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We show scalable and complete suppression of the recently reported terahertz-pulse-induced
switching between different resistance states of antiferromagnetic CuMnAs thin films by
ultrafast gating. The gating functionality is achieved by an optically generated transiently
conductive parallel channel in the semiconducting substrate underneath the metallic layer. The
photocarrier lifetime determines the time scale of the suppression. As we do not observe a direct
impact of the optical pulse on the state of CuMnAs, all observed effects are primarily mediated
by the substrate. The sample region of suppressed resistance switching is given by the optical
spot size, thereby making our scheme potentially applicable for transient low-power masking of
structured areas with feature sizes of ~100 nm and even smaller.
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FIG. 1. Schematic of the experiment. (a) Sample structure (top view). A thin film of antiferromagnetic CuMnAs
(green cross-like area) is excited by a normal incident THz pulse with circular beam cross section (blue circle) and
one of two perpendicular linear polarizations (indicated by blue arrows). The structure can be gated by an additional
optical femtosecond laser pulse (red circle), which excites the CuMnAs layer and the underlying substrate. To
measure the electrical anisotropy of the CuMnAs layer, a cross of Au contact pads (yellow layer) allows one to
apply a read current and to detect the resulting transverse voltage. The Au cross also enhances the incident THz
field. (b) Schematic of the setup showing how THz radiation and optical gate pulses are focused on the sample
surface. The two positions of the polarizer define the two perpendicular linear THz polarization states as shown in
panel (a). (c) Principle of gating by modulating the substrate conductance. For simplicity, only one arm of the cross
is shown. Without any optical excitation, the two contact pads are electrically connected through the conductance of
CuMnAs (green resistor in upper sketch). Upon an excitation, the optical gate generates mobile charge carriers in the
substrate which shunt the incident THz field (parallel resistor in lower sketch) and, thus, reduce the total THz field
inside the CuMnAs layer.
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FIG. 2. Optically gated THz switching between resistivity states of a 3-um-large CuMnAs device on a GaAs
substrate. Panels (a)-(c) show the dynamics of transverse resistance vs time in increasing degree of detail.

(a) Typical dynamics of the transverse resistance induced by a train of THz pulses (power Pry, = 105 pW,
repetition rate 1 kHz) taken over one switching cycle (-45° THz polarization, THz off, +45° THz polarization, THz
off). (b) Temporal evolution of the transverse resistance when the THz pulses are preceded by synchronized optical
gate pulses (photon energy 1.55 eV, P, = 2 uW, repetition rate 1 kHz). The switching-induced resistance change
AR is indicated by the double arrow. Data points highlighted in black are averaged over, and the average of each
group is indicated as a black dashed line. At real time t < 612 s (orange data), the optical excitation occurs after the
THz switching pulse (THz write-optical gate pulse delay T < 0 ps), whereas at t > 612 s (green data), optical
excitation temporally overlaps with the THz pulse (t ~ 0 ps). (c) The same data as in panel (b), but over a larger
time window. The delay t, corresponding to each color-labeled block of data, is stated above the traces. (d)
Resistance modulation AR as inferred from panel (c) vs delay 7. Each data point is the mean of AR of the three last
switching cycles per set of four (color coded) in (b). The error bars are the standard deviation of data at 7 < 0. The
red curve is a mono-exponential fit with a relaxation time of 2.3 ns.
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FIG. 3. Impact of the gate wavelength and substrate on the THz switching of a 2-um-large CuMnAs device on a
GaP substrate. (a) Resistance modulation AR vs delay T between optical gate and THz switching pulse for different
gate powers P, with gate photon energy 1.55 eV (below the 2.25 eV electronic bandgap of GaP) and Pry, =

590 uW. (b) Same as panel (a), but for a gate photon energy of 3.1 eV, above the bandgap of GaP. Note that the
optical power P,y required for full suppression (70 W, brown triangles) is ~5 times smaller than the maximum
power applied for below-band-gap excitation of the substrate (323 uW, red circles in panel (a)). The data presented
are the mean of each AR of the last three switching events per group as shown in Fig. 2b. The error bars are the
standard deviation of data at T < 0.
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FIG. 4. Power dependence and optical gating mechanism. (a) Dependence of THz resistance modulation AR (see
Fig. 2b) on the gate power P, in a 4-um-large CUMnAs device on GaAs substrate for the constant THz power of
426 uW and delay of T = 15 ps, that is, a preceding optical gating pulse (black symbols, bottom abscissa) and on
the THz power Pry, (red symbols, top axis, Py, = 0). The red solid line is a fit based on Pry, = a(AR)? + ¢ with
fit parameters a, b and c. (b) Experimentally determined (blue symbols) and modeled (red solid line) factor C? that
quantifies how strongly the gate pulse attenuates the THz power arriving in the CuMnAs layer as a function of the
gate power P,,. The experimental values were extracted from panel (a) (see blue arrows and text), whereas
calculated values are derived from a simple parallel photoconductance model (see Fig. 1c and text). (c,d) Same as
panels (a,b), but for a 2-pm-large CuMnAs device on a GaP substrate, a gate photon energy of 3.1 eV, a maximum
THz power of 586 uW and a delay of T = 35 ps. The data presented are the mean of the three switching events per
group as shown in Fig. 2b. The error bars are the standard deviation of data at T < 0.



Parameter GaAs GaP

ng(1 THz) (Refs. 1,2,3) 3.6 3.3

Gate photon energy €,p. (€V) 1.55 3.1
ns(€opt) (Ref. 4) 3.68+0.09i | 4.20+0.27i
narm(€opt) (Ref. 5) 3.7+2.0i 2.5+2.2i

u (cm?V-1s?t) (Refs. 6,7,8,9) 7500 250

Topt (%) 138 2.7

GapMm (MS) (Ref. 10 and Fig. S1) 40 50

Wopt (Hm) 120 27

TABLE 1. Parameters for the parallel-photoconductor model for the two substrates used. The spot diameter wy,,; of
the gate beam is a fit parameter, and transmittance T is calculated as described in the main text.



I. INTRODUCTION

Information storage using antiferromagnetic (AFM) order has potential advantages compared to
ferromagnets. (i) No stray field is present, allowing for a higher integration density of memory cells.!!
(ii) Potentially fast switching of the Néel vector is possible because angular momentum transfer is not
required*?!® and zone-center magnons extend into the terahertz (THz) range.** Finally, (iii) robust
retention of information is guaranteed because of the negligible impact of high magnetic fields up to
60 T.15,16

The last feature also poses a challenge because very strong magnetic fields may be required to switch the
AFM order'’. However, recent theoretical'® and experimental works paved the way to the manipulation of
the AFM order?® by electrical currents in inversion-asymmetric AFM materials such as CuMnAs?021.22.23
and Mn,Au?*%, Charge-current pulses were shown to reproducibly switch CuMnAs devices (such as in
Fig. 1a) between different resistance states, which persisted for tens of seconds at room temperature and
much longer at lower temperatures.?8?” The devices can be considered multistate memory units,
potentially permitting even neuromorphic operations. Interestingly, switching of CuMnAs was also
achieved by free-space sub-picosecond electric-field transients driving charge currents at THz frequencies
(see Fig. 1b)%°. Recent achievements demonstrated purely optical switching between resistance states of
CuMnAs without any net electric current?’.

Note that AFM CuMnAs thin-films can be grown directly on common semiconductor substrates such as
Si, GaAs or GaP?+?"28 which enable new functionalities. An important example is the variation of the
shunt resistance of the substrate, which may modulate the switching process in CUMnAs (see Fig. 1c). A
reduction of the substrate resistance can be achieved straightforwardly by excitation with an optical
femtosecond gate pulse that generates quasi-free electrons and holes. Such transient conductivities were
already successfully exploited to modulate the response of THz metamaterials?. In our setup, the reduced
substrate resistance shorts the subsequently arriving THz electric field and, thus, should reduce the current
driven in the AFM layer (see Fig. 1c), without the need for additional microstructuring. It remains to be
shown whether this effect is sufficient to suppress the switching process and whether the direct impact of
the optical pulse on the CuMnAs layer is negligible.

In this work, we study the interplay between THz-driven switching of a CuMnAs thin-film and the
ultrafast optical excitation of the semiconducting substrate. For optically absorbing substrates, we find
that the optical pump with powers smaller than the optical writing threshold can efficiently modulate and
even completely suppress the switching process driven by the subsequently incident THz field but do not
destroy information already written in the CuMnAs. Our observation is consistent with a model based on
screening of the THz field by the optically induced free charge carriers. Our results demonstrate that
integrating AFM devices with semiconductors enables new functionalities with technological relevance.

Il. SAMPLES AND SETUP

A schematic of our experiment is shown in Fig. 1b. An AFM CuMnAs thin film (Fig. 1a) grown on top of
a semiconducting substrate is excited by a pair of incident pulses at a repetition rate of 1 kHz: first the
optical gate pulse and, after a delay time z, the THz switching pulse with polarization directions at 45° or
-45° with respect to the vertical axis. The two THz polarizations allow one to switch the AFM device
between defined resistance states'®. The impact of the excitation is probed by the continuous measurement
of the transverse sample resistance via Au contact pads (Fig. 1a).

Two kinds of samples are studied: thin-films of AFM CuMnAs (thickness 50 nm, sheet conductance
40 mS on GaAs and 50 mS on GaP) on a substrate (thickness 500 um) of GaAs (optical bandgap 1.43 eV



at room temperature) and GaP (2.25 eV). These substrate materials allow us to control the amount of
energy that is absorbed in the substrate from the optical gate pulse by varying the gate wavelength.

As indicated by Fig. 1a, the CuMnAs layer was patterned and partly etched out to form a cross structure
(side length of the square central region 2-4 um). The Au contact pads (length 330 um, width 210 um),
which consist of an Au layer (thickness 80 nm) deposited on a Cr wetting layer (5 nm), are tapered toward
the cross in the last third of the length and serve two purposes: First, they act as an antenna that enhances
the incident THz electric field in the cross (blue arrows in Fig. 1a) by a factor of typically ~20.1° Second,
they serve as contacts to detect the electrical anisotropy of the sample (Fig. 1a), since we apply a DC read
current I, (1...2 mA) along the horizontal bar of the cross pattern and measure the transverse voltage U,
at a read-out rate of 5 Hz. Variations AR, of the transverse resistance R, = U, /I, quantify changes in
the electrical anisotropy of the sample'® induced by the THz switching and optical gate pulse.

Intense THz pulses (Fig. 1b) are generated by optical rectification of ultrashort optical laser pulses (800
nm, duration stretched to 80 fs, energy 6 mJ, repetition rate 1 kHz) in a LiNbO;3 crystal, providing THz
pulses with peak electric fields up to 1 MV/cm and durations of ~1 ps.* The polarization state of the THz
beam is controlled by a wire-grid polarizer (+45°) and combined with optical gate pulses from the same
laser by a parabolic mirror with a hole in its center. Both beams are focused onto the sample, forming
spots with diameters of <1000 um (THz) and roughly 80 um (optical) characterized by the pinhole
method (see Supplementary Note 1). The fluences are controlled by a combination of optical waveplates
with polarizers and neutral-density filters (optical) and the optical pump power incident on the LiNbOs
crystal (THz). An example of a typical THz waveform (spectrum 0.3-2.5 THz, peak at 1 THz) and a
schematic of an optical pulse are shown in Fig. 1b. While the duration of the THz electromagnetic
transient is smaller than 1 ps, the duration of the optical gate pulse is approximately 40 fs.

The sample structure is excited by a train of pulse pairs at a repetition rate of 1 kHz. As indicated by

Fig. 1b, each pair consists of a THz switching pulse (polarization directions at +45°) and an optical gate
pulse (repetition rate of 1 kHz). The delay 7 between optical and THz pulse can be set between -1 ns and
+1 ns by a mechanical translation stage. Here, a positive/negative T means that the THz pulse arrives
after/before the optical pulse at the sample, respectively (see Fig. 2d). We emphasize that the optical
fluences used here are at least an order of magnitude weaker than the fluence that would be needed to
switch the AFM directly?’. The experiments are conducted at room temperature under ambient conditions.
More details of the optical and electrical setup can be found in Supplementary Note 1.

I1. RESULTS
A. Typical data

Figure 2 depicts a typical example of the measured transverse resistance R,,, of CUMnAs on a GaAs
substrate vs real time. The width of the shown time windows ranges from 40 s (Fig. 2a) over 300 s
(Fig. 2b) to 2000 s (Fig. 2c). The power of the THz and optical pulse trains was set to Ppy, = 105 pW
and Pype = 2 uW, respectively.

Figure 2a displays one switching cycle where the gate pulse arrives after the THz switching pulse (7 =
—240 ps). The course of the transverse resistance signal R, has the characteristic shape of a switching
cycle as observed in previous works®2%2731  Exposure with -45°-polarized THz pulses causes switching,
while the absence of the THz pulses (“THz off”) results in a relaxation of the signal towards a baseline.
Exposure with +45°-polarized THz pulses switches the sample resistance state into the opposite direction
away from the baseline, to which the signal relaxes back again after removing the THz excitation.



Figure 2b shows an extended time window that contains two signal groups. Each of these groups contains
4 switching cycles and is marked by a different color. The first four-group (brown) was taken for ¢ =
—240 ps (gate arrives after THz pulse), whereas the second four-group (green) was measured for
coinciding arrival times of THz and gate pulses (z = 0 ps). We observe a distinct reduction of the
resistance modulation by a factor of about 2. The resistance modulation AR is the maximum variation of
the transverse resistance R, during the corresponding full switching cycle (see arrow in Fig. 2b).

Figure 2c displays an extended window of measurement time and, accordingly, a wider range of THz-gate
delays t than in Fig. 2b. For negative delays 7 < 0 (gate after THz pulse) there are no significant
variations of the resistance modulation. Att = 0 ps, a reduction of resistance modulation is observed,
which slightly recovers over the subsequent 1000 ps of optical-THz delay. To analyze this behavior, we
extract the resistance modulation from the last 3 cycles of each 4-group of Fig. 2c. Note that the first
cycle is omitted from this analysis as it is affected by the baseline shift from the previous parameter set.
The average of these three contrast values for each four-group yields one data point. As an estimate of the
error bar, we take the standard deviation of data for T < 0.

The resulting AR vs pump-probe delay is shown in Fig. 2d. The gate-induced reduction of the resistance
modulation is significantly bigger than the error bar. The gate induces a step-like decrease of the
resistance modulation when the optical pulse starts preceding the THz pulse with subsequent relaxation
on a nanosecond time scale. The underlying dynamics can be well described by a step function times a
mono-exponential decay with a time constant of 2.3 ns and a constant background (see red curve in

Fig. 2d).

B. Impact of the gate pulse

Figures 2c¢,d demonstrate that the optical gate is capable of suppressing the contrast of switching over one
THz-driven switching cycle. Note that the optical gate (photon energy of 1.55 eV) used in the
measurements, shown in Fig. 2, can excite both the GaAs substrate (electronic band gap of 1.43 eV) and
the CuMnAs film.

To address the role of the substrate, we change the substrate to GaP (bandgap of 2.25 eV) and repeat the
experiment with a gate photon energy below (1.55 eV, Fig. 3a) and above (3.1 eV, Fig. 3b) the GaP
bandgap. For below-gap gate excitation (Fig. 3a), no significant change in the resistance modulation is
observed relative to the error bars of the measurement (Fig. 2a). Thus, the direct excitation of CuMnAs
has a minor impact on the switching dynamics, which most likely also holds true for the samples grown
on GaAs.

However, for above-gap gate excitation (Fig. 3b), a distinctly different behavior of the resistance
modulation vs THz-optical delay is found. We observe a strong reduction of the resistance modulation
which increases with gate power. At the maximum gate power of Py, = 70 uW, nearly complete
suppression is achieved for delays below ~20 ps. We conclude that suppression of the switching signal is
related to resonant electronic excitation of the substrate of the CuMnAs device, while direct excitation of
the CuMnAs and Au films (both at 1.55 eV and 3.1 eV) plays a minor role. The time scales on which the
resistance modulation recovers are discussed further below.

C. Power dependence

To characterize how strongly the optically excited substrate modifies the THz excitation process, we
measure the resistance modulation AR as a function of the THz power Pry, and the gate power Py

(Fig. 4a). Without the optical gate pulses, we observe that the resistance modulation AR increases



monotonically and strongly superlinear with increasing THz power (red curve in Fig. 4a), consistent with
the observations in Ref. 10.

In a second measurement, the THz power is held at the maximum available value of Pri = 426 uW,
and the gate-pulse train is switched on with a delay of T = 15 ps. We see that the resistance modulation
AR decreases monotonically when the gate power is increased (black curve in Fig. 4a). At a gate power
above 1.8 uW, AR is suppressed by more than 90%. An analogous behavior of AR vs Pry, and Py, is
found for the CuMnAs device on the GaP substrate for 3.1 eV gate excitation (Fig. 4c), yet for
significantly larger gate powers. This is a consequence of a combination of material parameters (Table 1)
as explained by the model presented in the next section. Note that these observations demonstrate a high
level of control over the resistance modulation by the gate pulse.

D. “Parallel photoconductor” model

A mechanism through which the optically excited substrate can modify the THz excitation process is the
“parallel photoconductor” model, which is schematically shown in Fig. 1c. In a qualitative picture,
without the optical gate, the incident THz pulse drives a current exclusively through the AFM CuMnAs
layer of conductance Gap (See Fig. 1c top). However, if the THz pulse is preceded by an optical gate, the
gate generates quasi-free electrons and holes in the substrate, resulting in a transient electrically
conducting layer with sheet conductance AGg (Popt, r) (see Fig. 1c bottom). The transient layer shunts the

CuMnAs and, thus, reduces the current through the CuMnAs layer by a factor C.

We extract the dependence of C on the gate power P, from the data of Fig. 4a: For a given P, and

maximum THz power PR&X = 426 W, we determine the equivalent THz power Py, that is required to

induce the same resistance modulation AR in the absence of the gate beam, i.e., P, = 0. This procedure
is illustrated by the 3 blue arrows in Fig. 4a. It requires a continuous curve AR vs Pry,, Which is obtained
from a fit based on Pry, = a(AR)? + c with fit parameters a, b, c. As the THz power is proportional to
the integrated squared THz field, the field reduction factor C is finally determined by the relationship

C% = Py, /PP, The resulting C? is plotted vs P, in Fig. 4b. Starting from unity, C? decreases
monotonically with increasing P,y from 0 to 1.8 uW.

To test our “parallel photoconductor” model (Fig. 1c), we calculate C using a simple model, in which we
consider the device as an infinitely extended CuMnAs thin film between two half-spaces of air (A) and
the substrate (S). As the penetration depth of the gate pulse is 750 nm for GaAs at 1.55 eV and 116 nm
for GaP at 3.1 eV, the thickness of the transiently conducting S layer and the CuMnAs film (50 nm) is
smaller than the skin depth (>1 pm) of the THz field in the CuMnAs and substrate (see Supplementary
Note 2). Therefore, the THz electric field is approximately constant across the thickness of the CuUMnAs
and the photoexcited substrate layer, allowing us to apply the Tinkham formula,>33 which relates the
incident THz electric field Ej,. to the electric field E gy inside the CuMnAs layer with the transmission
coefficient

Earm(AGs) _ 2np
Einc na + Ng + ZOGAFM + ZOAGS.

t(AGs) = (1)
Here, n, and ng are the refractive indices of air and unexcited substrate, respectively, and Z, = 377 Q is
the free-space impedance. Equation (1) shows that we can control the amplitude of the THz field Eppy =
tEinc inside CuMnAs by tuning the amplitude of E;,,. or by modifying the transient conductance



AGg (Popt, r) of the photoexcited substrate layer through variation of the energy and time delay of the
optical gate pulse. It follows that AGg decreases the field inside the CuMnAs by a factor of

_ Earm(AGs) _ t(AGs) 1
Eprm(0) t(0) 1+ AGs/Gapm

The last approximation is justified because Z,G pm = 15 is significantly larger than n, + ng = 4.6 and
approximately constant at 0-2 THz (see Supplementary Fig. S1 and Note 2). Photoinduced changes
AGary in the conductance of the CuMnAs film are neglected because they do not lead to a modification
of the THz-induced resistance modulation for below-gap excitation (Fig. 3a). Directly after arrival of the
pump pulses, when charge-carrier recombination is not yet relevant, the photoinduced conductance AGg
can be estimated using the relationship

(2)

PT
AGs =eu- (f—E - 7TW2/4)Opt’ (3)
where e is the elementary charge, and u is the mobility of a photogenerated electron-hole pair in GaAs or
GaP. In Eq. (3), the term in the brackets with subscript “opt” equals the number of photons per optical
gate pulse and per sample area that get absorbed by the substrate layer. Accordingly, Pypt, Wopt, €opt @Nd
fopt = 1 kHz denote, respectively, the mean power, beam diameter, photon energy and pulse repetition
rate of the gate beam. Therefore, AGs is directly proportional to P, .. The gate-intensity transmittance
Topt from air through the CuMnAs film to the substrate layer is calculated by the Airy formula that takes
all reflection echoes in the CuMnAs into account, using the optical refractive indices of substrate, air and
CuMnAs® (see Supplementary Note 2). The relevant parameter values of the GaAs and GaP substrates are
summarized in Table 1.

We fit Egs. (2) and (3) to the experimentally determined C2 vs Py by using the gate-beam diameter
Wopt at the sample surface as the only free parameter. As seen in Fig. 4b and d, good agreement between
model and experiment is obtained for w,,. = 120 pum and 27 um for GaAs and GaP substrate,
respectively. These values compare favorably to the experimentally estimated spot diameter using a
pinhole technique, which amounts to ~80 um for GaAs and €, = 1.55 eV. For GaP and €, = 3.1 €V,
the gate wavelength is a factor of 2 smaller, thereby suggesting a gate focus diameter that is also reduced
by half to a value of ~40 um. These values are a lower limit to the gate spot size at the sample surface
because of uncertainties in the sample position. The values obtained from the model are consistent within
a factor of 2 with these estimates.

This agreement supports our interpretation, suggesting that the gate-induced reduction of the resistance
modulation of our samples arises from shunting by the photoconductance of optically generated charge
carriers in the substrate (Fig. 1c). Our model can in particular explain the much smaller gate power that is
required to reduce the THz-resistance modulation of the sample with the GaAs (Fig. 4b) vs the GaP

(Fig. 4d) substrate. The difference arises from the electron mobility, which is a factor of ~30 larger for
GaAs than for GaP (see Table 1).

IV. DISCUSSION

Our interpretation of the gate-induced suppression of the resistance modulation (Fig. 1c) implies that the
temporal decay of AR is due to the relaxation of the quasi-free electrons and holes generated by the
optical gate in the substrate. Indeed, the relaxation times of AR seen in our experiments are compatible
with time scales found in previous works: For GaAs-based samples, we find a mono-exponential decay



with time constant of 2.3 ns, which agrees well with the typical range of carrier lifetimes in GaAs from
several hundreds of picoseconds to nanoseconds, depending on density of in-gap states and compensation
doping® 3%, For GaP, the time constants of the decay of AR vary from 140 ps to 800 ps, depending on
excitation density, and are of the same order of magnitude as time scales found for other large-gap
semiconductors such as 6H-SiC (ref. 37) and ZnTe*. We emphasize that comparison of carrier lifetimes
is useful only in a qualitative sense. First, they depend sensitively on sample properties such as defects,
carrier density and surface quality. Second, the observable AR considered here (Fig. 3) depends highly
nonlinearly on the carrier density (see Fig. 4a,c) and so may not faithfully reflect the speed of the carrier
decay.

For below-bandgap excitation (GaP substrate, €., = 1.55 eV), no impact of the optical gate pulse on the
THz switching process is observed (see Fig. 3a, T > 0). Similarly, the excitation does not modify the
already written resistance state (see Figs. 2d and 3, T < 0). We can conclude that the gate-pulse energy
densities used here do not reach the threshold that is needed for optical writing and erasing of resistance
states in CuMnAs. Observation of such changes would require a transient increase of the CUMnAs
temperature close to the Néel point?’. In fact, we estimate the maximal energy density deposited by one
optical pulse in the CuMnAs film in our experiment to be roughly 50 pJ/um3, which is approximately
one order of magnitude smaller than the densities used for optical writing and erasing in Ref. 27. By
comparison with these switching experiments, we estimate that the transient temperature increase of
CuMnAs reaches a few 10 K. Therefore, we consider the optical gate-pulse energies used here to be
optimal: We control the THz field strength in the CuMnAs film without directly changing the resistance
state of the CuMnAs film.

The time scale over which the AFM memory stays protected against the THz switching is determined by
the lifetime of the photo-induced carriers. The latter can be set over a wide range from sub-picoseconds to
nanoseconds by standard semiconductor methods, for example control of the impurity concentration and
growth temperature of the substrate3®4°,

In a wider application perspective, our results demonstrate the integration of an AFM memory with a
powerful semiconductor functionality. It suggests a pathway to achieve THz-field-induced resistance
switching of selected regions of the CuMnAs film, an application which is analogous to an “optical-gate
transistor”. Illumination with a structured gate-beam cross-section protects the illuminated regions from
being switched by the global THz field without affecting the already stored information. For free-space
gate beams, the smallest feature size and, thus, footprint of a bit is given by half the gate wavelength, that
IS, Aopt/2 = 200 nm. This value is three orders of magnitude smaller than the THz beam diameter.
Adequate and rapid structuring of light beams can be achieved with binary spatial light modulators.*

The integration of AFM memory functionality with logical features of semiconductors shown here and
the compatibility of CuMnAs with various semiconductor substrates open the door toward a rich variety
of applications. For instance, an optical excitation of memory bits, similar to our optical protection from
THz writing, is already successfully employed in heat-assisted magnetic recording (HAMR) technology.
Here, a magnetically hard ferromagnetic recording surface is exposed to a magnetic field of relatively
large spatial extent, but the data is written only in a small region softened by thermal heating from an
optical beam. Small feature sizes of the order of 50 x 50 nm? are routinely possible with optical nano-
antennas*. It is interesting to compare the optical energy required to soften one magnetic bit in HAMR to
the energy that would be required to excite the semiconducting substrate and protect one bit from THz-
field-induced writing. Assuming a bit size of 50 x 50 nm?, we estimate that HAMR requires an optical



energy of 30 pJ/bit**44, This value is more than five orders of magnitude larger than the 0.5 fJ/bit needed
for bit protection in our samples (see Supplementary Note 3). Therefore, the scheme suggested in this
work (Fig. 1c) is comparatively energy-efficient and takes the advantages of antiferromagnetic data
storage to semiconductor electronics.

V. CONCLUSION

Our results demonstrate an efficient control of the THz switching of a CuMnAs AFM layer by
functionalizing the semiconducting substrate. When excited with an optical pulse, the substrate becomes
conducting and shorts the writing current in the AFM layer. A parallel-photoconductor model can
guantitatively explain our findings. Notably, we do not observe a direct influence of the optical gate
absorption by the AFM layer itself. For technological applications, the lifetime of the photoinduced
changes in the conductivity of the semiconducting substrate can be tuned by doping and defect density.
The shown integration of AFM memory functionality with logical features of semiconductors and the
compatibility of CuMnAs with various semiconductor substrates open the door toward a rich variety of
applications known from dilute magnetic semiconductors 446 and multiferroic spintronics’.
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