the AFSV (®coo =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 mQ smaller than that at 180°. Overall, for the
measurements 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(20), where © is the angle of rotation.
This component is due to anisotropic magnetoresistance of Py.* The second component describes the asymmetry of the
resistance with respect to reversing the magnetic field during the measurement and can be parameterized 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 of the rotation plane and the AFSV plane, the angular dependence of resistance was measured after
cooling the valve in 70 kOe magnetic field applied perpendicular to the current direction, i.e., at ®coo =90° [Fig. 2(b)], and
after zero field cooling [Fig. 2(c)]. Fig. 2(b) demonstrates that changing the direction of the cooling field to ®coo=90° yields
equal resistances at 0° and 180°, while a difference in resistances at 90° and 270° appears. This is consistent with the
proposed mechanism of GMR. Cooling the sample at ®coor=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 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, AR;, is due to the GMR effect caused by the uncompensated magnetization in FeMn that get

pinned after the AFSV is cooled in 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, the asymmetry of peaks could be explained without
regard of 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 high magnetic field. Remarkably, as it can be seen in Fig.
2(a) and (b), the asymmetry is preserved even for the measurements conducted in 70 kOe. Moreover, for the Hypas=70 kOe
measurements, AR; =1+0.1 mQ, which is only 40 % smaller than AR, measured in 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, AR;|, in the first approximation, is proportional to the density of scattering centers or
pinned uncompensated magnetization. It means that GMR of an AFSV can serve for qualitative and, to some extent,
quantitative estimation 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 magnetization, 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 70 kOe magnetic field, and then a set of R(®) dependences was



measured at 10 K in different external magnetic fields. The resulting AR; (Hyeas) dependence is presented in Fig. 3. As it has
been already pointed out, AR;; does not go to zero even in 110 kOe magnetic field which confirms the presence of strongly
pinned magnetic moments. A naive expectation would be that AR, should decrease more rapidly in higher fields, thus,
indicating that the magnetic field breaks the pinning. As it can be seen in Fig. 3, the opposite trend is observed: the slope of
AR (Humeas) decreases after Hygas exceeds Hepor. 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 AR;; at Hygas=200 Oe.
However, this was not observed in the experiment. In our previous work,* we showed that that the majority of the pinned
uncompensated magnetic moments are located at the interfaces between FeMn and Cu, while the unpinned magnetic
moments are uniformly distributed within the FeMn layer. This means that GMR effect in this particular AFSV is mostly
caused by the strongly pinned magnetic moments located at the interface, while 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

Recent combined neutron and x-ray reflectometry study revealed that FeMn is not chemically homogeneous across the
FeMn layer thickness.*® Refinement 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 has suggested that that the pinning of
the uncompensated magnetization happens only at the bottom interface with Cu.*® To verify this fact, in addition to
Py/Cu/FeMn/Cu, the Cu/FeMn/Cu/Py AFSV with 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. Fig. 4(a) shows the angular dependence of resistance measured
at 10 K in 70 kOe after cooling down from 300 K in 70 kOe magnetic field applied along the current direction (@coor=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, AR is present but it is almost an order of magnitude smaller: 0.16+0.1 mQ [Fig. 4(a) inset].

There could be two possible mechanisms responsible for this weak but non-zero 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),"’ 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 are
responsible for the scattering, the magnetoresistance 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, FeMn/Cu interface is zero or much smaller than the pinned magnetization at

the bottom, Cu/FeMn interface.
IV. CONCLUSION

In summary, a new spin valve technique has been developed and applied to study the pinning of the uncompensated
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 magnetic field as high as 110 kOe. Persistence of the pinning in high field can be
explained only if the pinned uncompensated magnetization originates from the antiferromagnetic sublattices (also discussed
in Ref. [46]). This pinned uncompensated magnetization at the Cu/FeMn interface is an equilibrium property of the system
and does not originate from defects or other non-equilibrium sources of uncompensated magnetization.* 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.
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FIG. 1. Magnetic hysteresis loop of the Ta(5 nm)/[Cu(5 nm)/FeMn(5 nm)],o/Ta(5 nm) stack measured at 10 K after 70 kOe magnetic field
cooling. The bottom-right inset shows the central part of the loop with a clear indication of exchange bias shift. Exchange bias field is Hg=-
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.
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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) Hcoo =70
kOe, Ocoor=0°; b) Hcoor=70 kOe, ®coor=90°; ¢) HcooL=0 kOe. 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°, AR;, at T=10 K after field cooling at oo =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, Hygas, applied during the measurement.
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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: Hcoo =70 kOe applied at ®@coo=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.
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