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Néel vector waves in antiferromagnetic CuMnAs excited by surface acoustic waves
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Magnetoelastic effects in antiferromagnetic CuMnAs are investigated by applying dynamic strain in the
0.01% range through surface acoustic waves in the GaAs substrate. The magnetic state of the CuMnAs/GaAs is
characterized by a multitude of submicron-sized domains, which we image by x-ray magnetic linear dichroism
combined with photoemission electron microscopy. Within the explored strain range, CuMnAs shows mag-
netoelastic effects in the form of Néel vector waves with micrometer wavelength, which corresponds to an
averaged overall spin-axis rotation up to 2.4° driven by the time-dependent strain from the surface acoustic
wave. Measurements at different temperatures indicate a reduction of the wave amplitude when lowering the
temperature. However, no domain wall motion has been detected on the nanosecond timescale.
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Antiferromagnets (AFMs) have become a focus of re-
cent research in spintronics, mostly thanks to their potential
advantages for future devices. Their low stray fields and
robustness versus external magnetic fields are favorable for
the further downscaling of memory elements and their high-
frequency internal resonances promise higher intrinsic speed
limits for operation. However, together with these advantages
also challenges arise, for example, related to the readout and
mostly the writing process. Magnetic field control, although
not completely impossible [1], is impractical due to the field
magnitudes required (=2 T) in order to overcome exchange
energy and modify the magnetization of the two sublattices
existing in the AFM. Domain modification by electrical cur-
rents has been demonstrated through spin transfer/orbit torque
[2] as well as through thermoelastic effects [3]. Specifically
for CuMnAs, the manipulation of antiferromagnetic domains
in thin films has been studied by means of injecting current
pulses [2,4,5] and defects [6]. Other approaches use the tran-
sitions to a ferromagnetic (FM) phase, like in FeRh [7], or
the coupling with an FM [8], which compromise many of the
potential advantages (absence of stray fields, high operation

“Contact author: mkhaliq@cells.es
fContact author: ferran.macia@ub.edu
*Contact author: mfoerster @cells.es

2475-9953/2024/8(8)/084406(6)

084406-1

speed) of AFM materials for usage in a real device. On the
other hand, the appearance of closure domainlike features in
patterned AFM samples has been attributed to magnetoelastic
effects caused by shape-dependent strain [9,10], which sug-
gests that much smaller energies than the exchange energy
may be enough to rotate the Néel vector.

Surface acoustic waves (SAWs) are propagating elastic
deformations in the upper micrometric layer of a solid. SAWs
can be conveniently excited in piezoelectric materials by
radiofrequency electrical signals applied to an antenna-like
structure named interdigitated transducer (IDT). Typical strain
amplitudes achieved under ultrahigh vacuum conditions can
reach the range 2 x 10~* for LiNbOj3 in the hundreds of MHz
to GHz frequency regime [11]. There is a sizable interac-
tion of SAWs with FM systems in heterostructures, which is
driven by the transfer of the space and time-dependent strain
state of the underlayer/substrate into the FM overlayer. The
interaction is mediated by the magnetoelastic effect and has
been investigated by a growing number of groups [12-24]
(see review articles [25-27] and references therein). GaAs
is a piezoelectric substrate suitable for SAW generation and
propagation and allows for epitaxial growth of CuMnAs. This
material has substantial applications in optoelectronic devices
due to its outstanding photovoltaic properties [28] and robust
piezoelectricity [29].

©2024 American Physical Society
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and analyzed in the PEEM microscope. SAWs are generated in the GaAs substrate by applying an electrical signal to the IDTs, which is
synchronized with the synchrotron frequency (repetition rate time of the x-ray pulses). The microscope detector (PEEM Objective) is operated
at 10 kV with respect to the sample to accelerate low-energy electrons kicked out by the x rays. The XPEEM image is formed by photoelectrons

emitted from the sample under the x-ray illumination. The inset shows the

XPEEM image of the edge of the CuMnAs in the presence of SAWs,

which are visible in the GaAs substrate as they modify the surface potential (however, no signal appears in the CuMnAs as it shunts the electrical

signal and keeps the surface at a constant voltage).

In this paper, we generate Néel vector waves in
collinear antiferromagnet CuMnAs induced by the time-
dependent strain from the supporting GaAs substrate. We use
stroboscopic x-ray photoemission electron microscopy com-
bined with magnetic linear dichroism XMLD-PEEM to
image both dynamic strain and Néel vector oscillations.
We quantify both strain and amplitude of the Néel vec-
tor rotation up to 2.4°. The overall amplitude of the
observed Néel vector oscillations decreased with lowering
temperature.

Experiments were carried out at the CIRCE beamline
of the ALBA Synchrotron light source [30]. The CuMnAs
epitaxial thin films with 45 nm thickness were grown on
lattice-matched GaAs substrate by molecular beam epitaxy
as described previously [31]. To generate SAWs with a fre-
quency tuned to the synchrotron repetition rate (500 MHz),
IDTs with a finger periodicity of 5.73 um (which determines
the SAW wavelength) were patterned and deposited on the
GaAs by electron beam lithography and metal evaporation.
The sample was mounted on a printed circuit board inside the
sample holder and the IDT was contacted with wire bonds
to apply electrical signals. The schematic illustration of the
experiment is presented in Fig. 1. The radiofrequency signal
applied to the IDT generates a SAW beam [32] traveling
along the [110] crystalline direction of the GaAs substrate
and confined to a depth in the order of the SAW wavelength
[27]. The SAW causes a periodic in-plane, parallel to the
SAW propagation direction, and out-of-plane change in the
substrate lattice constant which is transferred as strain to the
CuMnAs film.

In order to assess the structure of the CuMnAs thin film,
x-ray diffraction (XRD) measurements were carried out on
the sample using a laboratory diffractometer before the syn-
chrotron experiment. The XRD pattern in Fig. 2(a) shows
the peaks of both the CuMnAs film (black) and the GaAs
substrate (red) with respect to 26. The tetragonal crystal sys-
tem (P4/nmm) and the planes (001), (002), (003), and (004)
of the antiferromagnetic thin film were identified with the

Powder Diffraction File 01-082-3986 from the Joint Commit-
tee on Powder Diffraction Standards-International Centre for
Diffraction Data [33,34].

X-ray absorption spectroscopy (XAS) measurements of the
CuMnAs were performed, detecting low-energy secondary
electrons in the PEEM while scanning the photon energy.
The beamline is equipped with an undulator that enables
the control of the incoming x-ray polarization, for example,
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FIG. 2. (a) XRD measurements of 45 nm thin film of CuMnAs
on GaAs showing the film (black) and substrate (red) peaks (b) XAS
and XMLD spectra of CuMnAs/GaAs at the Mn L; , edges, obtained
with horizontal (black) and vertical (red) linear polarization. (c) An
XMLD image of CuMnAs thin film at 7 >~ 223 K without applying
the SAW signal. The magnetic contrast is clearly visible in CuMnAs.
(d) Quantification of the SAW: Average intensity (number of emitted
electrons) from the red and blue rectangles in the inset as a function
of sample bias voltage. The inset shows the XPEEM image of the
SAW in GaAs (at the edge with CuMnAs) at 0.7 V bias.
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between linear horizontal (electric field vector in the sample
plane) and vertical (electric field vector under 16 degrees to
the sample normal) polarization directions. X-ray absorption
spectra at the Mn L3, edges, with both polarizations, and
their difference (linear dichroism, XMLD), are depicted in
Fig. 2(b) at T ~ 235 K. The features of the XMLD spectrum
(blue line), marked by black boxes, are similar to previously
published data [35].

The imaging of antiferromagnetic domains in the CuMnAs
thin film is performed by XPEEM employing XMLD contrast.
Such a contrast is obtained by subtracting different images
taken with linear horizontal polarization at energies before and
at the L3 absorption peak (see details of the methodology in
Supplemental Material [36] and also reference [37] therein).
Figure 2(c) shows the domain arrangement in the film at 223 K
nominal temperature without any SAWs applied. Equivalent
images taken with linear vertical polarization (electric field
vector 16° to the sample normal) did not show visible con-
trast, confirming a dominant in-plane Néel vector. In order to
quantify the dynamic magnetoelastic effects in the CuMnAs
film, it is necessary to determine first the amplitude of the
SAW-induced strain. We cannot determine this quantity di-
rectly in the studied CuMnAs film because it is conductive and
shunts the electrical component of the SAW, but instead, we
can do it in the GaAs substrate. The inset of Fig. 2(d) depicts
an XPEEM image of the sample surface in the presence of
SAWSs, measured with 500 MHz pulsed synchrotron x rays.
An intensity contrast with a periodicity matching the SAW
wavelength, i.e., 5.73 um, is evident in the sample region
not covered by the CuMnAs film. This contrast originates
from the oscillating piezoelectric potential accompanying the
strain wave at the surface of the GaAs substrate. The pho-
toelectron spectra displayed in Fig. 2(d) show the average
intensity (number of detected electrons) at the areas marked
by the red and blue rectangles in the inset image, recorded
as a function of the bias voltage applied to the substrate for a
fixed energy analyzer configuration. The voltage shift between
these curves, obtained by selecting the positions of maximum
slope in both spectra, amounts to 0.35 V and corresponds
to the peak-to-peak amplitude of the oscillating piezoelectric
potential. This value is used to calculate the amplitude of the
strain field by numerically solving the coupled differential
equations of the mechanical and electrical displacement, ob-
taining values in the range of 0.01% at the sample surface.
Details on stroboscopic XPEEM measurements with synchro-
nized SAWs can be found in [11].

Figure 3 shows XMLD images at the CuMnAs taken while
the SAW is applied. The bright and dark areas in Fig. 3 corre-
spond to domains with spin axis parallel and perpendicular to
the x-ray polarization, with a typical domain size below one
micrometer. The presence of domains with continuously dif-
fering grayscale contrast indicates the absence of significant
in-plane anisotropy for the spin axis in the sample. Between
Fig. 3(a) and 3(b) the phase of the radiofrequency signal
exciting the SAW was shifted by 180°. Thus, the phase of the
SAW in any given position is inverted for the stroboscopic
measurement, i.e., when the x-rays hit the sample. A close in-
spection of the individual images shown in Figs. 3(a) and 3(b)
as well as the difference image [Fig. 3(c)], same grayscale,
does not show any observable change in the domain bound-
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FIG. 3. XMLD images of CuMnAs with opposite electronic
phases ¥ = 0° in (a) and ¥ = 180° in (b) of the SAW excitation
at T ~ 223 K. The direction of SAW propagation is perpendicular to
the dashed lines which are separated by one wavelength of 5.73 um.
(c) Image obtained by subtracting the images at opposite phases,
at the same contrast scale. No evident variations in the domain
boundaries can be observed.

aries. The domain wall motion in the CuMnAs in the present
experiment is thus either negligible or below the detection
limit. The different images are used to eliminate the static
domain contrast and enhance the dynamic changes induced by
the SAW.

Several different images equivalent to the one shown
in Fig. 3(c) were recorded at different SAW phases (typ-
ically 15°) with a larger integration time to reduce noise.
Figure 4(a) is a different image with a contrast enhanced about
100 times compared to Fig. 3(c) and shows the oscillatory
component of the Néel vector. Line profiles along the direc-
tion of the SAW were extracted from each different image
taken at different SAW phases. The results are summarized
in Figs. 4(b)—4(d) and correspond to data sets at low temper-
atures, T =223 K and T = 233 K, and room temperature,
T =296 K. The plotted curves correspond to the averaged
profiles over all SAW phases (see Supplemental Material [36]
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FIG. 4. Néel vector wave (spin axis rotation wave) in CuMnAs
observed by XMLD-PEEM. (a) Image obtained by subtracting the
XMLD images at opposite phases of SAW. (b)—(d) XMLD signal (in
%) extracted from CuMnAs along the direction of the propagation of
the SAW after averaging at 7 ~ 223 K in (b), T >~ 233 K, in (c) and
T ~ 296 K in (d). The black line in each plot shows the data and the
green line is the sinusoidal function curve fitted to the data points.
Insets show the fitted phase shift as a function of the shift ¥ in the
SAW excitation.
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TABLE I. Quantitative results of the Néel vector wave in CuMnAs at different temperatures.

Max. XMLD SAW orientation Strain XMLD wave Néel vector
Temperature domain dontrast W.I.L. X Tays amplitude amplitude rotation Efficiency
(K) (x1073) (degrees) (x10™%) (x10™) (degrees) (degrees/strain x 10™%)
223 7.6+ 1.0 65 0.86 +0.05 1.33 1.56 £0.21 1.81+£0.27
233 6.4+1.0 65 0.86 +0.05 1.29 1.80 +0.29 2.09 +£0.36
296 5.3+£0.7 90 0.75+0.05 2.26 2.44 4+0.33 326 £0.49

for details on the data analysis) and green lines are best fits
with sinusoidal functions, which are used to obtain the ampli-
tude of the Néel vector signal at each temperature. The insets
of Figs. 4(b)—4(d) show the phase value from each different
image profile, showing the measured shift of the wave in units
of the wavelength, 1. These values are in excellent agreement
with the electronic phase v applied to the IDT, which demon-
strates that the Néel vector oscillations are driven by SAWs.

Now we turn to the quantitative analysis of the Néel vec-
tor rotation amplitudes for the three data sets at different
temperatures, i.e., T =223 K, T =233 K, and T = 296 K.
The results are summarized in Table I. Due to experimen-
tal constraints, the low-temperature data was taken with an
angle of 65° between SAWs and probing x-rays, while room-
temperature data was taken with a 90° angle. The conversion
of XMLD amplitude to rotation in degrees, as well as the
correction factor for the reduced sensitivity under 65°, is cal-
culated in Supplemental Material [36]. As mentioned above,
the applied strain from the SAW has been calculated from the
voltage shift of the secondary electron spectra detected in the
PEEM [Fig. 2(d)]. The typical strain amplitudes achieved in
our experiments on GaAs are (0.75 — 1) x 10~*. The XMLD
wave amplitude was determined from fits to the averaged
line profiles in Figs. 4(b)—4(d). In order to convert those
numbers into the corresponding rotation of the spin axis,
we take first into account the temperature dependence of the
XMLD contrast in CuMnAs. The XMLD wave amplitude is
thus normalized to the maximum XMLD contrast for each
temperature in the static domain image (see Fig. 2(c) for ex-
ample), taken as average in three different locations each. We
then consider the film to be populated by an equal portion of
domains in all directions, i.e., without net in-plane anisotropy
and calculate for each domain (i) the rotation angle as fraction
of a maximum angle ¢y as explained in Supplemental Material
[36] and (ii) the sensitivity of the XMLD signal to this rotation
as function of the domain spin axis.

The numbers reported in Table I show that the Néel vector
wave driven by SAWs in CuMnAs can reach a sizable 2.44°
at room temperature. We plotted in Fig. 5 the efficiency of
the SAW-induced Néel vector wave defined as the overall
variation divided by the SAW strain for the three temperatures.
A similar quantity is added to the graph for magnetoacoustic
waves in ferromagnetic samples measured through XMCD
[22,38,39]. Values for ferromagnetic Ni [22] and Heusler alloy
Fe3Si [39] are shown as broad bands, because they depend on
the external applied magnetic field, showing a resonance-like
peak (Ni showed an efficiency of 2 to 4.5 and FeSi from 1.6 to
4.1). These results indicate a sizable dynamic magneto-elastic
effect in CuMnAs induced by SAWs and a comparable effi-
ciency like in FM materials. The space and time oscillating

strain results in a modulation of the film’s anisotropy, which
in an FM can be understood as a modulation of the effec-
tive magnetic field generating a modulation of the magnetic
moment. However, in AFM such a small effective magnetic
field does not serve to modulate magnetic moment or to shift
magnetic domains but instead, it is capable of rotating the
Néel vector with a similar efficiency. We notice here that
the detection of spin axis rotation in CuMnAs is more chal-
lenging compared to magnetoacoustic waves in ferromagnets,
mainly because the XMLD contrast is weaker and because the
sample is in a multidomain state.

A reduction of the Néel vector wave excitation efficiency
when lowering the temperature, i.e., from 3.3°/ 10~ strain at
room temperature (296 K) to 1.8°/10™% at 223 K, has been
observed. While this apparent reduction needs further experi-
ments to be confirmed [40,41], it may indicate an increase of
the energy barrier for the spin axis rotation as the temperature
lowers (a type of “freezing”), or an increase of the Néel vector
anisotropy value.

In summary, we have investigated high-frequency
(500 MHz) magnetoelastic effects in antiferromagnetic
CuMnAs excited by SAWs in the GaAs substrate using
XMLD-PEEM. An averaged magnetoacoustic wave signal
can be detected in XMLD, corresponding to a rotation of
the spin axis in the individual domains by up to +2.4°. The
efficiency of the Néel vector excitation in CuMnAs is proof
that magnetoelastic effects are a viable way to manipulate
antiferromagnetic systems, even on the subnanosecond time
scale. Moreover, in static conditions, the CuMnAs thin film

Fe,Si efficency (RT)
4t Ni efficency (RT)

| T
| gk

Efficency (Néel rotation/strain x10'4)

0 . .
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FIG. 5. Efficiency of the magnetoacoustic wave excitation in
CuMnAs as a function of temperature in comparison with all data at
500 MHz SAW. The area for ferromagnetic samples corresponds to
Ni and Fe;Si at room temperature (RT) and covers the range between
zero external field and resonance.
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is characterized by a multidomain configuration of submicron
size. No SAW-induced motion of domain walls has been
detected, which could be related to intrinsic pinning due
to the film microstructure. In the future, a combination of
GaP substrates with ZnO-based IDT can enable to study
SAW-driven effects in high-quality single domain patterns of
CuMnA:s.
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