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Antiferromagnetic spintronics (ASPIN)

Work package 1, Deliverable D1.2:
Report on XMLD-PEEM measurements of electrical-pulse induced

domain reconfigurations

This report summarizes the work of the ASPIN project consortium on X-ray magnetic linear
dichroism measurements of Néel vector reorientations and domain reconfigurations in CuMnAs. We
give references to the corresponding publications featuring details of these results and list the con-
tributing teams from the consortium comprising: Institute of Physics in Prague (IOP), University of
Nottingham (NOT), Max-Planck Institutes (MPG), IGS Ltd. (IGS), Charles University in Prague
(CHU), Johannes Gutenberg University in Mainz (JGU).
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1 Imaging Current-Induced Switching of Antiferromagnetic Domains
in CuMnAs

Contributing teams: NOT, IOP
The magnetic order in antiferromagnetic materials is hard to control with external magnetic fields.

Using x-ray magnetic linear dichroism microscopy, we show in this work [1] that staggered effective
fields generated by electrical current can induce modification of the antiferromagnetic domain structure
in microdevices fabricated from a tetragonal CuMnAs thin film. A clear correlation between the
average domain orientation and the anisotropy of the electrical resistance is demonstrated, with both
showing reproducible switching in response to orthogonally applied current pulses. However, the
behavior is inhomogeneous at the submicron level, highlighting the complex nature of the switching
process in multidomain antiferromagnetic films (see Fig. 1).

2 Current polarity-dependent manipulation of antiferromagnetic do-
mains

Contributing teams: NOT, IOP
Antiferromagnets have several favourable properties as active elements in spintronic devices, in-

cluding ultra-fast dynamics, zero stray fields and insensitivity to external magnetic fields. Tetragonal
CuMnAs is a testbed system in which the antiferromagnetic order parameter can be switched re-
versibly at ambient conditions using electrical currents. In previous experiments, orthogonal in-plane
current pulses were used to induce 90deg rotations of antiferromagnetic domains and demonstrate the
operation of all-electrical memory bits in a multi-terminal geometry. In this work [2] we demonstrate
that antiferromagnetic domain walls can be manipulated to realize stable and reproducible domain
changes using only two electrical contacts. This is achieved by using the polarity of the current to
switch the sign of the current-induced effective field acting on the antiferromagnetic sublattices. The
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Fig. 1(d), due to the transverse AMR [7,12,14]. Electrical
current pulsing and probing were performed in situ inside
the PEEM chamber.
The PEEM measurements were performed at room

temperature on beam line I06 at the Diamond Light
Source. The x-ray beam was incident at 16° from the
sample surface, with its polarization vector in the plane of
the film along one of its h110i axes [Fig. 1(e)]. XMLD
contrast was obtained by taking PEEM images with x-ray
energy at the Mn L3 absorption edge (E 1) and at 0.9 eV
below the edge (E 2). These correspond to the peak and the
valley of the Mn L3XMLD spectrum, resulting in a ≈1%
difference in absorption between regions with spin axis
parallel or perpendicular to the x-ray polarization vector
[23]. The x-ray absorption and XMLD spectra are shown in
the Supplemental Material [24]. The XMLD-PEEM
images were obtained by calculating the asymmetry,

½IðE 1Þ − IðE 2Þ$=½IðE 1Þ þ IðE 2Þ$, where IðE 1;2Þ are the
measured intensities at the two energies.
Figure 2(a) shows an XMLD-PEEM image taken from

the central region of the CuMnAs device with 10 μm field
of view. Submicron scale contrast is observed. The

FIG. 1. (a) Optical micrograph of the CuMnAs cross device.
(b), (c) The two current pulse geometries used. The arrows
represent the current directions, and the contours are the
electrostatic potential distribution obtained by finite-element
calculation. (d) Geometry used for probing the magnetic state
electrically. The two magnetic states set by the current pulses,
illustrated by double-headed arrows, result in opposite-in-sign
transverse voltages ðVþ − V−Þ due to the AMR. (e) Geometry
used for the XMLD-PEEM measurements. X rays are incident at
16° to the sample surface, with polarization vector s in the plane
of the film.
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FIG. 2. (a) XMLD-PEEM image, with 10 μm field of view,
taken over the central section of the device. The white region
marked “x” corresponds to a defect on the device surface.
(b) Difference between XMLD-PEEM images taken after apply-
ing alternate orthogonal current pulse trains of 6.1 MAcm−2.
(c) Spatially averaged XMLD signal after each pulse train. Open
and filled symbols represent the two orthogonal pulse directions.
(d), (e) As for (c), but for the 200 × 200 nm2 regions marked by
green and pink squares in (a), respectively. (f) Change in the
transverse resistance following the same pulse sequence. A
constant offset due to a small misalignment of voltage probes
was subtracted from the transverse resistance signal. (g) XMLD
intensity distribution after applying current pulses in the two
configurations. The difference between the two distributions is
shown by the open symbols. (h) Change in the XMLD intensity
distribution for different pulse amplitudes. The points are the
measured data and the lines are fits to the sum of two Gaussians.
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Figure 1: Comparison of XMLD-PEEM and resistance measurements of the electrically induced multi-
domain reconfiguration in CaMnAs [1].

resulting reversible domain and domain wall reconfigurations are imaged using X-ray magnetic linear
dichroism combined with photoemission electron microscopy (XMLD-PEEM), and can also be de-
tected electrically. Switching by domain-wall motion can occur at much lower current densities than
those needed for coherent domain switching (see Figs. 2-4).
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Fig. 2 | Antiferromagnetic domain switching by current-induced domain-wall motion. a–d, XPEEM images (4!μ m ×  4!μ m) of an antiferromagnetic domain 
structure located along one of the arms of the CuMnAs cross, obtained with E!||![1 ̄10] axis (a,b) and E!||![100] axis (c,d), after applying current pulses (J) 
in the directions shown at the top of the figure. The red double-headed arrows indicate the local orientation of the staggered magnetization, as inferred 
from the XPEEM images. The dashed red line in c and d marks the domain wall that is affected by the current pulse. The purple single- and double-headed 
arrows to the left of the figure indicate the in-plane projection of the X-ray propagation vector and the X-ray polarization vector, respectively. e, Difference 
between the images shown in panels a and b. f, Difference between the images shown in panels c and d. g, Same as for a,b but for several reversals of the 
polarity of the current pulse. h, Dependence of the average change in signal on the current density of the pulse, for a fixed pulse duration of 2.5!ms.
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Fig. 3 | Dependence on the direction of the current pulse. a, Illustration of the current pulse sequence. b, Expanded views of the 2!μ m ×  2!μ m region 
marked by the orange square in Fig. 1c, after applying current pulses in the directions shown schematically in a. c, Difference between the two magnetic 
domain images shown directly above in b. d, Expanded views of the 2!μ m ×  2!μ m region marked by the green square in Fig. 1c, after applying current pulses 
in the directions shown schematically in a. e, Difference between the two magnetic domain images shown directly above in d. The red lines in b and d mark 
the 50% contour between the black–white regions. The double-headed arrows represent the staggered magnetization orientation within each domain.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 2: XMLD-PEEM images of antiferromagnetic domain switching by current-induced domain-
wall motion [2].
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Fig. 2 | Antiferromagnetic domain switching by current-induced domain-wall motion. a–d, XPEEM images (4!μ m ×  4!μ m) of an antiferromagnetic domain 
structure located along one of the arms of the CuMnAs cross, obtained with E!||![1 ̄10] axis (a,b) and E!||![100] axis (c,d), after applying current pulses (J) 
in the directions shown at the top of the figure. The red double-headed arrows indicate the local orientation of the staggered magnetization, as inferred 
from the XPEEM images. The dashed red line in c and d marks the domain wall that is affected by the current pulse. The purple single- and double-headed 
arrows to the left of the figure indicate the in-plane projection of the X-ray propagation vector and the X-ray polarization vector, respectively. e, Difference 
between the images shown in panels a and b. f, Difference between the images shown in panels c and d. g, Same as for a,b but for several reversals of the 
polarity of the current pulse. h, Dependence of the average change in signal on the current density of the pulse, for a fixed pulse duration of 2.5!ms.
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Fig. 3 | Dependence on the direction of the current pulse. a, Illustration of the current pulse sequence. b, Expanded views of the 2!μ m ×  2!μ m region 
marked by the orange square in Fig. 1c, after applying current pulses in the directions shown schematically in a. c, Difference between the two magnetic 
domain images shown directly above in b. d, Expanded views of the 2!μ m ×  2!μ m region marked by the green square in Fig. 1c, after applying current pulses 
in the directions shown schematically in a. e, Difference between the two magnetic domain images shown directly above in d. The red lines in b and d mark 
the 50% contour between the black–white regions. The double-headed arrows represent the staggered magnetization orientation within each domain.
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Figure 3: XMLD-PEEM images of the dependence on the direction of the current pulses [2].
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suggests that the pinning of domain walls plays an important role, 
for example because of local defects and strains. The underlying 
pinning mechanisms may differ considerably from those in ferro-
magnetic domain walls; for example, stray-field effects are much 
weaker, while magnetoelastic and strain effects may be much more 
important. Both strain and the magnetoelastic constant should be 
readily influenced by varying the substrate lattice parameters and/
or chemical composition. Elucidation of these mechanisms will aid 
in designing ultrafast, high-efficiency spintronics devices based on 
antiferromagnetic domain-wall movement.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0079-1.

Received: 7 November 2017; Accepted: 25 January 2018;  
Published online: 12 March 2018

References
 1. Jungwirth, T., Marti, X., Wadley, P. & Wunderlich, J. Antiferromagnetic 

spintronics. Nat. Nanotech. 11, 231–241 (2016).
 2. Wadley, P. et al. Electrical switching of an antiferromagnet. Science 351, 

587–590 (2016).
 3. Olejník, K. et al. Antiferromagnetic CuMnAs multi-level memory  

cell with microelectronic compatibility. Nat. Commun. 8,  
15434 (2017).

 4. Parkin, S. S. P., Hayashi, M. & Thomas, L. Magnetic domain-wall racetrack 
memory. Science 320, 190–194 (2008).

 5. Zhang, X., Liu, Q., Luo, J.-W., Freeman, A. J. & Zunger, A. Hidden spin 
polarization in inversion-symmetric bulk crystals. Nat. Phys. 10,  
387–393 (2014).

 6. Železný, J. et al. Relativistic Néel-order fields induced by electrical current in 
antiferromagnets. Phys. Rev. Lett. 113, 157201 (2014).

 7. Wadley, P. et al. Tetragonal phase of epitaxial room-temperature 
antiferromagnet CuMnAs. Nat. Commun. 4, 2322 (2013).

 8. Grzybowski, M. J. et al. Imaging current-induced switching of 
antiferromagnetic domains in CuMnAs. Phys. Rev. Lett. 118,  
057701 (2017).

 9. Bodnar, S. Yu. et al. Writing and reading antiferromagnetic Mn2Au: Néel 
spin–orbit torques and large anisotropic magnetoresistance. Nat. Commun. 9, 
348 (2018).

 10. Meinert, M., Graulich, D. & Matalla-Wagner, T. Key role of thermal 
activation in the electrical switching of antiferromagnetic Mn2Au. Preprint  
at http://lanl.arxiv.org/abs/1706.06983 (2017).

 11. Olejnik, K. et al. THz electrical writing speed in an antiferromagnetic 
memory. Science Advances (in the press); https://arxiv.org/abs/1711.08444.

 12. Gomonay, O., Jungwirth, T. & Sinova, J. High antiferromagnetic domain  
wall velocity induced by Néel spin-orbit torques. Phys. Rev. Lett. 117,  
017202 (2016).

 13. Roy, P. E., Otxoa, R. M. & Wunderlich, J. Robust picosecond writing of  
a layered antiferromagnet by staggered spin-orbit fields. Phys. Rev. B 94, 
014439 (2016).

 14. Wadley, P. et al. Antiferromagnetic structure in tetragonal CuMnAs thin 
films. Sci. Rep. 5, 17079 (2015).

 15. Shiino, T. et al. Antiferromagnetic domain wall motion driven by spin–orbit 
torques. Phys. Rev. Lett. 117, 087203 (2016).

 16. Selzer, S., Atxitia, U., Ritzmann, U., Hinzke, D. & Nowak, U. Inertia-free 
thermally driven domain-wall motion in antiferromagnets. Phys. Rev. Lett. 
117, 107201 (2016).

 17. van der Laan, G., Telling, N. D., Potenza, A., Dhesi, S. S. & Arenholz, E. 
Anisotropic X-ray magnetic linear dichroism and spectromicroscopy of 
interfacial Co/NiO(001). Phys. Rev. B 83, 064409 (2011).

 18. Wadley, P. et al. Control of antiferromagnetic spin axis orientation in bilayer 
Fe/CuMnAs films. Sci. Rep. 7, 11147 (2017).

Acknowledgements
We thank the Diamond Light Source for the allocation of beam time under Proposal 
no. SI16376-1. This work was supported by the Engineering and Physical Sciences 
Research Council (grant number EP/P019749/1), National Science Centre, Poland 
(grant 2016/21/N/ST3/03380), the Ministry of Education of the Czech Republic Grants 
no. LM2015087 and no. LNSM-LNSpin, the Czech National Science Foundation Grant 
no. 14-37427, the EU FET Open RIA Grant no. 766566 and the ERC Synergy Grant 
no. 610115. P.W. acknowledges support from the Royal Society through a University 
Research Fellowship.

Author contributions
P.W., K.W.E., B.L.G., J.W. and T.J. were responsible for the experimental concept and 
design. K.W.E. and P.W provided experimental coordination of the project. R.P.C. 
and V.N. performed the material growth. J.S.C., P.W. and C.A. provided device design 
and photolithography of devices. S.R., M.J.G., K.W.E, P.W., F.M. and S.S.D. performed 
XMLD-PEEM measurements and analysis of results. S.R. performed electrical transport 
measurements and analysis. M.W. supplied magnetometry measurements of the materials. 
All authors contributed to the interpretation of the results and writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41565-018-0079-1.
Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to P.W.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

0 1,000 2,000 3,000 4,000 5,000
–10

–5

0

5

10

R
T
 (

m
Ω)

 
Time (s)

–30

0

30

I p
ul

se
 (

m
A

)

15 20 25 30 35
0

2

4

6

8

10

12

∆R
 (

m
Ω)

Ipulse (mA)

a b c

RT

RL

Ipulse1

Iprobe

VT

Ipulse2

VL

Fig. 4 | Electrical detection of current-induced switching. a, Optical micrograph of the CuMnAs device, consisting of 8 arms of width 10!μ m, and 
schematic of the experiment geometry. After applying current pulses Ipulse1, Ipulse2 of duration 50!ms and varying amplitude, the longitudinal and transverse 
voltages VL and VT are recorded for a probe current Iprobe of 500!μ A. b, Time series showing the applied current pulses (top) and the transverse resistance 
RT!= !VT/Iprobe measured following current pulses of + 34!mA (black) and − 34!mA (red). A constant offset has been subtracted from RT. The vertical lines are 
guides to the eye. c, Measured change in the transverse resistance (filled circles) and longitudinal resistance (open circles) versus the amplitude of the 
current pulse. Error bars correspond to the standard error on the mean.
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Figure 4: Electrical detection of current-induced switching in the same CuMnAs structure as in Figs. 1
and 2 [2].

3 Control of antiferromagnetic spin axis orientation in bilayer Fe/CuMnAs
films

Contributing teams: NOT, IOP, MPG
Using x-ray magnetic circular and linear dichroism techniques, we have demonstrated in this work

[3] a collinear exchange coupling between an epitaxial antiferromagnet, tetragonal CuMnAs, and an
Fe surface layer. A small uncompensated Mn magnetic moment is observed which is antiparallel to the
Fe magnetization. The staggered magnetization of the 5 nm thick CuMnAs layer is rotatable under
small magnetic fields, due to the interlayer exchange coupling (see Fig. 5). This allows us to obtain
the x-ray magnetic linear dichroism spectra for different crystalline orientations of CuMnAs in the
(001) plane. This is a key parameter for enabling the understanding of domain structures in CuMnAs
imaged using x-ray magnetic linear dichroism microscopy techniques.
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absorption spectra for parallel x-ray polarization and applied magnetic field, minus the absorption spectra for 
perpendicular x-ray polarization and applied magnetic field. Similarly, the calculated XMLD are the absorption 
for AF moments parallel to x-ray polarization, minus the absorption for AF moments perpendicular to polariza-
tion. Taking into account the 45° rotation of the CuMnAs crystal with respect to the GaP substrate2, the sign of 
the main peaks is in agreement between theory and experiment for both crystal orientations. The comparison of 
the measured spectra to the calculation therefore indicates that the AF spin axis in the CuMnAs layer is aligned 
collinear with the external magnetic field, i.e., the interlayer exchange coupling favours a collinear alignment of 
the FM Fe and AF CuMnAs magnetic moments.

Discussion
From the XMCD and XMLD results described above, we can infer the following. The Mn XMCD is consistent 
with the interface atomic layer of the CuMnAs film orienting antiparallel to the epitaxial FM Fe layer as well as to 

Figure 2. Rotation of the staggered AF moments due to exchange coupling, and anisotropic XMLD spectra. (a) 
Experimental geometry for the XMLD measurements. (b) Fe L2,3 and (c) Mn L2,3 XMLD spectra, obtained as the 
difference between absorption spectra measured with x-ray linear polarization vector along the [110] and [110] 
directions of the GaP substrate, with applied magnetic field along [110] (thick lines) and along [110] (thin lines). 
The inset to (c) shows the magnitude of the Mn L3 XMLD peak as a function of temperature. (d) Fe L2,3 and (e) 
Mn L2,3 anisotropic XMLD spectra, obtained from the difference between absorption spectra with parallel and 
perpendicular configurations of the x-ray polarization and the 1000 Oe applied magnetic field, for fields along 
〈110〉 (thin blue lines) and 〈100〉 (thick red lines) in-plane axes. The experimental XMLD spectra in (b–e) are 
measured at temperature T = 250 K. (f) Calculated Mn L2,3 anisotropic XMLD spectra for tetragonal CuMnAs.

Figure 5: Rotation of the antiferromagnetic moments in CuMnAs due to exchange coupling to Fe as
revealed from the anisotropic XMLD spectra [3].
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