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Introduction
Antiferromagnetic Spintronics
The spintronics research is focused on the use of the spin degree of freedom of
electrons to store, transfer and process information instead of electron charge, as
used in traditional electronics.
The spin is the quantum inner momentum of electrons. It has no classic
analogy and arises when solving relativistic equations of motion. In the case of a
single electron, the spin can have only two states: up and down. In presence of
an external magnetic field, the energy splits for the two spin states.
Because of this close connection between the spin momentum and magnetism,
spintronic devices incorporate magnetic components. Typically, ferromagnetic
materials are used, as they are easy to manipulate by external magnetic fields.
Recently, also antiferromagnets started to attract researchers’ attention in the
context of spintronics. One of the main reasons is that the manipulation of
magnetic moments by electrical currents became achievable in certain types of
antiferromagnets.
This changed the long standing view on antiferromagnets, as they were considered interesting, but useless since their discovery in the 1930s [1]. Even Néel
writes in his 1970 Nobel lecture: “They are extremely interesting from a theoretical standpoint but do not appear to have any practical applications.”[2]. This
was also because, by that time, the manipulation of the antiparallel moments in
antiferromagnets was possible only in very strong magnetic fields generated by
superconducting magnets.
Recently an electrical manipulation of the antiferromagnetically ordered moments was predicted [3]. This was later observed in thin film tetragonal CuMnAs
[4], where staggered spin-orbit fields are generated by electrical currents. This
creates torques on the antiparallel magnetic moments reorienting them along the
direction perpendicular to the current direction. The resulting change in the
orientation of magnetization can be detected in terms of anisotropic magnetoresistance. This allows for differentiation of two perpendicular magnetic states in
antiferromagnetic films, similarly to situation in ferromagnets.
Implementation of antiferromagnetic materials promises significant advances
in the field of spintronics. The main advantages of antiferromagnets are: the fast
magnetization dynamics, which allows for an increase in operation frequencies
up to the terahertz range, absence of stray fields (i.e. larger information storage
densities) and robustness against magnetic field perturbations.
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From Ferromagnetic Semiconductors
to Antiferromagnetic Metals
The discovery of tetragonal CuMnAs studied in this thesis evolved from spintronics research of ferromagnetic semiconductors. The semiconductor spintronics, if realized, would allow for combining information processing and storage into
a single element. For this purpose, ferromagnetic semiconductors seem to be the
perfect candidates, as they combine semiconducting properties needed to create
transistor devices together with the ability to store information into the magnetic
order.
Incorporation of magnetic atoms into a semiconductor lattice stands behind
the idea of diluted magnetic semiconductors (DMS) [6][7].
Thin film
(Ga1−x , Mnx )As grown on top of GaAs is an ideal model material (see figure
1a) [7][8]. In (Ga1−x , Mnx )As, Mn atoms substitute the Ga atoms in the lattice.
Yet, synthesis of high quality (Ga1−x , Mnx )As with high Mn concentration and
high critical temperature (TC ) is complicated by low incorporation limit of Mn
at thermodynamic equilibrium (about 0.1 % [9]). To increase the Mn concentration, molecular beam epitaxy has been used to produce samples with up to
12 % Mn in the lattice [10][11]. The maximum Curie temperature of 188 K was
achieved so far, after optimized growth and annealing procedures [9]. This is
still below the room temperature and therefore strongly limits practical applications. On the other hand, multiple spintronic phenomena which found later
application, were extensively studied on this material. For example, the spinorbit torque (SOT)[12], anomalous Hall effect (AHE)[13] and spin Hall effect
(SHE)[14][15][16]. Moreover, new optical spintronics phenomena like the optical
spin orbit torque (OSOT)[17] and the optical spin transfer torque (OSTT)[18]
were observed in (Ga1−x , Mnx )As films for the first time.
To increase the critical temperature even further, more magnetic atoms need
to be incorporated into the lattice. It turns out that in the III-V semiconductors,
the group III atom can be replaced by a pair of atoms, which have three valence
electrons in total. This gives rise to the family of I-II-V compounds, in which
the non-magnetic group II element can be isovalently substituted by magnetic
element Mn.
Regarding crystallography, one of the I-II atoms occupies the original positions in the zincblende structure and the other atoms are located in the free
interstitial positions. Such a cubic structure consisting of three FCC lattices is
called the half-Heusler structure. An example of well known material with such
a filled zincblende symmetry is CuMnSb[19][20], its unit cell is shown in figure
1b. The antiferromagnetic ordering is present in this metallic material, having
the Néel temperature of 50 K [21]. This is caused by the competition of parallel and antiparallel exchange interaction in the crystal. In essence, half of the
nearest magnetic neighbours are oriented ferromagnetically and the second half
antiferromagnetically, which results in large frustration in the magnetic ordering.
To make the antiferromagnetic order more robust, the crystal symmetry needs
to be lowered from cubic to tetragonal. Semiconducting LiMnAs (see in figure
1c) is one of the examples of an antiferromagnet with this crystal symmetry [22].
The layered magnetic ordering removes the frustration of neighbouring moments
and so allows for the antiferromagnetic configuration to persist above the room
4

Figure 1: Unit cells of selected spintronic materials. a) ferromagnetic
semiconductor (Ga1−x , Mnx )As: non-magnetic semiconductor GaAs with magnetic dopant Mn. b) antiferromagnetic cubic half-Heusler CuMnSb, c) antiferromagnetic tetragonal LiMnAs, d) antiferromagnetic tetragonal CuMnAs. (All
crystallographic models in this work were exported from the VESTA software
[5]).
temperature. Thin films LiMnAs with the Néel temperature of 393 K were recently prepared by MBE [23][24]. The high Néel temperature and the possibility
to prepare single crystal thin films made LiMnAs a possible candidate for antiferromagnetic spintronic applications. On the other hand, the incorporation of
small lithium atoms into the lattice makes the compound unstable at ambient
conditions, again making the material unsuitable for electronics.
When the lithium atoms are replaced by copper, which is a heavier monovalent transition metal, the antiferromagnetic CuMnAs can be synthesised [21].
5

In the 1:1:1 stoichiometric composition, the bulk CuMnAs has the orthorhombic
crystal structure [25]. Orthorhombic CuMnAs is an interesting material as it was
proposed to be a candidate for a magnetic Dirac semimetal [26]. However, epitaxial growth of orthorhombic CuMnAs was not achieved so far. Interestingly, the
attempts for its epitaxial growth led to the discovery of tetragonal CuMnAs. Advantageously, the growth is possible on common semiconductors: GaAs, GaP and
Si [27]. The antiferromagnetic order in tetragonal CuMnAs persists up to 480 K
[28], which makes it compatible with room temperature spintronics/electronics.
Moreover, thin films of tetragonal CuMnAs were recently prepared using the magnetron sputtering method [29], which makes it even more feasible for large scale
industry applications.

The New Quench-Switching Effect
This thesis focuses on our recent discovery of quench switching in the tetragonal
antiferromagnet CuMnAs. This newly observed resistance change mechanism,
presented for the first time in [ZK1], was measured in thin CuMnAs films, which
we optimized in [ZK2].
In CuMnAs, two current induced switching effects can be observed: magnetization reorientation and quench-switching effect. In the case of reorientation, the
writing currents are sent in two perpendicular directions which results in reorientation of the magnetic moments due to spin-orbit interaction. The resistance
difference between the two magnetic states can be measured by anisotropic magnetoresistance (AMR). On the other hand, the quench-switching mechanism is
induced by a strong writing pulse which leads to increase in the resistance of the
film. The resistance consequently relaxes back to the original values. This allows
us to use simple bar-shaped devices instead of more complicated device geometries, such as a cross or a star. In the bar-shaped device, a simple four-probe
longitudinal resistivity measurement can be performed, whereas the transverse
resistance is typically measured in the other devices.
The switched, high resistance state is excited either by the optical or electrical
pulses, suggesting a thermal origin of this effect. In this work, the focus is given
to the electrical pulsing. During a writing pulse, temperature increases up to the
vicinity of the Néel temperature, which suggests the magnetic origin of the effect
[ZK1].
A possible explanation of the resistance increase is a domain fragmentation.
After sending a strong writing pulse, a change in the domain pattern (fragmentation) was observed by two different microscopy methods, the NV-magnetometry
[ZK7] and XMLD-PEEM [ZK1]. Additionally, atomically sharp domain walls
were observed in this material by transmission electron microscopy [ZK8]. As
a result, the resistance can increase due to a large density of domain walls, or by
the GMR-like scattering on the sharp domain walls.
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Thesis Outline
The first chapter is dedicated to a brief introduction of studied phenomena.
Because spintronics is tightly connected with magnetism, the magnetic ordering
is introduced. Follows introduction of magnetoresistance effects, which are used to
distinguish different magnetic configurations by resistivity measurements. Then
the electrical switching in antiferromagnets by the current induced Néel spin orbit
torque is described. Finally, the fragmentation of domain structure is discussed,
which could serve as an explanation of the quench switching resistance signals
studied in this work.
The experiments demonstrating the quench-switching mechanism in simple
bar-shaped devices are described in chapter 2. The most important aspects of
the experiment are discussed and a basic framework for analysis of the measured
signals is set. Specifically, the relaxation of the switching signal is described
in terms of stretched exponential function, revealing the presence of multiple
relaxation components.
Different device geometries are compared in chapter 3. A simple cross,
a Wheatstone bridge and a bar-shaped device are analysed in terms of the resistance increase and the relaxation rate discussing advantages and disadvantages
of individual geometries.
In chapter 4 the role of writing pulse parameters are examined. At first,
the breakdown voltage is defined when the pulse induces irreversible resistivity
changes. The importance of fast cooling (quenching) after the writing pulse is
investigated by analysis of pulse length’s influence on switching signal. Then the
device history dependence of the signal is investigated. Depending on the pulse
delay and amplitude, the multilevel pulse counting or erasing mechanisms are
detected.
The influence of material parameters on the quench switching is studied in
chapter 5. The thin films of CuMnAs were prepared on three different substrates, namely GaP, GaAs and Si. The role of growth parameters, such as the
thickness, composition or growth temperature are studied.
In the last chapter, the CuMnAs thin film preparation by the MBE method is
described. It is followed by a description of the nanolithography process which was
used to fabricate devices used in this thesis. Finally, the instrumental equipment
used to generate electrical pulses and for transport measurements is described.
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Chapter 1
Background of Antiferromagnetic
Spintronics
Section 1.1 describes magnetic properties in solids. The magnetic moment of
isolated atoms arises from the electron configuration. When those moments incorporate in crystal lattice, different magnetic order is formed depending on the
exchange interaction between neighbouring atoms. In ferromagnetic materials
the neighbouring moments have parallel orientation, whereas in antiferromagnets
the orientation is antiparallel (for simplicity only collinear antiferromagnets are
considered in this work).
The magnetoresistance in section 1.2 describes resistance behaviour in presence of magnetic fields. The anisotropic magnetoresistance effects are observed
in homogeneous magnetic materials. In layered heterostructures the magnetoresistance amplitude can increase significantly like in the case of the giant magnetoresistance.
In section 1.3, the electrical switching in antiferromagnets is described. This
switching originates in the current induced Néel spin orbit torque and as a consequence antiparallel moments rotate perpendicular to the current direction. It is
followed by an overview of previous experimental measurements in thin CuMnAs
layers and other antiferromagnetic materials.
Finally, an explanation of the new quench-switching mechanism by the domain state fragmentation is proposed in section 1.4. The domain shattering is
observed after applying strong current pulses in a thin CuMnAs layer. The virgin
micrometer large domains shatter into very small domains, with the size below
10 nm.
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1.1
1.1.1

Ordered Magnetic Structures
Magnetic Moment of an Isolated Atom

Magnetic properties of atoms are dominantly given by their electron configuration. The ground state electron configuration of atoms is given by empirical
Hund’s rules [30]. These rules reflect three basic physical phenomena: Pauli’s
exclusion principle, Coulomb interaction and spin-orbit interaction. The main
implication of the rules is that the total angular momentum of an isolated atom
J is given by spin momentum S and orbital momentum L.

Figure 1.1: Angular momentum for 3d transition metals. Values of spin
S, orbital L and total J angular momentum obtained using the Hund’s rules.
Adapted from [30].
From the total momentum J, the magnetic moment of atom is calculated as
µ = −gµB J,

(1.1)

where the g is the Landé g-factor and µB is the Bohr magneton. As a result atoms
with partially occupied orbitals show non-zero magnetic moment. Examples of
the different angular momenta for 3d elements obtained by Hund’s laws are shown
in figure 1.1.
When atoms form a crystal structure, the local environment of each atom
must be taken into account. The shape of the atomic orbitals changes due to the
interaction with neighbouring atoms. This correction becomes significant especially in the case of d-electrons, which are stretched far from the nucleus. There
this interaction becomes stronger than the spin orbit interaction and as a result,
the total momentum of 3d elements is given mostly by the spin momentum (the
role of orbital momentum is diminished, L → 0).

1.1.2

Magnetic Ordering

Neighbouring magnetic atoms interact in solids by exchange interactions. Depending on the type and relative strength of those interactions, the magnetic
ground state can be strongly modified. For example, ferromagnetic materials
(figure 1.2a) have all the magnetic moments aligned in parallel configuration,
whereas collinear antiferromagnetic materials have adjacent magnetic moments
in an antiparallel alignment (figure 1.2b).
9

Figure 1.2: Ordered magnetic structures. a) Ferromagnetic and b) collinear
antiferromagnetic ordering.
In both cases, the ground state configuration is a solution of the Heisenberg
model [31][32]
∑︂
∑︂
Jij Si · Sj + gµB
Sj · B.
(1.2)
Ĥ = −
(i,j)

j

The two terms are the spin-spin interaction and interaction with the external
magnetic field B (Zeeman energy). The exchange constant Jij quantifies the
exchange interaction between ith and jth atoms with total momentum Si and Sj .
Large simplification of this model is done by introducing the Weiss molecular
field [2]. Instead of calculating exchange energy between every two atoms in the
crystal, the interaction with all neighbours is replaced with an effective molecular
field Bmf . This effective field is added to the external magnetic field. That reduces
the Heisenberg model Hamiltonian into the following simplified form [30]
Ĥ = gµB

∑︂

Sj · (B + Bmf ) .

(1.3)

j

The equation has a similar form as the Zeeman energy, but with the effective
magnetic field given by (B + Bmf ).
The model further assumes, that the molecular field is proportional to magnetization M
Bmf = λM,
(1.4)
where the parameter λ represents all the exchange constants Jij acting on one
(jth ) atom.

1.1.3

Ferromagnetism and Antiferromagnetism

In ferromagnetic materials, the Weiss effective field parameter is positive λ > 0.
This corresponds to the case, where positive exchange interaction dominates and
results in parallel ground state magnetic configuration, shown in figure 1.2a.
The solution of this model is temperature dependent magnetization M, which
describes the competition between the exchange interaction and thermal fluctuations. Below the critical temperature, in ferromagnets called the Curie temperature TC , the magnetization increases and then approaches saturated value MS at
10

zero temperature limit. Above the Curie temperature the magnetization is zero,
due to transition to paramagnetic state.
When the prevailing exchange constant Jij is negative (λ < 0), the neighbouring moments orient in the antiparallel configuration. This case is called
the antiferromagnetic order and it is shown in the scheme 1.2b. For simplicity,
a collinear antiferromagnet is considered, in which the magnetic order consists of
two antiparallel moments with the same amplitude.

Figure 1.3: Antiferromagnet composed of two magnetic sublattices with
opposite moments.
Collinear antiferromagnetic crystals can be split into two interpenetrating
sublattices, where each of them has an parallel moment alignment. Example is
shown in figure 1.3. The molecular field is then different for each sublattice
B
BA
mf = − |λ| M
A
BB
mf = − |λ| M

(1.5)

Because the two magnetization vectors have the same amplitude and opposite
direction MA = −MB , the antiferromagnetic model has a similar solution as in
the ferromagnetic case. The transition temperature from a magnetic to a nonmagnetic state in antiferromagnets is called the Néel temperature TN . Above this
temperature the moments are in random, paramagnetic order with zero magnetization. Below TN each of the sublattices has non-zero magnetization, which
increases with decreasing temperature.
In finite magnetically ordered structures, minimization of magnetic energy
leads to creation of magnetic domains [33]. Areas with different orientation of the
magnetic order are separated by domain walls, where the magnetization rotates.
Due to presence of non-parallel moments, the domain walls increase the energy
of the system [34]. Width of the domain wall is determined by the ratio of the
exchange interaction and magnetic anisotropy.
While in ferromagnetic materials, the domain structure is given by competition of dipole field energy and domain wall energy, in antiferromagnets no long
range dipole interaction is present. In real antiferromagnetic crystals, the presence of defects and strain often leads to formation of domain walls. Due to the
zero macroscopic moment, the magnetization vector cannot be used to describe
domain orientation in antiferromagnets. Therefore the Néel vector L is defined
as a difference of magnetic moments of the two sublattices
L = MA − MB
and describes the orientation in the magnetic domain.
11

(1.6)

Antiferromagnets in Magnetic Fields

Figure 1.4: Antiferromagnets in strong external magnetic field. a) Magnetization canting, when field is applied perpendicular to L vector. b) No effect
of external field along the Néel vector, when its amplitude is below spin-flop field
BSF . c) Spin-flop to more energetically favourable configuration of magnetic moments perpendicular to the field and immediate canting. d) Macroscopic magnetization as a function of external field amplitude for B perpendicular to L
(dashed line) and for B parallel to L (solid line). Magnetization saturates when
both sublattices are along the external field.
When a strong external field is applied perpendicular to the Néel vector L, the
magnetic moments of both sublattices cant towards the external field direction,
as shown in figure 1.4a.
When the magnetic field is parallel or antiparallel with the L vector, no effect
is observed (figure 1.4b) until the spin-flop field is reached. Then the sublattice
magnetic moments rotate to direction perpendicular to the external field and
immediately cant towards it as shown in figure 1.4c. The effect of further increase
of the magnetic field is shown in the graph 1.4d. The moments cant towards
the external field direction until saturated value MS is reached. In the case of
CuMnAs thin films, the spin-flop field close to 2 T was recently measured with
magnetotransport and XMLD-PEEM [35].
In the next section, the relation between magnetism and resistivity of materials will be discussed.
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1.2

Magnetoresistance

Any resistivity change caused by a presence of an external magnetic field, internal magnetic moments or generally by any magnetic interaction is called the
magnetoresistance.
Depending on whether the material has a magnetic moment or not, or whether
a sample consists of a single material or magnetic multilayers, multiple types of
magnetoresistance can be observed.

1.2.1

Anisotropic Magnetoresistance

In ferromagnetic materials, a distinct component of magnetoresistance depends
on the angle between the magnetization and electric current direction. The magnitude of this effect - anisotropic magnetoresistance (AMR) is given by [36]
AMR =

ρ∥ − ρ⊥
ρav

(1.7)

which is the resistivity difference between parallel ρ∥ and perpendicular ρ⊥ configuration of magnetization and current direction normalized by the average resistivity ρav .
The AMR originates from the band splitting in ferromagnets and from the
spin-orbit interaction. In the case of typical 3d transition metal alloys, the dominant s-d scattering probability is the largest for electrons traveling parallel with
the magnetization direction, which means ρ∥ > ρ⊥ , [37].
The same AMR effect can be measured both in the current direction (yielding
longitudinal resistivity ρxx ), and in the direction perpendicular to the current
(transversal resistivity ρxy ). The angular dependence of longitudinal and transverse resistivity is given by following formulas
ρxx ∼ cos(2θ)
ρxy ∼ sin(2θ)

(1.8)

Magnitudes of the AMR are typically of the order of 0.1%. In the case of
thin CuMnAs films, the amplitude lies between 0.1-0.2% depending on the film
thickness [35].

1.2.2

Giant Magnetoresistance

The giant magnetoresistance (GMR) is a significant resistance component which
is present in multilayer structures, where the ferromagnetic layers are separated
by a thin non-magnetic spacer. When the GMR was first observed in 1988 [38],
the amplitude was significantly higher than any other magnetoresistance effect
and thus the name ”giant” was used.
The resistivity behaviour is shown in figure 1.5a. When no external field is
present (B = 0), two neighbouring magnetic films have antiparallel alignment (see
figure 1.5b). As the external field increases, the resistance drops until saturation is
reached. This corresponds to parallel alignment of neighbouring magnetic layers.

13

Figure 1.5: Giant magnetoresistance. a) Experimental observation of GMR
in Fe/Cr superlattices with different thicknesses of the non-magnetic layer. [38].
b) Schematic representation of orientations of the magnetic films [39].
As illustrated in figure 1.5a, the resistance change is strongly dependent on the
thickness of the spacer. The magnetic coupling parameter of neighbouring magnetic films oscillates between positive and negative values (ferromagnetic and antiferromagnetic ordering), due to the presence of the carrier mediated magnetism
(RKKY interaction).
In the first measurements on superlattice (Fe3nm/Cr0.9nm), the GMR amplitude reaches value up to 80% at the temperature of 4 K [38]. By further reduction
of the chromium layer thickness, the amplitude increases up to 220 % at 1.5 K (42
% at 300 K) [40]. Even higher values are measured in the Co/Cu superlattices,
where the amplitude reaches 70 % at the room temperature [41][42]. Currently
the world record is held by Co/Cu multilayer, where the magnetic cobalt film is
doped with iron. There the GMR amplitude up to 110% is observed [43].
Note that the GMR effect can be observed in two geometries. In the current
perpendicular to plane configuration, the reading current is applied in a perpendicular direction to the surface of the multilayer. Interestingly the effect is
observed also in current in plane geometry, when the current flows along the interfaces, but the measured amplitude is smaller [44]. This geometry allows much
easier device fabrication useful for industrial applications.
The GMR effect can be understood by a simple two-current model proposed
by Mott [45].

Two-current Model
The total conductivity of electrons σ can be expressed by [45][46]
σ = σ↓ + σ↑

(1.9)

where the conductivities σ↓ and σ↑ correspond to up and down spin states.
In magnetic materials, the conductivities can differ, due to the presence of spin
dependent density of states.
Figure 1.6 schematically shows the origin of GMR calculated via the twocurrent model. When the FM layers are in parallel configuration (magnetic field
is applied), the up-spin electrons have large conductivity in both layers, whereas
the down-spin conductivity is low. This can be represented by scheme in figure
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Figure 1.6: Two-current model of GMR. a) Schematic representation of the
parallel layer configuration. The up-spin electron has very high conductivity
(small resistivity) in the FM film with this orientation. On the other hand conductivity of the down-spin electron is low. Corresponding resistor scheme is shown
in the right panel, where large and small conductivity is represented as small and
large resistors. As a result, the resistance is dominated by the up-spin branch.
b) Antiparallel configuration of the FM layers, which results in similar resistivity
in both branches. [39]
1.6a, where the up-spin branch consists of two small resistors and the down-spin
has two large resistors. The total resistance is dominated by the up-spin, low
resistance branch.
The antiparallel configuration is shown in figure 1.6b, which corresponds to
absence of the magnetic field (B = 0). Now both of the branches consist of
large and small resistors and the total resistance is larger than in the parallel
configuration.
The amplitude of the GMR effect can be further increased when the nonmagnetic spacer is replaced by an insulating layer. In this case the electrons
tunnel between magnetic layers and the resistivity change is called the tunneling magnetoresistance (TMR) [47][48]. Interesting variant of TMR effect is the
tunneling anisotropic magnetoresistance (TAMR) [49]. For this effect only one
magnetic layer is needed. The tunneling probability is changed by rotating magnetization due to the magnetic anisotropy and related changes of band structure.
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1.3

Electrical Switching in Antiferromagnets

First ideas of using the antiferromagnetic materials as active components for
spintronic applications dates to 2010, when the presence of strong anisotropy
effects were calculated in bimetallic antiferromagnets related to materials used
in ferromagnetic TAMR structures [50]. Later, the first observation of TAMR in
antiferromagnets was performed on IrMn thin film [51]. To achieve the rotation
of antiferromagnetic moments, the antiferromagnetic layer was exchange biased
to the NiFe ferromagnetic layer, which rotated in the presence of the external
magnetic field.
Manipulation of magnetic moment in antiferromagnetic materials by electrical
current was theoretically predicted in Mn2 Au and crystals with similar symmetry
[3]. The reorientation of moments is caused by a staggered effective field arising
due to spin-orbit interaction.

1.3.1

Rashba Spin-Orbit Splitting

The electrical current can obtain non-zero spin polarization when inversion symmetry of the system is broken. The effect originates in coupling of the electron
spin S and orbital L momentum
Ĥ SOC = ξ S · L.

(1.10)

The spin-orbit coupling arises from the low energy limit of the relativistic Dirac
equation [52][53].
Special case of spin-orbit coupling is the Rashba splitting. The effect is present
in thin films, where an electric field is present in the out of plane direction (z).
This leads to additional Rashba term [54][55]
Ĥ R = αR (z × k) · σ

(1.11)

where the Rashba coefficient αR is proportional to the amplitude of the electric
field, the k is the momentum vector and σ is the vector of the Pauli spin matrices.
The split parabolic dispersion of free electron for the two opposite spins (up
and down) is shown in figure 1.7a. This dependence can be plotted for any
direction of the in-plane momentum vector k, as shown in figure 1.7b. Spin
texture on the Fermi level depends on the direction of k-vector as shown in figure
1.7c.
As a result of the Rashba splitting, a non-zero spin polarization is created
by the electrical current. The direction of the spin polarization is perpendicular to the current direction. When the current direction is reversed, the spin
polarization is reversed as well.
The Rashba splitting in centrosymmetric crystals arises from the presence of
the electric field, which originates for example on interfaces [56]. This external
field then breaks the inversion symmetry of the electric potential in the crystal,
where the electrons move. In non-centrosymmetric crystals, no external field is
required, because the electric potential has already broken inversion symmetry.
Typical examples of such crystals are zinc-blend semiconductor GaAs [54] or
wurtzite semiconductor GaN [57].
16

Figure 1.7: Rashba spin texture. a) Parabolic dispersion given by Rashba
spin-orbit splitting along the kx component of the k-vector. b) Rashba parabolic
dispersion for two in-plane components kx and ky . c) Rashba spin texture on
Fermi level.

1.3.2

Torques in Magnetic Materials

Behaviour of magnetic moments in presence of magnetic field is generally described by the LLG equation [58][59]. Due to momentum conservation, magnetic
moments precess around the effective magnetic field. The precessional movement
is damped, which results in magnetization alignment along the effective field after
some time.
In presence of spin polarized currents, the spin polarization creates another
torque on the magnetic moments [60][61]. Those torques are typically small and
thus have no influence on magnetization amplitude. However, they can change
the magnetization direction. The spin torques can be written in form
T ≈ aj M × (M × p) + bj M × p

(1.12)

where the vector M corresponds to magnetization and the vector p to spin polarization.
The equation has two terms. The first one contains the expression M ×
(M × m) and is called the antidamping-like torque TAD . The magnetization
rotates in an effective field, which is dependent on the magnetization vector. The
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torque points in the direction of the polarization vector and causes tilting of the
magnetization, as shown in the scheme 1.8a.

Figure 1.8: Spin torques in FM and AFM. a) The antidamping-like torque
TAD in ferromagnets causes inclination of the magnetization M to the direction of
spin current polarization p. b) The field-like torque in FM causes magnetization
precession. c) The AD torque in antiferromagnets causes rotation of both magnetic moments MA,B . d) The FL torques in AFM cause magnetization canting.
e). The staggered Néel spin-orbit torque causes rotation of AFM moments.
The second term with the M × m corresponds to the field-like torque TFL .
It causes the magnetization to precess around the spin polarization vector p as
depicted in the scheme 1.8b. The effect of this torque is similar to the external
magnetic field, thus the torque’s name.

Torques in Antiferromagnets
In the collinear antiferromagnets the magnetic moments of the two sublattices A
and B have the same amplitude, however with the opposite the direction
MA = −MB

(1.13)

The antidamping-like torque in antiferromagnets creates the torques in opposite directions acting on the two antiparallel sublattices as shown in the scheme
1.8c. Consequently, both magnetization vectors MA and MB rotate in the same
direction. However, this reorientation is not deterministic. The final state is
strongly dependent on excitation parameters, such as pulse amplitude and length.
This is because the effective field is unstable and changes in time as the magnetization changes [62][63].
The field-like torque TFL acts on both moments in the same direction, which
results in magnetization canting as shown in figure 1.8d. Strong magnetic fields
are necessary to achieve noticeable canting angle, because of the strong exchange
interaction of the opposite moments. The amplitude of the effective field created
by the FL torque is of the order of hundreds microtesla [3] and thus no canting
is detected due to presence of field-like torques.

1.3.3

Néel Spin-Orbit Torque

The Néel (or staggered) spin-orbit torque (NSOT) is a special case of field-like
torque whose effective field direction alternates depending on atomic position in
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the lattice. It is observed in crystals fulfilling specific symmetry condition [3][64],
that the lattice can be divided into two sub-lattices, each of which has broken
inversion symmetry and together form inversion partners.
As a result the two sublattices experience opposite effective electric fields and
the created spin polarization is also opposite on the two sublattices A and B
pA = −pB

(1.14)

The resulting field-like torque rotates the opposing magnetic moments. The
rotation stops, when both moments are perpendicular to the current direction,
as shown in the scheme 1.8e.

Figure 1.9: AFM materials with NSOT. a) Mn2 Au. b) CuMnAs.
The staggered spin orbit field was proposed to be present in the Mn2 Au crystal [3][65]. Later, the tetragonal CuMnAs was found to have similar symmetry
[27][28]. Unit cells of those crystals are shown in figures 1.9a and b. Both materials have tetragonal lattice and belong to the point group 4/mmm [66], however
space group is different. Mn2 Au is body-centrosymmetric space group I4/mmm
and CuMnAs is more general group P4/mmm. They are both composed of alternating ferromagnetic planes and the inversion centers lay in the middle of lines
connecting two antiparallel manganese atoms MnA and MnB .

1.3.4

Magnetization Reorientation in CuMnAs

The first observation of electrical switching in antiferromagnets induced by the
Néel spin orbit torques was measured on CuMnAs thin films [4]. Due to its
significance for this work, the experiment will be described in detail.
The device geometry (see figure 1.10a) is designed to allow electrical pulsing
in two perpendicular directions by a pair of wide arms as well as applying the
probing current in the diagonal direction with narrow arms. The different width
of the arms is used to obtain as high as possible current density in the central
area of the device, where the four-probe sensing takes place. Writing pulses are
applied in two perpendicular directions, vertically or horizontally as indicated by
arrows in figure 1.10a. Due to the current induced NSOT, antiparallel moments
align perpendicularly to the writing pulse direction.
After the writing pulse is applied, the pulsing source is disconnected and
a different instrument can be connected instead. This allows measurements in
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Figure 1.10: Reorientation switching in antiferromagnets. a) Diagonal
readout configuration. The probing current direction (green) is diagonal to the
directions of writing pulses (red and black arrows). b) and c) Corresponding
transverse and longitudinal resistance measurements. d) Parallel readout configuration. Probing current is along one of the two writing pulses. e) and f)
Corresponding transverse and longitudinal resistance measurements. Adapted
from [4]
two different configurations of the reading current with respect to the writing
pulse direction. Firstly, in a diagonal orientation (see scheme in figure 1.10a) the
probing current is diagonal to writing pulse directions. The second orientation
is the parallel one (in figure 1.10d), in which the probing current is along one
of the writing pulses. In both configurations, the longitudinal and transverse
resistance are measured simultaneously by remaining contacts. During readout
the amplitude of the current is orders of magnitude lower than the writing pulse
current. Therefore magnetization orientation is unaffected by the reading current.
When applying writing pulses in two perpendicular directions in the case of
the diagonal readout configuration, the switching between two resistance levels is
observed in the transverse resistance, whereas the signal in the longitudinal resistance remains unchanged as shown in figures 1.10b and c. The angle between
the magnetic L-vector and the current direction in this configuration is θ = ±45◦ .
The signal symmetry corresponds to the symmetry of AMR (see equation 1.8) in
both longitudinal and transverse resistivities. The signal symmetry agrees with
AMR also in the case of parallel readout configuration. In this case, the switching is present only in the longitudinal resistance, and the transverse resistance
remains unaffected.
The reorientation of domains was confirmed by visualizing the antiferromagnetic domain structure in CuMnAs using the XMLD-PEEM [67]. This method
allows to distinguish between perpendicular domain orientations, while the antiparallel domains generate identical signal [68]. The combination of XMLDPEEM with in-situ transport measurements allows us to observe current induced
changes in the domain configuration [67]. Example of XMLD-PEEM image revealing antiferromagnetic domain configuration after applying electrical writing
pulse is shown in figure 1.11a. Side-by-side observation of changes in two such
images is complicated, because the domain structure consists of many sub-micron
20

Figure 1.11: Observation of magnetization reorientation in XMLDPEEM. a) Domain pattern in switched CuMnAs consisting of many sub-micron
features. b) Difference image that shows changes in the domain pattern induced
by two perpendicular writing pulses. c) XLMD signal averaged over the whole
image for sequence of multiple writing pulses in perpendicular direction. Adapted
from [67]
features. To overcome this, a difference image is created from two images corresponding to two perpendicular writing pulses. In the difference image one of the
domain orientations prevails, as illustrated in figure 1.11b. Figure 1.11c shows the
XMLD signal averaged over the whole image (single point per image) for alternating direction of the writing pulses revealing reproducible switching correlating
with the electrical signal.
The discovery of current induced reorientation of antiferromagnetic domains
started a new research direction of antiferromagnetic spintronics, where the CuMnAs plays the role of the model material.

Other Experiments on CuMnAs Thin Films
Besides the DC magnetoresistance measurement described above, the magnetization reorientation can be studied by using the second harmonic detection. When
applying the AC probing current, magnetization oscillates around the stable position, which leads to generation of second harmonic response in resistance [ZK3].
This method allows detection of 90◦ domain rotation as well as 180◦ domain rotation. The former can be detected also by DC anisotropic magnetoresistance,
but no other electrical method of detection of antiparallel domains reorientation
was found yet
Reproducible domain wall motion was studied in CuMnAs thin films with
virgin magnetic state, which consists of µm large domains [69]. A repetitive motion back and forth was observed by XMLD-PEEM when alternating the writing
pulse polarity.
The switching can be excited by using electrical writing pulses, with very
short pulse lengths, even down to sub-nanosecond region [ZK5] [70], or with
a picoseconds THz radiation [ZK4]. Compatibility of antiferromagnetic multilevel
memory devices with contemporary electronics was demonstrated in CuMnAs film
prepared on top of silicon substrate [ZK5]. Overview of the switching experiments
in thin CuMnAs films as well as other antiferromagnetic materials can be found
in [71].
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The amplitude of the current induced reorientation switching in experiments
above are on the order of 0.1 % of the sheet resistance, which corresponds to
measured AMR coefficient 0.2 % in CuMnAs thin films [35].

Other Antiferromagnetic Materials Materials
Besides the tetragonal CuMnAs, the symmetry allowing the current induced
NSOT is present also in Mn2 Au [3]. This bimetallic compound with a very high
Néel temperature above 1300 K [65] is typically prepared in polycrystalline thin
films by magnetron sputtering [72][73][74] or single crystal thin films by MBE
[75].
Electrical switching on Mn2 Au thin films reveals large resistance change reaching up to 5 % of the sheet resistance [72][73]. In this material, the AMR coefficient
is expected to be larger, compared to the CuMnAs, due to presence of heavy gold
atoms with strong spin-orbit interaction. Current induced changes in the domain pattern are observed by the XMLD-PEEM [76]. Recently, similar switching
effects were observed in polycrystalline antiferromagnet MnN [77], where the behaviour resembles measurements in Mn2 Au or CuMnAs.
Different approach to antiferromagnetic spintronics is using an insulating antiferromagnet, for example the Pt/NiO/Pt heterostructure [78]. Antiparallel moments in the insulating layer are controlled by the spin current, which is generated
in adjacent heavy metal films by the spin Hall effect. The spin Hall magnetoresistance is used to readout the magnetization state [79][80].
The effect of reversible reorientation of magnetic moments in antiferromagnetic films can be mistaken with resistance changes caused by irreversible structural changes in the material. Those two signals can have similar signal symmetry
in device geometries typically used in the NSOT switching experiments [81][82].

Other Phases of CuMnAs
Besides the tetragonal phase, the orthorhombic phase of CuMnAs is subjected
to extensive research [83][84], due to possible presence of Dirac electrons [26].
So far this phase was prepared only in bulk form [21][25], which does not allow
measurements of quantum effects. Recently a new hexagonal phase in the bulk
CuMnAs was prepared using off-stoichiometric synthesis [85]. Nevertheless, the
tetragonal phase is the only CuMnAs phase, in which symmetry allows a presence
of the NSOT.
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1.4

Domain Fragmentation

Engineering of CuMnAs growth and device optimization allowed for applying
significantly higher current density pulses [ZK2]. Introduction of the high energy
pulses lead to an unexpected and strong fragmentation of magnetic structure,
which can be observed by several magnetic microscopy techniques.

Figure 1.12: Domain fragmentation observation by XMLD-PEEM.
a) Virgin magnetic state with large domains. b) Fragmented domain state after
applying writing pulse between upper and lower arm with the current density
107 A.cm−2 . c) and d) Analogous high resolution images obtained in different
device on the same wafer. Adapted from [ZK1].
Figure 1.12a shows the virgin domain configuration in CuMnAs film observed
by XMLD-PEEM. Large domains of micrometer size are visible. Perpendicular
orientation of the domains indicates biaxial magnetic anisotropy in the material.
After applying a strong writing pulse (current density 107 A.cm−2 ), the fragmentation occurs meaning that the large domains fall apart into tiny domains as
shown in figure 1.12b. The image indicates that the fragmentation takes place
only in areas where the high current density was present, as the left and right
arm remain unaffected. Detailed images of a central area of similar device in
figure 1.12c and d show how significant the change of the domain structure is.
The typical size of features in the fragmented states is well below 100 nm, which
is the resolution of this method.
Analogous results are observed by NV-magnetometry [ZK7]. A tip containing
the magnetic detector levitates about 50 nm above the sample surface and detects
the stray field emitted from the sample, as indicated in figure 1.13a. Typical map
of the stray field is shown in figure 1.13b, which corresponds to virgin domain
configuration. When weak writing pulses are applied that do not induce resistance increase, the stray field map remains unchanged. After applying a strong
writing pulse, that induces large resistance change on the order of several %,
a change in the stray field pattern is observed as shown in figure 1.13c. Not only
the stray field feature size decreases, but also the amplitude of the field decreases,
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Figure 1.13: Domain fragmentation observation by NV-magnetometry.
a) Configuration of the NV-magnetometry measurement. The tip is about 50 nm
above the sample surface. Stray field is measured reflecting the domain configuration. b) Stray field image corresponding to virgin domain state after applying
weak writing pulse that does not induce resistance change. c) Stray field corresponding to fragmented domain state after sending a strong writing pulse that
induces large resistance change. d) Stray field of partially relaxed domain structure measured after 75 hours. Adapted from [ZK7].
which is represented by contrast of the image. This can be explained by reducing
the domain size well below the 50 nm resolution of this technique, defined by
the distance between the tip and the sample surface. Analysis of these data suggests that typical domain size is about 10 nm. After the strong writing pulse the
stray field slowly relaxes back to the high contrast, large feature state (see figure
1.13d) that corresponds to large domain configuration. Another method to observe the fragmentation is the magneto-Seebeck microscopy [86], where analogous
behaviour is observed as well.
Interestingly, the micromagnetic calculations predict antiferromagnetic domain walls with the width around 100 nm depending on strength of the magnetic
anisotropy and exchange interaction. Such domain walls are indeed observed by
the XMLD-PEEM in the large domain state [69]. However, from the observations
above, in the fragmented state, the typical feature size is about 10 nm or smaller.
This indicates a presence of unexpected nanometer scale magnetic structures,
whose theoretical description is not available so far.
The only hint towards microscopic understanding of the stability of the fragmented state are the atomically sharp domain walls observed in STEM DPC
[ZK8], shown in figure 1.14. Even though the HAADF (sensitive to atomic mass)
image shows perfect crystal without any defects, the DPC detector (corresponding to beam deflection, which is sensitive to magnetism) shows sharp transition
indicating a presence of atomically sharp domain walls.
It shall be finally noted that a resistivity increase of up to 100 % [21] was
theoretically predicted when introducing high magnetic disorder into the CuMnAs
lattice. Indeed, it turns out that the domain fragmentation described in this
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Figure 1.14: STEM image of thin domain wall. a) HAADF image, where
the contrast corresponds to atomic mass. b) DPC detector in which the color
reflects the electron beam deflection. Adapted from [ZK8].
chapter is accompanied by a strong resistivity increase. This phenomenon is in
detail studied in the following chapters.
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Chapter 2
Quench Switching
In this chapter, the new effect of quench switching present in the CuMnAs
antiferromagnet is introduced. It consists in resistivity increase, which is induced
by a strong electrical or optical pulse and which correlates with the fragmentation
of material magnetic state into nanometer-scale domains described in section 1.4.
Its amplitude reaches tens of percent at the room temperature. The resistance
increase relaxes back to the original value following a multi-component stretched
exponential relaxation.
The examples of the quench-switching measurements on a simple bar-shaped
device are shown in section 2.1. The relaxation of the resistance increase is
analyzed using the stretched exponential functions. At the room temperature
two distinct relaxation components are observed.
In section 2.2 the quench-switching experiments are performed at different working temperatures revealing the presence of another two relaxation components. The relaxation times of all four components strongly depend on the
working temperature, while the amplitude of the components remains almost
unchanged.
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2.1

Quench Switching in a Bar-shaped Device

The newly discovered effect of quench switching in antiferromagnetic material
CuMnAs changes the resistance of the film in reaction to electrical or laser pulses.
The effect can be demonstrated on a simple bar-shaped device, which allows to
measure four-probe longitudinal resistance and directly reflects the sheet resistivity.

Figure 2.1: SEM image of a bar-shaped device. a) Dimensions of the 10 µm
wide bar-shaped device. The length between four-probe contacts is 20 µm. P+
and P- represent applied voltage during a writing pulse. b) Readout configuration for longitudinal and transversal four-probe measurements. Current contacts
I+ and I- are similar to P+ and P-. Contacts VL,T ± are used to measure corresponding resistance.
A bar-shaped device was prepared on an optimized epilayer of 50 nm CuMnAs
on top of GaP substrate with 3 nm Al cap. Typical dimensions of the fabricated
devices are shown in figure 2.1a. Besides the device dimensions, the figure also
illustrates the writing pulse configuration along the bar.
The readout configuration is depicted in figure 2.1b indicating the configuration of longitudinal and transversal resistance measurement. Typical two point
resistance of such a device is about 150 Ω and corresponding four-probe resistance
is 40 Ω. This gives conductivity value (layer thickness is 50 nm) of 106 S/m. Unless explicitly mentioned, the value of the reading current is around 1 mA and
the writing pulse length is 100 µs in all the presented experiments in this thesis.
Example of a quench-switching experiment using high voltage pulses is shown
in figure 2.2a. After applying a strong writing pulse, a large change in the longitudinal resistance is observed. The resistance relaxes back to the original value
in lower tens of seconds. Interestingly, the switching behaviour is very different
when weaker writing pulses are applied. In this case, the net resistance can at first
decrease right after the pulse. This is followed by a fast transition to higher resistivity state, roughly within 1 second. From this temporary resistivity state, the
resistance again slowly relaxes towards the base resistivity value. This is shown in
figure 2.2b. This behaviour can be described by considering that two mechanisms
with different relaxation dynamics are responsible for this switching behaviour.
This can then be expressed in terms of two different components. The component
which dominates the relaxation measurement (except in the case of weak writing
pulses) and relaxes in tens of seconds will be called the normal component.
The other component is much smaller, has an opposite sign and relaxes within
27

Figure 2.2: Example of quench switching. a) Longitudinal resistance measurement after applying strong writing pulses. The signal is dominated by the
normal relaxation component. b) Resistance measurement after applying weaker
writing pulses, where the negative fast component becomes significant.
one second and therefore will be called the negative fast component.
One of the most outstanding features of the quench switching is its reproducibility. Only tiny differences are observed between individual pulses for all
voltages of the writing pulse. Also no transverse resistance signal is observed not
indicating any anisotropy contribution.
To fit the relaxation measurements we use a stretched exponential function
[87]. This type of function was introduced by Kohlrausch and is commonly used
for description of behaviour of complex systems, where the stretch exponent indicates the dimensionality and strength of the interaction between individual
correlated elements. This goes well along our interpretation of the experimental data, that the high energy pulses bring the system into a highly fragmented
magnetic state containing small interacting domains. In our experiment, the resistance change ∆R of each component, can be consistently fitted with a time
dependent stretched exponential function
[︄

∆R(t) = A exp −

(︃ )︃β ]︄

t
τ

.

(2.1)

The stretch exponent β = d/(d + 2) = 3/5 corresponds to the three dimensional
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system [88], which remains unchanged for all the relaxation components. For
each component, amplitude A and relaxation time τ are obtained. In the case of
the normal component, the amplitude is positive, and for the fast component the
amplitude is negative. Besides that the relaxed value of resistance R0 is fitted as
well.

Figure 2.3: Fitting relaxation by the stretched exponential function.
a) Resistance relaxation in the log scale of the strong pulse case is fitted by the
two component (normal and negative fast) stretched exponential function (solid
line). Dashed line indicates the normal relaxation component, after deduction
of the negative fast component from the data. b) Similar case for the weaker
writing pulses.
Figure 2.3 shows that the stretched exponential functions fit the data very
well independent of the writing pulse voltage. The solid line corresponds to the
fit with two components. The dashed line shows only the normal component of
the fit, when the negative fast component is deducted. This illustrates that the
importance of the negative fast component decreases as the writing pulse voltage
increases. In the case of strong pulses in figure 2.3a, the fast component is only
a correction, whereas in the case of weaker pulses in figure 2.3b, the relaxation
curve is strongly affected by the fast negative component.
Detailed description of how the two components depend on the writing pulse
voltage is given in the next paragraphs.

2.1.1

Dependence on the Writing Pulse Voltage

Now, the dependence of the amplitude of the two components on the writing
pulse voltage will be studied.
Typical behaviour of the two amplitudes in a bar-shaped device corresponding
to the two components is shown in figure 2.4a. Each data point in the graph is
obtained by fitting the relaxation measurements for voltages ranging from 7.5 V
to 20 V, similarly as it is shown in the previous figure 2.3.
There is no measurable switching effect for voltages up to ∼ 11 V. Above 11 V
the amplitude of normal relaxation starts to increase monotonously up to 10 Ω,
which corresponds to 25 % resistivity change. The situation is different in the
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Figure 2.4: Amplitude of the normal and negative fast components.
a) Dependence of the amplitude for two components, each evaluated from four
and two probe measurements. Zoomed area, where the two components appear,
is shown in the inset. b) IV curve of the writing pulse. Dependence of the current
(density) on the pulse voltage.
case of the negative fast component. This component can be observed around
10 V, as shown in the inset of figure 2.4a. The largest magnitude of the fast
component is observed for pulse voltage of 15 V, where it reaches the value of
negative 1 Ω (2.5 % resistivity change). Besides the four-probe measurement, the
two point resistance measurement is also evaluated and shown in figure 2.4a as the
dashed lines. Up to the pulse voltage 15 V, the two and four-probe measurements
overlap. This indicates that the quench switching is present only in the central
area of the bar-shaped device, between the four-probe contacts. As the pulse
voltage is further increased, the two point values become larger, because the
switching extends outside the area between four-probe contacts.
When pulses stronger than 20 V are applied, the value of relaxed resistance in
the device starts to increase, which can be interpreted as an onset of structural
damage of the CuMnAs layer. This breakdown pulse voltage is studied in detail
later, in section 4.1.
The dependence of current and current density on the writing pulse voltage is
shown in figure 2.4b. Due to the onset of the normal component, there is a strong
increase of the device resistance at 12 V. This results in non-monotonous IV
behaviour at higher pulse voltages. The local minimum in the IV curve is present
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near the voltage value of 14 V, which makes the current density not suitable for
description of pulses.
Up to now, only the magnitude of the resistance change of individual components was addressed. However, the Kohlrausch stretched exponential has another
parameter - the relaxation time.

2.1.2

Relaxation Time

In the beginning of this chapter, it was estimated that the normal component
relaxes in timescales of tens of seconds and that the negative fast component
relaxes within one second. Here, dependence of the relaxation time on the writing
pulse voltage will be investigated.

Figure 2.5: Relaxation times for different writing pulse voltages.
a) Relaxation times of the stretched exponential relaxations corresponding to
the normal component. b) Relaxation time of the negative fast component.
c) Resistance amplitudes of the normal component, when relaxation times are
fitting parameters or are fixed at a constant value. d) Similar dependence of the
negative fast component amplitude.
The analysis of relaxation times can be approached in two different ways.
Either no constraints are set on the relaxation time, making it a free fitting
parameter, or the relaxation time is expected to be constant for each component
and independent of the strength of the writing pulse.
The obtained values for both cases are shown in figure 2.5. The blue dependencies correspond to fitting of four independent parameters (two relaxation
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times τi and amplitudes Ai ), whereas the red dependencies indicate only two fitting parameters (two amplitudes Ai ) and constant values of relaxation times τi
for the whole pulse voltage dependence. This is shown in figures 2.5a and b for
the normal and negative fast component. The fitted normal component relaxation time τ1 oscillates between 10 and 15 seconds. The negative fast component
relaxation time τ2 changes between 0.5 and 1.3 seconds.
In the case of constant relaxation times, values 13.2 seconds for the normal
component and 1.25 seconds for the negative fast component represent optimal
values of the selected set of data. The obtained values of the component amplitudes are shown in figures 2.5c and d. In the case of the normal relaxation
component, only small differences are observed between the two curves corresponding to fitted and constant relaxation time. The change observed for the
negative fast component is larger. However, the minimum value is very similar.
From this, one can conclude that a single value of relaxation time can be used for
each component without losing any important information about the amplitudes
of the components. One can also conclude that the relaxation time can be represented by a constant with error less than 20 % for all voltages (with the exception
of τ2 in the case of the highest pulse voltages, where the signal is dominated by
the normal component making the extraction of τ2 unreliable as shown below).
The extracted relaxation times are to certain degree correlated. This is illustrated in figure 2.6. The maps show the residual sum of squares for different
writing pulse voltages, which quantify the fits of curves with given relaxation
times τ1 and τ2 .

Figure 2.6: Correlation of relaxation times. Maps showing the residual sum
of squares between data and fitted curve with different relaxation times of the
normal component τ1 and negative fast component τ2 . a) Situation for small
writing pulse voltage, when no normal relaxation component is present. b) and
c) Stronger writing pulses, where both components are present. The white points
indicate minimum values in each map.
The map in figure 2.6a corresponds to a small writing pulse voltage, where the
normal component is weak. In this case the errors are less sensitive to parameter
τ1 and respond dominantly to the negative fast relaxation time τ2 . As the writing
pulse voltage increases with both components being present in the relaxation (in
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figure 2.6b), the two relaxation times anti-correlate. In the case of strongest
writing pulses in figure 2.6c, the normal component overwhelms the negative fast
component and the extraction of τ2 becomes unreliable.
Error of extracted relaxation time due to correlation of τ1 and τ2 could explain
about 10 % variation of their values. With this in mind one can conclude that
relaxation times are well described by constant for all pulse voltages with error
of 10 %.
So far we discussed two components acting during quench switching at the
room temperature: the dominant normal component and often negligible fast
negative component. Additional interesting aspects of quench switching and its
relaxation arise at different working temperatures, as will be shown in the next
section
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2.2

Relaxation at Different Working
Temperatures

It was shown in section 2.1 that the normal relaxation component dominates
the pulsing induced resistance change and relaxes with characteristic time about
10 seconds. This value is already sufficient for many applications, where the data
storage operates in kHz or even MHz frequencies.
In this section, the effect of different working temperatures on the quench
switching will be studied. The experiment is performed on a 10 µm cross device
fabricated on an optimized epilayer of CuMnAs with thickness of 50 nm on GaP
substrate with Al cap. The cross device is used because it allows transverse resistance measurement which is less sensitive on temperature instability (see section
3.2.1). Let us note that different sample geometry implies also different absolute
values of voltages and currents, if compared to the bar-shaped geometry described
in the previous section. Systematic comparison of various sample geometries will
be given in chapter 3.
The measurement takes place in a closed cycle helium cryostat. When the
temperature stabilizes on the set point value, an 11 V writing pulse is applied
after which the transverse resistance is recorded for 104 seconds. Subsequently,
the sample is heated to the temperature of 350 K, where the switched state relaxes
completely. This process is repeated at different working temperatures, varying
from 220 to 350 K.
Figure 2.7a shows the resistance relaxation at different working temperatures.
Because of the long measurement time, extremely slow relaxations with characteristic times above 104 seconds can be observed. Such long measurements are
especially useful at low temperatures as visible from the plot 2.7a.
Large change in the relaxation times is observed in the measurements. Moreover, additional components can be extracted from the overall relaxation trends.
For example at 220 K, there is a strong contribution from a new, even faster
component, which has room temperature relaxation time below 0.1 s. Further
on, it will be referred to as the super fast component. The second new component is the slow component relaxing in tens of seconds even at the elevated
temperature of 350 K.
In summary, four relaxation components are present: the dominant normal
relaxation component with typical room temperature (RT) relaxation time of
10 s, the super fast component (∼ 0.1 s at RT) which is pronounced at low temperatures, and the slow component (∼ 1000 s at RT). Besides that, the negative
fast component (∼ 1 s at RT) is also present, however it becomes negligible for
strong pulses, as shown in the previous section.
The resistance relaxation is again fitted with stretched exponential function
(equation 2.1), with three independent components (the fast negative component
is neglected). The obtained values of relaxation times τi and amplitudes Ai are
shown in figures 2.7b and c.
Temperature dependencies of relaxation times in figure 2.7b are fitted with
the formula
]︃
[︃
EB
(2.2)
τ (T ) = τ0 exp
kB T
which describes thermally activated processes with characteristic time τ0 and
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Figure 2.7: Switched resistance relaxation at different working temperatures. a) Resistance relaxation in time for different ambient temperatures,
from 220 K to 350K. Points indicate measured data, solid lines are the stretched
exponential fits containing up to three different components. b) Fitted points
of relaxation time for individual stretched exponential relaxation curves. Line
shows the fitted temperature dependence. c) Amplitudes of the three relaxation
components, extracted from a).
energy barrier EB [88]. The characteristic time τ0 = 0.3 ps is obtained for the
strongest normal relaxation component. It corresponds to the attempt rate in
THz range, which gives a strong indication of magnetic origin of the process, as
THz dynamics is expected in antiferromagnetic materials.
The temperature dependences of other two components shown in figure 2.7b
are fitted with the same value of characteristic time τ0 . Similarly good fits can
be obtained with characteristic time from 0.1 to 1 ps, which indicates the uncertainty of the extracted value. Within this uncertainty all three components
can be described with the same τ0 . The fitted values of energy barriers EB with
τ0 = 0.3 ps as well as relaxation times at 300 K are summarized in table 2.1.
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component
super fast
normal
slow

energy barrier
(kB ∗ 300 K)
25
31
36

energy barrier
(eV)
0.646
0.801
0.931

τi at 300 K
(sec)
0.022
8.7
1293

Table 2.1: Energy barriers of the relaxation components.
Amplitude of the relaxation components is shown in figure 2.7c. All three
components have positive amplitude, which means they increase the resistance of
the film. The normal component is the strongest one. The super fast component
is about five times smaller than the normal one. The slow component is about
three times smaller than the super-fast component.
The dependence shows an unexpected trend. Using constant voltage of writing
pulses an increase of the amplitude of all components is observed with decreasing
temperature. This is in contradiction to natural expectation that the writing
pulse strength should be increased when working at lower temperatures since
more energy is needed to warm up the device to the temperature where the
switching is induced.
This behaviour can be understood when details of the voltage pulse effects on
the devices are considered. The overall resistance of the device is composed of
resistance of the central area (hottest during the pulse and exhibiting switching)
which, however, represents only about one third of the total resistance. The
remaining resistance corresponds to the wider parts of the structures with lower
current densities which are heated much less during the pulse. Due to metallic
resistivity temperature dependence of CuMnAs (see figures 2.8 and 3.1), the
overall resistance of device is lower at lower temperatures resulting in higher
current (for writing pulse with constant voltage) which in fact heats the central
part of the device to slightly higher temperature, explaining the counterintuitive
trend.
The calculated relaxation times for all four observed components (including
also the negative fast component) at different working temperatures are shown
in the table in appendix A.1.
Because the switched state relaxes only very slowly at temperature around
200 K, the temperature dependence of resistivity of the switched state can be
evaluated and compared to the temperature dependence of the relaxed state.

2.2.1

Temperature Dependence of Resistivity
of the Switched State

As shown above, the relaxation of the switched state consists of multiple components, some of which are observed even at temperatures as low as 200 K. However,
the relaxation time there is already very long, on the order of 103 seconds. This
frozen relaxation can be used to compare the temperature dependence of the
switched and relaxed state, which will be done in the following experiment.
The measurement was performed on a bar-shaped device on the optimized
CuMnAs epilayer with thickness 50 nm on top of the GaP substrate with Al
36

cap. The device was mounted inside a closed cycle helium cryostat, allowing
temperature change in the range from 30 K to 350 K. The measurement procedure
is as follows. During cooling, when the sample reaches the temperature of 200 K,
a single writing pulse is applied without interruption of the cooling process. After
reaching the lowest temperature (30 K), the longitudinal resistivity is recorded
during a temperature sweep up to 350 K at the rate of 5 K/min. After the sample
fully relaxes, the process is repeated without sending the writing pulse to record
the reference resistivity of the relaxed state.

Figure 2.8: Temperature dependence of the quench-switched resistance
state. a) The temperature dependence of resistivity for the relaxed and switched
state. The temperature sweeps from 30 to 350 K with the rate of 5 K/min. Two
different writing pulse voltages are shown. b) Amplitude of the switched state
when the reference measurement is subtracted.
Figure 2.8a shows the temperature dependence of resistivity for the switched
and relaxed states. The resistivity is normalized to the value at 300 K. The
reference measurement of the relaxed state shows the resistivity value of 23 % at
30 K, compared to the room temperature (300 K) value. In the switched state,
the low temperature resistivity increases by a factor of 2 for the higher voltage
writing pulse, demonstrating a GMR-like 100 % change of resistivity.
The difference between the switched and relaxed state is shown in figure 2.8b.
The switched resistance slowly increases as the temperature increases up to 200 K.
Throughout this region the relaxation of the switched state is effectively frozen.
When the temperature increases further, the switched resistance begins to relax
on times scales comparable to the utilized sweep rate. Two resistivity drops
can be observed in the temperature dependence corresponding to two strongest
components. The switched state is almost fully relaxed at 300 K.
In the next chapters, the new mechanism of quench switching will be characterized in detail from different perspectives, such as device geometries (chapter
3), parameters of pulses and pulse trains (chapter 4), and material properties
(chapter 5).
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Chapter 3
Device Parameters
Multiple device geometries are used for experiments in the thesis. The bar-shaped
device, used in the previous chapter, allows a direct four-probe measurement of
resistivity, from which the quench-switching amplitude is obtained. On the other
hand the measurement on bar-shaped devices is very sensitive to the temperature
stability, as the resistivity of CuMnAs is strongly temperature dependent (see
section 3.1.1).
On a device with a simple cross geometry, the writing pulse can be applied
in two perpendicular directions, which results in the opposite amplitude of the
transverse resistance signal. The transverse resistivity in our devices has typically
small or zero offset and therefore it is not sensitive to variations of the working
temperature. Those devices require lower writing pulse voltages, when using two
pairs of contacts, compared to devices with one positive and one negative contacts. The disadvantage of the cross shape device is the inhomogeneous current
distribution during the writing pulse resulting in non-trivial interpretation of the
measured transverse resistivity value.
The Wheatstone-bridge device combines the advantages of both geometries.
It allows the pulse to be applied in two perpendicular directions, and also allows for measurement of transverse resistivity. The signal amplitude is enhanced
compared to a cross device and the resistivity increase can be evaluated.
Section 3.1 begins with measurements of temperature dependence of resistivity on a bar-shaped device. Then the measurement of device resistance during the
writing pulse is introduced, which allows us for determination of device temperature during the writing pulse. This method is used to compare two bar-shaped
devices with different lengths. The comparison shows that the amplitude of the
quench switching is determined by the device temperature, rather than by the
current density of the pulse.
In section 3.2, the simple cross and the Wheatstone-bridge devices are introduced. The quench switching is compared in those devices, revealing very
similar switching behaviour as in the case of bar-shaped devices. Analysis of two
Wheatstone-bridge devices of different sizes leads to an estimate of 28 % maximum resistance increase induced by quench switching at the room temperature.
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3.1

Bar-shaped Devices

The observation of quench switching in a bar-shaped device was already described
in detail in chapter 2. In this section, the focus will be shifted towards additional
interesting experiments that were performed on bar-shaped devices: the temperature dependence of resistivity measured up Néel temperature, measurement of
resistivity during the writing pulse and comparison of switching of bar-shaped
devices with different lengths.

3.1.1

Temperature Dependence of the Resistivity

The dependence of the sheet resistance on the temperature is measured in the
range from 4 to 500 K. Measurements on two different setups are performed to
achieve this wide range of temperatures. The Quantum Design Physical Property
Measurement System (QD PPMS) is used for low temperature measurements
allowing temperature sweeps from 4 to 400 K. The other setup contains the
liquid nitrogen continuous-flow cryostat, which allows measurements in the range
200 - 500 K. In both systems, the electrical resistivity is measured using the
four-probe measurement and the AC lock-in amplifiers. The studied bar-shaped
device is prepared on the optimized epilayer of 50 nm CuMnAs on top of the GaP
substrate with Al cap.

Figure 3.1: Temperature dependence of the CuMnAs resistivity.
a) The temperature ranges from 4 to 500 K. Value normalized to the temperature
at 300 K. b) Derivative of the resistivity measurement indicating position of the
Néel temperature.
The temperature dependence of the CuMnAs resistivity is shown in figure
3.1a. The Néel temperature is detected as the temperature, where the derivative
of the curve has a maximum value, as indicated in figure 3.1b. The obtained
critical temperature is TN = 477 K, which is consistent with the Néel temperature
obtained by the neutron diffraction measurements [89][28].
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The plotted dependence of resistivity is normalized to the value at 300 K,
as indicated by the lines. This temperature corresponds to the sheet resistance
20 Ω (conductivity 1e6 S/m). At 4 K, the resistivity decreases to 15 % of the
room temperature value. At the Néel temperature the resistivity is 2.85 times
the normalized value.

3.1.2

Resistance During the Writing Pulse

Bar-shaped devices allow to measure the resistance change during the writing
pulse. This resistance value is important, because it can be used to estimate the
temperature necessary to induce the quench switching in the thin CuMnAs film.

Figure 3.2: Resistance change during the writing pulse. Example data
correspond to the applied pulse voltage 15 V. a) Current during the writing
pulse. b) voltage difference on four-probe contacts during the writing pulse.
c) Calculated resistance change during the writing pulse.
Example of the time dependence of the current measured during the writing
pulse is shown in figure 3.2a. Besides the current, potential difference on the
four-probe contacts can be recorded simultaneously on bar-shaped devices by
use of an oscilloscope. Dependence of the measured voltage is shown in 3.2b,
corresponding to the writing pulse in 3.2a. Figure 3.2c then depicts the calculated
time dependence of the resistance during the writing pulse, which is evaluated
using values from 3.2a and 3.2b. The dominant part of the resistance change
happens within the first 10 µs of the pulses, where the resistance increases from
base value (40 Ω) to above 100 Ω. The further increase up to 112 Ω is slower.

3.1.3

Bar-shaped Devices of Different Lengths

Two bar-shaped devices with different lengths are compared which allows us to
separate the influence of current density and heating on the quench-switching
mechanism.
Figure 3.3a and figure 3.3b show the SEM images of the two bar-shaped
devices prepared by EBL on the optimized epilayer of 50 nm CuMnAs on GaP
substrate with Al cap. The sheet resistance of this film is 20 Ω per square. Both
devices have identical widths of 10 µm and they differ only in the length between
the four-probe contacts. The short bar-shaped device has the characteristic length
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Figure 3.3: Bar-shaped devices of different lengths. a) SEM image of the
short, two square bar-shaped device. b) Long, five square bar-shaped device.
c) Current density simulation at the end of a typical writing pulse. d) Corresponding resistivity simulation reflecting the temperature distribution. More
information about the time-dependent simulations in the appendix A.2.
20 µm and its two point resistance is 145 Ω. The 5 squares long bar-shaped device
has the two point resistance 202.5 Ω, which is almost precisely 60 Ω more than
the short device corresponding to the extra three squares of length.
Time dependent COMSOL simulation of Joule heating and heat transfer during the 100 µs writing pulse models the current density distribution at the end
of the writing pulse (at 100 µs), which is shown in figure 3.3c, and corresponding the temperature distribution shown in figure 3.3d. The simulation indicates
homogeneous current density in the centre of the bar-shaped device (between
the four-probe contacts) and spatial variation of temperature with maximum in
the centre of the bar. The temperature dependent resistivity from section 3.1.1
is used in the simulation as well as other parameters, which are described in
appendix A.2.
Dependence of the current density on the normalized writing pulse voltage
for the two bar-shaped devices is shown in figure 3.4a. The similar behaviour of
the two curves allows us to normalize the writing pulse voltage to the value of
local minimum, as indicated by the vertical line in the plot. The normalization
voltages are 13.75 V for the short bar-shaped device and 19.50 V for the long
device.
Dependence of the final resistance, which corresponds to the four-probe device
resistance at the end of the writing pulse, on the writing pulse voltage is shown
in figure 3.4b. The final resistance is normalized to the base resistance value
(40 Ω and 100 Ω respectively), which allows us to show both curves in one plot.
The measurement of the final resistance was described above. For small writing
pulse voltages both dependences overlap. Close to the normalized voltage of 1,
the final resistance in the short device becomes larger. Further increase of the
writing pulse voltage increases the final resistance only slightly.
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Figure 3.4: Quench switching in bar-shaped devices devices of different
lengths a) Dependence of the current density on the normalized writing pulse
voltage. The pulse voltage is normalized to the local minimum of the dependence as indicated by the vertical line. b) Dependence of final resistance at the
end of the writing pulse on the normalized pulse voltage. c) Dependence of the
quench-switching amplitude on the writing pulse current density. Data shows
positive normal and negative fast components for two bar-shaped devices of different lengths. d) Dependence of the quench-switching amplitude on the final
resistance.
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As expected, fitting of the quench-switching relaxation shows presence of two
components: the normal one, which dominates the relaxation and the fast negative one being significantly smaller. The dependence of the components amplitudes on the writing pulse current density is shown in figure 3.4c. A clear
difference is seen between the curves, which indicates that the quench switching
does not scale with the current density. However, when the final resistance (corresponding to temperature) is used instead of the current density, perfect overlap
of the curves from the two devices is observed, as shown in figure 3.4d. The maximum value of the normal component in both devices is above 20 % and around
2 % for the negative fast component.
The temperature resistivity from section 3.1.1 can be used to estimate the
temperature, which is necessary to induce quench switching. In figure 3.4d, we
observed the quench switching for the final resistances in range from 2 to 3.2
of the normalized value, which corresponds to a temperature window 420K to
500 K. Importantly, the Néel temperature TN = 477 K is in this window.
Moreover, the measured value reflects the averaged temperature of the whole
active area of the device. Yet, as it is shown in figure 3.3d, locally the temperature
varies. This means that at the average temperature of 420K, the hottest centre
of the device is already close to TN . On the other hand, the outer edges of the
device reach TN only when the average temperature increases far above the TN . It
is possible that the width of the region with the onset of switching is broadened
by the temperature inhomogeneity. In principle, the amplitude of the quench
switching could be even simply proportional to the area which reaches TN during
the writing pulse. This hypothesis, however, needs to be further confirmed.
In conclusion, from this analysis we can state that the quench switching does
not depend primarily on the current density (characteristic for NSOT reorientation switching), but rather on the temperature which was achieved during the
writing pulse. The importance of the role of heating was independently confirmed
by the switching induced by femtosecond laser pulses [ZK1][ZK6].
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3.2

Simple Cross and Wheatstone-bridge
Device

In simple cross and Wheatstone-bridge devices writing pulses are typically applied using two pairs of adjacent arms, one pair for positive and one for negative
potential. This configuration allows sending writing pulses in two perpendicular
directions.

3.2.1

Simple Cross Device

The simple cross device consists of a central square area with each side connected
to a contact pad. The SEM image of the device is shown in figure 3.5a. Those
devices were typically fabricated by optical lithography having a 10 µm characteristic dimension or by the EBL method when atypical dimensions are required.

Figure 3.5: Simple cross device. a) SEM image of the device with SE2 detector. The width of the leg is 10 µm. The horizontal edge corresponds to the
[010] CuMnAs direction. b) Pulsing configuration for two perpendicular writing pulses. Current direction indicated by arrows. The color coding represents
simulated current density at the end of the writing pulse. c) Temperature of
the device at the end of the writing pulse, corresponding to b). d) Resistivity
distribution at the end of the writing pulse, corresponding to b). e) Transverse
resistance readout configuration. Red corners indicate high resistive areas, where
the quench-switching was induced. More information about the time-dependent
simulation in text and in appendix A.2.
When pulsing with two pairs of adjacent arms (arrows in figure 3.5b), the
averaged current density is higher in the central
area, compared to arms. This is
√
because the cross-section is by a factor of 2 smaller. In this configuration the
simple cross device is an ideal geometry to observe the NSOT induced magnetic
moment reorientation, which is expected to be proportional to the current density.
A time dependent COMSOL modeling of Joule heating and heat transfer
during the writing pulse is performed to simulate the current density distribution
at the end of the writing pulses (at 100 µs) with a typical pulse voltage, as shown
in figure 3.5b. The highest current density is present in two opposite corners of
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the structure. By applying the perpendicular pulse, a similar situation is obtained
only rotated by 90 degrees.
The inhomogeneous current density during the writing pulse results in a temperature and resistivity distribution, which are shown in figure 3.5c and figure
3.5d. In the simulation, the resistivity is a temperature dependent function corresponding to measurements in section 3.1.1. Areas heated above a certain temperature remain switched into the high-resistance state after the writing pulse ends,
as indicated by red areas in figure 3.5e. The switched (high resistivity) areas
near the hot corners result in potential difference in the transverse measurement,
as shown in figure 3.5e. When applying the writing pulse in the perpendicular
direction, the switched (high resistive) areas are induced in the second set of corners resulting in an opposite sign of the transverse resistivity. More information
about the time dependent simulations is described in the appendix A.2.
The evaluation of amplitude of the switching signal is not straightforward
in quench switched cross devices, due to the lateral inhomogeneity. However,
by comparison of switching experiment on cross devices and bar-shaped devices,
we found empirical relation between maximum signal observed in cross and barshaped devices
∆ρxy ∗ 5 = ∆ρxx
(3.1)
where ∆ρxy = ∆Rxy /Rsheet is relative resistivity change in the cross device and
∆ρxx = ∆Rxx /Rsheet in the bar-shaped device.
In cross device geometry, the AMR signal reflecting the magnetic moment
reorientation has similar symmetry as the transverse resistance generated by the
quench switching. For this reason, it was not possible to distinguish the two
processes in the early experiments [ZK5][ZK4], where the signal amplitudes were
of the order of 0.1%, which was the expected amplitude of the AMR in this
material. The idea of a new quench-switching phenomena appeared after large
signals above 1% were observed on the optimized epilayers. Recently, the AMR
coefficient was successfully measured in [35] with the magnitude around 0.2%.

3.2.2

Wheatstone-bridge Device

In cross devices, the current flows inhomogeneously though the device, creating
high current density areas in sharp corners of the structure. To increase the current homogeneity, new device geometry is used where bars replace sharp corners.
The device geometry is shown in figure 3.6a.
In the quench-switching experiments, the writing pulse is sent by two pairs of
adjacent arms, similarly as in the cross device. The current direction during the
writing pulse is indicated by arrows in the 3.6b. The current density is present
only in two opposite bars as shown by the time-dependent simulation in figure
3.6b, and consequently the temperature is increased only in those bars as shown in
figure 3.6c. In a relaxed state, the detected transverse resistance is zero (readout
configuration in figure 3.6a). After inducing the quench switching by applying
strong writing pulses in two perpendicular directions, the opposite amplitudes of
the transverse resistance are measured.
This device geometry resembles the Wheatstone bridge, shown schematically
in figure 3.6e. The bridge consists of four resistors in two parallel branches and
it measures the potential difference between the centers of each branch. The
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Figure 3.6: Wheatstone-bridge device. a) SEM image of the small
Wheatstone-bridge device consisting of single square bars. Yellow arrows indicate
transverse resistance readout configuration. b) Simulation of current density at
the end of a typical writing pulse. Arrows indicate current direction. c) Corresponding of temperature at the end of the writing pulse (simulated simultaneously
with b) ). d) SEM image of the large Wheatstone-bridge device with two square
bars. e) Schematics of the Wheatstone bridge. Resistors Ri correspond to resistance change after sending the writing pulse. Additional information about the
time-dependent simulations in appendix A.2.
Kirchhoff law derives the ratio of source voltage US and measurement voltage
UM as [90]
dR
UM
R1 R3 − R2 R4
=
=
,
(3.2)
US
(R1 + R2 ) (R3 + R4 )
2R0 + dR
where R1,2,3,4 represent resistances of individual arms, R0 is the relaxed resistance
and dR is the quench-induced resistance increase. The last part of the equation
corresponds to the situation, when a writing pulse is applied. The resistance in
two opposite resistors increase (in switched state) R1,3 = R0 + dR, whereas in the
other two resistors remains unchanged R2,4 = R0 . The source voltage US is given
by Ohm’s law
US
(R1 + R2 )(R3 + R4 )
dR
=
= R0 +
(3.3)
Ir
R1 + R2 + R3 + R4
2
where Ir is the reading current.
Equation 3.2 can be rewritten in the form of transverse resistance
RXY = UM /Ir
(︄

RXY

dR
dR
=
R0 +
2R0 + dR
2
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)︄

=

dR
2

(3.4)

Two different dimensions of Wheatstone-bridge devices were fabricated for
experimental comparison that is shown below. The small and large devices, as
shown by the SEM in figure 3.6a and figure 3.6d, respectively. The small device
consists of 5 µm wide bars of length 5 µm. In the large Wheatstone-bridge device,
the bars have a dimension of 5 µm by 10 µm, effectively representing two squares
of the material.

3.2.3

Comparison of Devices

Three different devices with different geometries were fabricated using EBL on the
optimized epilayer of 50 nm thick CuMnAs on GaP substrate with Al cap: simple
cross device with an arm width of 10 µm, and small and large Wheatstone-bridge
devices containing one square bars and two squares
√ in each arm, respectively.
Both Wheatstone-bridge devices have leg width of 50 µm. The SEM images of
all the devices are shown above, in figures 3.5 and 3.6.

Figure 3.7: Relaxation comparison of simple cross and Wheatstonebridge devices. a) Resistance relaxation for three different devices with different geometries. Writing pulse voltage corresponds to 0.8 of the normalized
value, see the main text for explanation. The normalization pulse voltages are
11.5 V for the simple cross, 12 V for the small WB and 15.5 V for the large
WB device. b) Normalized relaxation data from left graph. c) and d) Similar
situation for smaller writing pulse voltage 0.55 of the normalized value.
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In order to facilitate comparison of the three devices, voltages of the writing
pulses in the three cases were normalized to the voltage at which the quenchswitched resistance reaches its maximum. The respective normalizing voltages
are 11.5 V for the simple cross, 12 V for the small Wheatstone-bridge and 15.5 V
for the large Wheatstone-bridge device. Using the normalized voltage allows us
to select and compare similar working regimes in different devices.
In figure 3.7a, the transverse resistance in time is shown for the normalized
writing pulse voltage 0.8, which corresponds roughly to the half maximum signal
and ensures the regime in which the relaxation is dominated by the normal component. The signal amplitude in the cross device is significantly smaller than in
the small Wheatstone-bridge (WB) device which is again smaller than the large
WB device. The normalized signal relaxation is shown in figure 3.7b.
The transverse resistance measurements for a smaller writing pulse voltage
0.55 (of the normalized value) are shown in figure 3.7c. In this voltage range,
the signal amplitude is significantly smaller and the negative fast component
dominates the relaxation. The normalized relaxations again nicely overlap as
shown in figure 3.7d.
Similar relaxation features are observed in all three devices for both writing
pulse voltages, when the relaxation is dominated either by the normal or the
negative fast component. This indicates that the two observed components have
no sensitivity to lateral distribution (homogeneity) or to vicinity of the edges of
the structures.
The next plot 3.8a shows the dependence of fitted amplitude of the normal
relaxation component on the normalized writing pulse voltage. To be able to show
all three device geometries, the amplitude for the small WB device is multiplied
by 1/4 and the amplitude corresponding to large WB is multiplied by 1/7. The
vertical lines correspond to the measurements shown in the precious figure 3.7.
The dependence shows different behaviour for the simple cross and the WB
devices. In simple cross devices, larger normalized pulse voltage is necessary to
observe quench switching. In this device geometry during the writing pulse, the
current can evade the higher resistive areas by using the central area of the device.
This area is in the WB devices etched away, and thus more linear behaviour is
observed.
The amplitude of the negative fast component is shown in figure 3.8b. As in
the previous figure, the small and large WB devices are multiplied by the factor
1/4 and 1/7. The minimum of this component is slightly higher for the simple
cross device (0.80), compared to the value for WB devices (0.75). Otherwise the
shape of the dependence is similar, which again corresponds to current flow in
the centre part of the cross device.
The quench-switching amplitude measured in the cross device has a maximum
value of 0.94 Ω for the normal component. Corresponding value obtained for the
small WB device is 4.16 Ω, and 7.03 Ω for the large WB device. Very similar
ratio of the values is obtained, when comparing the amplitudes of the negative
fast component.
Finally, an interesting behaviour of the IV characteristics of individual devices is shown in figure 3.8c. For the simple cross device the current increases
monotonously with the increasing pulse voltage. In the other devices a plateau
or even a small decrease of the current is measured when the writing pulse volt48

Figure 3.8: Switching amplitude comparison a) Dependence of amplitude
of the normal relaxation component on the normalized writing pulse voltage for
the cross, small WB and large WB devices. The voltage is normalized to the
maximum switching amplitude of each device. The amplitudes for WB devices
are multiplied by factor 1/4 and 1/7 to fit into a single graph. Vertical line
indicated measurements shown in figure 3.7. b). Amplitude of the negative fast
component. c) Dependence of the current density on the writing pulse voltage
for individual devices.
age increases. As was shown in section 3.1, a similar decrease in the IV curve is
present also in the bar-shaped devices.
Similar relaxation as well as signal amplitude behaviour is observed for all
three compared device geometries. In the next section, the two Wheatstonebridge devices will be compared and the maximum switching amplitude will be
extracted.

3.2.4

Estimation of the Switching Amplitude
in WB Devices

In the Wheatstone-bridge device, the measured transverse resistance equals to
dR/2, as shown by the formula 3.4. However, when the two WB devices are
compared, the amplitude does not scale with a factor of 2, which would correspond
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to geometrical difference (see figure 3.6a and figures 3.6d). Instead, the amplitude
in the large WB is only 1.7 times larger than in the small WB device.
To estimate the maximum relative quench-switching amplitude, we make the
assumption that the same relative resistance increase is present in both WB
devices. Also we assume that the area outside the bars, where the switching
takes place is similar in both sizes of the WB device. Then the results can be
compared
8.32
14
dR
=
=
(3.5)
R0 + ∆R0
20 + ∆R0
40 + ∆R0
where the dR corresponds to the measured maximum value of the quench switching, R0 stands for resistance inside the bar of given length and ∆R0 is the quenchswitched resistance outside the bar, which we assume is similar in both measurements.
The dR = 8.32 Ω corresponds to the small WB device consisting of a single
square of material (R0 = 20 Ω). Similarly values for the large Wheatstonebridge device are dR = 14 Ω and R0 = 40 Ω. By solving the equation, the
value ∆R0 = 9.3 Ω is obtained. This corresponds to 0.46 of the sheet resistance
meaning the switching exceeds the length of the bar by approximately a half
square (a sum from both sides of the bar). The maximum switching amplitude
is then 28.4 % of the sheet resistance.
Note that the excess area depends on the signal amplitude. In the example above, the case of maximum signal is compared. In cases of smaller signal
amplitudes, the parameter ∆R0 decreases to zero.
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Chapter 4
Pulse Parameters
The behaviour of quench switching is studied depending on various parameters
of the writing pulses. At first, the breakdown voltage is evaluated by measuring
the quench-switching amplitude for gradually increasing pulse voltage in section
4.1. This provides an estimate of writing pulse voltage for which the device
resistance still relaxes to the original value and no structural damage is caused
to the CuMnAs film.
The pulse length dependence of the quench-switching behaviour is studied in
section 4.2. The amplitude of the signal increases as the writing pulse length
decreases. A shifted-time model is introduced, which describes this observation
by taking into account the speed of the cooldown process. This analysis illustrates
the importance of the fast cooling (quenching) for the effectiveness of the quenchswitching effect.
To introduce multi-pulse experiments, dependence of the quench switching on
the pulsing period is shown in section 4.3. It is shown that for a bar-shaped
device the quench-switching magnitude increases with pulsing frequency.
The multilevel behaviour of the quench switching is described in section 4.4
and allows us to differentiate between multiple resistivity levels depending on the
number of writing pulses or their voltage.
In section 4.5, a unique erasing feature of the quench switching is studied.
This mechanism allows us to erase the switched state by sending a second weaker
pulse in the same configuration as the first one. As will be shown, the erasing
is most efficient when the two pulses are introduced shortly after each other and
when the erasing/writing pulse voltage ratio is 0.85. Under these ideal conditions,
the erasing can reach up to 40% of the switched resistance.
Finally in section 4.6, an interesting behaviour of cross devices is described.
The switching amplitude decreases with increase of the pulsing frequency, which
is an opposite behaviour to bar-shaped devices. This is explained by taking the
pulsing history into account.
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4.1

Breakdown Voltage

In this section, the breakdown voltage is defined with respect to the quenchswitching amplitude, in a specifically designed experiment. The writing pulse
voltage is gradually increased, until the measurement induces irreversible resistivity changes into the device.

Figure 4.1: Example of the quench-switching amplitude on a simple
cross device. Typical dependence of the amplitude of the normal relaxation
component on an optimised CuMnAs epilayer. The inflection point coincides
with the half maximum value.
In figure 4.1, a typical dependence of the quench-switching amplitude of the
normal relaxation component on the applied pulse voltage is shown as the blue
curve. The amplitude is an average value of two perpendicular pulses, which
result in opposite sign relaxations, as shown in the section 3.2.1. The measurements were performed on simple cross devices fabricated on the optimized 50 nm
CuMnAs epilayer on GaP substrate with Al cap.
On the blue curve in figure 4.1 there are two specific points: the maximum
of the amplitude and the inflection point. To obtain the inflection point, the
parabolic regression is applied on the derivative of voltage dependence, as shown
by the red line in figure 4.1. Typically, the inflection point sits approximately in
the half of the maximal amplitude. For the measured device, the pulse voltage
is 13 V for the maximum of amplitude and 11.1 V for the inflection point. As
discussed below, the inflection point is before destruction voltage and its detection
can be used for automated characterization of devices.
To find the breakdown pulse voltage, the applied pulse voltage was ramped up
and down several times, where the maximum voltage was increased by 0.5 V for
each ramp step, starting from 10 V, as shown in figure 4.2a. The measurement was
performed on a new, virgin device which is nominally identical to the reference
one shown in figure 4.1.
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Figure 4.2: Breakdown voltage measurement. a) The up and down writing pulse voltage sequence. The maximum pulse voltage increases each period
(color) starting from 10 (blue) to 13.5 (grey). b) Quench-switching amplitude
corresponding to writing pulse voltage. The full color shows increasing voltage
measurements, transparent color corresponds to decreasing voltage, as indicated
by arrows. The lines are vertically off-set for clarity.
The normal component amplitude as a function of applied pulse voltage is
depicted in figure 4.2b. Different periods are shifted by y-axis offsets for clarity.
The full color curve indicates measurements when the writing pulse voltage increases (way up), the transparent curves correspond to the measurements when
the writing pulse voltage decreases (way down).
The up and down curves overlap up to the maximum of 11.5 V (red curve in
figure 4.2b). After that a small difference between the curves is observed and it
gradually grows as the maximum writing pulse increases.
The first sign of device breakdown appears at 12 V and obvious device damage
is observed for 12.5 V. The pulse voltage required to reach the inflexion point is
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11 V, and 13 V to reach the maximum, as shown in figure 4.1 for a reference
measurement on a nominally identical device.
To conclude, the quench switching does not harm the device even for applied voltage pulses slightly above the inflexion point (value 10% above inflection
point voltage). Yet, for pulse voltages corresponding to the maximal increase in
resistance, the device suffers irreversible changes in its resistive behaviour. Interestingly, this damaging of the device does not seem to affect the presence of
relaxation.
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4.2

Pulse Length Dependence

In this section, the influence of the duration of the writing pulse on the quenchswitching effect is investigated. The pulse length varied in range from 15 µs to
100 ms. The experiment was performed on simple cross devices with a typical
dimension of 10 µm, which were prepared using the e-beam lithography on the
optimised epilayer of 50 nm CuMnAs film on GaP substrate with Al cap. For
each pulse length, the dependence of the quench-switching amplitude on writing
pulse voltage was obtained. The pulse voltage was always increased beyond the
breakdown voltage. Each of the dependencies were measured on a new, virgin
sample. The minimum pulse length was 15 µs due to instrumental limitations.
Only small switching amplitudes were observed for pulses longer than 100 ms.

Figure 4.3: Quench switching with different pulse lengths. a) Dependence of the amplitude of the normal component of quench switching on the
normalized writing pulse voltage. The applied voltage is normalized to the maximum achieved amplitude. b) Relaxation of the switched state for different pulse
lengths. The plotted curves are fitted by two component stretched exponential
function and correspond to relaxation of the maximum normal component (normalized pulse voltage of 1), also indicated by the dashed line in a).
The dependence of the amplitude of the normal component on the normalised
pulse voltage is shown in figure 4.3a. The maximum achieved amplitude decreases,
as the pulse length increases. The applied pulse voltage is normalized to the
maximum amplitude value, which decreases from 12 V (15 µs) to 9 V (100 ms).
The relaxation depends on the writing pulse length, for shorter writing pulses
the switched states relax faster as shown in figure 4.3b. The data correspond to
the writing pulse voltage in the maximum amplitude of the normal component
(dashed line in figure 4.3a) and are fitted by two (normal and negative fast)
component stretched exponential function, with the same parameter β = 0.6 for
all measurements.
Two parameters of the stretched exponential fitting function of the normal
component are shown in figure 4.4. The amplitude plotted in figure 4.4a decreases from 1.0 Ω to 0.4 Ω, whereas the relaxation time (in figure 4.4b) increases
from 7.7 seconds to 16 seconds. The values are obtained for the writing pulse
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Figure 4.4: Relaxation parameters of the quench switching for different
writing pulse lengths. a) Amplitude and b) relaxation time of the stretched
exponential function.
voltage corresponding to maximum of the normal component (1 of the normalized
voltage), but similar behaviour is observed throughout the whole voltage range.
The trends observed in figures 4.4a and 4.4b can be explained by consideration
of partial relaxation, which happens during the cooldown process after the pulse.
For longer pulses, this process takes longer time, resulting in less efficient quenching and generating smaller switching signals (figure 4.4a). At the same time, the
fitted effective relaxation time is also increased for longer pulses, since the initial
fast part relaxation happens during cooling. This explanation is quantitatively
developed in the next section by introduction of a shifted-time model.

4.2.1

Shifted-Time Model

The device temperature increases during the writing pulse due to the effect of
Joule heating. The longer is the writing pulse, the more the energy is delivered
to the thin film and the larger volume of the sample is heated. After the writing
pulse ends, the sample starts to cool down to the base temperature. Because the
larger area of the sample was heated with longer pulses, the cooldown to thermal
equilibrium is also longer.
As the length of the pulse changes, the time for which the sample stays at
elevated temperature changes as well. Moreover, it was shown in section 2.2 that
the relaxation of the switched state strongly depends on the working temperature.
As a result, a portion of the switched resistance relaxes before the sample reaches
the ambient temperature. This portion should increase with longer pulses. The
effective shifted time, t + t0 , can be introduced into the stretched exponential
function, with the time shift t0 as a fitting parameter
t + t0
R(t) = A0 exp −
τ
[︄

(︃

)︃β ]︄

+ R0 .

(4.1)

Other fitting parameters of the model are the normal component amplitude A0
and the relaxed resistance value R0 . Constant relaxation time was used τ = 8.0 s
which corresponds to relaxation following shortest pulses (15us).
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Figure 4.5: Shifted-time relaxation model. a) Illustration of the model. The
relaxation curves of different writing pulse lengths overlap, when the relaxation
time has an offset t0 . b) Dependence of model parameters, the time shift parameter t0 and c) amplitude A0 , on the writing pulse length.
The results of analysis with the model are shown in figure 4.5a. The relaxation
curves for different lengths of writing pulses overlap, when shifted by t0 . This
effective parameter combines complex effects of the elevated temperature and
increased relaxation times into a single number. The time shift parameter t0 is
set to zero for the reference measurement, which corresponds to measurement with
the shortest writing pulse 15 µs. For longer writing pulses, the value increases.
The first few seconds of each curve do not overlap as apparent from the plot. It is
due to the presence of faster relaxation components and transient effects, such as
the elevated temperature. To simplify the fitting procedure the first 5 seconds in
each of the relaxation curves are omitted. In the region where the curves overlap
completely only the normal relaxation component remains.
The obtained dependence of the time shift parameter t0 on writing pulse length
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is shown in figure 4.5b. The values increase from zero up to 12 s for 100 ms writing
pulse. The shape of the dependence suggests that t0 really vanishes for very short
pulse lengths.
Importantly, the extracted parameter A0 (figure 4.5b) is constant i.e. independent of the pulse length. First, it is consistent with the quench-switching picture,
where there is no reason to expect any pulse length dependency of resistivity
due to the highly disordered antiferromagnetic state at this time scale. Second,
it means that both the change of signal amplitude (figure 4.4a) and change of
relaxation (figure 4.4b) are effectively explained by the time shift parameter.
The presented analysis of pulse length dependence of quench-switching amplitude and relaxation illustrates the importance of the quenching (i.e. fast cooling or freezing) of the magnetically disordered state for the effectiveness of the
quench-switching effect.
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4.3

Delay Between Writing Pulses

From now on, the presented experiments will study the interaction of multiple
writing pulses. In this case, the quench switching depends on additional parameters, namely a time delay between two consecutive pulses and their voltages.
Different behaviour can be then observed, for example multilevel pulse counting
or erasing of the switched state.
As an introduction, it will be described how the quench switching depends on
pulsing frequency. The experiment was performed on simple bar-shaped devices
prepared by the EBL on the optimized epilayer of 50 nm CuMnAs on GaP with
Al cap.
The delay between two pulses was varied from 2 seconds to 5 minutes. The
presented results correspond to the 13 V writing pulse voltage, which induces
small quench-switching amplitude of 1.5%. Similar behaviour is observed also
with stronger writing pulses.

Figure 4.6: Dependence of quench switching on the delay between writing pulses on a bar-shaped device a) Example of the quench-switching
relaxation measurements for three different delays between writing pulses.
b) Amplitude of the quench switching (evaluated at 1 second after the writing
pulse) for different delays between the writing pulses.
The larger the pulsing frequency, the larger the maximum switching amplitude
is measured as shown on the longitudinal resistance in figure 4.6a. After the last
writing pulse in each measurement, the resistance returns to the base value of
37.9 Ω. The next figure 4.6b shows how the quench resistance amplitude depends
on the delay between pulses. The plotted resistance is measured 1 s after the
writing pulse. The largest slope in the data is observed in the first 10 seconds,
because the relaxation is dominated by the normal component. For large delays
between the writing pulses, the amplitude saturates since the resistance is fully
relaxed before sending another writing pulse.
The observed increase of the switching amplitude is connected with the multilevel pulse-counting behaviour, that will be described in the next section. Note
that the data in figure 4.6 are taken from a steady state (after many repetitions),
when the multilevel behaviour is already saturated.
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4.4

Multilevel Characterization

In the previous section, it was shown that the quench switching depends on the
device history. More specifically, the measured resistance value depends on the
amplitude of the writing pulses as well as on the number of applied pulses. This
feature is desirable for experimental implementation of analog neural networks
[91].

Figure 4.7: Example of multilevel quench switching. Longitudinal resistance measurement of two trains of 10 writing pulses with 7 seconds delays.
Typical example of the multilevel behaviour is shown in figure 4.7. A simple
bar-shaped device was prepared on the optimized 50 nm epilayer of CuMnAs on
GaP substrate with Al cap. Trains of ten writing pulses (13 V) with 7 second separation are used during this experiment. Between the pulse trains, the relaxation
is measured for 1000 seconds. This is enough time to return to a fully relaxed
state. The resistance relaxes after each writing pulse. Yet, inside the train every
pulse increases the resistance closer to a saturated state. After approximately
10 pulses (at given pulse voltage and pulse delay) the quench-induced resistance
increases and its relaxation equilibrates.
In the following, the multilevel behaviour is studied as a function of two
parameters, the applied pulse voltage and the number of pulses.

4.4.1

Effect of the Writing Pulse Voltage

The resistance evolution during the writing pulse train for different voltages of
the writing pulses is shown in figure 4.8a. Each train contains 10 pulses separated
by 1.7 seconds and voltage varying from 11.5 to 14 V. The relaxed (base) resistance value is 37.9 Ω. The resistance at 100 ms after each writing pulse is shown.
The quench-switching amplitude increases with the writing pulse voltage. Beside
that, the number of pulses needed to saturate the resistivity into the steady state
depends on the pulse voltage, which is illustrated in figure 4.8b. There, the normalized resistances are shown. Weak pulses (11.5 V) do not achieve steady state
even after 10 pulses, whereas in the case of strong pulses (14 V), the resistance
increases only until the fourth pulse.
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Figure 4.8: Multilevel quench switching with different writing pulse voltages. a) Resistance evolution during trains of pulses. Each train contains 10
pulses separated by 1.7 seconds with voltages from 11.5 to 14 V. The grey line
indicates the relaxed resistance value 37.9 Ω. b) Normalized resistance change
showing number of pulses necessary to reach steady state.

4.4.2

Varying the Number of Pulses

Another parameter that can be characterized in the number of writing pulses
in the train. The time dependence of the quench-induced resistance change for
different number of writing pulses in the train is shown in figure 4.9. There are
either 1, 2, 3 or 5 pulses in the train, that are separated by 2 s. The writing pulse
voltage 14 V is the same for all the pulses. The resistance relaxation is measured
for 1000 seconds after the last pulse in the train, which is enough time to reach
fully relaxed resistance.
The time dependence of resistance in figure 4.9a shows in detail the resistance
evolution during the train of writing pulses. As expected, the measurements
in between writing pulses overlap because the device was in fully relaxed state.
The shape of the relaxation is the same for all the pulses, which is even more
pronounced in the case of smaller writing pulse voltage (around 12 V), as the fast
negative component dominates there.
Figure 4.9b shows the time dependence of the resistivity relaxation after the
last writing pulse in the train. Analysis of the relaxations shows a small variation
in the relaxation time of the normal component increasing from 10.7 s for a single
writing pulse to 12.4 s for a train of 5 pulses. This change, however, cannot be
described by our simple shifted-time model, introduced in section 4.2.1. It is
because the effect of the consecutive pulse not only speeds up the relaxation of the
previous pulse, but also writes into state, which is not fully relaxed. Nevertheless,
the relaxation measurement can be used to detect retrospectively the number of
pulses applied, if properly calibrated.
Notice that in this illustration measurement, the delay between the writing
pulses is very long, which allows for resistivity measurement in between the writing pulses. However, similar behaviour is present when pulsing with µs (or even
lower) delay between the pulses. The timescale of the relaxation remains in range
of tens seconds.
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Figure 4.9: Multilevel quench switching with a different number of pulses
in a train. a) Time dependence of resistance during train with 1, 2, 3 or 5
writing pulses (14 V) separated by 2 seconds. b) Resistance relaxation after the
last writing pulse in the train.
To summarize the multilevel behaviour, it was shown that the number of
pulses before reaching saturation and corresponding resistance value are dependent on the writing pulse voltage and delay between the pulses in the train. Besides the amplitude, the shape of the relaxation function also reflects the number
of pulses in the train as well.
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4.5

Erasing of Quench-induced Resistance

Figure 4.10: Example of the quench-induced resistance erasing. Temporal
dependence of longitudinal resistance of a simple bar device, where 14V writing
and 11 V erasing pulses are sequentially applied every second.
One of the unique features of the quench-switching mechanism is the possibility to erase the increased resistance state by sending another pulse with a smaller
voltage. In this section, this interesting phenomenon will be studied from multiple perspectives, namely dependence on time separation between writing and
erasing pulses or dependence on ratio of voltages of the two pulses. Bar-shaped
devices on the optimised 50 nm epilayer of CuMnAs on GaP substrate with Al
cap are used for the erasing pulse experiments.
Typical example of erasing of the quench-induced resistance is shown in figure
4.10. The plot shows 10 repetitions 14V and 11V pulses delivered sequentially
with 1 s delays. The data show striking reproducibility of both writing and
erasing in terms of resistance and its relaxation.

4.5.1

Different Delay Between Pulses

The time delay between the writing and erasing pulse is the first parameter to
examine. The longitudinal resistance measurement for different time separation
between the two pulses is shown in figure 4.11a. The high resistance state after
the writing pulse and before the erasing pulse overlaps, confirming very good
reproducibility. After applying the erasing pulse, the resistance drops to a new
value and again starts to relax. The erasing efficiency is the highest, when the two
pulses come very close one to the other. As the delay between pulses increases,
the resistance drop gets smaller and at some point the resistance increases after
the second pulse, as indicated by figure 4.11a.
In an extended experiment delay between the two pulses varied from 1.2 to
22 s and the erasing efficiency was measured for three combinations of writing and
erasing voltages 16 V / 14 V, 15 V / 13 V and 16 V / 13 V. The magnitudes of
the relative step for all the combinations are shown in figure 4.11b. The relative
step is given by the ratio of the erasing step size and the resistance value after the
writing pulse. This allows us to compare different voltages of the first (writing)
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Figure 4.11: Dependence of erasing efficiency on the delay between the
writing and erasing pulses. a) Example of relaxation data for writing/erasing
pulse voltage 16V/14V for different delay between the pulses. b) Dependence
of relative magnitude of the erasing step on the delay between the pulses for
three different combinations of writing and erasing pulse voltages. Points indicate
measurements from the left graph.
pulse which would otherwise dominate the step size. The observed data indicates
that when the two pulses are applied shortly after each other, the second pulse
erases about 40 % of the switched resistance. The shape of the dependence is then
dominated by the erasing pulse voltage. Only for small separations, even high
erasing pulse voltages can actually lower the device resistance. In contrast, for
long time separations and strong pulses, the erasing step turns into a secondary
writing step, meaning the resistance is again increased by the erasing pulse as
shown in figure 4.11b.

4.5.2

Role of Erasing Pulse Voltage

The influence of the ratio between the writing and erasing pulse voltages on the
erasing mechanism is another examined parameter. The resistivity measurement
for different erasing pulses (8 - 14.5 V) delivered after a 15 V writing pulse is
shown in figure 4.12a. The second pulse comes 3.7 sec after the writing pulse,
indicated by the vertical line.
When the erasing pulse voltage is small, it has no effect on the relaxation
(8.5 V line in figure 4.12a). As the voltage increases, an erasing step down
appears. The maximum height of the step was measured at 13 V. If the pulse
voltage increases even more, the erasing quickly becomes writing (14.5 V).
This behaviour of relative erasing efficiency is shown in figure 4.12b. The
erasing pulse voltage is normalized with respect to the writing pulse voltage,
which allows to compare curves for different writing pulse voltages (15 and 14 V).
The relative efficiency is calculated as the ratio between the erasing step down
(up) and the increase of resistance caused by the first pulse. The curves in figure
4.12b are independent in the writing pulse voltage. In both depicted cases, the
maximum erasing efficiency is close to 30 % for the erasing/writing voltage ratio
about 0.85 for the given pulse delay 3.7 seconds.
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Figure 4.12: Erasing efficiency for different erasing pulse voltages
a) Dependence of switched state erasing on the second pulse voltages. Writing pulses have voltage 15 V, erasing pulses with different voltages are delayed
3.7 seconds as indicated by the vertical line. b) Dependence of relative erasing
step amplitude on ratio of the erasing to writing pulse voltages. The blue points
on the 15 V curve correspond to measurements shown in the left plot.

Figure 4.13: Erasing efficiency map. Dependence of relative magnitude of the
step down (blue color, erasing) or up (red color, writing) on the delay between
pulses and voltage of the erasing pulse. The writing pulse voltage is 15 V.
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The erasing efficiency map is shown in figure 4.13 to conclude the discussion
of the erasing mechanism. The map shows the interplay of the delay between the
two pulses on the x-axis and the erase/write pulse voltage ratio on the y-axis.
The map is constructed for writing pulse voltage 15 V. The maximum erasing
efficiency reaches 40% for small delays between the pulses and for the voltage
ratio 0.85 in accordance with previous observations.
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4.6

Different Pulse Delay in Cross Device

Figure 4.14: Comparison of the dependencies of delay between barshaped and cross devices a) Quench-switching relaxation on a bar-shaped
device for different delays between 13 V writing pulses. b) Similar experiment
on a simple cross device with 11 V pulse voltage. Notice the opposite trend in
dependencies of the delay.
Interestingly, a different behaviour of the quench switching is observed in simple cross and bar-shaped devices when varying the delay between two consecutive
pulses. As it was previously shown in the section 4.3, in a bar-shaped device the
maximum amplitude of the quench switching increases with pulsing frequency.
This behaviour is shown again in figure 4.14a. When similar experiments are
performed on a simple cross device, the observed switching amplitude decreases
(figure 4.14b), which is an opposite trend compared to the bar-shaped devices. In
the cross device, the writing pulse is applied with two adjacent pairs of arms and
the pulse direction alternates in two perpendicular directions as described in the
section 3.2.1. In figure 4.14b, relaxation after pulsing in one of the two directions
is shown.
This behaviour in cross devices can be explained when previous writing pulses
are taken into the account. After applying a writing pulse, the resistance is
switched only in small areas near the corners with large current density, see
figure 3.5. However, the temperature elevates in the whole device during the
pulse. This temperature increase speeds up the relaxation in the other set of
corners (with lower current density), where the switching was induced by the
previous perpendicular pulse. The erasing mechanism due to the temperature
increase can be represented by an effective time shift, which is a variation of the
shifted-time model (introduced in section 4.2.1).
The illustration of this model is shown in figure 4.15a. The first pulse P1 is
delivered in t = 0. It induces switching amplitude A0 and starts to relax with
a relaxation time τ . The second pulse P2 is applied after 20 s. If the two pulses
are independent, the relaxation (orange line) has the same magnitude and shape
as after P1 (only with opposite sign). However, the P2 erases a portion of the
switched resistance induced by P1, which can be represented as an effective time
shift. As a result, the sum of the two relaxations P1 + P2 is measured in the
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Figure 4.15: Consecutive pulses model parameters in a cross device
a) Illustration of the model. The measured relaxation is the sum of the residual
previous pulse P1 resistance and of the pulse P2. The relaxation P1 is shifted
by the time shift parameter t0 due to device heating when sending the pulse P2.
b) Switching amplitude obtained by the model (line) compared to the experimental data (points) for different writing pulse voltages.
experiment (green line). The measured relaxation has lower amplitude compared
to the isolated writing pulse and its relaxation time increases (relaxes slower).
The experimental data were measured for different values of writing pulse
voltage varying from 9 to 11.5 V and for the time delays between the writing
pulses ranging from 0.6 seconds to 20 minutes.
pulse voltage
UP (V)
9.5
10
11
11.5

amplitude
A0 (Ω)
0.15
0.35
0.76
0.97

time shift
tshift (sec)
0.4
0.7
1.7
3.5

Table 4.1: Consecutive pulses model parameters in a cross device.
Amplitude A and time shift tshift for different values of pulse voltage UP .
The model uses three independent parameters that are acquired by fitting,
namely the relaxation time τ , the switching amplitude A0 and the time shift
t0 . The relaxation time parameter τ = 12 seconds was found to be independent
of the writing pulse voltage. The other two parameters are constant for given
writing pulse voltage. They also increase with increasing writing pulse voltage.
The obtained values of the amplitude and time shift are shown in the table 4.1.
The experimental values (points) of the switching amplitude are compared
to the model (lines) in figure 4.15b. The model perfectly describes the observed
behaviour for measurements shorter than 102 seconds. After that the experimental values become larger, which can be explained by the presence of a slower
relaxation component, which is not included in the model.
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Chapter 5
Material Parameters
The quench switching is present in thin CuMnAs films prepared on GaP, GaAs
and Si substrates. Typical characteristics of switching depending on the substrate material are discussed in section 5.1. The switching is observed on all
three substrates, the strongest amplitude is observed in films prepared on GaP
substrate.
In section 5.2, the samples with different thickness of the CuMnAs film
on GaP substrate are studied and it is shown that very thin films have large
anisotropy in conductivity. This affects the quench switching, which also has
a different relaxation time. Importantly, the thickness dependence of the switching signal excludes interfacial origin of the effect.
The MBE growth allows for precise control over the sample stoichiometry.
The influence of composition on properties of CuMnAs is investigated in section
5.3, in which molecular fluxes vary from 20 % Cu rich to 20 % Mn rich during
growth. Non-zero magnetic moment is measured in Mn rich samples, indicating
presence of ferromagnetic MnAs inclusions. The ideal 1:1:1 stoichiometry samples
have the largest amplitude of the quench switching.
The influence of growth temperature during the preparation of CuMnAs on
all three substrate materials is presented in section 5.4. The quench-switching
effect proves to be quite robust, as it is observed in a wide window of growth
temperatures from 140 to 280 ◦ C and on all samples prepared on GaP, GaAs as
well as Si substrates.
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5.1

Substrate Material

The quality of the CuMnAs layers strongly depends on the substrate material,
where GaP, GaAs and Si are good candidates, due to a relatively close lattice
matching. From all the performed measurements, the best film quality is achieved
by growth on GaP substrate. On GaAs substrates, the films have the largest
lattice mismatch, which results in formation of defects in the crystal. In the
case of CuMnAs growth on Si substrates, even though it has the lowest lattice
mismatch, the presence of 1/4 unit cell steps on the substrate surface results in
the highest density of defects from all the studied layers. More details about the
quality of the CuMnAs films are shown in section 6.1. All three layers studied in
this section have thickness of the CuMnAs film 50 nm, 3 nm aluminium cap and
were grown at temperature around 210 ◦ C.
Quench-switching experiments are performed on 10 µm simple cross devices
prepared by the optical mask-aligning process. This device geometry allows also
for the measurement of the sheet resistance with the van der Pauw method. In
isotropic materials, the sheet resistivity is then given by formula [92]
ρ=

ln 2 Vlong
π
I

(5.1)

The obtained values of the sheet resistance are shown in the table 5.1. The
lowest sheet resistance was measured for films on GaP substrates, followed by
GaAs substrates and the highest sheet resistance is measured on films grown on
Si substrates. Besides that, anisotropic conductivity is present in the films on
GaAs substrate, typically reaching 5 % conductivity difference between CuMnAs
directions [100] and [010].
substarate
material
GaP
GaAs
Si

sheet resistance
Ω/sq
20
31
38

conductivity
S/m
106
6.5 ∗ 105
5.4 ∗ 105

Table 5.1: Sheet resistivity of films prepared on different substrates.
In figure 5.1a, an example of the quench-switching relaxation is shown for
strong writing pulses (V /V0 = 0.95), where the normal component dominates.
The writing pulses alternate in two perpendicular directions and the transverse
resistivity is measured, similarly as in section 3.2.1. The transverse resistance in
samples grown on GaAs has a non-zero offset, which originates in the anisotropy
in the conductivity. This offset is always deducted in further analysis.
Notice that the profile of switching signals is not symmetric in layers grown
on GaAs, due to the anisotropic conductivity. The measured resistance change in
the less resistive direction is slightly larger. This is more pronounced in thinner
CuMnAs films.
The next figure 5.1b plots similar data, but for a lower applied pulse voltage (V /V0 = 0.65), where the negative fast component gets more pronounced.
The relaxation time of this component is similar, independent of the substrate
material.
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Figure 5.1: Quench switching on different substrates. a) Example of the
quench switching in films prepared on three different substrates - GaP, GaAs and
Si for high pulses, i.e. the relaxation is dominated by the normal component.
b) Example of quench switching for lower writing pulse voltage, where the negative fast component dominates the relaxation. c) Dependence of amplitude of the
normal relaxation component on the writing pulse voltage. Two perpendicular
pulses P1 and P2 are shown separately. The writing pulse voltage is normalized
to the value in maximum switching amplitude (GaP 12.8V, GaAs 10.75V and Si
20.75V). The vertical line indicates voltage used for the measurements in graph
a). d) Similar graph, but here for the negative fast component.
sample
substrate
GaP
GaAa
Si

normal
component
(s)
6.6
9.6
18

negative fast
component
(s)
0.70
0.55
0.95

thermal conductivity
κ
(W/m.K)
110
55
130

heat capacity
cP
(J/kg.K)
430
330
700

Table 5.2: Relaxation time comparison and heat transfer parameters for
different CuMnAs substrates. Thermal properties from [93].
The relaxation measurement is fitted with the two component stretched exponential function (see section 2.1). The obtained relaxation times are different
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depending on the substrate. The values are shown in the table 5.2. The fastest
relaxation of the normal component is observed on GaP. In samples grown on
Si, the relaxation is the slowest. In the case of the negative fast component, the
relaxation times are in the range 0.5 - 1 s, not correlating with the normal component relaxation time. These changes in relaxation times can be explained by
taking the heat transfer parameters of the substrate into account (see table 5.2).
The highest voltage writing pulses need to be used in order to reach maximum
quench switching for samples grown on Si. This is due to its higher thermal
conductivity and heat capacity. As a result, a larger volume of the substrate is
heated leading to a longer cooldown to ambient temperature, which might affect
relaxation time as discussed in section 4.2.
The dependence of the normal component amplitude on the writing pulse
voltage is shown in figure 5.1c. The amplitudes are plotted separately for the two
perpendicular pulses P1 and P2, to visualize the anisotropic behaviour in samples
grown on GaAs. The writing pulse voltage is normalized to the maximum value
of the normal component (12.8 V for GaP, 10.75V for GaAs and 20.75 V for Si
substrate). All three samples have similar shape of the curve, not suggesting
major differences in quench-switching mechanism between the three devices. The
observed maximum amplitude of the normal component is the largest in samples
grown on GaP, reaching value about 1 Ω. From comparison with the bar-shaped
device measurements, this value corresponds to a resistance change of 25 % in
corners of the cross device. The maximum amplitude in sample prepared on Si is
0.7 Ω, which corresponds to resistivity change 9 %, and finally in sample prepared
on GaAs the maximum resistivity change is about 0.5 Ω (8 % of the resistivity
change).
The amplitude of the negative fast relaxation component is shown in figure
5.1d. A smaller difference between the samples is observed compared to the
normal component. However, the curve shape is again similar in all three samples.
To conclude, the quench switching is observed in all three films prepared on
GaP, GaAs and Si substrates. The strongest switching amplitude is present in
the best (highest crystal quality) samples prepared on GaP substrate. Both room
temperature components (normal and negative fast) are observed in all three
samples. An important conclusion is, that a significantly higher density of crystallographic defects, reported in [ZK2], does not suppress the quench switching in
CuMnAs films grown on GaAs and Si. Yet, it reduces the maximum amplitude
and possibly affects the relaxation time.
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5.2

Film Thickness

In this section, the properties of CuMnAs as a function of film thickness will be
discussed. As it was shown above, the highest crystal quality as well as largest
quench-switching amplitudes are achieved in samples grown on GaP substrates.
Thicker films than 100 nm are typically not grown due to practical limitations.
Namely, the flux calibration and sample temperature stabilization are not reliable
for long growth times.
In epitaxial CuMnAs films, the material properties are strongly affected by
thickness. For example a large lattice mismatch induces strain at the interface
with the substrate, which then partially relaxes as thickness increases. Also,
there is usually a greater concentration of defects on the interfaces, coming from
imperfections on the surface. Those features are overgrown by a single crystal
phase when the film thickness is sufficient.

5.2.1

Conductivity Dependence

Figure 5.2: Thickness dependence of conductivity. a) Thickness dependent conductivity of the CuMnAs films grown on three different substrates. The
thickness ranges from 2.5 nm to 100 nm for films on GaP substrate and from
5 nm to 50 nm for GaAs and Si substrates. The line represents linear regression
fit. b) Conductivity anisotropy in the samples grown on GaP, as a function of
thickness.
The dependence of conductivity on the film thickness is plotted in figure 5.2a.
Values for all three substrate materials were measured for thickness ranging from
5 to 50 nm. In addition, on GaP substrate, also the 100 nm thick layer was
measured with conductivity fo 107 mS, following the linear trend. The lines
correspond to linear regression, which gives 97 µΩ.cm for GaP, 140 µΩ.cm for
GaAs and finally 222 µΩ.cm for Si.
The anisotropy in resistivity is typically observed in samples thinner than
50 nm. The conductivity difference between the [100] and [010] crystal directions
of the CuMnAs films on GaP substrate is shown in figure 5.2b. The difference
can reach up to 7 % (for the thinnest 5 nm film) and originates in elongated holes
in the thin CuMnAs film along one of the main crystal directions [ZK2]. This
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growth regime seems to diminish at thickness about 30 nm, which is a similar
value, as the one where we start to observe zero anisotropy in the conductivity.
For samples prepared on GaAs substrate, similar resistance anisotropy is present.
In samples prepared on Si substrates no anisotropy is observed. This is a result
of the symmetry of the Si crystal surface, which is not anisotropic as in the case
of polar GaP and GaAs surfaces.

5.2.2

Quench Switching

Figure 5.3: Example of quench switching in films with different thickness. a) Example of the resistance relaxation after quench switching in samples
with thicknesses from 7.5 to 100 nm. The pulse voltage is normalized to the maximum amplitude value. b) Comparison of the normalized relaxation data from
a).
The quench switching is studied on a series of CuMnAs films with different
thickness prepared on GaP substrate with Al cap. The switching experiments
are performed on 10 µm large simple cross devices (see section 3.2.1) prepared by
the optical mask-aligning lithography. The relaxation for samples with thickness
from 7.5 to 100 nm is shown in figure 5.3a, after applying two perpendicular
pulses. This illustrates the anisotropic behaviour connected with the anisotropic
conductivity, which is especially significant in very thin samples. Observation of
quench switching in thinner samples is complicated due to large resistance with
even stronger anisotropy.
The normalized relaxation of the switched state is shown in figure 5.3b.
A longer relaxation time is observed for thin samples (below 20 nm). This can
be a result of anisotropic conductivity, which causes a strongly non-symmetric
quench switching. The relaxation after the large writing pulse combines with relaxation after the smaller perpendicular writing pulse, which can lead to change of
the effective relaxation time, as shown in section 4.6. Besides that, the Kohlrausch
stretched exponential relaxation reflects the dimensionality of the system (see section 2.1). In very thin films, a transition from 3D system to 2D system needs to
be considered.
Fitting of the relaxation curves is done only for thicker samples (20 nm and
more), because of the reasons mentioned above. The obtained values of the nor74

Figure 5.4: Quench-switching amplitude in films with different thickness.
a) Dependence of the amplitude of the normal component on the normalized
writing pulse voltage for different thicknesses of CuMnAs films. The pulse voltage
is normalized to the maximum amplitude, indicated by vertical line. b) Analogous
plot in relative units. Values are divided by the sheet resistance. c) Dependence
of maximum amplitude of the normal component on the film thickness. d) The
same data in relative units (% of the sheet resistance).
mal component amplitude are shown in figure 5.4a in resistance units (Ω). Relaxation after both perpendicular pulses was evaluated (solid and dashed line),
indicating anisotropic switching in the 20 nm thick sample. There are small
differences also in thicker samples, however they can be attributed to the fabrication imperfections. The amplitude is the largest in the 20 nm sample, and only
a small difference is observed between 50 and 100 nm samples, as shown in figure
5.4c. The obtained dependencies are recalculated to relative units (percents of
the sheet resistance) in figures 5.4b and 5.4d. The sheet resistance values are
9.3 Ω, 19.4 Ω and 56 Ω for the 100, 50 and 20 nm films respectively.
The growing trend of the normalized thickness dependence of the quenchswitching amplitude in figure 5.4d indicates that the signal is of bulk origin. If it
was an interface effect, the relative amplitude would decrease as the thickness of
the film increases.
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5.3

Stoichiometry

The growth of CuMnAs films by MBE allows precise control of molecular fluxes.
The epitaxial CuMnAs layer growth is self regulated under slight arsenic overpressure, as described in section 6.1. Therefore the stoichiometry is only controlled
by adjusting the Cu and Mn fluxes. The flux ratio is retrospectively calibrated
by measuring CuMnAs composition by the electron-probe microanalysis (EMPA)
and energy-dispersive x-ray spectroscopy (EDX), which defines the stoichiometric
1:1:1 CuMnAs composition.
In this section, samples intentionally prepared under different ratios of the
Cu:Mn fluxes are studied. The flux ratio ranges from 20 % Mn rich to 20 % Cu
rich. The thickness of the CuMnAs layer is 50 nm and the growth temperature
is around 210 ◦ C in all studied samples. The 10 µm simple cross devices were
prepared by optical mask-aligning lithography for electrical switching experiments
(see section 3.2.1).

5.3.1

Magnetization and Conductivity

Figure 5.5: Magnetization and sheet resistance of stoichiometric series.
a) The SQUID magnetization measurements and b) sheet conductivity of the
50 nm thick CuMnAs films with different stoichiometric composition.
The magnetization of the samples obtained by the SQUID magnetometry is
shown in figure 5.5a. Zero magnetization is observed for the 1:1(:1) stoichiometric
as well as Cu rich samples. However, non-zero magnetic moment is detected in
Mn rich samples. This moment most likely originates in ferromagnetic MnAs
clusters, which spontaneously form during growth.
The typical sample size used in the SQUID magnetometer is 5mm x 3mm,
resulting in CuMnAs volume of 7.5 × 10−7 cm3 . The magnetization value for the
20% Mn rich sample is then about 100 emu/cm3 . In pure ferromagnetic MnAs
the magnetization value is 500 emu/cm3 [94], which corresponds to 20 % of excess
Mn.
Dependence of the sheet resistance on the film stoichiometry is shown in figure
5.5b. The minimum value is measured for the 1:1(:1) stoichiometric sample,
where the sheet resistance is below 19.5 Ω per square. The resistance increases,
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when going in both directions. In addition Mn rich samples show anisotropy in
conductivity. Interestingly, the flux ratio dependent resistance changes are very
small.
Besides that the surface roughness measured by the atomic force microscopy
reveals the lowest RMS and the X-ray diffraction indicates the lowest lattice
constant c of 6.278 Å in the 1:1(:1) stoichiometric case [ZK2].

5.3.2

Quench Switching

Figure 5.6: Dependence of quench switching on the sample stoichiometry. a) Dependence of the amplitude of the normal relaxation component on
the normalized writing pulse voltage for stoichiometric and off-stoichiometric samples. Pulse voltage is normalized to the maximum value of the normal component.
b) Similar graph for the negative fast component. c) Stoichiometry dependence
of the maximum normal component (blue color, left y-axis) and the maximum
magnitude of the negative fast component (orange color,right y-axis).
The relaxation of the switched state is fitted with stretched exponential function with two (normal and negative fast) components. The obtained amplitude
of the normal component is shown in figure 5.6a. The writing pulse voltage is
normalized to the voltage in the maximum of the normal component amplitude,
which is 12.25 V for the 1:1:1 sample and increases to 13.5 V for off-stoichiometric
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samples. The largest amplitude is present in the stoichiometric sample, decreasing in both, Cu and Mn rich directions. The Mn rich samples show anisotropic
switching amplitude which corresponds to anisotropic conductivity shown in 5.5b.
The Cu rich samples have a different shape of the dependence. Dependence of
the amplitude shows a pronounced plateau before reaching the maximum. This
feature scales with the amount of excess Cu atoms in the film.
Dependence of the negative fast component amplitude on the writing pulse
voltage is shown in figure 5.6b. The dependence in stoichiometric and Mn rich
samples differs only in the amplitude. Similarly as in the case of normal amplitude, the dependence is different for the Cu rich sample. The obtained maximum
and minimum values of the normal and negative fast components for different
sample compositions are shown in figure 5.6c. The amplitudes of the two components correlate, except for the Cu rich samples, where the fast component is less
suppressed. The largest amplitude of the quench switching is present in layers
with stoichiometric 1:1:1 CuMnAs composition, the further we go from the ideal
composition the smaller are the observed amplitudes.
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5.4

Growth Temperature

Finally, dependence of the quality of the film on the growth temperature was
studied. We observed large improvement of the film quality, after changing the
growth temperature readout from the thermocouple on the sample holder to the
optical band gap spectrometry. This method detects the temperature directly
from the absorption edge wavelength in the semiconducting substrate.
Samples grown between 140 to 280 ◦ C were prepared on GaP, GaAs and Si
substrates. All films have thickness of 50 nm and 3 nm aluminium cap. A 10 µm
simple cross devices were fabricated by optical mask-aligning lithography allowing
electrical switching experiments (see section 3.2.1).

5.4.1

Resistivity

Figure 5.7: Dependence of the sheet resistivity on the growth temperature. Three series of samples prepared on different substrate materials are
differentiated by color. The values are obtained by the Van der Pauw method
on simple cross devices. The full and hollow points correspond to measurements
along two perpendicular axes.
Dependence of the sheet resistance of the film on the growth temperature
is shown in figure 5.7. The samples prepared on GaP substrate have the sheet
resistance close to 20 Ω, independent of the growth temperature. The lowest
sheet resistivity approaches 19.5 Ω for samples prepared at 210 ◦ C.
The films prepared on GaAs and Si have larger sheet resistivity than on GaP.
In both cases (GaAs and Si) sheet resistance increases with growth temperature. The temperature readout becomes unreliable for growths below 140 ◦ C.
In addition, the roughness of films significantly increases during growth at lower
temperatures [ZK2].
Films prepared on GaAs substrate have anisotropic resistivity, as discussed in
section 5.1. The same anisotropy, close to 7 %, is observed in the whole studied
temperature window. Samples grown on Si substrates have the largest sheet
resistivity. The obtained values are scattered far from the quadratic regression,
suggesting large variation in film quality.
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5.4.2

Quench Switching

Figure 5.8: Dependence of switching signal on the growth temperature
for different substrates. Left column: Example of pulse voltage dependencies
of quench switching. Right column: Growth temperature dependencies of the
maximum amplitude for the normal and negative fast components. Dependencies
for ab) GaP, cd) GaAs, and ef) Si substrates.
Dependence of the quench switching on the growth temperature is compared
in figure 5.8. Three series based on the substrate material are shown separately.
In the left column (figures 5.8a, 5.8c and 5.8e), dependencies of the amplitudes
of normal and negative fast relaxation components on the writing pulse voltage
are shown for selected measurements (low, mid and high growth temperature).
Whereas, in the right column (figures 5.8b, 5.8d and 5.8f) the maximum value of
the normal component amplitude as well as minimum of the negative component
amplitude are plotted.
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In samples prepared on GaP substrate, only a small difference is observed in
dependence of the amplitude of the normal relaxation component on the pulse
voltage (full color in figure 5.8a). Small anisotropy in the switching amplitude
is present in samples with low and high growth temperature (solid and dashed
lines). The maximum amplitude of the normal component as a function of growth
temperature in figure 5.8b) indicates optimal growth temperature in this series
to be 210 ◦ C, where the switching amplitude exceeds the value of 1 Ω. In the case
of negative fast component (semi-transparent lines in figure 5.8a), no anisotropic
behaviour as well as no dependence on the growth temperature is observed.
In figures 5.8c and 5.8d, analogous analysis is presented for samples prepared
on GaAs substrate. The anisotropic conductivity in those samples leads to strong
anisotropy in the quench switching. Whereas in one direction, the switching amplitude reaches values observed in samples prepared on GaP, in perpendicular
direction the amplitude is significantly smaller. This is valid for the normal component as well as for the negative fast component. In the highly conductive
direction, the maximum amplitude of the normal relaxation component increases
with growth temperature. However, one should keep in mind that the film resistance increases with growth temperature as well, leaving the relative amplitude
independent of the growth temperature.
Finally, quench switching on samples prepared on Si substrate is presented in
figures 5.8e and 5.8f. The observed dependencies of normal as well as the negative
fast relaxation components are almost independent of the growth temperature.
This is valid for the normal as well as the negative fast relaxation component.

Figure 5.9: Dependence of maximum of the normal component amplitude on the sheet resistance. Comparison of CuMnAs films with thickness of 50 nm prepared on different substrates at different growth temperatures.
a) Amplitude in absolute units Ω and b) amplitude in relative units normalized to
sheet resistivity and corrected by geometrical factor for cross device (see section
3.2.1).
When comparing all three series, one can see that the negative fast component
is similar in all studied samples, as indicated by the (orange) horizontal line with
the same value in figures 5.8b, 5.8d and 5.8f. The normal component varies more
significantly, having similar features that were observed in section 5.1. The largest
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amplitude of the quench switching is observed on GaP substrates. The growth on
those samples is well optimized, leading only to a small variation in conductivity
and having a consistent behaviour of quench switching. This indicates an ideal
growth temperature of 210 ◦ C. High resistivity anisotropy is present in films
grown on GaAs causing anisotropic switching amplitude. In the high conductive
direction, the switching reaches about half of the relative signal value compared
to the films on GaP. In samples prepared on Si substrate, large deviation of the
conductivity values was measured, suggesting variation of film qualities. However,
the quench-switching amplitude is independent of the growth temperature. As
a result the relative amplitude decreases with increasing growth temperature.
The results of this section are summarized in figure 5.9, where the maximum
amplitude of the normal component is plotted as a function of sheet resistance
for CuMnAs films prepared on GaP, GaAs and Si substrates at different growth
temperatures. These plots highlight the main observation of this chapter, that
the largest quench switching is observed in films with lowest resistivity (i.e. of the
best crystal quality), which supports the intrinsic origin of the quench-switching
effect. The amplitude of the switching effect is the highest for CuMnAs films with
the lowest resistivity both in relative units (figure 5.9b), and in absolute units
(figure 5.9a), this indicates that the quench switching is partially suppressed by
the presence of high density of defects in the material and rules out active role of
these defects in the quench-switching process.
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Chapter 6
CuMnAs Growth and Device
Preparation
Finally, a detailed description of the utilized growth, fabrication and measurement
methods will be given before concluding this work. This main idea of this chapter
is to provide technical details that are essential for reproduction of the presented
results.
CuMnAs films used throughout this work are prepared in molecular beam
epitaxy. The growth process will be described in detail in section 6.1, with
focus on the importance of its epitaxial aspects.
Two different lithography processes are used to fabricate devices in this thesis:
optical mask-aligning and electron beam lithography, which are described in section 6.2. Choice of the method is mainly based on required device dimensions,
purpose of the measurement and quality of wet-etched structures.
The measurement setup, described in section 6.3, consists of pulsing and
readout parts. The pulsing part is constructed to deliver high power voltage
pulses, which allow for measurements of high-resistive CuMnAs films. The readout is set up to allow for fast and accurate measurements of resistance relaxation.
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6.1

MBE Growth of CuMnAs

Molecular beam epitaxy is one of the highest material purity growth methods, as
it is carried from ultra-clean material sources and under ultra high vacuum. To
achieve the desired vacuum levels (background pressure is typically in the higher
end of 10−12 Torr), the system is not only equipped by a large volume helium
cryogenic vacuum pump, but also with a liquid nitrogen cooled cryo-shield. This
shield covers most of the inner area of the growth chamber and its freezing walls
serve as a natural sorption center. Basically, most of the ”flying” particles that
would elevate pressure within the chamber and could get incorporated into the
grown material are trapped on the cold walls of the cryo-shield.
The CuMnAs samples used throughout this work were grown in a GEN II
Veeco MBE system, shown in figure 6.1a.

Figure 6.1: Photos of the MBE system. a) Overview of the Veeco Gen II
MBE system. The loading station (the laminar flow cabinet in the back of the
room) is connected to the transport tunnel, which connects the load-lock, growth
and metal deposition chambers. b) The growth chamber. c) Wafer inside the
sample holder placed on a degassing station located in the transport tunnel.
d) A cleaved GaP wafer with 50 nm CuMnAs film grown on the surface.
The process of CuMnAs film preparation starts with loading epi-ready substrates into a transport trolley, which is done in a clean laminar flow cabinet. In
our system, the wafers are mounted into sample holders, which are then loaded
into the system in vertical orientation. (see figure 6.1c). The trolley accommodates up to five, two-inch wafers.
After the first bakeout of the whole trolley in the load-lock, it is moved into the
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transport tunnel. On the heated station located in the transport tunnel (figure
6.1c) individual substrates are heated for 12 hours to degas condensed water and
other contamination.

Figure 6.2: Schematics of the MBE growth chamber. The wafer on the
sample holder is inserted to the chamber via the gate valve using the manipulation
rod and it is mounted on the rotating stage. The effusion cells are located on the
opposite side of the chamber and point towards the wafer. The growth speed is
monitored using the RHEED method.
After, the wafer is removed from the transport tunnel into the growth chamber, which is shown in the scheme 6.2 and photo 6.1b. The sample holder is
attached to a rotating stage securing the wafer in correct position with respect to
the beam fluxes. The sample rotation compensates for non-perpendicular molecular beam incidence angle during growth. The surface temperature is monitored
using optical band gap spectrometry during growth.
The growth is mediated by atomic fluxes of pure materials, which are produced
in effusion cells. These are special evaporation sources that allow for precise
temperature regulation which controls the fluxes, i.e. the growth rates. Each cell
contains a single element with very high purity and is covered by a shutter, which
opens only during deposition.
The growth speed is monitored by reflection of high energy electron diffraction
(RHEED), which consists of an electron gun, a fluorescent screen, and a camera.
Electrons diffract at the surface of the sample and the amplitude of the diffraction pattern oscillates depending on structure and coverage of the surface during
growth. One period of the oscillation corresponds to growth of a monolayer of
the film. The growth chamber also contains a mass spectrometer, which allows
for detection and identification of contamination and possible leaks.
When the sample is inserted into the growth chamber, the native oxide is
removed at 650 ◦ C for GaAs and GaP substrates under overpressure of As or P
respectively. The overpressure prevents evaporation of As or P from the surface.
The cell temperatures are calibrated by monitoring growth speed with RHEED,
or by measuring the beam fluxes directly. The direct beam flux calibration is
very system specific and not very precise, but it is necessary for materials where
layer by layer growth is not easily achievable (i.e. Cu in our case).
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To improve the surface quality before growth of CuMnAs, 50 nm thick buffer
layers are typically grown from GaAs or GaP, depending on the used substrate.
The optimized CuMnAs films, mostly studied in this work, are typically grown
between 210 and 220 ◦ C. The growth temperature overshoots by 10 ◦ C at the
beginning of the growth due to increased heat absorption in CuMnAs compared
to the substrate [95] and also due to heat generated by opening the shutters
above the high temperature effusion cells. The growth rate of 1.2 unit cells per
minute is controlled by the Mn and Cu beam fluxes as incorporation of arsenic is
self-regulated.
The aluminium capping layer is deposited after the sample is passively cooled
below 0 ◦ C by the neighbouring cryo-shield. The capping thickness of 3 nanometers is optimized to fully oxidize in ambient conditions, but to prevent CuMnAs
oxidation as well as to cause negligible conductivity increase of the final stack.
The two inch wafer is then cut into smaller pieces, typically 5x5 millimeters,
which are then used to prepare devices as shown in figure 6.1d.
More information about the precise growth conditions are given in our recent
paper [ZK2].

6.1.1

CuMnAs Growth on Different Substrates

The lattice parameter of the square base of the tetragonal CuMnAs thin films
ranges between 3.82 Å and 3.85 Å depending on the substrate material [ZK2][28].
The CuMnAs films were mainly grown on GaP, GaAs and Si substrates, due to
close diagonal matching of lattice constants and the possibility to grow buffer
layers with high surface quality in our MBE system. The CuMnAs film grows
rotated by in-plane angle of 45◦ , which means the ⟨100⟩ CuMnAs direction aligns
with ⟨110⟩ substrate direction [27]. Lattice parameters and corresponding lattice
mismatches for each of the used substrate materials are shown in the table 6.1.1.
substrate
GaP
GaAs
Si

lattice constant (Å)
5.45
5.65
5.43

mismatch (%)
0.9
4.4
0.5

Table 6.1: Lattice parameters of the different substrates.
Thin lamellae prepared from 50 nm CuMnAs films grown on different substrates were examined in the scanning transmission electron microscope (STEM)
as shown in figure 6.3 in order to atomically resolve and characterize the interfacial quality of the epilayer..
Overall the best crystal quality is achieved, when CuMnAs films are prepared
on GaP. Relatively small strain is induced by the 0.9 % lattice mismatch, which is
a most likely cause of the contrast variation in figure 6.3a. No abundant interfacial
defects were detected at the interface of multiple investigated samples.
Layers prepared on top of GaAs substrate have much larger lattice mismatch
4.4%. As a result misfit dislocations are generated at the interface. The HAADFSTEM image of the layer in figure 6.3b shows that the distance between two
dislocations is typically around 26 unit cells, which roughly corresponds to the
mismatch value. The dislocation positions are marked by the red T symbols in
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Figure 6.3: STEM images of the CuMnAs films prepared on different
substrates. All images are made on lamellae prepared from films with a thickness
of 50 nanometers and selected areas near the substrate/metal interface are shown.
Orientation of the CuMnAs film and the scale are similar in all the images.
a) GaP substrate. b) GaAs substrate. Part of the image is replaced with the
Fourier transformation to make the dislocation clearly visible. The two red Ts
indicate positions of the two dislocations. c) Si substrate.
the figure. The inset is an overlay showing the reconstruction of the filtered FFT
of the original HAADF-STEM image. This makes the dislocations clearly visible.
CuMnAs samples prepared on Si substrate have only 0.5 % lattice mismatch,
which is even better than in the case of GaP but the crystal quality is much
worse. In figure 6.3c, an HAADF-STEM image of the film shows two alternating
areas with slightly different structures. Specifically, there are large (tens of nm)
areas of perfectly matched CuMnAs with no defects apparent at the interfaces,
which then turn into areas with highly disturbed CuMnAs crystal. As said, this
behaviour periodically alternates along the interface.
The origin of the defective areas is a lattice step, which is 1/4 of the lattice
parameter high. Those steps are not common in polar compounds (in this case
GaAs and GaP), where the surface is always terminated by the group V element.
The CuMnAs film cannot compensate for this surface step which leads to an
avalanche of defects spreading all the way up to the capping layer.
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As was shown in the section 5.1, samples prepared on GaP have superior
crystal quality. This results in larger conductivity and larger amplitudes of quench
switching.
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6.2

Device Fabrication

Devices used in this thesis are prepared using two different lithography processes.
Typically, optical mask-aligning lithography is used to prepare characterization
devices of almost every CuMnAs thin film wafer prepared in our MBE laboratory.
More advanced and precise devices are fabricated by electron beam lithography
(EBL), which allows for easier design customization depending on specific applications.

Nanolithography
Device fabrication is performed in the cleanroom, where the floating particle particle concentration is reduced which increases the process yield. The cleanroom
class usually refers to the number of particles larger than 0.5 µm present in a cubic meter. In our cleanroom, the electron lithograph is enclosed in a box with
class 100. In the rest of the area, it varies from class 1,000 up to class 10,000.
In the cleanroom, yellow light is typically used for lighting. More specifically,
the high-energy blue part of the spectra is intentionally blocked, because resists
used in photolithography are often sensitive to UV components of light.

Figure 6.4: Schematics of the nanolithography steps. a,b) The photoresist
is spin-coated on a clean surface of the sample. c) Exposure by electron beam
or UV light. d) Development: depending whether the used resist is negative or
positive, the exposed area persists or is removed. e) The thin CuMnAs film is
etched where the mask is open. f) Resist stripping. The resist mask is removed.
g) Thin metal film is deposited on top of the resist mask. h) Lift off. The resist
mask is removed leaving only the metal film deposited directly on the CuMnAs
film.
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The nanolithography process is schematically shown in figure 6.4. The lithography process starts with a thorough cleaning of the sample surface (figure 6.4a).
Depending on surface contamination, the cleaning is done by either dipping the
sample into the acetone and isopropyl alcohol (IPA) or by removing the organic
residues in oxygen plasma. Note that the surface of recently MBE prepared samples is very clean and any unnecessary cleaning process may even lead to new
contamination.
After cleaning, an electron beam or photo-sensitive resist needs to be spun
on the surface of the sample. Photoresists are polymeric solutions. Before every
use, hardened particles are removed from the liquid by filtering in the centrifuge.
Then in a spin-coater, a drop of the resist is deposited on top of the sample and
spun to obtain a film of homogeneous thickness, which is dried on a hot plate
(pre-bake) as shown in figure 6.4b.
During the exposure, properties of the polymeric chains within the resist are
changed. Essentially, long polymer chains are broken by the delivered energy
(in the form of electrons or photons). This process also changes their chemical
reactivity and so exposed parts of the resist films can be washed out in special
solutions, called resist developers. Resists are classified based on their behaviour
after the exposition (see figure 6.4d) to positive and negative. The positive photoresist opens in the exposed areas and the negative resist opens in areas, in
which no energy was delivered. This is illustrated in figure 6.4d.
The electron beam lithography (EBL) uses the electron beam to deliver the
energy needed to change properties of the resist. The EBL machine used in this
work is a modified RAITH E-line Scanning Electron Microscopy (SEM) system
which exposes selected areas by combination of beam tilting and precise sample
holder movement. This method allows us to prepare custom design devices with
very high resolution, yet with the disadvantage of being time consuming. The
resolution limit is given by a combination of electron (extraction voltage, aperture
size) and properties of the selected resist (grain size, thickness). Typically feature
sizes of 100 nanometers are achieved with our EBL setup.
The PMMA A4 electron sensitive positive resist is typically used for device
fabrication in this work. It is spun to the thickness of 200 nm and pre-baked at
120 ◦ C for 2 minutes. The exposure dose is 120 µC/cm2 with a 10 keV electron
accelerating voltage, writing field is 200 µm and typical beam aperture size is
30 µm, which corresponds to beam current 200 pA. Alternatively, 60 µm beam
aperture with 900 pA beam current is used for exposure of large areas. The
development is done in MIBK:IPA 1:3 for 30 seconds. No additional post-bake is
performed.
The other exposition method is the optical mask-aligning lithography (figure 6.4c). The desired design is prepared on a mask which is a high reflective
metallic pattern on top of a transparent glass plate. This allows for the light to
pass through and deliver energy to the transparent areas. The mask needs to
be precisely aligned with the sample, especially for multi-step exposures. During
exposure, the metallic mask is in direct contact with the resist, which increases
resolution of the structure. This method allows exposition of features with resolution down to several micrometers with the advantage of increasing speed of
the whole process. Namely the exposure is finished in tens of seconds. A disadvantage is that the mask has to be prepared in advance, which is often done by
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EBL. On the other hand, the mask can be reused many times.
In our laboratory, we used positive photoresist ma-P 1210 with a thickness
of 1 µm, while pre-baked at 100 ◦ C for 2 minutes. After exposure, the resist is
developed in ma-D 331 for 30 seconds. A big advantage of this developer is that
it can simultaneously etch away the aluminium cap, often used on our samples.
Further etching of CuMnAs (figure 6.4e) is performed either by using acid
solvents (wet) or by reactive ions (dry). The wet etching uses chemical reaction
to dissolve the materials. The depth to width ratio is worse compared to the dry
etching, because an underetching is present on the CuMnAs/photoresist interface.
In RIE systems, plasma is used as the etching medium. To ignite the plasma,
inert gasses can be used to induce purely mechanical milling of the material.
Other gas media can be also used in order to activate chemical reactions, which
ultimately also lead to now chemical etching. The disadvantage of using the
RIE is the need of a hard mask layer that sustains the plasma process. Common
photoresists are mostly not suitable for this method. Therefore, aluminium masks
are typically used in our laboratory, which increases the number of lithography
steps.
Samples used in this thesis are typically prepared by the wet etching. Aluminium cap (after the e-beam process) is removed by dripping into 2.7 % TMAH
(Tetramethylammonium hydroxide C4 H13 NO) solution for 10 seconds, if as said
above the Al cap does not get removed during development in ma-D 331. The
etching of CuMnAs films is done either in solution of H3 PO4 : H2 O2 : H2 O in concentration 1 : 10 : 400 or in solution of C4 H6 O6 (5%) : H2 O2 (5%) : H2 SO4 (10%)
in concentration 4 : 1 : 2. In both cases, the etching speed is roughly 50 nm per
minute. Advantageously, samples of CuMnAs on GaP substrate allow us to see
when the CuMnAs film is removed, thanks to the substrate transparency, while
on other substrates, the etch quality needs to be measured by e.g. atomic force
microscopy.
Gold is an ideal material to be deposited for the contact pads (figure 6.4g).
Yet, the non-reactive Au often does not stick to the surface of CuMnAs, therefore
a more reactive material (here cca 5 nm of Cr or Ti) is deposited as a sticking
layer. For a smooth lift off process (figure 6.4h), the thickness of the deposited
material needs to be smaller than the thickness of the photoresist mask. Notice
that the oxidized aluminium capping layer needs to be removed below the contact
pads.
Finally, the sample surface is cleaned from the photoresist mask as shown
in figure 6.4g. The polymer-based resists (PMMA, ma-P) are typically stripped
in the acetone, but some specific milling resistant resists need a special stripper
solution.
The precise recipes used to fabricate CuMnAs devices with optical and electron lithography processes are given in the appendix A.3. In figure 6.5 the images
of the cleanroom equipment are shown.

Device Bonding
When the device fabrication is successfully finished, the sample is glued to a PCB,
which can be connected to the measurement instruments. Typically, there are
multiple devices on the sample. The best device is selected in the optical mi91

Figure 6.5: Cleanroom equipment. a) Electron beam lithograph (Raith
eLINE). b) Mask Aligner (Elektromat JUB) for optical lithography. c) Metal
deposition PVD (Angstrom COVAP) and dry etching RIE systems (Trion Phantom and Oxford Instruments Plasmalab System 100). d) Spin-coating and wet
etching workbench.
croscope or SEM and then wire-bonded to the custom made PCB, as shown in
figure 6.6.

Figure 6.6: Wire bonding. a) Ultrasonic wedge-bonding station K&S 4123.
b) Detail look at the bonding station. The needle creates bonds connecting the
custom made PCB with the device contact pads using a 30 µm wide aluminium
wire.
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6.3

Electrical Measurements

The first experimental observation of the electrical switching of antiferromagnets
after sending writing pulses in thin films was acquired using the Keithley 2400
(KSM) source meter, the Keithley 2000 (KMM) multimeter and for pulsing the
Keysight B1500A Parametric Analyzer [4][ZK5][ZK4]. A USB-controlled relay
board controlled the pulse direction.
The experimental setup was improved in several incremental steps up to the
current state which is shown in figure 6.7. One of the main improvements is the
use of National Instruments data acquisition card (NI DAQ), which significantly
reduces the number and volume of instruments required for the measurements.
The setup is separated into two parts, where the first generates the writing
voltage pulse and the second is used for the readout.

Figure 6.7: Experimental setup for electrical pulsing and readout. The
pulsing part consists of a high DC voltage source, opto-isolator and serial resistor
(10 Ω). The opto-isolator is controlled by TTL pulse generated by NI DAQ analog
output 1 (ao1) and simultaneously the potential difference on the serial resistor is
read on the NI DAQ analog input 1 (ai1). The readout part consists of NI DAQ
ao2 that generates voltage DC, AC or arbitrary signals. Simultaneously we read
potential difference on 50 Ω resistor on the NI DAQ ai2 and also NI DAQ ai3,
where the signal is read. The relay box allows us to connect any from the inputs
I+, I-, V+, V-, P+, P- to any single or multiple outputs c1, 2, 3, 4.

Writing Pulse Generation
To be able to deliver the high power needed for quench switching of the very thin
CuMnAs films, a custom made pulse generator was constructed. A high power
DC voltage source generates potential difference which is connected to the optoinsulating transistor, that is controlled by a TTL pulse coming from the analog
output (ao1) of the DAQ card. The length of the writing pulse is given by the
length of the TTL pulse. A serial resistor (10 Ω) allows reading of the current
during the writing pulse as a potential difference on the analog input (ai1) of
the DAQ card. The writing pulse current is read precisely when the transistor is
open, thanks to the synchronous clock operation of the DAQ card.
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Resistance Readout
The NI DAQ allows the implementation of a digital lock-in amplifier, which combines AC voltage output and input in synchronized acquisition time. This method
improved the signal to noise ratio compared to DC measurements. Importantly,
the data are evaluated from the very first AC oscillation, unlike in the case of use
of the conventional lock-in amplifiers.
As the AC voltage is generated, another resistor needs to be added in series
to the circuit to read the current.
In the scheme 6.7, the AC voltage is generated with the ao2. The current
is measured as a potential difference on the serial resistor (50 Ω) by the ai2.
Meanwhile the four-probe (longitudinal or transverse) voltage is acquired by the
ai3.

Relay Box
The custom made relay box consists of 8 relay boards, each with 8 relays. For
typical measurements, only a selected subset of the relays are used. The relay
box allows connection of any of 8 inputs to any of 8 outputs. The inputs from
the reading part I+, I-, V+, V- correspond to the current in and out, and to the
positive and negative voltage readout. The pulsing part has only two contacts P1
and P2. Typical cross or bar-shaped devices use four outputs, which are labeled
c1 to c4 in the scheme. The relay matrix allows connecting single input to single
or multiple outputs depending on the device geometry. This is used for example
in the case of pulsing in the simple cross and Wheatstone-bridge devices, where
two positive and negative contacts are used.

Instruments Specification
The two models of the NI DAQ are used, the USB-6356 and the USB-6211. The
input and output voltages of those devices are limited to ±10 volts which need to
be connected to high resistance load as the maximum current output is limited
to 2 mA. Differences between the models are the maximum sample frequency
(1.25 MHz vs 250 kHz), and the ability to send and read in the same clock
time. The basic model USB-6211 divides the sample frequency by the number of
channels used simultaneously.
The high voltage power supply Elektroautomatik PS 5200-02A is used allowing
output up to 200 V and 2 A. The opto-insulating transistor is constructed to
match the output specifications of the power supply. Because the components are
selected more towards high power durability than towards speed, the minimum
pulse length is limited to 15 µs. The relay matrix is constructed from the Deditec
USB-controlled modules, each with 8 addressable relays.
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Conclusion
This thesis presents a detailed study of the newly discovered mechanism of quench
switching of resistivity in the tetragonal antiferromagnetic CuMnAs thin films.
This material was extensively studied due to the observation of current induced
reorientation of antiparallel moments achieved by the Néel spin orbit torques. The
advances in material preparation and electrical experiments led to improvement
of the film quality and allowed for application of very strong electrical pulses,
which induce significantly higher resistance switching signals. These signals are
attributed to the fragmentation of magnetic domain structure. In contrast to the
weak reorientation-related AMR signals, the amplitude of the new effect reaches
GMR-like values of 20 % at room temperature and 100 % at low temperatures.
The microscopic understanding of the quench-switching mechanism is missing
so far. In particular, the stability of the nanometer scale fragmented domain
state is surprising in the context of standard micromagnetic theory predicting
the existence of large domains separated by 100 nm wide domain walls. However,
by use of several magnetic imaging techniques we experimentally established the
presence of the fragmented state with domain size below 10 nm. An important
insight into the microscopic physics behind the stability of the fragmented state
could be derived from the presence of the atomically sharp domain walls, which
we observed by the STEM DPC technique.
The writing pulse induced quench-switching resistance relaxes back to the
base value following the Kohlrausch stretched exponential function, which reflects
the correlated nature of interacting domains. Detailed measurements of this
relaxation reveal a presence of four distinct relaxation components with relaxation
times ranging from milliseconds to thousands of seconds at the room temperature.
At this temperature the relaxation is dominated by a component with relaxation
time of ∼ 10 seconds
The analysis of the role of material parameters like thickness and growth
temperature indicates that the switching originates in the bulk of CuMnAs. This
effect is very robust. It is present in films of varying crystallographic quality
prepared on GaP, GaAs and Si substrates and in the wide growth temperature
window.
The robustness of the quench-switching effect is important for its potential
in industrial applications. The room temperature relaxation in this particular
material makes it unsuitable for long term data storage. On the other hand,
the combination of memory and relaxation functionality can be useful in specific
applications, e.g. for neuromorphic computation.
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Z. Šobáň, P. Wadley, R. Campion, R. Otxoa, J. Železný, T. Jungwirth,
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[ZK4] K. Olejnı́k, T. Seifert, Z. Kašpar, V. Novák, P. Wadley, R. P. Campion,
M. Baumgartner, P. Gambardella, P. Němec, J. Wunderlich, J. Sinova, P.
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V. Novák. Systematic study of anisotropic magnetoresistance in
(Ga,Mn)As. Physics Procedia, 75:634–640, 2015.

Citation overview
Author h-index 5 (Google scholar), 4 (Scopus, Web of Science)
• Google Scholar: 275 citations
• Scopus: 185 citations (178 exclude self citations, 143 exclude all co-authors)
• Web of Science: 194 citations (189 exclude self citations)
Valid to the date Jan 28, 2021.

97

Bibliography
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J. Wunderlich, Jairo Sinova, and T. Jungwirth. Relativistic Néel-Order
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M. J. Grzybowski, A. W. Rushforth, K. W. Edmonds, B. L. Gallagher,
and T. Jungwirth. Electrical switching of an antiferromagnet. Science,
351(6273):587–590, 2016.
[5] K. Momma and F. Izumi. VESTA3 for three-dimensional visualization of
crystal, volumetric and morphology data. Journal of Applied Crystallography, 44(6):1272–1276, 2011.
[6] T. Jungwirth, J. Wunderlich, V. Novák, K. Olejnı́k, B. L. Gallagher, R. P.
Campion, K. W. Edmonds, A. W. Rushforth, A. J. Ferguson, and P. Němec.
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[24] V. Novák, M. Cukr, Z. Šobáň, T. Jungwirth, X. Martı́, V. Holý,
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1847.
[88] J. C. Phillips. Axiomatic theories of ideal stretched exponential relaxation
(SER). Journal of Non-Crystalline Solids, 352(42-49 Spec. Iss.):4490–4494,
2006.
[89] V. Hills, P. Wadley, R. P. Campion, V. Novak, R. Beardsley, K. W. Edmonds,
B. L. Gallagher, B. Ouladdiaf, and T. Jungwirth. Paramagnetic to antiferromagnetic transition in epitaxial tetragonal CuMnAs (invited). Journal of
Applied Physics, 117(17):172608, 2015.
[90] K. Hoffmann. Applying the Wheatstone Bridge Circuit. HBM, Darmstadt,
2001.
[91] C. M. Marcus and R. M. Westervelt. Stability of analog neural networks
with delay. Phys. Rev. A, 39:347–359, January 1989.
[92] L. J. Van Der Pauw. A Method of Measuring the Resistivity and Hall Coefficient on Lamellae of Arbitrary Shape. Philips Technical Review, 20:220–224,
1958.
[93] M Levinshtein, S Rumyantsev, and M Shur. Handbook Series On Semiconductor Parameters, Vol. 1: Si, Ge, C (Diamond), GaAs, GaP, GaSb, InAs,
InP, InSb. Handbook Series on Semiconductor Parameters. World Scientific
Publishing Company, 1996.
[94] Y. Takagaki, C. Herrmann, J. Herfort, C. Hucho, and K.-J. Friedland. Stressmodified structural and electronic properties of epitaxial MnAs layers on
GaAs. Phys. Rev. B, 78:235207, 2008.
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Appendix A
Attachments
A.1

Relaxation Times at Different Working
Temperatures

The following table contains relaxation times of all four components observed
in the resistance quenching. The values are calculated using formula 2.2 for
thermally activated processes with characteristic time τ0 = 0.3 ps.
temperature (K)
200
240
250
280
285
290
295
300
305
320
340
350

slow
36 kB ∗ 300
8.492e10
1.048e7
1.732e6
1.692e4
8602
447.6
238.1
129.3
71.68
13.63
18.72
7.555

normal
31 kB ∗ 300
4.697e7
2.023e4
4294
79.78
44.55
25.38
14.74
8.715
5.243
1.255
0.2272
0.1040

negative fast
27.5 kB ∗ 300
2.465e5
254.7
64.39
1.876
1.119
0.6793
0.4194
0.2632
0.1677
4.718e-2
1.035e-2
5.177e-3

super-fast
25 kB ∗ 300
5796
11.19
3.206
0.1288
8.052e-2
5.115e-2
3.300e-2
2.160e-2
1.434e-2
4.528e-3
1.141e-3
6.073e-4

Table A.1: Relaxation time for three relaxation components with energy barrier
36, 31, 27.5 and 25 kB ∗ 300 K for temperatures from 200 K to 350 K.
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A.2

Time Dependent Simulations

Simulation of the current density and temperature during the writing pulse was
performed using the COMSOL Multiphysics ® [96].
Material parameters conductivity σ, heat capacity cp , thermal conductivity κ
and density ρ of the simulated materials are as follows:
• CuMnAs σ = f (T ) (section 3.1.1)

• GaP σ = 0

• CuMnAs cp = 300 J/kg.K

• GaP cp = 430 J/kg.K

• CuMnAs κ = 7.3 W/m.K

• GaP κ = 110 W/m.K

• CuMnAs ρ = 7870 kg/m3

• GaP ρ = 4140 kg/m3

Figure A.1: Time dependent COMSOL simulation a) Geometry of the
model . CuMnAs device on top of GaP block (2x2x0.5 µm). b) Current during
the writing pulse. Experimental and simulated value on a simple cross device.
The CuMnAs device (simple cross, Wheatstone bridge device or hallbar) is
designed on top of a GaP block (2x2x0.5 µm) as shown in figure A.1a. At initial state, the sample temperature is 293 K. During the writing pulse duration
(100 µs), the time dependent Joule heating and heat transfer are calculated. The
pulsing configuration in each device corresponds to experiments.
The parameters of the writing pulses in the simulation are set to match the
current dependency during the writing pulse as shown in figure A.1b for example
data on a simple cross device. In chapter 3 following pulse voltages are used,
which result in current at the end of the pulse:
• simple cross device: 7.6V, 85.4 mA at 100 µs (section 3.2.1)
• Wheatstone bridge device: 8.5V, 67.4 mA (section 3.2.2)
• 2 square long hallbar device: 11.6V, 49.1 mA (section 3.1)
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A.3

Device Preparation Recipes

Positive Optical Lithography Recipe
• photo-resist maP 1210
– centrifuge 12000 rpm, 5 minutes
– spin coating 5000 rpm, 1 minute (film thickness 1 µm)
– pre-bake 100◦ C, 2 minutes
• exposure (dose 400, time 120)
• developer maD 331, 25-35 seconds
– use fresh developer for each sample
– removes also the aluminium (oxide) capping layer
• CuMnAs etching - one of the two options:
– H3 PO4 : H2 O2 : H2 O in concentration 1 : 10 : 400
etching speed 50 nm CuMnAs (GaAs) per 30 seconds
– C4 H6 O6 (5%) : H2 O2 (5%) : H2 SO4 (10%) in concentration 4 : 1 : 2
etching speed 50 nm CuMnAs (GaAs) per 30 seconds
this etchant needs to be fresh
• cleaning acetone + IPA
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Positive Electron Beam Lithography Recipe
Positive electron lithography recipe
• photo-resist PMMA A4
– centrifuge 12000 rpm, 5 minutes
– spin coating 5000 rpm, 1 minute (film thickness 200 nm)
– pre-bake 120◦ C, 2 minutes
• exposure
– writing field 200 µm, alignment zoom 1.002
– dose 120 µC/cm2
– beam aperture 30 µm - beam current 200 pA
– alternatively, beam aperture 60 µm - beam current 900 pA
• developer MIBK:IPA 1:3, 25-35 seconds
• aluminium cap removal
– C4 H13 NO (2.7%), 10 seconds
• CuMnAs etching - one of the two options:
– H3 PO4 : H2 O2 : H2 O in concentration 1 : 10 : 400
etching speed 50 nm CuMnAs (GaAs) per 30 seconds
– C4 H6 O6 (5%) : H2 O2 (5%) : H2 SO4 (10%) in concentration 4 : 1 : 2
etching speed 50 nm CuMnAs (GaAs) per 30 seconds
this etchant needs to be fresh
• cleaning acetone + IPA
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