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Optically Gated Terahertz-Field-Driven Switching of Antiferromagnetic CuMnAs
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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 semicon-
ducting substrate underneath the metallic layer. The photocarrier lifetime determines the timescale 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 about 200 nm and even smaller.
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I. INTRODUCTION

Information storage using antiferromagnetic (AFM)
order has potential advantages compared to ferromagnets.
(i) No stray field is present, allowing for a higher inte-
gration density of memory cells [1]. (ii) Potentially fast
switching of the Néel vector is possible because angular
momentum transfer to the crystal lattice, which is usually
slow in insulators [2], is not required. In addition, magnon
frequencies extend into the terahertz range even for small
wave vectors [3,4]. Finally, (iii) robust retention of infor-
mation is guaranteed because of the negligible impact of
magnetic fields typically up to units or even tens of tesla
[5-71.

The last feature also poses a challenge because strong
quasistatic magnetic fields may be required to manipu-
late AFM order [7]. Recently, however, electromagnetic
pulses from kilohertz up to optical frequencies [5] have
been shown to be a powerful alternative tool. Here, coher-
ent switching of the spatially uniform Néel vector is driven
by the torque of an (effective) magnetic field, which may
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derive directly from the magnetic field of a terahertz pulse
[8], the electric field of a millisecond kilohertz [9—11] or a
picosecond terahertz pulse [12], or from a rectified version
of the electric field of a terahertz [13] or optical laser pulse
[14]. For CuMnAs, both 90° (field-alignment-dependent)
[9] and 180° (field-polarity-dependent) [11] reorientation
switching of the Néel vector have been observed. In the
latter experiments, the broken inversion symmetry of the
AFM materials CuMnAs [9—11] and Mn,Au [15,16] is an
important prerequisite [17].

In contrast, incoherent switching of AFM order typically
arises from heating, which has been induced through elec-
tric currents [6,18,19] or light [6,20]. For CuMnAs devices
[such as in Fig. 1(a)], reproducible electrical and opti-
cal switching between different resistance states has been
shown. The switched state persisted for tens of seconds at
room temperature and much longer at lower temperatures
[6,21]. Incoherent switching of CuMnAs is accompanied
by domain fragmentation and features a multistate char-
acter [6,18,19], potentially permitting even neuromorphic
operations. Interestingly, switching of CuMnAs has also
been achieved by free-space subpicosecond electric-field
transients driving charge currents at terahertz frequencies
[see Fig. 1(b)] [22]. This process is very likely dominated
by incoherent domain fragmentation, too, because of the
typical subsequent relaxation character.

Note that AFM CuMnAs thin films can be grown
directly on common semiconductor substrates such as

Published by the American Physical Society
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FIG. 1. Schematic of the experiment. (a) Sample structure (top view). A thin film of AFM CuMnAs (green crosslike area) is excited

by a normally incident terahertz 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 U,. The Au cross also enhances
the incident terahertz field. (b) Schematic of the setup showing how terahertz radiation and optical gate pulses are focused on the
sample surface. The two orientations of the polarizer define the two perpendicular linear terahertz 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 excitation, the optical gate generates mobile charge carriers in the substrate which shunt the incident terahertz field (blue parallel

resistor in lower sketch) and, thus, reduce the total terahertz field inside the CuMnAs layer.

Si, GaAs, or GaP [6,23], which enable additional
functionalities. An important example is the variation of
the shunt resistance of the substrate, which may mod-
ulate the switching process in CuMnAs [see Fig. 1(c)].
A reduction of the substrate resistance can be achieved
straightforwardly by excitation with an optical femtosec-
ond gate pulse that generates quasifree electrons and holes
by both direct and indirect optical transitions [24-26].
Such transient conductivities have already been success-
fully exploited to modulate the response of terahertz meta-
materials [27] or even generate transient metamaterials by
structured illumination [28,29]. In our setup, the reduced
substrate resistance shorts the subsequently arriving ter-
ahertz electric field and, thus, should reduce the current
driven in the AFM layer [see Fig. 1(c)], 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 terahertz-
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 thresh-
old found in Ref. [6] can efficiently modulate and even
completely suppress the switching process driven by the
subsequently incident terahertz field but does not destroy
information already written in the CuMnAs. Our observa-
tion is consistent with a model based on screening of the
terahertz field by the optically induced free charge carriers.
Our results demonstrate that integrating AFM devices with

semiconductors enables functionalities with technological
relevance.

II. SETUP AND SAMPLES

A schematic of our experiment is shown in Fig. 1(b).
An AFM CuMnAs thin film [Fig. 1(a)] grown on top of
a semiconducting substrate is excited by a pair of inci-
dent pulses at a repetition rate of 1 kHz: first the optical
gate pulse and, after a delay time t, the terahertz switching
pulse with polarization directions at +45° or —45° with
respect to the vertical axis. The two terahertz polarizations
allow one to switch the AFM device between defined resis-
tance states [22]. The impact of the excitation is probed
by the continuous electrical measurement of the transverse
sample resistance via Au contact pads [Fig. 1(a)].

A. Samples

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 band gap 1.43 eV at room
temperature) and GaP (2.26 eV) [30,31]. 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. 1(a), the CuMnAs layer is patterned
and partly etched out to form a cross-shaped structure (side
length of the square central region 2—4 um). The Au con-
tact pads (length 330 wm, width 210 um), which consist
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of an Au layer (thickness 80 nm) deposited on a Cr wet-
ting layer (5 nm), are tapered toward the cross for the last
third of the length and serve two purposes. First, they act
as an antenna that enhances the incident terahertz electric
field in the cross [blue arrows in Fig. 1(a)] by a factor of
typically around 20 [22]. Details of the enhancement deter-
mination and the terahertz field distribution in the CuMnAs
film can be found in Ref. [22]. Second, the Au pads serve
as contacts to detect the electrical anisotropy of the sample
[Fig. 1(a)], since we apply a dc read current /. (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. Varia-
tions AR, of the transverse resistance R,, = U, /I, quan-
tify changes in the electrical anisotropy of the sample [22]
induced by the terahertz switching and optical gate pulse.

B. Terahertz setup

Intense terahertz pulses [Fig. 1(b)] are generated by opti-
cal rectification of ultrashort optical laser pulses (800 nm,
duration stretched to 80 fs, energy 6 mlJ, repetition rate
1 kHz) in a LiNbOs crystal, providing terahertz pulses
with peak electric fields up to 1 MV/cm and durations of
approximately 1 ps [32]. The polarization state of the ter-
ahertz 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 diame-
ters of 2by, = 1100 pum (terahertz) and 2b,,; = 85 um at
photon energy €., = 1.55¢€V, as characterized by the pin-
hole method [33]. The gate-beam width 25y, = 60 pm at
photon energy €., = 3.1V is estimated from the 1.55 eV
value using Gaussian beam optics. The parameters bry,
and by denote the radial distance from the beam axis at
which the peak intensity of the Gaussian beam has reduced
by a factor of 1/e. The fluences Fry, and Fop are cal-
culated as the pulse energy divided by wbty, and b,
respectively. With this definition, Frry, and Fop are identi-
cal to the local peak fluence in the center of the Gaussian
beam.

The fluences are controlled by a combination of opti-
cal wave plates with polarizers and neutral-density filters
and the optical pump power incident on the LiNbOj3 crys-
tal. An example of a typical terahertz waveform (spectrum
0.3-2.5 THz, peak at 1 THz) and a schematic of an opti-
cal pulse are shown in Fig. 1(b). While the duration of the
terahertz 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. 1(b),
each pair consists of a terahertz switching pulse (polar-
ization directions at +45°) and an optical gate pulse. The
delay 7 between optical and terahertz pulse can be set
between —1 and +1 ns by a mechanical translation stage.
Here, a positive or negative T means that the terahertz

TABLE I. Parameters for the parallel-photoconductor model
for the two substrates used.
Parameter GaAs GaP Source
ns(1 THz) 3.6 3.3 Refs. [34-36]
Band gap 1.43 2.26 Refs. [30,31]
(eV)
Gate photon 1.55 3.1
energy
€opt (V)
ns(€opt) 3.6840.09i 4.20+0.27i Ref. [37]
narM (€opt) 3.742.0i 2.542.2i Ref. [38]
Topt (Y0) 14 2.7 Appendix A?
Garm (MS) 40 50 Ref. [22], Fig. 5
2bgp; (um) 85 60 Sec. I
Fot 5.6 1.8 Sec. 11
(mJ/cm?)

aThe transmittance T,y of the optical gate beam through the
CuMnAss is calculated as described in the main text.

pulse arrives after or before the optical pulse at the sample,
respectively [see Fig. 2(d)]. We emphasize that the opti-
cal fluences used here are at least 1 order of magnitude
weaker than the fluence that would be needed to switch
the AFM directly [6]. The experiments are conducted at
room temperature under ambient conditions. More details
of the optical and electrical setup can be found in the
Supplemental Material [33].

I11. RESULTS
A. Typical data

Figure 2 depicts a typical example of the measured
transverse resistance R,,, of CuMnAs on a GaAs substrate
versus real time. The width of the shown time windows
ranges from 40 s [Fig. 2(a)] to over 300 s [Fig. 2(b)]
to 2000 s [Fig. 2(c)]. The fluence of the terahertz and
optical pulse trains is set to Frry, = 0.73F ], and Fop =
0.006F g, respectively. The maximum terahertz fluence
is FIMa — 62 pJ/cm?, and the maximum optical fluences
at 1.55 and 3.1 eV are given in Table .

Figure 2(a) displays one switching cycle where the
gate pulse arrives after the terahertz switching pulse (v =
—240 ps). The course of the transverse resistance sig-
nal R,, has the characteristic shape of a switching cycle
as observed in previous works [6,18,22]. Exposure with
—45°-polarized terahertz pulses causes switching, while
the absence of the terahertz pulses (“THz off”) results
in a relaxation of the signal toward a baseline. Exposure
with +45°-polarized terahertz pulses switches the sam-
ple resistance state into the opposite direction away from
the baseline, to which the signal relaxes back again after
removing the terahertz excitation.

Figure 2(b) shows an extended time window that con-
tains two signal groups. Each of these groups contains four
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FIG. 2. Optically gated terahertz switching between
resistivity states of a 3-um-large CuMnAs device on a GaAs
substrate. Panels (a)+(c) show the dynamics of the trans-
verse resistance R,, versus time ¢ in increasing degree of
detail. (a) Typical dynamics of the transverse resistance
induced by a train of terahertz pulses (fluence Fry, =
0.18F [, repetition rate 1 kHz) taken over one switch-
ing cycle (—45° terahertz polarization, terahertz off, +45°
terahertz polarization, terahertz off). (b) Temporal evolu-
tion of the transverse resistance when the terahertz pulses
are preceded by synchronized optical gate pulses (photon
energy 1.55 eV, Fop = 0.006F g“:", repetition rate 1 kHz).
The switching-induced re51stance 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 ¢ < 612 s (brown data),
the optical excitation occurs after the terahertz switching
pulse (terahertz-optical gate pulse delay 7 < 0 ps), whereas
att > 612 s (green data), optical excitation temporally over-
laps with the terahertz pulse (r & 0 ps). (c) The same data
as in panel (b), but over a larger time window. The delay ,
corresponding to each color-labeled block of data, is stated
above the traces. (d) Resistance modulation AR as inferred
from panel (c) versus delay . Each data point is the mean
of AR of the last three switching cycles per set of four (color
coded) in (b). The error bars are the standard deviation of all
data at T < 0 to more adequately account for the long-term
signal drifts. The red curve is a monoexponential fit with a
relaxation time of 2.3 ns. The maximum incident fluences
are given by FI% = 62 pJ/cm? and Fo* =56 mJ/cm? at
1.55eV.
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switching cycles and is marked by a different color. The
first group of four (brown) is taken for T = —240 ps (gate
arrives after terahertz pulse), whereas the second group
(green) is measured for coinciding arrival times of tera-
hertz and gate pulses (r = 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. 2(b)].

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

The resulting AR versus pump-probe delay is shown
in Fig. 2(d). The gate-induced reduction of the resistance
modulation is significantly bigger than the error bar, which
is estimated as the standard deviation of all data at 7 < 0
and, thus, also accounts for the long-term signal drifts.

The gate induces a steplike decrease of the resistance
modulation when the optical pulse starts preceding the
terahertz pulse, followed by relaxation on a nanosecond
timescale. The underlying dynamics can be well described
by a Heaviside step function times a monoexponential
decay with a time constant of 2.3 ns plus a constant
background [see red curve in Fig. 2(d)].

B. Impact of the gate pulse

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

To address the role of the substrate, we change the
substrate to GaP (band gap 2.25 eV) and repeat the
experiment with a gate photon energy below [1.55 eV,
Fig. 3(a)] and above [3.1 eV, Fig. 3(b)] the GaP band gap.
For below-gap gate excitation [Fig. 3(a)], no significant
change in the resistance modulation is observed relative
to the error bars of the measurement [Fig. 2(a)]. 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.
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FIG. 3. Impact of the optical-gate photon energy and substrate

on the terahertz switching of a 2-um-large CuMnAs device on
a GaP substrate. (a) Resistance modulation AR versus delay
T between optical gate and terahertz switching pulse for dif-
ferent gate-pulse fluences F,, with a gate photon energy of
1.55 eV, below the 2.25 eV electronic band gap of GaP, and
Fri, = L.OF. (b) Same as panel (a), but for a gate photon
energy of 3.1 eV which is above the band gap of GaP. The data
presented are the mean of each AR of the last three switching
events per group as shown in Fig. 2(b). The error bars are the
standard deviation of data at 7 < 0. The maximum incident tera-
hertz fluence is F5&* = 62 p1J/cm?, while the maximum optlcal
fluences Fgpt* amount to 5.6 mJ/cm at 1.55 eV and 1.8 mJ/cm?

at3.1eV.

However, for above-gap gate excitation [Fig. 3(b)],
a distinctly different behavior of the resistance modula-
tion versus terahertz-optical delay is found. We observe a
strong reduction of the resistance modulation that increases
with gate fluence. At the maximum gate fluence of F™ at
3.1 eV, nearly complete suppression is achieved for delays
below approximately 20 ps. We conclude that suppres-
sion of the switching signal is related to optical excitation
of electronic transitions in the substrate underneath the
CuMnAs device, while direct excitation of the CuMnAs
and Au films (both at 1.55 and 3.1 eV) plays a minor
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role. The timescales on which the resistance modulation
recovers are discussed further in the following.

C. Power dependence

To characterize how strongly the optically excited sub-
strate modifies the terahertz excitation process, we mea-
sure the resistance modulation AR as a function of the
terahertz fluence F'ry, and the gate fluence Fo,; [Fig. 4(a)].
Without the optical gate pulses, we observe that the
resistance modulation AR increases monotonically and
strongly superlinearly with increasing terahertz fluence
[red curve in Fig. 4(a)], consistent with the observations
in Ref. [22].

In a second measurement, the terahertz fluence Frry, is
held at the maximum available value F7pjj;, and the gate-
pulse train is switched on with a delay of 7 = 15 ps. We

(a) Terahertz fluence FTHZ/F?HQ;
050 055 060 065 0.70
I I I I I

_ﬁ Gahs, 1.55 eV

T il
S

0 1 2 3 4 5
max

Gate fluence 10° Fopt Fopt

AR (MQ)

b
() 1 [ I I [ | ]
GaAs, 1.55eV
0.9
‘o
0.8 —
0.7 —
| | | | |

0 1 2 3 4 5
max

Gate fluence 10° Fopt Fopt

see that the resistance modulation AR decreases monotoni-
cally when the gate fluence Foy is increased [black curve in

Fig. 4(a)]. At a gate fluence above 0.5% ofF[‘;';,‘tiX at1.55¢eV,
AR is suppressed by more than 90%. An analogous
behavior of AR vs Fry, and Fypy is found for the CuMnAs
device on the GaP substrate for 3.1 eV gate excitation
[Fig. 4(c)], yet for significantly larger gate fluences, as
discussed in the following section. Note that these observa-
tions 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 sub-
strate can modify the terahertz excitation process is the
“parallel photoconductor” model, which is schematically
shown in Fig. 1(c). In a qualitative picture, without the

(c) Terahertz fluence FTHZ/F?;ZX
0.6 0.7 0.8 0.9 1.0
el | | | | |
GaP, 3.1eV
g 1 7
E
S 2 -
0 % ______ ‘%
I I I I I
0.0 0.2 0.4 0.6 0.8 1.0
Gate fluence Fopt/F::,?x
(d) | |
1 —
GaP, 3.1 eV
0.8
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0.6
04

I I I
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Gate fluence Fopt/Fg;X

FIG. 4. Fluence dependence and optical gating mechanism. (a) Dependence of terahertz resistance modulation AR [see Fig. 2(b)]
on the terahertz fluence Fry, (red symbols, top axis) for Fp = 0 and on the gate fluence Fop for Frry, = 0.73Ff3; and a preceding
optical gate pulse at T = 15 ps (black symbols, bottom abscissa). The sample is a 4-um-large CuMnAs device on GaAs substrate,
and the red solid line is a fit based on Fry, = a;(AR)* + a3 with fit parameters a;, a, as. (b) Experimentally determined (blue
symbols) and modeled (red solid line) factor C? that quantifies how strongly the gate pulse attenuates the terahertz power arriving
in the CuMnAs layer as a function of the gate fluence Fp:. The experimental values and their uncertainties are extracted from panel
(a) using C? = Fr},,/F5% (see blue arrows and text), whereas calculated values are derived from a simple parallel photoconductance
model [see Fig. 1(c) and text]. (c) and (d) Same as panels (a) and (b), but for a 2-um-large CuMnAs device on a GaP substrate, a gate
photon energy of 3.1 eV, Fry, = 1.0F[, and a delay of v = 35 ps. The data presented are the mean of the three switching events
per group as shown in Fig. 2(b). The error bars are the standard deviation of data at T < 0. The maximum incident terahertz fluence is
Fifs = 62 pJ/em? , while the maximum optical fluences Fi* amount to 5.6 mJ/cm? at 1.55 eV and 1.8 mJ/cm?® at 3.1 eV. Note the
different scaling of Fi,,; in panels (a) and (b) versus (c) and (d).
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optical gate, the incident terahertz pulse drives a current
exclusively through the AFM CuMnAs layer of conduc-
tance Gapm [see Fig. 1(c) top]. However, if the terahertz
pulse is preceded by an optical gate, the gate generates
quasifree electrons and holes in the substrate, resulting in a
transient electrically conducting layer with sheet conduc-
tance AGs(Fop, 7) [see Fig. 1(c) 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 fluence Fyp
from the data of Fig. 4(a). For a given [, and at max-
imum terahertz fluence (Fru, = FTyj,), we determine the
equivalent terahertz fluence Fyy,, that is required to induce
the same resistance modulation AR in the absence of the
gate beam (F, = 0). This procedure is illustrated by the
three blue arrows in Fig. 4(a). It requires a continuous
curve AR vs Fry,, which is obtained from a fit based on
Fru, = a1 (AR)*? + a3 with fit parameters ai, ay, a3. In
this procedure, we also propagate the uncertainties (error
bars) of the measured contrast AR vs Fop, whereas the
much smaller uncertainties of AR vs Fry, are neglected.
As the terahertz power is proportional to the integrated
squared terahertz field, the field-suppression factor C is
finally determined by the relationship C? = Fpy,,/Fmax.
The resulting C? is plotted against F, opt in Fig. 4(b). Starting
from unity, C?> decreases monotonically with increasing
Fopt from 0 to about 0.6% ofFQl‘jt"‘ at 1.55 eV.

To test our parallel photoconductor model [Fig. 1(c)],
we calculate C using a simple model, in which we con-
sider the device as an infinitely extended CuMnAs thin
film between two half-spaces of air (4) 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 um) of the terahertz field in the CuMnAs and sub-
strate (see Appendix A). Therefore, the terahertz electric
field is approximately constant across the thickness of the
CuMnAs and the photoexcited substrate layer. This con-
dition allows us to apply the Tinkham formula [39,40],
which relates the incident terahertz electric field Ej,. to
the electric field Eapy inside the CuMnAs layer with the
transmission coefficient

Expm(AGs) 2ny

Eine " ng +ns + ZoGapm + ZoAGs
(1)

H(AGs) =

Here, ny and ng are the refractive indices of air and
unexcited substrate, respectively, and Zy &~ 377 Q is the
free-space impedance. Equation (1) shows that we can
control the amplitude of the terahertz field Eapv = tEinc
inside CuMnAs by tuning the amplitude of Ej,. or by mod-
ifying the transient conductance AGg(Pop, T) of the pho-
toexcited substrate layer through variation of the energy

and time delay of the optical gate pulse. It follows that
AGg suppresses the field inside the CuMnAs by a factor
of

_ Earm(AGs)  #(AGg) 1
Exarm(0) 1(0) 14+ AGs/Garm

The last approximation is justified because ZyGapy ~ 15
is significantly larger than n4 4+ ng ~ 4.6 and approxi-
mately constant at 02 THz (see Appendix A). Photoin-
duced changes AGapm in the conductance of the CuMnAs
film are neglected because for below-gap excitation, we
do not observe a sizeable modification of the terahertz-
induced resistance modulation [Fig. 3(a)]. The photoin-
duced conductance AGg equals the number of photogen-
erated electron-hole pairs in GaAs or GaP times their
mobility p and the elementary charge e. Thus, directly
after arrival of the pump pulses, when charge-carrier
recombination is not yet relevant, AGy scales with the
gate fluence F, and can be estimated using the relation-
ship

@

eu Topt

AGg = BF o with B = 3)

€opt

The gate-intensity transmittance 7T,y 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 [38] (see Appendix A). The
relevant parameter values of the GaAs and GaP substrates
are summarized in Table I.

We fit Egs. (2) and (3) to the experimentally deter-
mined C? vs Foy by using proportionality constant B as
the only free parameter. As seen in Fig. 4(b) and 4(d), good
agreement between model and experiment is obtained for
B =0.48 S cm?*/mJ and 0.016 S cm?/m]J for the GaAs and
GaP substrate, respectively. Using the extracted B values,
Eq. (3) and the relevant parameters at €,y = 1.55 eV (see
Table I), we obtain a mobility of = 5300 cm?/V s of pho-
toexcited electrons and holes in GaAs. These numbers are
consistent with typical electron mobilities of photoexcited
undoped GaAs substrates [31,41—45]. For GaP and €, =
3.1 eV, we obtain u = 1800 cm?/V s, whereas 400 cm?/V s
is an upper bound of reported photoinduced carrier mobili-
ties in undoped GaP [41,44,46-49]. Note that the extracted
value depends on the gate transmittance T, through the
CuMnAs layer and the square bf)pt of the gate-beam radius.
At €45t = 3.1 €V, both T and by are estimated and can
come with significant uncertainties of the order of 50%.
Therefore, we consider the obtained photocarrier mobility
for GaP reasonably compatible with literature values.

This consistency supports our interpretation, suggesting
that the gate-induced reduction of the resistance modula-
tion of our samples arises from shunting by the photo-
conductance of optically generated charge carriers in the
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substrate [Fig. 1(c)]. Our model can in particular explain
the much smaller gate power that is required to reduce
the terahertz-resistance modulation of the sample with the
GaAs [Fig. 4(b)] versus the GaP [Fig. 4(d)] substrate.

IV. DISCUSSION

A. Signal dynamics versus 7

Our interpretation of the gate-induced suppression of the
resistance modulation [Fig. 1(c)] implies that the dynamics
of AR as a function of the delay T between the terahertz
and optical gate pulse is given by the evolution of the
transient substrate conductance AGyg [see Eq. (2)].

On longer scales (r > 1 ps), the temporal decay of
AGy and, thus, AR can arise from (i) diffusion of carriers
out of the relevant substrate region and (ii) electron-hole
recombination. Regarding (i), carrier diffusion is known
to significantly change the optical response of nanopho-
tonic devices [50] on a timescale of 100 ps. In our
structure, carrier transport perpendicular to the film plane
does not modify the transient substrate sheet conductance
AGs. For in-plane diffusion, however, AGg can undergo
notable changes if the diffusion length becomes compa-
rable to the smallest relevant structure size, which is the
side length (2—4 um) of the square central region of our
device [see Fig. 1(a)]. For GaAs, the diffusion constant
(D < 200 cm?/s) [41,42,51,52] implies an upper limit to
the diffusion length /Dt of 0.6, 1.4, and 2.8 um at times
t =20 ps, 100, and 400 ps, respectively. For GaP (D <
10 cm?/s) [41,46,53], the respective lengths amount to
0.14,0.32, and 0.63 um. Thus, for GaAs and on a timescale
of 100 ps, carrier diffusion may well lead to a significant
decay of AGs. However, the measured switching con-
trast AR exhibits a much slower decay [see Fig. 2(d)].
Possible reasons for this behavior are as follows. First,
the relationship between AR and Py and, thus, AGy is
highly nonlinear and becomes relatively insensitive to Py
and, thus, AGg at the higher P,y used here [see Figs.
4(a) and 4(c)]. Second, the relevant length scale of our
structure is larger than the assumed approximately 1 um.
Third, the diffusion constant of the GaAs substrate is much
smaller than assumed. In contrast to GaAs, our previous
estimates for GaP suggest that carrier diffusion makes a
minor contribution to the decay of AGy and, thus, AR
[Fig. 3(b)].

Regarding (ii), we note that the relaxation times of AR
seen in our experiments are compatible with timescales
found in previous works. For GaAs-based samples, we find
a monoexponential decay with time constant of 2.3 ns,
which agrees well with the typical range of carrier life-
times in GaAs from several hundreds of picoseconds to
nanoseconds, depending on the density of in-gap states
and compensation doping [41,54-56]. For GaP, the time
constants of the decay of AR vary from 140 to 800 ps,
depending on excitation density. They are of the same

order of magnitude as timescales found for photoexcited
GaP [41,46,57-59] or other large-gap semiconductors such
as 6H-SiC [60] and ZnTe [61]. We emphasize that com-
parison 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. Sec-
ond, the observable AR considered here (Fig. 3) depends
highly nonlinearly on the carrier density [see Figs. 4(a)
and 4(c)] and so may not faithfully reflect the speed of the
carrier decay.

For short timescales of around t = 0, the switch-on
dynamics of the transient photoconductance AGy is given
by the gate-pulse duration and the time it takes the photo-
generated carriers to establish a Drude-type conductivity.
As shown by previous works [62,63], the timescale of
the latter process is typically 50-100 fs, depending on
excitation conditions.

At positive and negative delays t, the transverse resis-
tance signal R,, exhibits a different offset [see Figs. 2(b)
and 2(c)]. A possible origin of the offset is that spatial sym-
metries (such as mirror symmetries) of the ideal sample
structure are slightly broken in the fabricated sample, for
instance due to nonorthogonal contacts, anisotropic con-
ductivity of CuMnAs [23], and an asymmetric terahertz-
beam cross section. As a consequence, the sample is
neither switched nor read out in a spatially symmetric
manner, even in the absence of the optical gate pulse.
Therefore, the sum of resistances of the states obtained by
+45°-oriented electric fields can change. Another reason
for the offset change of R, may be the possible existence
of slowly relaxing signal components, which can be found
to last for tens of minutes after switching [6]. The off-
set change mostly cancels in the switching contrast AR

[Fig. 2(b)].

B. Other gate-pulse excitations

In our experiment, a substantial part of the gate pulse
is absorbed by the AFM CuMnAs film. As shown by
Figs. 2(d) and 3 for v < 0, the gate pulse is not found
to modify the already written resistance state. We con-
clude that the gate-pulse energy densities used here do
not reach the threshold that is needed for optical writ-
ing and erasing of resistance states in CuMnAs. Notable
changes would require a transient increase of the CuMnAs
temperature close to the Néel point [6]. In fact, we esti-
mate the maximal energy density deposited by one optical
pulse in the CuMnAs film in our experiment to be roughly
50 pJ/um?, which is approximately 1 order of magnitude
smaller than the densities used for optical writing and
erasing in Ref. [6]. By comparison with these switching
experiments, we estimate that the transient temperature
increase of CuMnAs reaches a few 10 K.
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The deposited optical gate-pulse energy could still ease
the terahertz-pulse-driven switching by lowering the writ-
ing threshold and, thus, lead to an observable increase of
the switching contrast AR. However, the measurements
[Fig. 3(a)] are in contrast to this expectation: They indi-
cate a weak opposite trend, a slight decrease of the contrast.
Therefore, we consider the optical gate-pulse energies used
here to be optimal. We control the terahertz field strength in
the CuMnAss film without directly changing the resistance
state of the CuMnAs film.

The small signal difference between positive and neg-
ative delays at the highest gate fluence in Fig. 3(a) is
assigned to two-photon absorption (2PA) in the GaP sub-
strate. Indeed, estimates based on the 2PA coefficient of
GaP [46,64,65] (see Appendix A) indicate that at the
highest fluence F3J™ at 1.55 eV, the gate can reduce the
terahertz field by a few per cent, i.e., 1 — C ~ 1072, and,
thus, cause a small yet notable reduction of the switching
contrast as suggested by Fig. 3(a).

We finally note that the gate-induced free charge car-
riers do not only modulate the electric component of the
terahertz pulse. They may also lead to changes in the tera-
hertz magnetic field, which are, however, not relevant for
this experiment.

C. Possible functionality and power consumption

In a wider application perspective, our results demon-
strate the integration of an AFM memory with a power-
ful semiconductor functionality. They suggest a pathway
to achieve terahertz-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 tera-
hertz 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 approximately half the
gate wavelength, that is, Aop /2 = 200 nm. This value is
3 orders of magnitude smaller than the terahertz beam
diameter. Adequate and rapid structuring of light beams
can be achieved with binary spatial light modulators [66].
Even smaller feature sizes of the order of 50 x 50 nm? are
routinely possible with optical nanoantennas [67].

The integration of AFM memory functionality with
logical features of semiconductors shown here and the
compatibility of CuMnAs with various semiconductor sub-
strates open the door toward a rich variety of applications.
For instance, an optical excitation of memory bits, sim-
ilar to our optical protection from terahertz writing, is
already successfully employed in heat-assisted magnetic
recording (HAMR) technology [67]. Here, a magneti-
cally 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.

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 terahertz-field-induced writing.
Assuming a bit size [67] of 50 x 50 nm?, we estimate that
HAMR requires an optical energy of 30 pl/bit [68,69].
This value is more than 5 orders of magnitude larger than
the 0.5 fJ/bit needed for bit protection in our samples (see
Appendix B). This comparison should be taken with cau-
tion. First, our scheme is an inverse of HAMR because
we need to protect a bit, which should remain unchanged,
every time it is inside an area that is affected by the
extended terahertz field. Second, at room temperature, bits
in our CuMnAs device are 5—6 orders of magnitude shorter
lived than in ferromagnetic memories. Nevertheless, our
energy comparison shows that the scheme suggested in this
work [Fig. 1(c)] is comparatively energy efficient and takes
the advantages of AFM data storage to semiconductor
electronics.

The timescale over which the AFM memory stays pro-
tected against the terahertz switching is determined by the
lifetime of the photoinduced carriers. The latter can be set
over a wide range from subpicoseconds to nanoseconds by
standard semiconductor methods, for example control of
the impurity concentration and growth temperature of the
substrate [70,71].

V. CONCLUSION

Our results demonstrate an efficient control of the ter-
ahertz switching of a CuMnAs AFM layer by function-
alizing the semiconducting substrate. When excited with
an optical pulse, the substrate becomes conducting and
shorts the terahertz writing current in the AFM layer. A
parallel-photoconductor model can quantitatively explain
our findings. Notably, we do not observe a direct influ-
ence of the optical gate absorption by the AFM layer itself.
For technological applications, the lifetime of the photoin-
duced changes in the conductivity of the semiconducting
substrate can be tuned by doping and defect density. The
shown integration of AFM memory functionality with log-
ical 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 [72,73] and multiferroic
spintronics [74].
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APPENDIX A: MODEL OF PARALLEL
CONDUCTIVITY

1. Optical transmittance

The gate-intensity transmittance T,,; from air through
the CuMnAs film to the substrate layer, as it appears
in Eq. (3), is given by the relationship Top = (|t*Re ng/
Re n1p)opt, where the index opt indicates that all quantities
need to be evaluated for the optical gate. The transmis-
sion coefficient 7,y of the gate field from air through the
CuMnAs film into the substrate is given by [75]

to123 CXp(Z?‘[il’le/)\)
1 4 rar3 exp(dminyd/)) ’

fopt = (A1)

where #; and r;; are the Fresnel transmission and reflection
coefficients of the interface of layers i and j for normal
incidence (1: air, 2: CuMnAs, 3: substrate), A is the gate
wavelength and d = 50 nm is the thickness of CuMnAs,
all evaluated at the relevant gate frequency using the
optical refractive indices of substrate (ngopt), air (nopt),
and CuMnAs (napmopt = 3.7 +2.0i and 2.5 +2.2i at A =
800 nm and 400 nm, respectively) [38].

The gate-intensity absorptance Aopt = 1 — Topt — Ropt in
the CuMnAs layer on top of the GaP substrate is obtained
through an analogous expression for the reflectance, Ropt =
|Fopt|* with [75]

ri2 + 3 exp(4minyd/A)
1 + 12123 exp(4nin2d/k) .

(A2)

Fopt =

2. Terahertz conductivity of CuMnAs

The conductance of the 50-nm thin CuMnAs films on
GaAs and GaP substrates used in Eq. (2) is obtained by dc
electrical measurements of the actual devices used in the
terahertz experiment and yields Gapm & 40 and 50 mS,
respectively. The reliability of this value at terahertz fre-
quencies is confirmed by a terahertz conductivity mea-
surement on a 20-nm thin unpatterned CuMnAs film on
a GaP substrate (see Fig. S1 in the Supplemental Material
[33]). The conductivity is approximately constant in the
relevant frequency range from 0.1 to 2 THz and amounts
to o ~ 8 x 10° S/m, yielding a conductance of approx-
imately 40 mS for a 50-nm thin film, which is roughly
consistent with the dc values used.

3. Terahertz penetration depths

The penetration depth § of terahertz radiation at 1 THz
is roughly estimated using the relation [76,77]

s N 2c
(@)~ Zoo (w)w’

where w/2x =1 THz, Zy =377 2, and c is the light
velocity in a vacuum. It yields § ~ 560 nm for CuMnAs
using o (w) ~ 8 x 10° S/m.

To estimate § of the optically excited substrates, we
assume the photoconductance A Gy is much higher than the
residual conductivity of semi-insulating GaAs and GaP.
Then, using Eq. (2), we express the photoconductivity of
the substrate in terms of C by Aas = Gapm(C~' — 1)/85"
where Gapy = 40 and 50 mS and 8§pt =750 and 116 nm
are the conductances and the optical penetration depths of
GaAs and GaP at wavelengths of 800 and 400 nm, respec-
tively. We use C values for the highest optical excitation
from Fig. 4 and replace o by Aos in Eq. (A3), obtaining
the terahertz skin depth § ~ 4.9 and 1.0 um for GaAs and
GaP, respectively. As 5,5 and 831 are much larger than
the thickness of the CuMnAs film and the depth of the
photoexcitation in the substrates, the use of the Tinkham
formula in Eq. (1) of the main text is appropriate.

(A3)

4. Two-photon absorption in GaP

The optical intensity /,,s absorbed in a sheet at depth z in
the transparent GaP substrate uniquely by 2PA is [64,78]

Lys(z) =1y —1(z) =1y (1 (A4)

1
B 1+z,3[0>

where [ is the intensity at z = 0 and S is the 2PA coef-
ficient defined by the differential equation 9//3z = —BI°.
Using the typical value 8 =1 cm/GW [38,46,65] and the
peak intensity Iy = Topil g;ft‘x /T, of our maximal excita-
tion at the below-band-gap excitation energy 1.55 eV and
pulse duration 7, = 40 fs, we obtain the absorbed fraction
of the gate intensity ls(z)/lp =~ 0.2%, 0.9%, and 1.8%
for the excitation depths of z =1, 5 and 10 pum, respec-
tively. These values already indicate that 2PA can induce
an observable transient photoconductance AGyg.

Using the absorbed intensity and Eq. (3) of the main
text, we can express the equivalent gate fluence F, §gt at the
above-band-gap energy 3.1 eV which corresponds to the
same AGy. We obtain Fop/F*(3.1 eV) = 0.5%, 2.3%
and 4.6%, respectively. By comparison to Fig. 3(a) and
3(b) of the main text, we conclude that 2PA in GaP could
explain the observed slight reduction of the switching
signal at the below-band-gap gate excitation.
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APPENDIX B: WRITING-ENERGY
REQUIREMENT IN HAMR

To compare the energy requirement of writing a bit of
data in HAMR media to the energy requirement of pro-
tecting a bit in the scheme presented here, one needs to
consider the following. In both HAMR and the technique
presented in this work, the excitation is pulselike, and a
single bit is excited for less than 10 ns in each case.

The HAMR scheme described in Ref. [69] employs
a plasmonic near-field transducer (NFT) to focus energy
from a diode (wavelength 830 nm, peak power 8.5 ml/s)
into a 50 nm x 50 nm region, beating the diffraction limit.
The NFT can be optimized to deliver approximately 57%
of the incident energy to the ferromagnetic recording layer.
Thus, effectively 4.8 mJ/s are available. Assuming that the
drive writes a continuous stream of 50 x 50 nm? bits at
a linear speed of 7.2 m/s as the disk in Ref. [68], a rate
of 7.2/50 x 1077 bit/s = 144 Mbit/s results, correspond-
ing to an exposition on each bit for about 7 ns. For contin-
uous excitation, this value implies that 4.8 mJ/144 Mbit =
33 pl/bit are required for writing to the disk.

In the scheme presented here, however, we excite a
circular 85-yum-diameter area (Table I) of the semiconduct-
ing substrate with approximately 2 4W of 800 nm light
[Fig. 4(a)]. At 1 kHz repetition rate, this condition corre-
sponds to 2 nJ energy distributed over this 5670 um? area,
which, considering the energy deposited in a 50 x 50 nm?
area, is equivalent to 0.9 flJ/bit. By functionalizing the
semiconducting substrate instead of heating the data layer
itself, 5 orders of magnitude less energy per bit are needed.
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