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Introduction, organization of the
manuscript, remarks

The rise of (Ga,Mn)As accompanied that of spintronics but rested on the shoulders of decades of theoretical
and experimental work on magnetic semiconductors. These were initially bulk stoechiometric crystals such as EuO
(T.=69 K), EuS (T.=17 K), or CdCrsS, (T.=87 K) chalcogenide spinels. They were valued for their magneto-optical
properties [239], but also for being an ideal playground on which to test the Heisenberg model of ferromagnetism.
The difficulty to synthetize them as integrable thin films using the new growth techniques of the 1960’s and 70’s
drove the progressive shift to a new class of systems: thin films in which a semiconductor matrix (IV-VI PbSe,
II-VI CdTe, ZnTe, HgTe) was doped with magnetic atoms. Among them, Cd;_,Mn, Te rapidly emerged as a model
dilute magnetic semiconductor (DMS). The exchange interaction between the d electrons of the localized magnetic
ions and the delocalized sp band electrons led to a phenomenal Zeeman splitting under field resulting in giant
magneto-optical effects, a strongly spin-polarized high-mobility electron gas, and the formation of bound magnetic
polarons [50]. Importantly, all these properties could be finely tuned by varying the manganese composition. In the
absence of field, the dominant antiferromagnetic Mn-Mn interaction however left those compounds paramagnetic,
antiferromagnetic or spin-glass-like, or at best weakly ferromagnetic upon p-doping (7. <4 K) [50].

Although III-V semiconductors are usually more easily doped than II-VIs, it took almost an extra decade for
ITI-Mn-V thin films to emerge: Iny_,Mn,As in 1989 [142], and Ga;_,Mn,As in 1996 [149]. This was due to the
poor solubility of manganese atoms in the host matrices, an issue solved by doing the growth at low temperature
(250°C). Being intrinsically sufficiently p-doped, both materials were ferromagnetic, but the higher T, (60K versus
7.5K) and wider band-gap of (Ga,Mn)As made it the horse on which to bet, with a foreseeable incorporation to
GaAs-based (opto)electronic devices.

In parallel, the discovery of giant magnetoresistance in 1988 by Albert Fert and Peter Griinberg opened up new
avenues in terms of magnetic data storage and logic devices. The strong dependance of the resistance of particular
stacks on its magnetic state allowed the gradual replacement of anisotropic magnetoresistance (AMR) hard disk
read-heads by GMR (and eventually TMR) devices. Their much higher sensitivity made disk drive densities rocket.
Conversely the possibility to control a magnetic state by a spin-polarized current (spin transfer torque) meant one
could imagine magnetic random access memories (MRAMSs) bridging the material gap between the semiconductor-
based processing unit and an all-magnetic storage unit. As highlighted in a recent very comprehensive review by
Dietl et al. [42], the search for materials combining magnetic and semiconducting properties triggered three avenues
of “materials” research: (i) metallic ferromagnetic/semiconductor heterostructures : taking advantage of the high
spin polarization of the metal, the challenge was then to optimize the spin injection into the semiconductor, e.g.
Fe/GaAs, (ii) turning ferrimagnetic oxydes such as ZnNiFe;Oy into good semiconductors, and finally, (iii) turning
semiconductors into room-temperature ferromagnets. The 2001 prediction by this same author [43] that this could
be obtained in (Ga,Mn)As - provided a 12.5% manganese concentration and 3.5.102° cm =3 hole doping were reached
- triggered an intense activity for the next ten years. It was led by several groups across the world, in particular
(but not limited to...): the groups of T. Dietl (Polish Academy of Sciences, Warsaw) and of H. Ohno (Tohoku
University), the groups of B. Gallagher (University of Nottingham) and of T. Jungwirth (Institute of Physics of
Prague), an intense activity around DMS in Germany (groups of L. Molenkamp and M. Brandt), or the group of
J. Furdyna in University of Notre-Dame (USA).
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Figure 1: Web of knowledge: number of hits for the word “(Ga,Mn)As” in the topic [Jan. 2021]

My adventure with (Ga,Mn)As began in the Spring of 2004, during my Master internship at the Laboratoire des
Nanostructures (Marcoussis). I was under the inspiring supervision of Aristide Lemaitre who had begun growing
(Ga,Mn)As in 2002, and who then accepted me as a PhD student for the following 3 years. After completing a 2
year post-doc at Imperial College working on nickel nanostructures, I was hired by the CNRS to join the Institut
des Nanosciences de Paris in Catherine Gourdon’s team in 2009, at a moment when the material had reached ma-
turity. My research project consisted in implementing different strategies to act on the dynamic magnetization of
(Ga,Mn)As: magnetic fields, light waves, electrical currents, and picosecond acoustic waves. The samples made by
A. Lemaitre were to incorporate a varying quantity of Phosphorus dopants in order to finely adjust their magnetic
properties (see next Chapter) and study these 4 different dynamics. For the last three stimuli - currents, light and
strain - the overarching aim was to use (Ga,Mn)As as a model material on which to refine a field-free manipulation
of the magnetization, or more modestly to rely on magnetic fields as a simple bias, but to let faster, and less
power-greedy levers govern the dynamics. Particularly interesting was using the strongly non-uniform excitation
by light and strain waves to generate w # 0,k # 0 spin-waves, an approach that would appeal to the magnonics
community.

This manuscript follows closely the initial workplan and is divided into three “results” chapters (II, III, IV),
the first and last being by choice a lot more developed. They are preceded by a short introduction on (Ga,Mn)As
and followed by a short research proposal for the coming years. An overview of my credentials and responsabilities
concludes the document.

I. (Ga,Mn)As, a model weak ferromagnet

II. Domain-wall dynamics

III. Light-induced magnetization dynamics

IV. Magneto-acoustics

V. Future work: acoustics for antiferromagnets

VI. Carrier overview

e Although it bulks up a little bit the manuscript, I have made the choice of also showing experiments that did
not work and /or are unpublished. In the best of cases, the reader will enlighten me with his/her interpretation
of my data, else it will at least honor dedicated students who were often involved in these studies.

e Across the text and in the Bibliography section, my publications have been highlighted in bold. Video links
temporarily point to this DropBox folder.


https://www.dropbox.com/sh/5jzwoixvnm9o7e0/AACnepW0dwYVRZS11BGo_sPXa%3Fdl%3D0

Chapter 1

(Ga,Mn)As, a model weak ferromagnet

The following sections are by no means a full review of the microscopic properties of (Ga,Mn)As, but rather a
summary of the key points necessary to understand what follows. More details can be found for instance in Refs.
[42, 92], and the introduction of the thesis manuscript of S. Shihab [179].

1 Overview of the material

1.1 Structure, electrical properties

(Ga,Mn)As adopts the zinc blende crystal structure of GaAs. A small number of Ga atoms, typically a few percents,
are randomly replaced by Mn atoms. Each of those, having one electron less than Ga on its outer shell, provides a
weakly delocalized hole, as well as a spin S = 5/2. About 15% of the manganese atoms go in interstitial positions,
where they behave as double donors partially cancelling out the hole density brought by the substitutional Mn.
They also couple antiferromagnetically with nearby Mng,, which reduces the total magnetization of the layer, so
that one often sees mention of the effective (rather than the nominal) Mn concentration, z.¢s. Other defects such as
Arsenic atoms in Ga antisites favored by the low-temperature growth also act as compensating double donors. Their
concentration can be greatly diminished by a careful adjustement of anion and cation fluxes during the growth.
The presence of these defects prohibits the high mobility and fine spectral lines obtained in (Cd,Mn)Te.

Annealed at 190°C

T T
or MnZ* M levels

Energy (eV)
AISb
InSb

. | = § 01 T,=80K
- % % T =130K (e &ref)
2F 4
z 0.014
o8 [
0.45 0.50 0.55 0.60 0.65 L

Lattice constant (nm) ( C) 0 50 100 150 200 250 300

Figure I.1: (a) [190] (Ga,Mn)As lattice with substitutional Mn atoms, and the two main types of defects: interstitial
Mn atoms and As atoms in Ga anti-sites. (b)[42] Compilation of experimental energies of Mn levels in the gap of III-V
compounds with respect to the valence-band edges. (c) [L99] Longitudinal resistivity for samples of different doping levels
(sample a to e: p=10'7-10>°cm ™3, adjusted by hydrogenation) showing metallic or insulating behavior at low temperature.

The Curie temperature (7, temperature at which g—; = 0) increases with doping.

The Mn level lies 113 meV above the top of the valence band, so that typical carrier densities are in the 10'°-102*
cm~? range. (Ga,Mn)As is a decent electrical conductor (p ~ 1 — 10 m€.cm), lying close to the metal-insulator

transition at low temperature (Fig. [I.1)).

Most of our samples were made by Aristide Lemaitre (LPN, then C2N).



1.2 Origin and description of the ferromagnetic phase

The localized Mn atoms being prohibitively far from each other for any substantial direct interaction to take
place, it was established early on that it is the delocalized holes that mediate an RKKY-like Mn-Mn exchange
interactionﬂ It oscillates around zero with varying kprprnarm, product of the Fermi wave-vector and the Mn-Mn
distance. In the common doping regime of (Ga,Mn)As, this product is small, and the Mn spin-spin interaction is
in fact always positive, i.e. ferromagnetic. The RKKY model then becomes equivalent to the more tractable Zener
model describing the role of delocalized carriers in the ferromagnetic coupling between localized magnetic spins.
Physically, one can say that delocalized holes and localized 3d electrons of manganese atoms mutually polarize each
other via an antiferromagnetic pd interaction Ny/S,q. The total Ginzburg-Landau free energy functional F[M] is
given by [43]:

F[M] = Fs[M] + Fc[M]

Fs[M] is the free-energy of the localized spins, in absence of carriers, while F.[M] is the delocalized carrier
contribution. The corresponding partition function Z determines the thermodynamical properties of the system, in
particular M, (T) and the Curie temperature T,. Most of the interesting physics of (Ga,Mn)As is encapsulated in
Fe[M] [43].

The starting point for the calculation of this term is the Kohn-Luttinger six band k.p model: spin-split heavy
and light hole bands, and spin-orbit coupling split-off bands ﬂ For (Ga,Mn)As thin films in epitaxial strain on the
GaAs substrate, one needs to add:

e a Bir-Pikus strain Hamiltonian, which splits these heavy-hole (J, = +3/2) and light-hole (J, =£1/2) sub-
bands at the center of the Brillouin zone, with their respective position given by the sign of the epitaxial
strain (compressive/tensile).

e the pd exchange contribution between averagdﬂ Mn spins (S) and hole spins s : Hpg = —ZefNoBpas (S) =
6Bgs.m, with the unit magnetization vector m = and Bg « My a convenient parameter to quantify the
spin-splitting of the valence subbands with (Fig. [[.2).
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Figure 1.2: [I04] (a) Bulk GaAs valence band structure. (b-c) (Ga,Mn)As band structure (za»—=5%, compressive strain),
magnetization along [100] or [001]. EF is the Fermi energy. The Fermi surface is strongly anisotropic.

1.3 The Curie temperature quest

Minimizing F[M| = Fs[M]+ F.[M] gives the magnetization of (Ga,Mn)As implicitly, as a function of the effective

field created by the spin-polarized holes B, = —GJ;C&M].

1For some period there was actually a heated debate as to whether the holes are truly delocalized, or reside in an impurity band at
the top of the valence band. Some consensus has been reached on the former, see for instance Ref. [42] for more details.

2In the native GaAs matrix, valence states with L = 1 orbital quantum number and S = 1/2 spin are split by the spin-orbit
interaction into J = 3/2 and J = 1/2 states.

3This is done in the virtual-crystal and molecular-field approximations. Note that one can also take into account the much smaller
ferromagnetic sd Hamiltonian involving the electrons of the conduction band: Hsq = —zprn Noasas (S).
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Ny is the density of Ga atoms. Residual anti-ferromagnetic interactions are taken into account by adding Tap.
The expansion of the Brillouin function By for small magnetization close to T gives a simple, mean-field expression
of the Curie temperature:

_ NopPaessS(S+ Dp(Er)

P
12kp

—Tar (1.1)

As underlined by Dietl et al., [42], because the pd interaction (for holes) is typically 4 times higher than the sd
one for electrons, and the hole density at the Fermi level p (Er) is higher for the (heavier) holes than for electrons,
the Curie temperature has from the start been quite decent for the intrinsically p-doped (Ga,Mn)As. It is roughly
proportional to xeffp1/3(Fig. ) It is moreover inversely proportional to the unit cell (via Np), since smaller
lattice constants should encourage a stronger overlap of wave-functions.

The first layers of (Ga,Mn)As were 150 nm thick, and had a Curie temperature of about 60 K [149]. It was
soon realized that T, could be substantially increased by playing on the density of defects, both during and after
the growth, and by keeping layers thin enough (<50 nm). Low-temperature (200°C) anneals make the interstitial
manganese dopants migrate to the surface/interface, restoring delocalized carriers to the matrix, and freeing the
Mnge to which they were AF coupled. Although many other strategies were explored, such as electric gating
[32], applying hydrostatic pressure [63], or using a nearby layer to provide extra-carriers [143], no other substantial
breakthrough was made to increase the Curie temperature, and the record 7,=190 K was reached in 2013 [144], 216].
While early predictions announced a room temperature Curie temperature for an effective manganese concentration
of 12.5% combined with a hole density of 3.5.10%° cm~3 [43], several reasons - both experimental and intrinsic
limitations of the pd Zener model - cap this value [92] [42]:

(i) the carrier density in a semiconductor host cannot increase indefinitively, but is regulated by self-compensating
mechanisms, for instance by the favored formation of donor defects such as Mn;.

(ii) as the density of manganese atoms increases, so does the contribution of their antiferromagnetic interaction
(which affects Tar in Eq.

(iii) parameters entering the model such as NoS or T4 are poorly known

(iv) Khazen et al. [95] have also suggested that as the hole density increases, their mean free path decreases,
so does the distance over which the hole remains spin-polarized. The carriers then polarize less efficiently the
manganese spins.

Despite this fall-through, (Ga,Mn)As has remained a model material. The main reason is the incredible tunability
of its magnetic anisotropy.

2 Magnetic anisotropy

2.1 From in-plane to out-of-plane magnetized

Despite a lower density of magnetic atoms giving a very weak shape anistropy, (Ga,Mn)As exhibits cristalline
magnetic anisotropies comparable to some metals, due to the large spin-orbit splitting of the valence band. The
cristalline anisotropy constants can obtained in the k.p model described above by calculating how the carrier energy
varies with magnetization orientation: the Fermi energy is integrated for a given hole density p and magnetization
orientation, F.[M] = fég Erp(M,p')dp’. Because heavy and light holes wave-functions are fundamentally different
(pure 1 or | spin states for HH, or mixed states for LH), the amplitude of their spin-splitting is quite anisotropic,
with the total hole energy very dependent on the orientation of the magnetization with respect to the host cristalline
axes (see Fig. or the thesis of M. Elsen [48]). By performing this lengthy calculation for different orientations of
M, the easy magnetic axis is obtained as the one yielding the lowest energy. The following overall phenomenology
is calculated [233] (1l 43] and observed experimentally (Fig. [[.3p):
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e in the absence of strain, the cristalline anisotropy is cubic, and oscillates either side of zero with doping
density. Under strain, it splits into K4, , K4 components, and a uniaxial anisotropy K2 appears:

e when the layer is in compressive strain, the easy axis is in-plane at standard doping levels (3 — 8.10%°
cm™3), out-of-plane for weak doping - growth on GaAs substrate for instance

e when the layer is in tensile strain, it is the opposite: the easy axis is out-of-plane at high doping and in-
plane for weak doping - growth on ZnSe [232], on an (In,Ga)As buffer layer [200], or co-doping by Phosphorus
[115]

e when the magnetization lies in-plane, the easy axis results from a competition between the cubic anisotropy
K|, and an additional unixial anisotropy K| (see next section), the latter usually increasing with compressive
lattice mismatch.

The final anisotropy arises from the competition between strain (tuning the HH/LH splitting, responsible for mag-
netoelasticity), electric doping (tuning Fr), magnetic doping and temperature (tuning the spin-splitting parameter
Bg o« My(T)). For that reason, it is not obvious to obtain a physical picture for this complex phenomenology. A
pleasant, hand-waiving, argument had been proposed by Sawicki et al. [169] to explain the strain/doping depen-
dency of Ko, looking at the k = 0 energy of HHs/LHs for two different orientations of the magnetization (Fig.
): for a weakly-doped layer in compressive strain, only the first HH band is populated, with the moment J, =
3/2 of the carriers oriented along the growth axis [001]. In that case, their energy remains unaffected by an in-plane
magnetization (Hpq o< s.my| = 0), but is lowered by H,q when m lies along z (blue circle in Fig. ) . At higher
density, the spin of the carriers flips in-plane due to the progressive filling of the light-hole bands. For tensile strain,
the relative position of HH and LH is reversed, so are the easy axes. The strain-dependence of the anisotropy has
for instance been observed in strained p:(Cd,Mn)Te quantum wells (Fig. [.3¢). While this image is valid for weakly
doped DMS presenting a moderate Zeeman splitting, it is somewhat too simplified in the case of (Ga,Mn)As, whose
large Zeeman splitting of the holes (several tens of meV) competes with the heavy-hole/light-hole splitting: in that
case, heavy-holes are always spin-split, regardless of the orientation of the magnetization (Fig. ,c).

tensile p:(Cd,Mn)Te:N
120 . . . .
2//001] C strain Bgoc M(T) compressive _tensile strain
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110 F{ Rt e,
AR e e
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Figure I.3: (a) [198] Magnetic easy axes versus temperature, for a series of increasingly doped samples (compressive strain):
at low doping (sample B), the magnetization points out of the plane at low temperature, then flips in-plane. For higher
dopings (samples C-E), the temperature mainly drives an in-plane reorientation. (b) [169] Simplified scheme of valence band
splitting for two orientations of magnetization with respect to the sample plane. In compressive strain (energy axis pointing
down) and low doping, the ground state has a heavy-hole character with spins pointing out-of-plane (blue circle). For tensile
strain (energy axis pointing up), the ground state is light-holes spin-split by an in-plane magnetization (red circle). (c) [42]
adapted from [I02] Photo-luminescence experiments in strained modulation doped p-(Cd,Mn)Te quantum wells illustrating
(b). The line splitting is proportional to the magnetization.

The energy density can then be parametrized by 4 (sometimes 3) anisotropy constants and reads (6, ¢ angles
given with respect to [001] and [100] axes):

— M? K K
frvr = quM.ﬁ + <,u023 - KQL) cos?0 — %00349 - ?4”(3 + cosdp)sin'f — KZl\sinzesin2(<p - 2) (1.2)
e We have had along-standing collaboration with INSP ferromagnetic resonance (FMR) experts J. von Bardeleben
and J. L. Cantin, who have continuously characterized our (Ga,Mn)As thin films. Knowing these parame-
ters independently was instrumental in the development of phenomenological models to explain domain-wall
dynamics, light-induced precession and magnetoacoustics (Chapters IT, ITI, IV).
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2.2 Uniaxial anisotropy

As explained above, the microscopic origin of the out-of-plane uniaxial anisotropy, Ks , is well understood: it stems
from the relative position of heavy and light-hole bands, and is thus directly proportional to the e,,,¢,. epitaxial
strains (here x, y are the in-plane (100) axes of GaAs). Things are less obvious for the in-plane uniaxial anisotropy,
Kj)|, distinguishing [110] and [1-10] axes, which should be equivalent in the Dyq symmetry group. Symmetry
considerations however show that a static shear strain e,, - real or effective - would induce such an anisotropy.
Surprisingly, it had never been observed experimentally though. There is at the moment no agreement concerning
its microscopic origin.

Part of M. Kraimia’s thesis consisted in exploring this issue. Using k.p modelling, she first estimated to about
Exy ~ 10~* the shear strain necessary to account for the strongest observed uniaxial anisotropies Ky ~ 1kJ /m3.
If this strain were real, i.e. structural, it would subsist up to room temperature, and would imply a partial and
anisotropic relaxation of the in-plane lattice, reminiscient of what was evidenced in thin unixial Fe layers by Thomas
et al. [205]. Pairing up with L. Largeau (C2N) and B. Croset (INSP) to work at the SOLEIL synchrotron DiffAbs
beamline with C. Mocuta, we strove to evidence this strain experimentally, but found no signature of it [106].
Although the definitive origin of the uniaxial anisotropy of (Ga,Mn)As remains elusive, one can now clearly rule
out the presence of a physical shear strain, and instead invoke an effect that would lower the crystal symmetry to
C4y, such as the anisotropic concentration of Mn dimers along [110] and [1-10] directions proposed by Birowska et
al. [17].

3 Swuccesses

To summarize, although its Curie temperature did not live up to expectations, (Ga,Mn)As has been a model
material for some of these qualities:

(i) epitaxial properties

(ii) large magneto-transport effects (anomalous Hall effect, AMR, planar Hall effect), due to strong SOI and low
carrier densities [42], [90]

(iii) fairly large magneto-optical effects (linear birefringence/dichroism effects, Kerr effect)

(iv) large tunability of properties (T, magnetic anisotropy, spin polarization)

(v) relatively straightforward theoretical predictions of the main properties using the k.p model

(vi) low enough carrier density to be modified with electrical fields and light

Among the most striking successes, one can cite :

(i) the control of magnetism using circularly polarized light [150]

(ii) the electric-field control of magnetic anisotropy [32, [16], 33]

(iii) spintronics functionnalities, such as tunneling AMR, the electrical spin injection into a semiconductor
(GaAs) [209] or all-electrical read/write cycles [129]

(iv) the presence of Rashba and Dresselhaus spin-orbit effective fields [31] [49]

(v) the confirmation of the role of the carrier polarization sign for spin-transfer torque [2], 229]
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Chapter 11

Domain wall dynamics

> Students involved: Sanaz Haghgoo (PhD 2010-2013), Asad Syed Hassen (M2, 2011), Sylvain Shihab (M2 and PhD,
2012-2015), Benoit Boutigny (M2, 2013), Nicholas Giisken (M2, 2014). Post-doc: Marina Tortarolo (punctual visits
2010&2011)

> Related publications:

e High domain wall velocities in in-plane magnetized (Ga,Mn)(As,P) layers, L. Thevenard, S. Hussain, J. von
Bardeleben, M. Bernard, A. Lemaitre, C. Gourdon, Physical Review B 85 064419 (2012)

e Fast domain wall dynamics in MnAs/GaAs films, M. Tortarolo, L. Thevenard, H. J. von Bardeleben, M. Cubukcu,
V. Etgens, M. Eddrief, C. Gourdon, Applied Physics Letters 101, 072408 (2012)

o Domain wall propagation in ferromagnetic semiconductors: Beyond the one-dimensional model, L. Thevenard, C.
Gourdon, S. Haghgoo, J.-P. Adam, J. von Berdeleben, A. Lemaitre, W. Schoch, A. Thiaville, Physical Review B 83,
245211 (2011)

o Domain-wall flexing instability and propagation in thin ferromagnetic films, C. Gourdon, L. Thevenard, and S.
Haghgoo, A. Cebers, Phys. Rev. B 88, 014428 (2013)

o Spin transfer and spin-orbit torques in in-plane magnetized (Ga,Mn)As tracks, L. Thevenard, B. Boutigny, N. Giisken,
L. Becerra, C. Ulysse, S. Shihab, A. Lemaitre, J.-V. Kim, V. Jeudy, C. Gourdon, Physical Review B 95 054422 (2017)

1 Context

The expansion of domains under an applied field or current is not the result of a torque onto the domains, but rather
on the magnetization within the interface separating them, the domain walls (DW). Their role is critical in the
coercivity of hard magnets [54], domain or magnetic-bubble-based memory devices, domain-wall logic components
[234], but also spin-valves, nano-oscillators and memristors [116].

The magnetic domains of (Ga,Mn)As were studied as early as 2000 [181], in order to gain some insight on
magnetization reversal mechanisms, gauge the quality of the layers, or anticipate their influence on micro-patterned
structures. Domain-wall dynamics started being explored in 2006, with the seminal papers of Tang and Yamanouchi
[186], 229] on magnetic field or current-driven DW dynamics, respectively in an in-plane biaxial layer and an out-
of-plane magnetized layer (Fig. [[1.2).
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Figure II.1: (a) |54, [63] The coercivity of hard magnets such as NdFeB-based alloys was understood by D. Givord to be
intrinsically due to their microstructure, which governs the nucleation, pinning and propagation of domain(-walls). (b)[153]
The race-track memory proposed by S. S. Parkin relied on the sequential current-driven propagation of domain-walls, and a
3D geometry that would boost the density. (c) [II6] Magnetic memristor mimicking the behavior of a biological synapse, by
adopting different resistance levels depending on the stimulus: a domain-wall is shifted under current in the top layer.
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Figure I1.2: (a) [186] Giant-planar Hall effect monitoring of the creep dynamics. Velocities follow an exponential law
with in-plane drive field. (b)[229] Current-driven domain-wall dynamics. Threshold currents almost an order of magnitude
lower than in metals were observed, due to the low saturation magnetization of (Ga,Mn)As. Working at constant cryostat
temperature later turned out to be problematic to analyze the resulting v(J) curve since the Joule heating is substantial in
this semiconductor.

Although the low Curie temperature ruled out using this material in any viable device, these studies provided
valuable information on DW dynamics theory, and proved decisive in understanding spin-transfer torque driven
domain-wall motion. Indeed, while being weakly magnetically doped, the material behaves very much like a “real”
ferromagnet whose magnetic domain shape and domain-walls follow basic energy minimization principles between
competing demagnetizing, Zeeman, and exchange energies. Because the anisotropy of (Ga,Mn)As can be adjusted
continuously from in-plane biaxial or uniaxial, all the way to out-of-plane uniaxial, (Ga,Mn)As has been the perfect
play-ground on which to test the dynamics of different domain-wall (DWs): uncharged Bloch, charged Néel or
head-to-head /tail-to-tail (Fig. [[L.3).

The domain-wall dynamics studies we led at INSP since 2009 are a clear illustration of the versatility offered by
this material. The following main results, detailed in the coming sections, were obtained:
e very high domain-wall propagation velocities (500 m/s) under field in in-plane magnetized (Ga,Mn)As [197]

e development of a semi-analytical model to explain velocity anomalies unaccounted for by the historical 1D
model : these result from the excitation of domain-wall flexural modes [195, [61]

e competition between unusual spin-transfer, and spin-orbit torques in current-driven DW dynamics of in-plane
magnetized (Ga,Mn)As layers [191]
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Figure I1.3: The tunable anisotropy of (Ga,Mn)As makes it possible to study different types of domain-walls in a given
material. An illustration here in the case of uniaxial anisotropy along [1-10] (a,b) or [001] (c). For each DW type, there are
two possible orientations of the magnetization within the DW, i.e. two possible “winding” directions (n = +1 in Eq. .
By choosing the polar axis z along the magnetic easy axis, and (xz) the plane of the domain-wall, the angular-dependence
of its width A and velocity are identical for all 3 configurations (Egs. and .

2 DMaster equations

Before presenting our results, I am briefly summarizing below the different steps of the calculation of the domain-wall
width, and velocity versus field in the flow regime.

2.1 Domain-wall width

The systems considered are thin films (thickness <100nm) that are either left bidimensional or patterned into
narrow tracks of a few microns-width. Let us consider a stripe oriented along y of a material presenting two
uniaxial anisotropies Ky and K3, , respectively in-plane and out-of-plane. While (Ga,Mn)As also has second order
cubic anisotropy terms Ky, K41, dropping them for the description of the DW dynamics of uniazial in-plane or
out-of-plane (Ga,Mn)As layers has proved a decent hypothesiﬁﬂ Within the domain-wall and in the absence of
field, the energy of the system reads in the coordinates of Fig. for instance:

o0 . dp eff . . e
%)2 + sm@(a)ﬂ — K51 sin®0sin?p — KQﬁCfCOSQG
eff

Aeg is the exchange constant, and Ky, K21 have been replaced by KQH

w = Aez[(

Kzeif to take into account the effective
anisotropy due to demagnetizing factors within the track cross-section (see for instance Aharoni et al. [3]). The

eff
ratio Kk = ii;f < 0 is defined. To obtain the static domain-wall width, the energy functionnal must be minimized,
2]

=0 and g—’;’ = 0, which leads to the well-known domain-wall profile, static domain-wall width and energy

ow

l.e. 50

go-

0(x) = 2arctan[en®/ 0]

Boj = [3577 o1 = 4457 for i plane magnetiation (1)

ApL = /ﬁ , 0oL =44/ Aengﬁf for out — of — plane magnetization

1But taking the biaxial anisotropy was necessary to explain the square domains found in certain conditions in (Ga,Mn)As [60]
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The coefficient 7 corresponds to the two possible windings of the magnetization in the domain-wall. Typical
values for (Ga,Mn)As are: Agp ~ 5nm and Ag)| ~ 30-80nm.

2.2 “g— p— A” model equations

There are two fundamentally different domain-wall dynamics regime:

e the creep regime where the DW behaves like an elastic interface exploring a pinning potential landscape
(Fig. [I1.2R). Velocities are then generally low and follow an exponential law with drive (field or current).
Creep studies in out-of-plane magnetized (Ga,Mn)As (and comparison to other materials) have proved very
fertile for the search of “universality classes” of dynamics, i.e. evidencing a regime whose thermal activation
physics is “universal”; e.g. equally relevant to wetting phenomena, the dynamics of ferroelectric domain walls
or the propagation of fault lines [114, 86} [228].

e the so-called “flow” or “steady-state” regime where the propagation ignores pinning sites. The movement
of this complex three dimensional vectorial object can, in the vast majority of cases, be described by that of
a point-like magnetization in the center of the domain-wall, described by its position ¢ and its angle ¢ with
respect to the interface. This is the so-called “q — ¢” model, described in the much-cited seminal works of
Thiele [204], Schryer & Walker [I73] , Slonczewski [182] and Malozemoff [123] (field-driven dynamics).

In the flow regime, the dynamics of the magnetization at the center of the domain-wall is described by the
Landau-Lifshitz-Gilbert (LLG) equation:

m - . _ om
E :’VMOHeff/\m‘f'am/\E (112)
The effective field Moﬁe.f F= —;—A’% contains magnetic anisotropy, exchange and Zeeman-like (applied field, non-

adiabatic spin transfer, spin-orbit torques - see further in Sec. terms. The outline of the calculation is detailed
for a Néel DW under an in-plane field (Fig. [II.4), and results for current dynamics given directly in the following
sections.

(a) No torque (b) « efficient torque » (c) « inefficient torque »

0#m/2
$=0

Figure I1.4: General mechanism for Néel DW movement (here due to a field): (a) Static configuration. (b) An H, field
tilts the magnetization in the center of the domain-wall out of its plane. The torque of the resulting demagnetizing field
onto the magnetization rotates the magnetization of the domain-wall, initiating movement. (c¢) An inefficient torque simply
makes the magnetization rotate within the (zz) plane of the domain-wall.

Projecting Eq. in spherical coordinates gives:

psinf = 1\7[ [—K;jc_fsin%sinztp + K;ﬁcfsin% — 2Aez% + poM; H sinf) + af

. 11.3
Osinf = MLKS{'fsinQGSin2go — aupsin?0 (I1:3)

97

The key point of the “q — ¢” (or even “q — ¢ — A”) model is to suppose at this point that the domain-wall has
the same type of profile as in the static regime, and moves without deformation : 6(z,t) = 2arctan[el*=2OI/AM®)]
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where ¢(t) denotes the center of the domain-wall and A(#) is the dynamic domain-wall Widthﬂ One can then showﬂ
that Eq. becomes :

5(t) = —Lg 2 [uo M, — oK sin2¢)

® T+a2 M, (HoMs — Qlr gy " Sinap

4= MLSKSifsin&p —ap (IL.4)

_ A _ A .
A[(p(t)] - \/K"‘ff—Kgifsin%p(t) - \/1—msz9n2<p(t) poRs 0

2|l

2.3 Domain-wall propagation regimes: stationary and precessional

Based on these equations, which can be modified to account for current-induced torques (see Sec. , a domain-wall
can propagate in two different regimes, stationary and precessional, separated by the so-called Walker break-down.

e stationary regime: under a H, field, the magnetization progressively tilts out of the plane of the DW (Fig.
I1.4pb). The resulting demagnetizing field that is created and the torque it induces corresponds to the sin2¢p
term of Eq. [[T.4] The field-induced tilt is exactly compensated by the damping, so that the magnetization
remains at a constant angle within the domain-wall. Setting ¢(¢t) = 0 in Eq. yields the stationary regime

velocity ¢ = Vsteady (Tab. [IL1). When the tilt angle reaches ¢ = /4, the magnetization cannot come further
_ alxgl

out of the DW plane since |sin2p| = 1. This is the Walker breakdown field poHw = =3 (from Eq. .
It clearly appears that some torques will be more efficient than others: a field applied along y will have no
effect, because colinear to the static magnetization in the domain-wall. An out-of-plane field (along y here)
will rotate the magnetization in the plane of the domain wall. Because the track is usually much wider than
it is thin, the torque of the resulting demagnetizating field will be weak (Fig. [I.4c). Such a torque will thus
be too inefficient to initiate domain-wall propagation, but will potentially play a role once the magnetization
has started precessing within the wall.

e Precessional regime: beyond Walker breakdown, solving Eq. gives the explicit time-dependence of the
precessing angle (Egs. , which inserted into the calculation of < ¢ > yields the precessional velocity vprec
(Tab. [I1.1)). The domain-wall center then essentially moves in a fairly inefficient “drunken” way, constantly
going back and forth (see lonline animations)). Different strategies have been explored to remain out of this
regime such as structuring the track smartly to modify the charge of the domain-wall [I17], engineering
the domain-wall profile with Dzyloshinksii Moriya exchange interaction [64], or more recently working with
ferrimagnets at angular compensation temperature [97].

Oprec(t) = arctan (}%” +4/1— [HTW}Q tan [TQI:‘ED

(H.5)
Tp = 1+ID}2 \/ 27 — < 27T(t)>
rec Yo Hw {Lril Pprec
Hyy

The final velocities and domain-wall widths are summarized below, and typical experimental and theoretical
velocity versus field curves are shown in Fig.

2A(t) is often taken to be equal to the static Ao, a legitimate assumption for anisotropy ratio |s| ~ 1, much less justified for larger
numbers as we’ll see in Sec.

3aine 20 — _1 2% _ 1
Using 3 = NG stnf and 072 = A2 stnfcost
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Table II.1: Field-driven propagation: summary of steady and precessional velocities and domain-wall widths, and Walker
fields. For out-of-plane magnetization, the Walker field does not depend on the cristalline anisotropy: poHw = % N, —Ng|.
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Figure IL.5: (a) Adapted from [136] Theoretical variation of the velocity of a 1D interface in a 2D weakly disordered medium
at zero and finite temperature, 7. The creep, depinning, and flow regimes are labeled. (b) Adapted from [12] Domain-wall
velocity versus field in Permalloy (NigoFezo). stationary and precessional regimes clearly appear here.

3 Experimental tools for the study of domain-wall dynamics

The vast majority of papers rely on magneto-optical Kerr imaging to study DW dynamics : it is cost- and time-
effective, and easily compatible with the cryogenics necessary for (Ga,Mn)As. But magnetotransport measurements

[186], scanning Hall probe or scanning superconducting quantum interference device microscopy have also been used
[181].

The studies presented below and in Chap. IV were performed on a home-made Kerr microscope first devel-
oped by C. Gourdon and V. Jeudy. It consists of an LED source (A= 632 nm), a 0.4 numerical aperture objective,
and high dynamic range “Clara” Andor camera (6.45um pixels, 1046x1396 pixel sensor). An aperture diaphragm
is conjugated with the back focal plane of the objective to provide defocused and homogeneous illumination of
the sample (so-called Kohler illumination). The diaphragm is placed on a lateral piezo stage to swap between the
polar Kerr configuration (normal incidence, sensitivity to the out-of-plane component of the magnetization) and
the longitudinal Kerr one (oblique incidence at around 20° from the normal, sensitivity to the planar component of
the magnetization in the incidence plane).
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Figure II.6: (a) Oblique incidence obtained by deporting an aperture diaphragm focused in the back focal plane of the
objective. (b) Image of the Fourier plane showing how an objective depolarizes a beam between crossed polarizer (see theory
in [79]). Care must be taken to place the image of the aperture diaphragm on the arms of the cross (dotted red circle).

An important point to obtain decent longitudinal Kerr contrast has been: (i) to be very careful with stray
light polluting the measurement, (ii) to make sure light arriving at large incidence hasn’t been depolarized by the
objective [19] (Fig. ) Note that the necessity to have the sample in a cryostat rules out larger incidence angles,
since very high NA objectives usually have very short working distances and depolarize a lot at non-zero incidence.

(a) Pulsed h,, =
MDg'
120_3_
i E
500 600
pulse length (ns)

Figure IL.7: (a) Micro-coils placed in the cryostat to create a pulsed in-plane field. (b) [I97] Methodology for DW velocity
measurement - The layer is saturated using a DC external field. A pulsed field of opposite sign then nucleates and propagates
the domains. After each field or current propagation pulse, a snapshot is taken in zero field and the DW displacement
measured on one or several domains. A linear regression of the displacement versus pulse length then gives the velocity. For
a given field/current, between 3 and 5 different pulse lengths are used to eliminate the effect of the transients. Note that the
fit has a negative y-intercept resulting from the finite rise time of the pulse and of the depinning field. Whereas out-of-plane
domains are usually roughly circular in the plane, propagating isotropically, in-plane domains are pointy, in order to minimize
the magnetostatic energy.

4 Field-driven dynamics

4.1 High domain-wall velocities in planar layers

When looking at the steady-state velocity, vsteady = M , With Agieqay (H) = #, one notices
\/1—ksin2p(H)
that:

e high mobilities will be obtained with large domain-walls and/or low damping. However there were, in 2010,
surprisingly few studies on domain-wall propagation in planar materials other than Permalloy - which hosts
wide DWs, velocities up to 400m/s [12] [73] - compared to perpendicularly magnetized materials - with narrow
DWs and velocities in the 30-100m/s range [64} 44].

e this simple model does not take into account DW pinning, which leads to a threshold in the velocity, so that
the intrinsic velocity then rejoins either the stationary or the precessional regime (Fig. [II.5a).

eff
e the DW velocity depends crucially on the ratio of the anisotropies, x = %, and on the values of the
2

I
anisotropies themselves. This parameter intervenes in how the domain-wall width shrinks with field, which di-
rectly reflects on the maximum velocity and the shape of the stationary regime: from a linear field-dependency
(|&] ~ 1) to a hump-back shape exhibiting a wide plateau (large |x|, Fig. [II.8n). In most magnetic metals,
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this ratio cannot be tuned. For instance in Permalloy nanowires, the magnetic anisotropy mainly results from
the shape of the wire, and typical |x| values are close to 1.
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Figure I1.8: [197] Computed 1D model v(H) curves. Vertical arrows indicate the Walker field. (a) Varying in-plane (here
Ko) and out-of-plane (here K ) anisotropies. No pinning. (b) When pinning is taken into account, the DW velocity may
rejoin the intrinsic regime before Walker breakdown (dashed line) or afterwards (dotted line).

In (Ga,Mn)As on the contrary, a broad window can be explored, typically || = 20-200 for our samples, since
K3 and Kz, can be adjusted during the growth by varying the lattice mismatch of the layer with its substrate -
either by co-doping it with phosphorus, or by introducing more manganese (see Chap I, Sec. 2). It was thus the
ideal material on which to test these ideas and predictions. There was at the time little in way of comparison, since
the only published dynamics data on planar (Ga,Mn)As were in the creep regime [75], [186], with velocities below
0.1m/s (Fig. [1.2h). We measured the DW velocity versus field in four (Ga,Mn)As samples with an in-plane easy
axis along [1-10], and K|, K2 anisotropies in different ratios.

Highest K anisotropy
Im = 6890 pgm

—8K ()

00 05 1,0““1(,?““ 20 25 30 ] 1 uaz(mn 3 4 nm(mg) 8 10 2 4 nelds(mﬂ U L
Low K1 anisotropy, Medium K. anisotropy, High K. anisotropy, Highest K1 anisotropy,
Im ~Oppm Im ~280ppm Im ~4990ppm Im ~6890ppm
V= 100m/s [30K] V.= 186m/s [20K] V.= 403m/s [20K] V= 507m/s  [20K]

Figure I1.9: [197] Domain wall velocity versus applied field in the [Mn].;s=3.7% series in order of increasing lattice
mismatch (Im) and uniaxial out-of-plane anisotropy.

This data very clearly confirmed that large domain-wall velocities (up to 500m/s) could be obtained, ten-fold
higher than any recorded velocity in (Ga,Mn)As, provided the anisotropy is well chosen. This results from the
increase of the domain-wall width with decreasing in-plane anisotropy, and the increase of the maximum accessible
velocity with both DW width and K;{f anisotropy: Vinaz = 2VW@ where Vi = Hﬂ Finally, the
shape of the v(H) curve evolves in the series, and we could convince ourselves by overlaying ‘this data with the
1D-model calculations of the v(H) curve (see Ref. [197] for details) that the two samples with the lowest anisotropy
(Im 0 and 280ppm) had a Walker field low enough for the measured peak velocity to arrive after breakdown (dotted
line scenario in Fig. [I1.8b), while the last two (lm 4990 and 6890ppm) depinned early enough to be able to rejoin
the stationary steady state before Walker breakdown (dashed line scenario in Fig. ) The high K;‘{f anisotropy
of these two samples is also responsible for the velocity plateaus observed (Fig. [I1.8h).
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e During short visits of Marina Tortarolo (International French Argentinian Nanoscience Laboratory LIFAN
between CNEA, CONICET, Argentina and CNRS, France), a similar study was led on a 300nm thick
MnAs/GaAs layer. This material is another promising candidate for spintronics as it can be grown on GaAs.
It exhibits a very strong in-plane uniaxial anisotropy (Ko, K21 ~ 3.10°J/m?), responsible for saw-tooth type
domains (Figs. —c), and a second order magnetostructural transition around room temperature, with the
paramagnetic “beta” phase nucleating as early as 270K. The field-driven domain-wall dynamics study showed
that very large velocities could be obtained far from the Curie temperature, up to lkm/s (Fig. ) In
this material, the high velocities do not stem from a wide domain-wall (Ag ~5-10 nm) but rather from the
large K;jc_f term.
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Figure I1.10: J206] (a-c) Longitudinal Kerr microscopy images of MnAs magnetic domains taken at T'=270K after 3
successive field propagation pulses. (d) DW velocity as a function of applied field. (inset) Dependence of the coercive field
on temperature evidencing the onset of the paramagnetic beta stripes at around 270 K.

4.2 Role of flexural modes in domain-wall dynamics

We wished to adress an intriguing observation: several articles reported “bumps” in the field-dependence of the
domain-wall velocity curve, not anticipated by the 1D model described above. This seemed to occur in both in-
plane and out-of-plane magnetized materials (Fig. [II.11). An intuition formulated in 2008 by C. Gourdon and
V. Jeudy was that these bumps resulted from an inherent limitation of the 1D model: the fact that it does not
take into account a realistically 3D nature of the DW, both within the thickness of the film and along the length
of the 2D interface (flexural modes calculated by Schlémann for instance [I72]). We set out to explore this first
hypothesis by studying the influence of the thickness of the (Ga,Mn)As layer on the domain walls’ 3D structure
and velocity - experimentally, numerically and analytically. This work was done in collaboration with A. Thiaville
and J.-P. Adam (LPS) who performed the initial simulations, A. Lemaitre (LPN) and W. Schoch (Institut fiir
Quantenmaterie, Ulm) who made the (Ga,Mn)As samples.
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Figure I1.11: Bumps in the precessional regime observed in different materials: (a) [I40] In-plane magnetized tracks of
NigsFez0Co1s. (b) [227] Out-of-plane magnetized Co/Ni multi-layers. (c) [44] Out-of-plane magnetized (Ga,Mn)As. (d) [210]
Average wall velocity during bubble collapse in out-of-plane magnetized LuGd.

We measured velocity versus field in 20, 40 and 50 nm thick out-of-plane magnetized samples and evidenced
that, although the v(H) curves roughly followed the 1D model prediction, they indeed also evidenced anomalies,
namely kinks in the precessional regime, one at low field, one at high field (Fig. [I1.12]).
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Figure I1.12: [195] Velocity versus field for layers of different thickness h: (a) Gao.93Mno.o7As, h = 20 nm. (b) h = 40
nm. (C) Gao,gzMno,ogASQ_QPOJ, h — 50 nm. (d) Ga0,93Mn0,07AS, h — 50 nm (from Ref. M) POlngIlS indicate the velocity
anomaly regions, labeled 1 and 2. The arrows point to the H = 0 resonance fields of the DW flexural modes, determined

numerically.

We then performed the same “experiment” using micromagnetic (OOMMF) simulations on infinite layers of
thickness 10 to 40 nm. Analyzing the time-dependence of the mean position of the domain-wall gives the velocity
versus field (Fig. , in which we clearly see a bump appearing as the thickness of the layer is increased to
values greater than the exchange length (A, = 3(;41\72 ~ 10 nm). In the snapshot of Fig. one can clearly see
that the DW twists and elongates during its motion,s all the more so at the magnetic fields giving a velocity bump
(Fig. ). Moreover, we established by a separate set of simulations that the “kink” fields are exactly those at
which the domain-wall precession frequency is equal to the eigen-frequency of the freely oscillating domain-wall.
Very much like a pinched string of decreasing length resonates at increasing pitch, this resonance frequency becomes
higher as the layer becomes thinner, pushing the resonance to higher fields.
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Figure I1.13: |195] Snap shot of simulation (cross-section showing elongation and twist), clearer in full movie on-line made
by A. Thiaville [GMA-dyn30fz.avi]. (a-d) Simulated velocity versus field (squares): h = 10, 20, 30 and 40 nm. The stars
are the maximum DW elongation 70, and the open circles are the twist amplitude Sy (only shown for h=30nm for illustration

purposes).

A reconstruction of the DW dynamics was done by analyzing the images of the simulations, in which each pixel
at altitude z contains m(2,t),my(z,t),m,(z,t) - see Fig. for a snapshot and lonline animation for the full
movie [DW_ flex _phi_ stray.avi]. Two effects - twist and elongation - are periodic and coupled, the domain-wall
twist being maximum when the elongation is minimum, and vice-versa. To explain how they could affect the
velocity, we developed a semi-analytical model (Fig. in which the elastic domain-wall energy was modified
to account for the extra energy cost due to:

e a lengthening of the DW « VZ2¢(z,t)

e a twist of the DW (exchange cost o< AereVZp(2,1))

e a time/space dependent demagnetizing field term stemming from the torque between the twisting DW mag-
netization and the static H,(z), y-component of the stray field arising from up- and down-domains on either
side of the DW (see lonline animationl [DW_ phi_ flex.avi]).
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By injecting the time/space dependence of twist and elongation found in the simulation into the analytical formula
for ¢(z,t) (Fig. [[1.14), the velocity was calculated as v =< {(z,t) >= %Tplmc fzh:() fi’g“ 4(z,t)dzdt. The velocity
kink was well reproduced, and shown to be due mainly to the “demag” term. It requires the DW to be twisted not
to average out to zero (cosp(z,t) term in the equation of Fig. |I1.14]).

While these conclusions on the numerics were quite satisfying, it was somewhat more disappointing in explaning
our experimental data. The DW resonance fields estimated from OOMMEF simulations for h~=50 nm were of the
right order of magnitude to explain the low field anomalies, but slightly higher (arrows in Fig. . The higher
field velocities anomalies on the other hand were left unexplained; they are possibly due the parametric excitation
put forward by Randoshkin [160] whereby the bulk spinwaves of the domains couple to the DW magnetization, thus
providing an efficient energy dissipation channel, leading to a velocity increase.
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Figure I1.14: J195] Snapshot of the DW twist and elongation reconstructed from OOMMF .ovf images (full movie lonline).
Equation and schematics of the three components of the elastic DW model, and resulting calculation of the velocity versus
field (h=30nm) - see corresponding article for the explicit expressions of the C;.

5 Current-driven dynamics

As early as 1978, Berger imagined that : “electrons crossing a wall apply a torque to it, which tends to cant the wall
spins” [I4]. The early 2000s saw a huge effort dedicated to evidencing experimentally, optimizing and modelling
these spin-transfer torques (STT), in parallel to the work being done on STT-driven magnetization reversal in
spin-valves. Because (Ga,Mn)As is one of the rare hole-mediated ferromagnets, it proved decisive to demonstrate
that the direction of propagation under STT - against or along the current direction - was indeed governed by the
sign of the spin-polarization [2] 230, [37]. All these measurements were done on out-of-plane magnetized (Ga,Mn)As.

By the end of that decade, the limits of STT were appearing, among which the need for large current densities,
and an efficiency capped by the - potentially mediocre - spin-polarization of the material and inconveniently inversely
proportional to the layer thickness. The discovery that a pure spin-current generated in an adjacent layer via spin-
orbit coupling could exert an efficient torque on the magnetization gave new impetus to the field [126], but also
forced researchers to question their analysis of previous data [147), [137] [138]. Because of the sizable spin-orbit
coupling in (Ga,Mn)As, this material again fed the discussion, with several articles reporting field-like (“efficient” in
the sense of Fig. and anti-damping-like (“inefficient”) torques in mono-domain samples [49] 107, B1]. Contrary
to the work being done on metals however, their role in domain-wall propagation was not explored. This is what
we did at INSP between 2013 and 2015, in collaboration with V. Jeudy and A. Thiaville (LPS) and Joo-Von Kim
(IEF, now C2N).

5.1 Current-induced spin-transfer and spin-orbit torques

In presence of current, several torques can be added to the LLG equation (Eq. [II.2):
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The velocity under field and current in the steady and precessional states then becomes [203]:
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> Spin-transfer-torques are proportional to the drift velocity u = JQPEC#SB, with P, the carrier polarization

and M the saturation magnetization. They require a magnetization gradient for the polarized current to transfer
angular momentum to the domain-wall, either adiabatically (—(@.V ) term) or non-adiabatically (87 A [(@.V)i]
term). The phenomenological constant 8 was introduced in 2005 [203] 236], and accounts for many different
microscopic phenomena leading to spin relaxation such as spin-flip scattering or DW-induced relaxation. In metals
it also covers the appearance of a DW resistance at abrupt interfaces [213], leading to a momentum transfer force
never clearly identified experimentally [I87, [66]. In (Ga,Mn)As, P. < 0 because of the antiferromagnetic coupling
between holes and Mn spins, so that the DW is expected to move against the carrier flow (Fig. .

There is a sizable spin-orbit coupling in GaAs - and therefore in (Ga,Mn)As - responsible for its strong anomalous
Hall effect for instance. The heavy-light hole splitting modifies the usual spin transfer torques in the presence of
a domain wall since valence states are not pure spin states. A significant hole reflection should occur at the
domain-wall, leading to spin accumulation with predicted current mobilities g—z = B/a ~ 8 |52, [66], whereas
experimental studies on OOP samples rather converged to a ratio of 5/« ~ 1 [36, 2]. The super 5-STT was shown
to result microscopically from an “intraband” contribution to the spin-relaxation, i.e. how band populations are
modified by an electric field via the Fermi-Dirac coefficient in the presence of strong spin-orbit interaction [52].
Interestingly, Garate et al. [52] predicted for this component a sign opposite to the traditional adiabatic STT -
with no clear hand-waiving argument as to why. It had up to then not been evidenced conclusively, but the high
expected mobilities made it quite attractive, as it meant one could overcome the intrinsic limited efficiency of a
total momentum-conserving torque transfering exactly & between conduction carriers and local magnetic moments.

Spin transfer torque (STT) : Momentum transfer :
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momentum orbit Kohn-Luttinger terms

Figure I1.15: Schematics of the different current-driven torques acting on (Ga,Mn)As domain-walls: spin-transfer, and
momentum transfer, predicted by Garate et al. [52] to be of opposite sign in (Ga,Mn)As .

> Spin-orbit torques
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In (Ga,Mn)As, spin-orbit coupling gives rise to two effects very different in magnitude. The main one is described
by the Kohn-Luttinger (KL) Hamiltonian, which splits heavy holes (J = £3/2) and light holes (J ==£1/2) states
(see Chap. I). The second and much weaker effect is a lifting of this degeneracy analogous to a k-dependent magnetic
field. This small spin-orbit effect arises from the lack of centrosymmetry of the zinc-blende lattice (k3 Dresselhaus
term). A further lowering of the symmetry induced by epitaxial strain yields a Dresselhaus term linear in k. An
even weaker Rashba term, also linear in k, exists due to the nonequivalence of [110] and [110] directions induced
during the growth, formally equivalent to an in-plane shear strain or an electric field perpendicular to the interface
(see Chap. I, Sec. 2.2). This is reminiscent of the one encountered in the z-asymmetric metallic stacks [138].

In (Ga,Mn)As, the Rashba and Dresselhaus spin-orbit interaction splitting of the valence bands results in
the appearance of an out-of-equilibrium hole spin polarization under current. The antiferromagnetic exchange
interaction between the carrier spins and the Mn spins then yields corresponding effective spin-orbit fields [31] [107,
49]. These fields are fairly small, typically a few tens of mT/TA/m~2. They are about 100 times weaker than the
Rashba term in metals which were claimed to be responsible for fast DW dynamics against the electron direction
[138]. There are two other important differences: (i) in (Ga,Mn)As, these spin-orbit fields come from the bulk of
the sample, and do not require neighboring heavy-metal layers, (ii) because the layers do not need to be very thin
for these fields to exist, the spin transfer torque is still sizable, and in direct competition with spin-orbit torques.

Dresselhaus and Rashba spin-orbit terms in strained (Ga,Mn)As induce a total effective field H,, proportional
to the current density, whose direction depends on the cristallographic direction considered. Similar to what has
been calculated and observed in metals [218] [125], this field can act on the magnetization via two torques (Eq. [[1.6)

[49, 107, 31]: a field-like torque (FL-SOT H,, x M) or a Slonczweski-like torque (SL-SOT, €M x (ﬁso x M)).

These will be “efficient” or “non-efficient” (in the sense of Fig. [I[I.4) on domain-wall propagation depending on the
DW type.

5.2 Intriguing observations, a possible evidence of momentum transfer ?

To study the effects of these spin-orbit coupling induced torques, two types of (Ga,Mn)As tracks were patterned
from an in-plane uniaxial layer, using a hydrogen passivation technique developped at LPN during my thesis [201].
The idea was to have two configurations, where spin-orbit fields would be either parallel or perpendicular to the
magnetization within the domain-wall.
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Figure I1.16: [195] (a) Two types of tracks on which to study curent-driven domain-wall propagation. The spin-orbit field
can be either perpendicular (C||) or collinear (C';) to the magnetization, a configuration usually difficult to obtain due to
the lack of strongly uniaxial in-plane metals subject to spin-orbit fields. The width of the domain-wall is also expected to
be in a ratio of almost 3 between the two configurations. (b) [31] Expected orientation of Dresselhaus and Rashba effective
spin-orbit fields for different directions of the current.
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We then performed current- and field-driven domain-wall propagation experiments (see methodology in Sec. E[)
Two very surprising observations came out, confirmed by repeated and thorough measurements:

e In the C|| tracks, DWs propagate opposite the direction expected from Spin Transfer Torque, in the direction
of the hole current, and not opposite as observed in out-of-plane magnetized (Ga,Mn)As. In the C tracks,
this effect seems to be in competition with another, “field-like” effect (that distinguishes |1 and 1| domain
arrangement), that blocks every-other domain-wall (Fig. [[L.17).

e In both of these tracks, the DW mobility under current was very high, with an equivalent ratio of 8/a ~ 10,
instead of the “usual” ratio of 1.
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Figure I1.17:  |191] Summary of the phenomenology observed under current + field, for 2 and 10 micron-wide tracks
- longitudinal Kerr microscopy. A field was necessary to depin domain-walls for the narrower tracks. Unexpected DW
propagation direction: along the hole current for the C|| tracks, and either along the hole current or blocked for C; tracks,
as if an opposite effect was in competition for some domain polarity p.
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Figure I1.18: [191] Under current assisted by field, the domain wall mobility g—; is ten times higher than in out-of-plane
magnetized samples (equivalent ratio of 3/a ~ 10). Under field assisted by current, the mobility g—g varies as expected with
the domain-wall width, i.e. it is higher for the tracks with wider DWs.

By studying the DW depinning fields under current of positive and negative polarity, we were able to extract
the respective efficiency of the two effects - the “STT-like” torque that pushes all the DWs in the same direction,
and the “field-like” torque that behaves differently for |1 and 1| interfaces. The amplitude and sign of the latter
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strongly pointed to an effective spin-orbit field, sum of Dresselhaus and Rashba fields. It was indeed completely
inefficient for )| tracks. Concerning the “STT-like” torque, we convinced ourselves that the very high % >0 DW
mobility could not be explained by the arguments put forward in metallic structures, where similar effects were
evidenced [138, ], 131]. The existence of an efficient Kohn-Luttinger SOI momentum-transfer mechanism (predicted
by Garate et al. [52]), overshadowing the usual spin-relaxation channel seems so far the most likely candidate. A
very unsatisfying point of this conclusion is that this torque would somehow need to be much stronger for in-plane
than for out-of- plane (Ga,Mn)As layers. We have not found any explanation for this, and hope someone will
endeavor to repeat these experiments.

The rich domain-wall physics unraveled in (Ga,Mn)As was made possible by the fact that, despite its quite weak
concentration of magnetic atoms (less than 3% of the total number of atoms), it behaves in many ways like a “real”
metallic ferromagnet, to which the Landau-Lifshitz-Gilbert equation, the Stoner Wohlfarth model, and the theory
of domains can be applied. Again, most of the exciting features observed are related to the spin-orbit interaction
governing the valence band structure.
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Chapter 111

Light-induced magnetization dynamics

> Students involved: Colin Delfaure (M1, 2011), Sylvain Shihab (PhD, 2012-2015), Hassen Riahi (short-term
stays in 2013-2014 during his PhD in Tunisia), Hazem Bakr (M2, 2015), Piotr Kuszewski (PhD, 2015-2018),
Meriam Kraimia (PhD 2016-2020)

> Related publications:

o “Counter-rotating standing spin waves: A magneto-optical illusion” S. Shihab, L. Thevenard, A. Lemaitre, and C.
Gourdon, Physical Review B 95 144411 (2017)

o “Steady-state thermal gradient induced by pulsed laser excitation in a ferromagnetic layer”, S. Shihab, L. Thevenard,
A. Lemaitre, J.-Y. Duquesne and C. Gourdon, |J. Appl. Phys. 119, 153904 (2016)

o “Systematic study of the spin stiffness dependence on phosphorus alloying in the ferromagnetic semiconductor
(Ga,Mn)As”, S. Shihab, H. Riahi, L.Thevenard, H. J. von Bardeleben, A. Lemaitre, |Appl. Phys. Lett. 106 142408
(2015)

1 Context

The general idea of light-driven magnetization dynamics is to kick the system out of thermal equilibrium by a
laser “pump” pulse, and then detect the dynamics using magneto-optical effects and a time-delayed “probe” pulse.
Different mechanisms can be at work, e.g. a modification of the magnetic anisotropy via a transient variation
of the temperature or the carrier density (photocreation of electron-hole pairs [72]), a decrease of the saturation
magnetization by thermal or superdiffusive hot electron currents [13], or an effective field created by spin-polarized
photo-electrons (“optical spin torque” [145], Fig. [[II.4). By mastering these physics, one could hope to control the
magnetization all-optically, and on GHz timescales.

(Ga,Mn)As initially appeared as a model material with which to understand demagnetization processes [215]:
light pulses falling on a ferromagnet excite carriers, whose temperature balances out with the lattice over a few
picoseconds, before transferring to the magnetic system, leading to a decrease of the total magnetization. Because
mobile carriers and localized spins are well separated in (Ga,Mn)As (as opposed to metals), one could hope to pin-
point more accurately the mechanisms of energy and angular momentum transfer between these different reservoirs.
In fact, demagnetization studies were overall minoritary in (Ga,Mn)As, with instead a strong effort geared towards
controlling coherent precession. Yet, these experiments were also a relevant probe of spin-orbit coupling, spin
relaxation and coherence effects that are critical for spintronics.
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Figure ITI1.1: (a) [232] Pump-driven demagnetization in out-of-plane magnetized (Ga,Mn)As. (b) [I65] Double-pump Kerr
rotation (KR). Each pump pulse alone triggers precession of magnetization with a period Tosc (top two curves). If pump
pulse 2 excites the sample ~ 1.5T,,. after pulse 1, magnetization precession is stopped (3rd trace). If the time delay between
the pulses is ~ Tosc, the magnetization precession is amplified (last trace). (c) [I45] The spin angular momentum of the
excited photo-carriers exerts an optical spin-torque on the magnetization, whose sign depends on the circular polarization of
the pump beam.

At INSP, we arrived fairly “late” on the topic, the main effects having already been published, many of them
by the trail-blazing Prague groups of T. Jungwirth (Institute of Physics/Nottingham University) and P. Némec
(Charles University): magnetization precession, excitation of standing spin waves, optical spin—orbitﬂ and spin-
transferﬂ torques, coherent control of precession (see for instance Refs. [214] [144] [145] 189, [165], and reviews such
as [2151[99, [42]). We focused rather on bridging the gap with (static) domain studies, and understanding precessional
effects, whose description remained up to then mostly phenomenological.

In 2011, we started building a new experimental tool in the groupEl, a fairly standard “pump-probe” set-up
but that would prove indispensable to our later magnetoacoustics studies (Chap. IV). The output of a Ti:Sapphire
laser emitting femtosecond pulses at 75 MHz is split in two beams of very different powers. They are modulated at
two different frequencies (50 kHz or 520 Hz), and focused on the sample by a wide lense (or microscope objective).
A set of waveplates controls independently the polarization of the two beams (linear for the probe, linear/elliptical
or circular for the pump). The probe beam is mechanically delayed by a 12 ns line. After reflecting off the sample
in the cryostat, a balanced bridge detector analyses the polarization rotation induced by the dynamic/static mag-
netization and sends it to a lock-in amplifier. A double demodulation of the signal (at 50 kHz then 520 Hz) gives
access to the pump-induced magnetization dynamics, whereas the single demodulation at 520 Hz gives the static
magnetization. By varying the incoming polarization of the probe beam, the reflected signal contains a varying
proportion of polar Kerr and magnetic linear dichroism effects (sensitive resp. to out-of-plane and in-plane compo-
nents), a strategy initially developed by the group of P. Némec [145] [I44]. In this way, a genuine vectorial detection
of the magnetization can be obtained, both static (6, ¢o) and dynamic (06(t), dp(t)).

Please refer to the PhD thesis of Sylvain Shihab for a detailed description of the specifications and a diagram
of the set-up [I79] (Chapter 4).

2 Influence of the phosphorus content on the exchange constant

As explained in Chap. I, out-of-plane magnetized (Ga,Mn)As is obtained when the layer is in tensile strain. This was
initially done by growing the film over a relaxed In,Gaj_,As buffer. The misfit dislocations at the (In,Ga)As/GaAs
interface however often led to a cross-hatch pattern at the surface of the layer, and threading dislocations popping
up on the (Ga,Mn)As layer as strong pinning centers, so that dynamics ended up being governed by these extrinsic
defects [200]. A breakthrough came when the tensile strain was induced in a less traumatizing fashion, by modifying
the magnetic layer itself, not the substrate: co-doping the As sublattice with smaller Phosphorus atoms naturally
led to a smaller lattice constant, and a tensile strain over GaAs [34} [1T5] [185]. This gradually pulls the easy axis

!Driven by out-of-equilibrium non-polarized photo-holes [189].
2Driven by out-of-equilibrium spin-polarized photo-electrons [145].
3We greatly benefited from the “pump-probe” expertise of C. Testelin (INSP) to mount this set-up.
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out of the plane of the sample.

The reduction in lattice parameter (i.e. cell volume) was initially predicted to be accompanied by an increase
of the Mn-hole exchange integral J,q o< Ac; in (Ga,Mn)(As,P) due to the more efficient overlap of anion p orbitals
with Mn d orbitals [132]. Several interesting consequences motivated the search for a higher exchange constant:
a potential increase of the Curie temperature (up to then limited to 190 K), (ii) a widening of the domain-walls

(A= %) and thus an increase of their speed (see Chap. IT), and finally (iii) a tuning of the exchange-magnon

u

dispersion curve (w o< A.;k?). The PhD thesis of S. Haghgoo at INSP had already deduced a weak variation of A,
with phosphorus concentration from the self-organization period of magnetic domains in out-of-plane magnetized
samples [65], as could have been anticipated by the equally small variation of T,. The thesis of S. Shihab followed
another approach, not limited to out-of-plane anisotropy: measuring the frequency splitting between exchange-
related modes excited optically using short laser pulses (Fig. )
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Figure I11.2:  [176] (a) Schematic profile of optically excited standing spin-waves. (b) Time-resolved Kerr effect: 2

. . . . _ 2Ac,
frequencies. (c) Evolution of the spin stiffness (D = =7

) as a function of the phosphorus concentration.

The exchange stiffness is extracted from the splitting between optically detected spin waves (Fig. [[I1.2p):

FQQF (F@g +pr) Dk2
Mz M,

+ D2)A

F;; are the energy derivatives with respect to coordinates i, j, and k., = 5~ is the quantized standing spin-
wave wave-vector, L being the thickness of the layer. The + sign corresponds to bulk/surface modes varying as
cos (kz) [/sin (kz) or cosh (kz) /sinh (kz). Correctly indexing the modes (and hence their symmetry via n) is there-
fore critical for a correct estimate of A., [57], and required a study of its own. By comparing A., obtained by
pump-probe, domain self-organization and FMR data (taken by J. von Bardeleben at INSP), we concluded that

the excited mode was very probably an even mode (with respect to the center of the layer, n = 2 in Fig. [[IL.2h).

The study of about ten samples with varying manganese and phosphorus content concluded that the variation
of A, with phosphorus was indeed rather weak [176] (Fig. ) Two reasons were put forward as to why
experiments fell short of Magek’s forecast [35, [I76]: (i) the volume decrease had been quite overestimated [132]
because the (Ga,Mn)(As,P) layer had been assumed fully relaxed, instead of strained on its substrate; (ii) co-doping
with Phosphorus also increases the gap of the material, bringing it closer to that of GaP and possibly lowering the
density of delocalized carriers. This effect would counterbalance negatively any minor increase of the exchange J,4.
The gradual transition of (Ga,Mn)(As,P) from a metallic to an impurity band conduction regime observed upon
Phosphorus doping makes this explanation quite likely [35].

3 The magneto-optical illusion

The two non-uniform modes (n = 1,2 in Fig. [[IL.2h) should however have a zero total dynamic component across
the layer, and should therefore not be detectable by Kerr effect, if one supposes it to detect merely the average
of the magnetization ! The question of why we could nevertheless observe them had simply not been considered.
To explain it, a multi-layer Kerr detection formalism was developed by C. Gourdon. Known for metals and the
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static magnetization of (Ga,Mn)As [78], it had not been applied to magnetization dynamics. This model evidenced
that it is the optical phase delay experienced by the light penetrating the layer that allows the observation of the
spin-waves (Fig. bottom). This effect is all the more stronger that the layer is weakly absorbing, as is the
case for (Ga,Mn)As. An intriguing prediction of the model is that the first two modes should appear to “turn” in
opposite directions, which we indeed observed experimentally, thanks to our full 66(t), dp(¢) reconstruction (Fig.
top). A momentous (so to speak..) consequence of this result is that we had improperly indexed the optical
modes in the 2015 paper [176], and thus underestimated by a factor of 4 the spin-stiffness. Its variation with
phosphorus content however remained undisturbingly flat...
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Figure II1.3: [178] Data: by separating the polar Kerr effect from the linear dichroism in the time-scans, we can extract the
00,0¢(t) trajectory of the dynamics for each observed frequency (here 2.36 GHz and 3.90 GHz). Simulation/Modelling;:
[top-left] depth-dependence of the spin waves obtained by numerically solving the LLG equation. Summing the signal over
the whole layer with and without optical dephasing demonstrates that the former condition is necessary to observe higher
modes [bottom-left and right]. The apparent change of rotation sense for the excited mode unambiguously identifies it as
mode “1” rather than mode “2” (modelling of phase-shift effects by C. Gourdon).

4 Pump-driven transient and stationary heating

4.1 Role of transient heating in precession

An (unpublished) by-product of the spin-stiffness study was to understand rigourously the conditions leading to the
triggering of precession, in particular the influence of the initial magnetization position. While it may now seem
trivial to observe coherent magnetic oscillations when shining laser pulses on a (Ga,Mn)As layer, many of the first
“pump-probe” articles reported either demagnetizing effects [101], 232], or photo-induced electron spin polarization
[98, [158].

Tuning the static magnetization either by an applied field or by choosing the right phosphorus doping, Sylvain
concluded that the precession was excited only if the magnetization was initially disaligned with respect to the high
symmetry axes of the sample, and that the pump beam mainly affected the in-plane uniaxial and biaxial anisotropies
Ky)|, K4)- What governed the transient modication of these 2 constants ? The precession amplitude/phase was in
the vast majority of cases independent of the pump beam’s polarization, ruling out optical spin-transfer torque. On
the other hand, for most of the samples studied, the initial carrier density was too high to be modified substantially
by photo-generated carriers (Apphoto < 1019 em™3) making optical spin-orbit torque equally unlikely [I89]. Instead
it was simply the transient heating of the layer that gave the necessary 0Ky (t), 0 Ky|(t). Sylvain modelled this effect
and concluded that a temperature rise of about 10 Kelvins following the arrival of the pump beam was necessary
to account for the observed precession amplitude [I79].
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4.2 Magnetism reversal driven by optical pulses

Instead of looking at the dynamical aspects on in-plane magnetized samples, we then looked at static modifications
(as in “before” and “after” the pulse) on an out-of-plane magnetizated sample. Studying the effect of pump pulses
on the coercivity of a weakly perpendicular layer was the first step towards a fast, all-optical writing of magnetic
bits. This effect is now well studied in garnets and rare-earth alloys [127, [184], but had not been fully explored in
(Ga,Mn)As. Several teams had however evidenced a lowering of the coercive field - reversible or not - attributed to
a temperature rise, or to a so called “photo-coercitive effect” of unclear origin [I61]...Using the spin-torque induced
by circularly polarized photons absorbed by the layer was also a promising route, reported to assist the propagation
of domain-walls in (Ga,Mn)(As,P) tracks [159]. Note that this effect has since been shown to be effective in metallic
Pt/Co/Ni/Co/Pt layers [235].
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Figure IT1.4: (a) Kerr microscopy of an array of 15pm diameter dots patterned by hydrogenation spaced by 50pm, schematics
(not to scale) of the cross-section of a dot, with paramagnetic (PM) and ferromagnetic regions (PM) separated by a ~100
nm transition [201]. (b) Reduction of the static coercivity under pump beam. These effects are mainly of thermal origin.

Here we chose to work on a sample hydrogen-patterned into a dilute array of ®@15um dots, in order to control
the localisation of the laser-assisted nucleation [201]. With this patterning technique, the edge of the structures is
known to have a weaker hole doping level, and a slightly in-plane magnetization (Fig. ) We hope this could
be exploited via optical spin torque with circularly polarized light (Fig. [[IL.4h), or at least a local modification
of the carrier concentration capable of reducing substantially the coercivity. P. Kuszewski (PhD) and H. Bakr
(M2) both spent a lot of energy and enthusiasm studying in detail the effects of the laser power, focusing and
polarization on the reversal of these dots. We concluded on a clear dominance of thermal effects which lowered
domain nucleation /propagation barriers (Fig. ). Minute effect of circular polarization were crushed by thermal
effects. A large part was clearly due to stationary heating, which could only be partially minimized by reducing the
duty cycle of the pump laserﬁ By nature stochastic, these effects were poorly reproducible, and were not published.

4.3 Steady-state thermal gradient induced by the pump beam

These results prompted us to put some numbers on the stationary temperature rise induced by the pump beam,
which often “polluted” our experiments. For this, we used the amplitude and switching fields of static magnetic linear
dichroism hysteresis cycles as a “thermometer”, to relate the power of the pump-beam to the effective temperature
of the sample, under the spot, or in its vicinity (Fig. [[I1.5]).

4This was done by playing with the ON/OFF time of the acousto-optic modulation. At the time we did not have a “pulse-selector”
(reduction of the laser repetition rate to fr/n), which would have allowed us to see the effect of just a single pulse and test the effect
of transient heating.
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1.5 pJ/em? fluence: experiment and modelling (collaboration with J.-Y. Duquesne, INSP) taking into account a thermal

contact resistance.

Knowing the effective temperature of the layer, we could inject the right FMR-determined anisotropy constants
in our models.

Whilst analyzing in depth the polarization-dependent data of Sylvain, we came to understand more finely the
many artefacts of time-resolved Kerr effect experiments, but also their power, such as the possibility to put credible
numbers on the amplitude of the precession cone. Despite the disappointingly low number of publications that came
out of quite a large volume of data, the experimental, numerical, and theoretical tools developed during Sylvain’s
thesis provided invaluable for the dynamic magnetoacoustic studies (Chap. IV).

The extreme temperature-sensitivity of the magnetic anisotropy and saturation magnetization of (Ga,Mn)As
and (Ga,Mn)(As,P) was the source of many experimental issues, false hopes, or last-minute frights. Moving on to
acoustic excitations was in that respect quite comforting.
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Chapter IV

Magneto-acoustics

> Students/post-doc involved: Piotr Kuszewski (PhD, 2015-2018), Nicolas Biarrotte (M2, 2016), Ibrahima
Camara (post-doc 2015-2016), Meriam Kraimia (PhD 2016-2020)
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1 Context

The magnetic anisotropy of (Ga,Mn)As varies strongly with strain, via the dependence of the heavy-hole/light-hole
band splitting on strain (see Chap. I). It can thus be tuned post-growth by using a piezoelectric transducer to apply
stress [166], 16}, [T51], or micropatterning to make the epitaxial strain relax anisotropically [70] for instance. Beyond
these static aspects, magneto-elastic dynamics started to stir interest. In 2010, two groups endeavored in parallel
to use instead picosecond strain pulses to trigger the magnetization dynamics in (Ga,Mn)As (at INSP, following a
suggestion of A. Lemaitre, and A. V. Scherbakov at the Ioffe Institut of St. Petersbourg, in collaboration with M.
Bayer of Dortmund University). Much like what had been done in pump-probe experiments (see Chap. III), the
idea was to put the magnetization out of equilibrium by a strain-induced transient modification of its anisotropy.
Whereas light pulses generate a broadband population of carriers and phonons, strain (acoustic) waves held the
promise of a resonant coupling to the magnetization, since their frequency and wavevector can be made close to
that of spin-waves, an opportunity realized over sixty years ago by Kittel [I00]. It would thus enable a GHz control
of magnetization dynamics, without any rf fields, or the cumbersome management of heat that comes with light
pulses [177] (Chap. III, Sec. 3).

Realizing that the frequency spectrum of picosecond strain waves was actually too high and broad to couple
efficiently to the low lying frequencies of (Ga,Mn)As, we turned in the summer of 2012 towards sub-GHz surface
acoustic waves (SAWs). Whilst we were initially more interested in how these waves could be used to switching
magnetization precessionally [194], a much-cited article by the group of S. Goennenwein (Walter Meissner Institut,
Garching) demonstrated SAWs driving ferromagnetic resonance (FMR) in Nickel layers [219]. Although similar
acoustic-FMR had been obtained half a century ago with bulk acoustic waves [I57, 21}, [156], the clear demonstration
that this could be done with SAWs contributed to launching a renewed interest in the topic.

Using SAWs to excite precession presents several interesting features. While the rf field produced by antennas
or coplanar waveguides has a polarization that varies strongly in space and decays rapidly, the effective magnetic
field induced via magnetoelasticity by the elliptically polarized weakly damped surface acoustic waves is identical at
any point on the SAW path, making magnetization actuation by strain potentially much more reliable. With their
low attenuation, and power-flow confined to the surface, they can be made to interfere, diffract and focus on and
have thus proved over the last couple years to be a relevant tool to manipulate many different degrees of freedom,
electronic, elastic or magnetic [40]. The magnetoacoustics work done at INSP since 2012 illustrates the novelty of
what can be done using SAWs, and the not-so-new physics of magnetostriction. The following main results, detailed
in the coming sections, were obtained:

e concomittent magnetic and acoustic SAW-driven resonance in (Ga,Mn)As, detected optically and electrically
[196], 111), 109]

e resonant (precessional) SAW-induced switching in planar and out-of-plane (Ga,Mn)As and (Ga,Mn)(As,P),
including in zero applied field [111], 192, [24]

e acousto-magneto-optical effects induced by a picosecond acoustic strain wave in thin layers of (Ga,Mn)(As,P)
[202]

e experimental determination of the surface acoustic wave amplitude, electrically and using a laboratory diffrac-
tometer |23, 113]

For these studies, we benefited from a very fruitful intra-INSP collaboration with members of the Acoustics team, in
particular Emmanuel Perrone, Jean-Yves Duquesne, Jean-Yves Prieur and Laurent Belliard, and regular interaction
with X-Ray diffraction specialists, L. Largeau (former LPN, now C2N) and B. Croset (INSP).
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2 Acoustic waves

There is a very rich physics exploiting the coupling between spins and incoherent phonons that I will not detail
[39, 94]. I will instead focus on acoustic waves, with frequencies ranging from the sub-Hz to THz regimes. They are
characterized by a generally linear dispersion relationship, i.e. a velocity that depends only weakly on wave-vector,
in stark contrast with generally dispersive spin-waves. Their velocity is much lower than the speed of light, so they
are routinely used to delay electromagnetic waves (SAW filters). When propagating on a layer, their velocity is
extremely sensitive to the surface, so they are also ideal for sensing applications.

2.1 Wave equations

e Let us recall the main tensor quantities and relationships governing linear elasticity, as a function of the
displacement wu; along coordinate i :

1 /0u; Ou;
trai == : 1 IvV.1
strain S 2(817j+8:1:i> (Iv.1)
Ofe
stress 045 = Ciji Sk = &J;l (IV.2)
1
elastic energy : fe; = =04 Sk (IV.3)

2

cijit is the stiffness tensor, which, together with the density p are the material parameters that truly govern the
acoustic wave dynamics. For the cubic GaAs, there are only 3 independent components, so that the elastic energy
reads in Einstein notation:

1
2 2
fel,GaAs = 50115“- +2¢445;5; + 125,041

Note that the expression of the stress is modified when the material is piezoelectric. This is the case of GaAs
(and therefore (Ga,Mn)As), but we have neglected this effect. It essentially leads to a so-called “hardening” of the
elastic constants, i.e. a static renormalization that does not depend on the magnetization.

e The elastic wave equation reads:

pa%i(?,t) oy O fe

(IV.4)

o2 Ox; = Cighl 02 Sp
_>
In a bulk geometry, injecting harmonic solutions of the form w;(7,t) = Useapli( k.7 — wt)] in this equation

leads to a determinant, which cancelled out yields the bulk longitudinal and transverse velocities: in GaAs, V; =
/- (4700 m.s™!) and Vp = /€4 (3400 m.s™'). Pure longitudinal modes only exhibit displacement along the

_>
wave-vector, while the two pure transverse modes have atoms oscillating in the plane perpendicular to % .
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When a semi-infinite substrate is considered instead, the presence of the surface imposes boundary conditions
(no surface stress surface, 0;, = 0 in z = 0) that modify the modes allowed to propagate. They are now harmonic
Rayleigh plane wave solutions u;(z, t) = Use #Zexpi*=+1 travelling on the surface (k||z), and z-damped down to
a little over a wavelength A = 27“ Plugging this form into Eq. leads to a new determinant, which cancelled
out gives implicitly the new mode’s velocity, Vg = ¢ (Eq. . This mode is again non-dispersive. For a surface
acoustic wave (SAW) travelling in GaAs along (110), the velocity Vg ~ 2700m.s~! is obtained from the equationﬂ :

2
(cas = pVi)(crieas — ¢l — e33pVR)? = cascas(enn — pViR) (pVi2) (Iv.5)

_>
The allowed displacements modes are now longitudinal along k ||z, and out of the plane (u, and u.), giving
three components of strain: S,., S., and S,,:
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Figure IV.1: Surface acoustic wave in GaAs. (a) Displacements, viewed either from the cross-section of the semi-infinite
substrate, or in top view for a wave travelling along [110]. In that case, unequivalent S, and S, strains are generated,
thereby modifying the shear strain felt by the GaAs lattice. (b) Depth dependence of the strain. At the surface Sy, and
S.. are maxima and of opposite sign, while the shear strain S is zero. For the 50 nm-thick layer used, z/Ar < 1%, so the
strain is considered constant through the magnetic layer depth.

2.2 Different transduction mechanisms

We have used two different transduction mechanisms to generate bulk or surface acoustic waves, both relying on
the creation of a time-varying stress. Their specifications, advantages and inconvenients are summarized in Fig.

2

IThis is all very well detailed in the excellent reference textbook of D. Royer and E. Dieulesaint, Elastic Waves in Solids: Free and
Guided Propagation, Springer
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Figure IV.2: Bulk (BAW) and surface (SAW) acoustic wave excitation mechanisms.

e thermoelasticity: a laser pulse impinging on a metallic thin film induces a transient temperature rise AT,
usually dominantly along a particular direction (e.g. along the sample normal, or radially AT|,, AT|,). The
resulting stress is proportional to the thermal expansion coefficient &: 045 = ¢iju&AT 6. Plugging this
in Eq. [[V:4] with the appropriate boundary conditions shows that a bulk or surface acoustic wave is then
generated. A temperature gradient perpendicular to the surface (laser spot size large with respect to the
acoustic wavelength) causes longitudinal waves to appear, with a broad frequency spectrum. A very focused
laser beam (diameter of the order of Agaw ) producing a dominantly lateral temperature gradient will give
instead shear or surface waves. The frequency content is then centered around fsaw opt = m.
These waves can be probed optically using a pump-probe set-up to perform either interferometry (surface
displacement measurement) or differential reflectivity (strain measurement via photoelasticity). The strain
amplitude ranges from a few 1075 to 1073 (soliton regime [154]).

inverse-piezoelectricity: an oscillating electric field B applied between two metallic surfaces (parallel
plates of a capacitor, or parallel digits on a surface) generates a time-varying mechanical stress: o;; =
CikimSim — €ijikl;, where e;j is the piezoelectric tensor. Constructive interferences between waves whose
wave-lengths are proportional to the spacing between plate/digit generate an acoustic wave (fundamental and
harmonics, Fig. [[V.3). We have been working in the surface geometry, with Rayleigh frequencies between 140
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MHz and almost 1 GHz. This corresponds to SAW wave-lengths 5 to 20 ym, i.e. a minimum digit width of
1.25 pum conveniently adapted to INSP’s optical lithography equipment. GHz transducers made using ebeam
lithography are also routinely made and studied at INSP [164].

(a) Single-frequency operation: f.,,, =V¢/Ag,,, (b) Multi-frequency operation: f, =Vg/A,,,
ksaw=2p ksaw,oz 2p
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Figure IV.3: (a) Electrical generation of SAWs: a sinusoidal field generates a strain that changes sign every half time and
spatial period. The interferences of the generated waves are all destructive except for the one whose wavelength is twice
the digit period d, with a bandwidth that sharpens when the number of digits increases. (b) More complex interdigitated
transducer (IDT) design to excite harmonics with equivalent efficiency [I74]. Vector network analyzer (VNA) transmission
measurement using a second, identical IDT.

It is more challenging to measure precisely the strain amplitude of these waves. We have performed it on an
epiready GaAs substrate following two procedures, whose results perfectly coincided [23}, I13]: (i) X-Ray
diffraction in presence of a CW SAW makes new k,,q,-spaced peaks appear symmetrically of the Bragg
peak (Fig. ) Correct modelling of these peaks gives the modified lattice constant of the substrate, and
therefore the surface displacement and strain. (ii) Vector network analyzer measurement of scattering
parameters S11, S12. At f = fsqw, a slight dip appears in the reflection coefficient S1; due to the power being
lost in the SAW emission (Fig. [[V.4h). By careful characterization of the fixtures and of the admittance of the
transducers via Coupling-of-Modes (COM) theory, a precision equivalent to that of XRD could be obtained
on the strain estimation (Fig. [[V.4).

(a) Vector Network Analyzer approach: (b) X-Ray diffraction (c) Good correspondence
S-parameters+ COM theory between the two
120 T T
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Figure IV.4: Two ways of measuring the amplitude of an electrically generated SAW: (a) [23] Using a vector network
analyzer (VNA). This approach is difficult to implement at low temperature (i.e. in relevant conditions for (Ga,Mn)As) as
it requires a characterization of the fixtures up to the cooled-down sample holder, in the cryostat. (b) |[I13] Using X-ray
diffraction (XRD). While similar measurements had been done on synchrotron [207], this work was the first demonstration
that a good enough resolution could be obtained on a lab diffractometer to extract this type of information. (c) With a correct
modelling of both VNA and XRD scans, an excellent agreement is obtained between the two, and the m dependency of
the displacement well reproduced.
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3 Experimental developments

The strong point of our experimental studies in the various acoustic geometries has been from the start the possibility
to measure both the acoustic and the magnetization dynamics. In all configurations, the latter were detected
using magneto-optical effects, i.e a rotation of the light polarization induced by the varying magnetization. In
(Ga,Mn)As this rotation depends on both the in-plane (Voigt effect) and out-of-plane (Kerr effect) components of
the magnetization, so that the full dynamics trajectory can be reconstructed, as done in the pump-probe experiments
described in Chap. III. In metals, the Kerr effect is dominant (very weak magnetic linear dichroism, and no
longitudinal Kerr effect since the probe beam arrives at normal incidence).

e For optically generated waves, we worked on the modified “pump-probe” set-ups of E. Péronne and B.
Perrin (BAWs) and L. Belliard (SAWs). The pump beam hits the metallic transducer on the back side
of either, the substrate (BAWs) or the magnetic layer itself (SAWs, through a transparent substrate), and
generates longitudinal bulk or Rayleigh surface acoustic waves. A weaker probe beam scans the magnetic
layer, and monitors the surface displacement by interferometry (Sagnac or Michelson). A flip-mirror selects
whether the beam goes through the interferometer, or to the polarization rotation detection bridge. The
pump and probe objectives are on XYZ piezo stages. In the SAW set-up, pump and probe beams came
from the same laser beam, split in two, and are thus naturally synchronized. In the BAW set-up, an original
asynchronous detection scheme was used: the two beams come from two separate Ti:Sa lasers of very close
repetition frequencies (frep ~80 MHz, Af,., ~1 kHz). The time step is then given by %. This
stroboscopic effect yields shorter acquisition times (better signal/noise ratio) and easier independent tuning
of pump and probe colors [202].

Note that other groups studying optically generated acoustic waves measure both magnetic and elastic dynamic
components, relying for the latter on transient diffraction [83] 29} [82], differential reflectivity [225] or solely on the
polarization rotation (Ref. [I67], mechanism not explicited, probably “leaks” in the bridge balancing).

e For electrically generated SAWs, a typical experiment consists in exciting IDT.,. with a 100-1000 MHz
RF voltage, modulated into square pulses of a few hundreds of ns. With a detecting IDT 4.; placed far enough
(a few mm) and hooked up to an oscilloscope, the electromagnetic radiation (“antenna’like signal that arrives
at the speed of light) can be separated in the time-domain from the acoustic wave travelling much slower at
V. The latter is converted back into a voltage when passing under IDT4.;. The amplitude and phase of this
signal are then extracted - either by a direct sinusoidal fit (rapid sampling), or by first multiplying it to the
carrier wave (home-made lock-in detection in Fig. - and monitored as a function of field for instance.
In this scheme, and as long as exciting and detecting IDTs are identical, only the homodyne response at fs4.
can be picked up.
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Figure IV.5: Detecting magnetic and acoustic dynamics for electrically generated SAWs [110, 109]. The RF voltage
exciting the transducer is generated from the laser itself. The acoustics are monitored electrically, or optically via the
photoelastic effect. While the electrical part of this set-up was essentially reproduced from Jean-Yves Duquesne’s lab,
mounting the optical part took the better part of Piotr Kuszewski’s PhD thesis (2015-2018).

To monitor the magnetization dynamics, the laser pulses need to be synchronized to the RF voltage, which
cannot, be done straightforwardly when using a synthesizer as a source. The elegant solution we ended up using,
proposed by C. Gourdon, was to create this RF voltage from the laser itself, using a photodiode followed by a series
of filters and multipliers. More specifically: a small portion of the f,., ~75 MHz laser pulses is picked up by a slow
photodiode+low pass filter in order to create a 75 MHz sinusoidal. This signal can then be multiplied+amplified
by n=2,4,6 to generate an RF voltage that can run at several hundreds of MHz, and power the IDTs to generate
the SAW. The rest of the beam is sent to a pulse selector which divides the repetition rate by about 300 to reach
250 kHz. This is the frequency of the probing beam, that is by construction perfectly locked to the “pump” exciting
the transducers. It is also used to trigger the emission of square pulses with which to modulate the nf,., carrier
wave (Fig. [IV.5). The main draw-back of this approach is that the SAW frequency can only be a multiple of
the laser repetition rate, imposing power-greedy multiplying+amplifying for the higher frequencies. Another factor
limiting the maximum frequency lies in the optics detecting M (¢): the laser spot diameter of around 1 ym (FWHM)
needs to remain much smaller than the SAW wavelength if we don’t want to average out the signal to zero [the
magnetization dynamics are directly proportional to the strain, see further Eq. . Choosing a high acoustic
velocity substrate can only partially compensate for this limit. Typically, we have been able to see dynamics up to
900 MHz [105], corresponding to a wave-length of about 3 pm in GaAs, i.e. already heavily convoluted by the laser
spot size.

Moreover, in (Ga,Mn)As we were fortunate to have the polarization rotation (65(x,t)) depend not only on
in-plane and out-of-plane magnetization components (56(z,t),0¢(x,t)) via the Kerr (K constant) and Voigt (V
constant) effects, but also on the in-plane strain S, (z,t), via the photo-elastic effect (Pg constant). Because each
of those three optical effects has a different dependency on the incoming light polarization 3, and static magnetization
direction ¢, magnetic and elastic dynamic components can be determined independently [109], 105].
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0B(x,t) = Kob(x,t) + 2V op(z,t)cos[2(8 — ¢o)] + PpSyx(z,t)sin2f3

Finally, the objective is mounted on a 300/300/300um three-directional stage, with which we could for instance
convince ourselves that the acoustic waves generated by the IDT were indeed plane-waves, and that they diffracted
very weakly at the edge of the transducers (Fig. [[V.6)):

a) b) (302 MHz |

100 pm

100 um
Aee =18.36um  Ae® . =9.44um AP =6.42um

Figure IV.6: [110] Photoelastic effect maps of surface acoustic waves of frequency fsaw = nfr (n = 1,2,3) taken at room
temperature on (Ga,Mn)As, at the edge of the IDT (last image: photo of the sample).

To my knowledge, this is the only set-up capable of measuring in the time-domain the magnetic precession
amplitude triggered by electrically generated SAWs, and the concomittent field-dependent elastic behavior.

4 Magneto-acoustic ferromagnetic resonance (SAW-FMR) in (Ga,Mn)As

4.1 Magneto-elasticity and magnetostriction

Magnetoelasticity is the coupling between strain and magnetic components. It originates microscopically from the
modification of the shape of atomic orbitals in the presence of magnetization, due to both anisotropic exchange
interaction and crystal field effects, both of which varying strongly with interatomic distances. In (Ga,Mn)As, it is
directly related to the modification of the valence band structure by the strain, and the resulting anisotropy of the
magnetic energy (see Chap. I). Different formulations are used in the literature, depending on whether the cristal
is free or strained, but also depending on communities. A short paragraph to clarify this [77]:

e In a cubic material free from any external stress cubic material, the magnetoelastic energy density is expressed

by Eq.

fre = Bi(m}Seq +m2Syy +m2S..) + 2By (mamy Sy + mamySzy + mem.Sy.) (IV.6)

3
> fME = _5)\100 (Cll - 012) (miszw + m:lzlsyy + szzz) - 3C44>\111(ma;my5zy + mzmyszy + m$mzs$z) (IV?)

where m; are the normalized coordinates of the magnetization and B;, B the anisotropic magnetoelastic
constants. From an elasticity point of view, the equilibrium is reached by minimizing the total elastic energy
fue + fa (Egs. and with respect to the strain, for a given magnetic configuration. In (Ga,Mn)As, the
resulting magnetostrictive strain is minute, much smaller than the epitaxial strain. With this equilibrium strain and
reference dimensions taken in the completely demagnetized state, the relative elongation of the material A = % can
be computed for the magnetization lying along different directions. These are the magnetostriction coefficients
A100, AM111, with which one can re-write the magnetoelastic energy as Eq. m using the elastic constants c;;.

e In (Ga,Mn)As, the strained crystal is not free. The magnetoelastic energy is then expressed as a function of
stresses of non-magnetic origin (e.g. epitaxy, internal stress coming from dislocations):
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This non magnetic stress can be expressed as a function of the corresponding static strain S;; 0, with S, ¢ =

-z (Szz,0 + Syy,0) so that one can rewrite the magneto-elastic energy as Eq. [[V.9

e This expression only accounts for uniaxial in-plane and out-of-plane anisotropies. In (Ga,Mn)As, there are
also higher order cubic anisotropy components, tetragonal more specifically, with a distinction between in-
plane and out-of plane coefficients Ky and K41 (see Chap I). The phenomenological expression generally
used, e.g. for ferromagnetic resonance is then:

Ry

— M? K
fruRr = —,uOM.ﬁ + (,u02 5 KQL) 020 — 2L o510

5 (3 + cosdp)sin®0 — Ky sin*0sin® (p — %)

e Finally, the following correspondence - somewhat partial since cubic components are lost - can be established
between B; magnetoelastic constants, K; FMR coefficients and magnetostriction coefficients A\1gg, A111 :

3 7K2L + K2||/2
By = *5)\100(011 - 012) = m
By = 3111044 = Ko
2Sﬂvy,O

Typical values of magnetostriction for (Ga,Mn)As are not so far from nickel [133] 104, IT0], larger than YIG,
but much smaller than Co, or very magnetostrictive materials like terfenol or galfenol FeGa:

By~ 06 MIm® | [ Moo~ 30 ppm | [ Ka1 ~ - 8500 J.m 3
By ~ 0.2 MJ.m™3 A111 ~ -30 ppm KQH ~1000 J.m~—3

4.2 Coupled magnetic and elastic equations

To predict the dynamic coupling between magnetization and strain, one needs to solve simultaneously the Landau-
Lifshiz-Gilbert and the elastic dynamics equation, with the total energy given by fior = fer + fz + fme + fue
(Zeeman and magneto-crystalline anisotropy terms have been added to the magneto-elastic contribution):

{%Z = —ymA ,uozHeff + am A % with  poHers = =V frot (IV.10)
0 u; _ Ooix _ O ftor ’
PBE = Do T Derod

The time- and space-dependent strain in fj, E(?, t) modifies dynamically the anisotropy of the magnetic layer,
and the dynamic magnetization modifies the elastic constants. A maximum coupling is expected at the crossing of
magnon and phonon relationships, i.e. equating both frequency and wave-vector. Whatever the type of acoustic
wave considered, because its frequency content is fixed (by the laser spot size and pulse duration for optics, and
by the IDT geometry for piezo transduction), magnetoacoustic resonance is reached by acting on the magnetic
system, e.g. using a magnetic field or temperature to tune eigenfrequencies. A last requirement lies in the initial
static magnetization position 6y, g for a given strain configuration. Indeed, simplifying, the torque acting on the
magnetization contains different terms:

2//[001]

o Bysin260y [S..(z,t) — Szz(2,1)]
x Bicos200sin2¢p0Syz(2,t)
x Bacos26pcospSy-(2,1)
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(IV.11)

4.3 Magnetoacoustics with optically excited BAWs

When using a (001) GaAs substrate, only longitudinal S,, acoustic waves travelling along the growth axis are
generated optically. They couple to spin-waves with a wave-vector perpendicular to the surface of the sample, i.e.
exchange-driven perpendicular standing spin-waves (PSSW), so that the exchange energy must be added in the
total magnetic energy. The only efficient torque varies like < Bysin260yS.,.(z,t): a magnetization lying either fully
in-plane or fully out-of-plane will not see its effective field modified by the strain. One must work with an in-plane
(resp. out-of-plane) magnetized layer under a hard-axis out-of-plane (resp. in-plane) field.

Solving the LLG equation then gives the small varying components of the magnetization §M;(7,t) as a super-
position of the magnetic standing eigenmodes of frequency w,,, with a weight C™ that reflects the spatial overlap of
the n'” spin wave mode of amplitude A? and the w,, Fourier component of the strain ST (z) [20]:

OM;(z,t) = Z C" A} (z)cos(wnt + o)

d
on = / AP ()™ (2)d=
z2=0

A more explicit illustration of this is shown below, taken from Ref. [20], where the spatial profiles of the first 3
standing spin waves are plotted and compared to the strain profile (Fig. [[V.7h,b).
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Figure IV.7: From Ref. [20]: (a) Spin wave eigenfunctions (solid lines, pinning boundary conditions assumed) and strain
pulse profile (dotted line, wo =12 GHz Fourier component of the acoustic wave packet). (b) Dependencies of the nt" —spin
wo (B)d

wave mode amplitude on the normalized resonance frequency Bt (c) Experimental time-resolved Kerr rotation trace for

B = 0.25T. In that case only mode n = 0 is excited since C1,C2,Cs = 0 (see b).

In 2010, roughly at the same time as the work started at INSP, the group of A. Scherbakov evidenced magne-
tization precession triggered by picosecond acoustic waves in a layer of (Ga,Mn)As [I71], and refined the optimal

coupling conditions in the following years [121], 120, 170, [19]:

> high fields to ensure high precession frequencies matching the strain’s high frequency content

> strong magnetic anisotropy so that the high (hard axis) field does not saturate the layer and cancel out the
S torque (or use of high-index substrates to excite shear strain components [19], raising some constraints on the
static magnetization 6y, ¢o for efficient excitation.)

> thick enough layers (200 nm) to ensure decent overlap of the strain with the magnetic eigenmodes, or use of
a non-magnetic top-layer so that the total strain felt by the layer does not cancel out (see Ref. [8I] for FeGa).
Indeed, the total strain is the sum of the incident strain pulse and its reflection off the sample/air interface, and
thus completely cancels out at the surface.
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In that respect, the experimental conditions chosen for our 2009-2010 study[202] could not possibly have been
worse: a very weakly anisotropic (Ga,Mn)(As,P) layer (saturation field of 0.006 mT), low precession frequencies
(200 MHz), a thickness of 50 nm almost guaranteeing no strain at the surface, and finally, experimental conditions
tuned to favor high frequency/wave-vector acoustic solitons. Yet, we observed clear magneto-optical oscillations
(Fig. [IV.8). Their time-dependence mimicked very closely that of the strain pulse monitored by interferometry
(see set-up Sec. , and their amplitude did not cancel out, but saturated when the magnetization was aligned to
the hard axis (6p = 0). We however demonstrated that the observed traces were in fact a non-resonant magneto-
acousto-optical artifact: strain-induced reflectivity changes due to the photo-elastic effect are slightly different for
o4+ and o_ components of a linearly polarized light, because the optical indices are different in a magnetic material
(ny # n_). This results in a polarization rotation of a few microradians that is not a Kerr rotation - yet cancels
out above the Curie temperature - and that we could pick up with the great sensitivity of our detection bridge.
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Figure IV.8: |202]: (a) Experimental configuration. (b,c) Polarization rotation and interferometry measurement of the
surface displacement show very similar time-profiles. (d) That is not by coincidence: the former can be directly calculated
by injecting the latter in the formula of o and o_ reflectivities leading to the polarization rotation, without invoking any
strain-driven torque on the magnetization.

While this negative result was obviously a disappointement, it highlighted the care that needs to be taken in
analyzing this type of data. Picosecond acoustic wave excitation of ferromagnetic metals and magnetic dielectrics
actually leads to similar issues, but also to very nice resonant coupling in the right conditions [96] 1] 38| [39]. Yet,
these experiments guided us towards a much more efficient non-magnetic stimulus that had not been envisionned
for (Ga,Mn)As yet: surface acoustic waves.

4.4 Magnetoacoustics with electrically excited SAWs

Surface acoustic waves generated electrically can couple easily to weakly propagating in-plane or uniform modes
of a magnetic layer and usually have a small frequency (<5 GHz)/wave-vector. This is typically the precession
frequencies of the FMR mode in (Ga,Mn)As, which can be lowered by a hard-axis field, should it be higher than
fsaw- We demonstrated the resonant coupling between SAWs and magnetization by the two types of measurements
described in Sec. [3] one on the SAWs, the second one on the magnetization precession.

Resonance of the acoustic wave absorption and velocity at fp.cc(B) = fsquw:

The amplitude A and phase v of the SAW arriving on the receiving transducer (Fig. are monitored with
respect to the hard axis field. Their variations with respect to a reference level (Ay, 1)g) are converted into absorption
Al = —2Ol0gAAO, and velocity variations using d7V = % Both of these quantities evidence a clear resonance
at a particular field, identified to be the one for which the precession frequency lies closest to the SAW frequency,

so that we call this phenomenon SAW-FMR.
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Figure IV.9: [111, 196]: Examples of SAW-FMR curves for (Ga,Mn)As and (Ga,Mn)(As,P) evidencing different
anisotropies: for an out-of-plane magnetized layer, the field must be applied in-plane, for an in-plane, uniaxial layer, along
the in-plane hard axis (see Egs. [[V.11).

Several features come out:

¢ SAW-FMR can be obtained on both in-plane and out-of-plane samples, provided the field is applied
in the direction guaranteeing non-zero torque between magnetization and SAWs (Eqs. Fig. [[V.9). This
result would have been very difficult to obtain on a material other than (Ga,Mn)As, whose anisotropy can be
modified keeping other relevant magnetic parameters (M;, T..) identical.

" .
L

e The resonance fields can be predicted easily
by calculating the intersection of fs4,, with the field
variations of the precession frequency fpre. , using

o
y ° o

Experimental resonance fields o
= attenuation

the anisotropy constants determined by cavity FMR 2 velodly .

(J. von Bardeleben). When the field is applied along ids "
the hard axis, f,,.. decreases, up to the point when ooy (®)
the magnetization is saturated along the field. R

e The absorption at resonance increases with the SAW frequency, as does the absorbed power in a
cavity FMR experiment[219] Pps = — %523 (h: Xl f) where  is the susceptibility sensor. The maximum
attenuation obtained was of the order of -27 dB/cm (AI'=5 dB, i.e. almost half of the SAW amplitude has
been lost to the interaction with the magnetization) and maximum delays of 560ps (dV/V=8.10"*) [24].
Considering the moderate magneto-elasticity of (Ga,Mn)As, and that its thickness is about 1% of the SAW
penetration depth, these values are quite remarquable and rival those found in nickel at comparable frequencies
[219).

e The shape of the absorption curve can be reproduced by a relatively simple model, adapted from

Refs. [219, 45]:
The LLG equation is first linearized and solved to give the small oscillations components of the magnetization,

mq, my around the static position Meq(H)//mgz

o,
mq [ pohy 0/ .y
=X
mo poha + x/[110]

X is the susceptibility tensor. It depends solely on the derivatives of the total static energy with respect to the
directions 1,2,3. In the SAW-FMR geometries exposed here, only the diagonal components of this tensor, x11, X22
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, fyin”
intervene. jighy, prohy = —=gt—

the magneto-elastic energy, fy/" (z,1).

are the effective SAW-induced fields, calculated from the time-dependent part of

Then the derivation of the SAW velocity in the magnetic layer is done as in Sec. [2] but counting this time the
total elastic energy:

0*ui (7, t) e O (fa+ fue)
ot2? Kl 8ijkl
i(kx—wt)

ui(z,t) = Use Pexp (Iv.12)

Solving this equation as above leads to an equation linking w and k very similar to Eq. but where most of
the elastic constants have been modified by the magnetoelastic interaction. For an out-of-plane magnetized layer
for instance [196]:

* % * * * * 2
(cas — pVE)(cir¢33 — €13 — c33pVi)” = casciz(ciy — Vi) (PVJ%) (Iv.13)
(IV.14)
Cc13 — Ci‘g =c13+ MSA%ES’L"H,2290X11/2
c11 > ¢ = ¢ — MAS_sin?200x11/4 (IV.15)

_ 2 o2
C33 > Chg = Cha — M A5, s5in"200x11

Ao, is roughly porportionnal to the B; magnetoelastic coefficients introduced above. Because the susceptilibity
tensor is complex and field-dependent, so are the new elastic constants, and wave-vector solutions that result from
them: k — k* =k + Ak(B). Intuitively, R[Ak(B)] can be understood as the phase variations of the SAW under
field, whereas the imaginary part S[Ak(B)] < 0 will instead reflect on the amplitude variations that are measured.

Because x11 & these variations will peak at wpree = Wsqw, and be broadened by a quantity

wg +2iwlp—w??

proportional to the Gilbert damping (['y « «). Finally, plotting exp[S[Ak(B).l] where [ is the length of the delay
line reproduces quite well the shape and frequency dependence of the experimental absorption curve (Fig. [IV.10b,c).
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Figure IV.10: [111]: (a) The SAW-FMR absorption increases with fsqw. (b,c) The dynamic delta-E model reproduces
decently the shape and amplitude of the experimental curves.

The main addition of our approach was to take explicitly into account the depth-dependence of the SAW
amplitude necessary to describe a genuine Rayleigh wave, instead of taking the attenuation f = 0 in Eq. as
in Refs. [45], [80]. It is the resulting coupling of u, and u, displacements components that leads to an analytical
expression of the modified elastic constants, which we named “dynamic delta-E effect”. This is indeed an extension
of the static “delta-E” model published over thirty years ago, in which magnetostriction was demonstrated to lead
to a static modification of Young’s constant [88].
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Its clear limitation is that, as in Refs. [45, [80], the magnetic sample is considered to be a semi-infinite substrate,
not a thin layer on a magnetic substrate..whilst assuming at the same time a strain constant in the depth of
the layer, and equal to its surface value.... To take into account the first point and reproduce quantitatively the
absorption observed experimentally, one must renormalize the magnetoelastic constants by a “filling factor”, typically
about 3 for a 50nm thick layer excited by a 550 MHz SAW(A ~ 5um). When the magnetic layer is acoustically
matched to its substrate - as is the case of (Ga,Mn)As or (Ga,Mn)(As,P) over GaAs - this approach is legitimate.
For heterostructures made of materials presenting very different acoustic impedances, other approaches need to
be used: a perturbative “layer-over-substrate” model [62], or even a more rigorous transfer matrix approach with
boundary conditions clearly identified at each interface [238| 51, 25].

Resonance of the magnetization precession amplitude at f,,cc.(B) = fsquw

Using the set-up described in Sec. [} we measured the real-time precession of the magnetization induced by a SAW
in the in-plane magnetized (Ga,Mn)As layer shown above. Multiples of the laser frequency (nfr, with n = 2,4,6,8)
excite appropriately designed transducers, and the polarization rotation is recorded as a function of the optical
delay line position. The time-traces (Fig. [[V.11h) show oscillations at the same frequency as fsqw, which disappear
above the Curie temperature.
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Figure IV.11: [109]: First real-time observation of the magnetization being forced into precession by an electrically
generated surface acoustic wave. When the laser spot is shifted by 2mm, the synchronization with RF pulses also needs to
2mm

be shifted by A7 = =2 ~ 700ns to recover the signal (full and empty circles in (b,c)).

A further confirmation of the magnetoacoustic origin of the signal was a thorough study of the amplitude of the
precession as a function of incoming beam polarization. As shown above, this is a convenient - albeit time-consuming
- way of extracting the small oscillating 06, dp(x,t) components of the magnetization, but also the in-plane strain
Syz(2,t). Performing this as a function of field and for different frequencies clearly shows the resonant excitation
of magnetization precession, at the same fields at which the SAW is critically absorbed (Fig. [[V.12).
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Figure IV.12: [109]: Top panel: magnetization precession (polar contribution to the magneto-optical signal, proportional
to 60(t)). Bottom panel: electrical measurement of the SAW FMR. By placing the laser spot on the GaAs, opposite from the
exciting IDT, one can also monitor optically the SAW FMR using the photo-elastic effect (crossed out squares in panel h).

Again, the shape, amplitude and position of the magnetic resonance can be easily reproduced by solving the
linearized LLG equation in presence of a time-dependent forcing magneto-elastic field. A SAW propagating along
x||[110] will induce different Sx x # Syy components in the GaAs lattice reference frame X||[100], and thus change
the in-plane anisotropy via the By term. Because exchange-coupled propagating spin waves lie much higher up in
energy, the magnetic exchange contribution can be ignored here: the SAW is only coupling to the uniform FMR
mode. For an in-plane magnetized layer excited by a SAW propagating along x||[110]:

B2|Szz|

2
\/(wgaw - w}%’rec) + 4F(2)w§aw
By scanning the objective in the plane of the sample, one can indeed see that the acoustic plane-wave excites

locally the precession (Fig. [IV.13] top map). The imparted wave-vector is too low and the magnetic damping too
high for these waves to interfere, as observed for instance for thermally excited spinwaves in Ref. [§].

00(x,t)

sin(wsqwt — ksaw + V) (Iv.16)

Non-linear magnetization dynamics triggered by SAWs

The amplitude of the magnetization precession is in the vast majority of cases proportional to the SAW amplitude
(Eq. [[V.16), as is the SAW absorption at resonance. Yet we soon realized that for particular field ranges, tem-
peratures or RF powers, non-linearities appeared in both behaviors: the double frequency 2 f;4., showed up in the
magneto-optical traces (temporal and spatial), and the normalized SAW absorption varied with incoming power
(Fig. [IV.13)). The 2f4q., magnetic precession amplitude also showed a clear resonant behavior, at fields close to that
of the fyqu resonance (Fig. [V.14f), and its amplitude varied quadratically with SAW amplitude (Fig. [[V.15k).
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Figure IV.13: [105] Uniaxial, in-plane magnetized (Ga,Mn)As layer, excited by fsqw =452 MHz. (a) Linear magnetic
response. (b) Non-linear magnetic response. The doubled acoustic frequency appears in the time and space magnetization at
certain fields, temperatures and powers. (¢) Non-linear acoustic response: the maximum absorption of the SAW at resonance
varies and shifts with incoming power.
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The conditions for this phenomenon to arise at the resonance field were: (i) large enough RF power to excite
larger precession amplitudes, (ii) a dependency of fprec with magnetic field such as to intersect comfortably both

Ssaw and 2fgq, (Fig. [[V.14R).

Adapting the parametric resonance model of Ref. [29], C. Gourdon moreover showed that the resonance of fsq.
and 2 fsq. precession components could be well reproduced by conserving a linearized form of the LLG equation (i.e.
ignoring small oscillating 605p(x,t), 86%(x,t), 6p?(x,t) components), but taking into account non-linear acoustic
driving components (i.e. terms varying as §60.S,,(x,t),00Sz.(x,t)). In that approach, one finds in addition to the

86y, (z,t) response (Eq. [IV.16):

BZ‘szP

592fsaw (z,t) 5 5
\/(wgaw - wzz;rec) + 4Fgw§aw'\/(4w§aw - w]%rec) + 16Fgw§aw

Sin(QWsawt — 2ksqu® + /ll)zfsaw)

(Iv.17)

Because the fpre.(B) is steep when crossing fsq and 2fsq,,, only one resonance field is seen at each intersection

(around 0.8mT and around 9mT in the 75K data of Fig. [IV.14), but one could imagine a configuration where
distinct resonance fields would be observable.
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Figure IV.14:
giving two resonance fields observable in: (b) the SAW absorption and (c) the precession amplitude. (d) This behavior is

|105](a) At certain temperatures (here 75K), the precession frequency intersects twice the acoustic frequency,

well reproduced by a parametric resonance model (C. Gourdon).

While this model correctly reproduces the initial quadratic evolution of |§6sy,, ., |, it breaks down at the highest
SAW amplitudes, for which the amplitude of |§6y,,, | also becomes sub-linear (Fig. , a phenomenon already
observed with traditional rf field excitation [II]. This effect is due to genuine magnetic non-linearities, with which
the uniform mode loses energy to higher order spin waves. It arises at surprisingly small precession angles (less
than 0.1° here), questioning the common use of the linearized form of the LLG equation in most magneto-acoustics
papers.
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Figure IV.15:

with driving force. Beyond a certain value, they both vary less fast than this linearized LLG prediction (dashed lines), as

[105] At small SAW amplitude, fsqw and 2fsqw precession amplitudes vary linearly and quadratically

higher-order magnetic modes become excited.
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4.5 Magnon-polarons

There are now countless articles reporting a resonant SAW absorption or magnetization precession amplitude at the
field where fprec(B) = fsaw [29, 219, 225]. There are a lot less showing a crossing, or anti-crossing of phonon and
magnon dispersion curves, a theoretical curve that however often illustrates the introduction of magnetoacoustics
presentations. This section is dedicated to the description of the failed attempt to measure (anti-)crossing magnon
and phonon dispersion relationships during P. Kuszewski’s thesis. While these measurements were essentially
inconclusive, an overview of the motivations, the problems we met and the (more successful) experiments that have
been published since on the topic seems relevant to this manuscript.

4.5.1 Motivations

The coupling of magnetization and lattice dynamics can be seen as that of two oscillators having a set of eigen-
frequencies and -vectors. While there are other (non-linear) conditions under which they can interact, their coupling
is most efficient when magnetic and lattice vibrations have equal energy (frequency) and wave-vectors, i.e. where
their dispersion relationships meet. Depending on the strength of the magnetoelastic coupling, x., they will either
simply cross, or avoid each other, opening a gap at the borders of which excitations have both a magnon- and
phonon-like behavior, a new quasi-particle called “magnon-polaron” (Fig. [[V.16)). This is very much like what
happens when excitons and photons couple for instance (on the general treatment of frequency splitting induced
by strong coupling between two resonators, see the excellent review paper by Novotny et al. [146]).

As explained above, for magnons and phonons, this involves solving simulateously the 5 coupled equations:

om — 7 - om y 7 Vi

B = ymApoHepp +am ATy with poHepp = =V fror
2u;  _ 9o _ _0*fror
ot2 T Oz~ Oxp0Sk

wihich can be re-written in the most general case as:

(M (w)].[Us, Uy, Uz, my, ma] = [A]

[M(w)] is a 5x5 matrix and [A] encompasses all the forcing terms. Already introduced above, the U;’s are the
displacement amplitudes defined in Eq. and the mj,my are the dynamic magnetization components in the
plane perpendicular to the static position Mp. Cancelling out the determinant of M gives in all generality [15]:

(w? = w2y (k) [(W* = wihag(k)) (w* — wiy (k) — we(k)] =0 (IV.18)

we(k) has the dimension of a frequency, and accounts for all coupling effects: spin-waves modified by the dynamic

effective magneto-elastic field pohesr; = — 85%? , and displacements modified by the dynamic magneto-elastic stress
a%kame,zi,zk = % (gg;Mi ) When equal to zero, one recovers the uncoupled solutions for phonons and magnons,

wph and Wpqg (green lines in Fig. [[V.16). Otherwise a frequency splitting A appears at the wave-vector for

which Wmag = wpn (black/red symbols in Fig. [[V.16). When w, < wWmag,wph, solving Eq. [IV.18| simply gives
2 2

A=Y — :}JC This splitting has been derived analytically by different authors for varying geometries who have

Wmag ph "

expressed it as a function of a coupling constant x. [76} [7, 21T, 15]. A general formula reads :

Kkn—=—= |——  F(B;, m;.o
¢ 2 pwphlusat ( v )

It has the dimension of a frequency, and F(B;,m;, ) is a function translating the overlap (3, ; , mi(r).Sjk(r))
between acoustic and magnetic modes. It depends on the magnetoelastic coefficients B;, the reduced magnetization
coordinates m; and the angle between the SAW wave-vector and the static magnetization, ¢. Because this coupling
is highly anisotropic (Eq. [[V.11)), equating magnon/phonon frequencies/wave-vector is thus not necessarily sufficient
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to induce a frequency splitting. Likewise, the coupling can be maximized by choosing the right angle, but the system
be quite off resonance, as illustrated in Fig. [IV.16]F]
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Figure IV.16: An illustration of the crossing of magnon and phonon DRs calculated for a (Ga,Mn)As sample. Solving
simultaneously elastic and magnetization dynamics yields the undisturbed dispersion relationship (here: uniform magnetic
mode and longitudinal, transverse and Rayleigh acoustic modes. Coupling to the Rayleigh mode is maximum at Bys, when
the angle between SAW wave-vector and static magnetization is ¢ = 45° (see Eqs. [[V.11). This field is not necessary the
resonance field for which wpr = Wmag(Bres) (here Bres ~ 48mT for fiqw = 1GHz), leading to a very weak anti-crossing for
the Rayleigh mode, compared to the longitudinal/transverse modes.

This gap can only be resolved provided it is larger than both acoustic and magnetic damping rates. Otherwise
no gap will open, but phonon and magnon resonance linewidths (damping) will be substantially modified [56].
While the acoustic damping rates are typically very low, FMR linewidths Awpmaeg = wmag can reach the GHz with
a=0.01-0.1.

Apart from the fundamental challenge of evidencing these “magnon-polarons”, obtaining a magnetic-field tunable
gap could offer exciting possibilities for tunable SAW-based filters for instance: acoustic waves travelling across a
delay line could undergo a sizable decrease of their group velocity or amplitude at will for example. In addition,
because of the great tunability of spinwave dispersion, one can imagine different original ways to modify phonons:
non-reciprocal coupling ), tangential coupling (group velocity matching) etc. Another way to see this is to
consider the gap opening as a way to excite/modify phonons via magnons or vice-versa, in cases where a direct
excitation is not possible, as recently demonstrated very nicely by Godejohann et al. [56].

However, seeing any type of crossing or anticrossing has been challenging as it first requires to tune either
acoustic or magnetic wave-vector over a broad enough range. Instead of scanning the wave-vector, people have
often shown avoided crossing in acoustic/magnetic frequency spectrum versus field, for a couple different acoustic
wave-vectors (in general, different mode polarizations). This approach is of course equivalent, but will be difficult
to implement for magnetic systems whose frequency varies weakly with magnetic field (e.g, antiferromagnets).

2Some details on this calculation that has not been published: magnetic parameters of the (Ga,Mn)As sample used in Ref. [111].
No k-dependence assumed for wmaeg (FMR mode), frequency-independent filling factor assumed for the SAW.
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Figure IV.17: BAWSs: Using a bulk acoustic resonator geometry including a magnetic layer, An et al. and Polzikova et al.
both used the magnetic field to adjust the FMR mode to the standing bulk acoustic modes in the thickness of the sample,
focusing either on the magnetic or the acoustic response. In both cases, gap openings below 1 MHz were observed. (a) [7]:
Periodic modulation of the intensity interpreted as the avoided crossings between the YIG FMR mode at w1 = yuo(Ho — M1),
and the nth standing (shear) acoustic resonances across the total thickness (horizontal dashed lines) at w, = nwv/(2d + s)
and the exchange of phonons between the top and bottom ferromagnetic layers. (b) [155]: fine field-driven shifting of the
resonances of a high overtone acoustic resonator through its magnetoelastic coupling to a YIG film. SAWs : optical excitation
of standing acoustic modes (kq,y = ﬁ) on nanostructured samples (Ni or FeGa) to increase the spatial overlap with the
magnetic mode, tuned by a magnetic field: (c) Berk et al. [I5] Probing mainly the magnetization dynamics, they witness
the coexistence of two modes over a fairly broad field range. (d) Godejohann et al.[56] : very shallow FeGa grating. A gap
opening is seen only when crossing magnon and transverse acoustic modes because of an ideal spatial overlap, contrary to
the longitudinal mode.

Generating the SAWs optically is a more appropriate approach, since their spectral range, given by the Fourier
transform of the laser pulse duration and diameter is inherently broader. This is what we and Hashimoto et al.
[69] attempted to do, the latter successfully as shown further.

4.5.2 Looking for f(k) avoided crossing in FeGa, Nickel and Co

When we started Piotr’s thesis there was no demonstration of (anti-)crossing dispersion relationships between
Rayleigh waves and spinwaves. We studied different magnetic thin films sequentially: Ni(100nm)|glass (deposited
by L. Becerra at INSP), FeGa(90nm)|SrTO3; and FeGa(120nm)|Al;O3 (sputtered by Rocio Ranchal at Universidad
Complutense de Madrid) and finally Co(100nm)|Al,O3 (deposited by S. Suffit at Paris VII), as well as non-magnetic
control samples (Ti/AloO3 and Al/glass). Nickel was rapidly abandonned because of its poor Kerr constant and
tendency to melt under the laser pulses. FeGa was eventually swapped for Cobalt because of its larger magnetoelastic
coefficient. In the end however, observations varied only weakly from one material to another. The SAWs were
excited optically as described in Sec. on Laurent Belliard’s set-up (INSP), slightly modified to switch by a single
mirror flip from an interferometric detection of the surface displacement to a polarization rotation (PR) detection.
For this, thin films were grown over a double-polished and transparent substrateﬂ to have pump and probing beams
on either side of the magnetic layer (Fig. .

Broad-band FMR (Fig. and a full angular-dependence of the hysteresis loops showed that in the weak
magnetic field conditions imposed by the set-up, precession frequencies of around 1-2 GHz could be expected, and
switching fields below 20 mT, manageable by a permanent magnet. High numerical aperture objectives (0.95) were
used in order to provide a tight focusing to d,,;,. Combined with the high velocity Vg substrates used in the latter

studies (STO and sapphire), this ensured the highest possible acoustic frequencies (finaz = 4(1‘/—3) to match to the
FMR mode. B

3Note that other authors [56] have worked with two synchronized lasers, one of them lying in the infra-red, below the gap of the
substrate
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Figure IV.18: [110]: Schematics of the dual interferometry/time-resolved polarization rotation (TRPR) experiment. (a)
Frequency content of the Rayleigh waves generated by thermoelasticity (interferometric detection). (b) FMR mode of the
FeGa|Al;O3 sample showing a good overlap with acoustic frequency (broad-band FMR on the set-up developed by our
post-doc I. Camara).

e Typical interferometry and polarization rotation (PR) maps are shown below in Fig. [[V.19|for the FeGa|Al, O3
sample. The signal in the epicenter is generally saturating, so I will rather discuss the contours away from it.
A clear hexagonal surface acoustic wave-front appears on both maps due to 3-fold symmetry of the substrate.
The ripples evidence a large dispersion of the frequency waves (low frequencies travelling faster than higher
ones). The PR map shows a two-fold in-plane symmetry whose main axis did not seem to vary with the
incident polarization or the magnetization direction, but rather from day to day..

FeGa on Sapphire Ti on Sapphire

Interferometry map PR map PR map

45 ym

Figure IV.19: [II0]: Typical interferometric and polarization rotation (PR) maps recorded on FeGa. Comparative PR
map taken on a control non-magnetic Ti sample evidencing weaker signal to noise ratio, but similar features.

Comparing to the expected magnetic PR signatures calculated from the magneto-elastic torques (Fig. [[V.20),
the only way to reconcile the observed map is to have a dominant contribution of the shear strain component.
A film-over-substrate calculation however estimated this component to be very small. Moreover, a similar
map was obtained on a non-magnetic sample, pointing rather to an elasticity-driven PR. This would not result
from photoelasticity which would give a 4-fold symmetry (Fig. [[V.20), but possibly from diffraction. This
point has not been resolved unfortunately.
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Figure IV.20: [11I0]: Angular dependence of the polarization rotation §3 expected from magnetic precession or photoelastic
effect: 2-fold with magneto-elastic coupling to the shear strain, 4-fold (never observed) when coupling to the longitudinal
component, or when detecting photoelasticity.

e Doing line scans at variable pump-probe delays, in both interferometry and polarization rotation modes, we
then obtained dispersion relationships. In the final dispersion map shown in Fig. [[V.21] one clearly sees two
acoustic modes (surface travelling at 5.7km/s and skimming at 10.6km/s). The dispersion due to the acoustic
impedance mismatch between the film film and the substrate also shows up as a slightly sub-linear slope of

f(k).
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Figure IV.21: |[110]: Methodology to obtain dispersion maps form time- and spaced-resolved pump-probe experiments.

A fairly typical set of PR/elastic dispersion relationships (DR) is shown in Fig. for the FeGalsapphire
sample, but similar results were obtained on Ni|glass or Co|Al2O3. The polarization rotation DR, seems to follow
roughly the SAW of the interferometry DR, except at low frequency/wave-vector where the signal is much weaker.
Projecting both Fourier maps onto the frequency axis confirms that the PR data mainly peaks just under 2 GHz,
slightly above the FMR frequency, while the interferometry data spreads out more evenly across the spectrum.
Although no anti-crossing appeared, this initially seemed like a sign we were indeed seeing the magnons excited by
the SAWs.

Various points however went in the wrong direction, such as the insensitivity of this curve to the applied field,
or the unexpected two-fold symmetry of the spatial maps. The general absence of tunability of all the features
observed with magnetic material, incoming optical polarization or acoustic spectral content all seemed to point
to an experimental artefact giving the PR data some of the characteristics we needed, without being of magnetic
origin.
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Figure IV.22: [I10]: Interferometry and polarization rotation (PR) dispersion maps obtained on the FeGa|AloO3 sample,
under 20mT (see corresponding FMR data in Fig. [[V.18]). The more peaked distribution of PR frequencies, close to the
FMR-determined precession frequency could indicate a magneto-acoustic coupling, but the angular dependency of PR maps
says otherwise.

will spare the reader the description of the numerous tests and experiments performed and direct him /her

to Piotr’s thesis [I10]. The general sense was that the data was dominated by an elasticity-driven polarization
rotation, and therefore that the magnetic signal was very weak. Since acoustic and magnetic frequencies were
overall generally well matched, one could invoque instead:

e a very elliptical precession trajectory resulting from the high magnetization of the materials used, giving a

very small polar Kerr dynamics component

e very small elastic strain due to the acoustic power having to spread out over a contour of increasing perimeter

(added to the natural acoustic damping, which is quite weak). This could easily be adressed by patterning a
linear metallic transducer.

e poor spatial overlap of magnon and phonon modes (see for instance a detailed description of this issue in

Babu et al. [9])

4.5.3 Successful endeavors of other groups since then

e Time-domain observations of magnon and phonon f(k) curves still remain elusive. With high fluence pulses

impinging through the transparent GGG substrate on the back-side of a Lus 3Big 7Fes G012 (LulG) layer,
Hashimoto et al. [69] evidence a resonant spin dynamics signal at the crossing point of the acoustic mode
dispersion with that of high-k backward volume modes. The success of their approach seems to rely on very
strong magneto-optical effect of LulG, and on the excitation of bulk acoustic modes, whose spatial profile
favors a strong coupling with magnons [9].

Frequency-domain techniques are naturally better adapted to this topic, in particular Neutron Scattering [124]
and Brillouin Light Scattering [22, @, 237, [76], with their sensitivity to both magnon and phonon excitations.
A very nice recent paper measures and explains the (anti-)crossings of magnon and phonon DR of CoFeB/Au
multilayers and concludes on the necessity to have not only frequency /wave-vector matching between the two
populations, but also a sizable spatial overlap of the modes. This can be seen as a matching of wave-vectors
in 3-dimensions (often 2 though), instead of having a simple f(k) curve with k = k.u singling out a unique
direction.
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Figure IV.23: [7I]: Time- and space-domain detection of the spin-dynamics triggered by optically excited bulk acoustic
waves. The mechanism by which they excite these modes is not detailed but might rely on electrostriction (which they seem
to call impulse Raman process), or on the thermoelastic effect using the weak absorption of the pump beam in the substrate
[148]. [9] Brillouin light scattering evidencing strong (resp. weak) coupling of magnons to Love (resp. Rayleigh, R-SAW)
waves and a gap opening of a few 100 MHz for the former.

5 SAW-driven or -assisted magnetization switching

5.1 Resonant SAW-driven precessional switching

One step beyond the triggering of magnetic resonance with an acoustic wave is the full switching of the magnetiza-
tion. Again, we first tried with picosecond bulk acoustic waves before realizing that coupling conditions were very
poor in this case (Sec. . We turned instead to SAWs, initiating our collaboration with Jean-Yves Duquesne
(INSP, Acoustics Team).

e Principle

As described above, at low SAW amplitude or far from the resonace, the SAW triggers the precession of mag-
netization around its equilibrium position at fsq.... As the strain is increased, 2fsqw components appear in the
magnetization dynamics, and the position around which it precesses departs from the SAW-free configuration to
drift towards the direction of the applied field [105]. The next step, which we predicted in 2013 [194], is that above
a particular SAW amplitude threshold and close to resonance, the precession becomes highly non-linear. Large
oscillations at fsqw/2 appear, around the applied field this time, with the magnetization oscillating from one energy
valley to another (Fig. [IV.25). By stopping the SAW at the right moment of this trajectory, we showed numerically
that an irreversible magnetization switching could be expected. Note that a similar prediction was published around
the same time for picosecond acoustic bulk waves hitting a biaxial film of Terfenol [I03].

Spin Electric
transfer field
torque

Shiota,
Lacoste Nat. Mat. ‘12
PRB 14

Figure IV.24: Two examples of precessional switching from Refs. [I12] [180], using a pulsed polarized current or electric
field.
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This “precessional switching” mechanism is well-known when triggered by a pulsed field or polarized current, as
in magnetic tunnel junctions (Fig. [41), [152] 134 [87]. It is of high interest for magnetic storage technology
since switching occurs at fields lower than by a classical Stoner-Wohlfarth mechanism, deterministically (at least
for short pulses), and at GHz rates of the order of the precession frequency (provided the end phase of the stimulus
is well controlled) [122]. In the case of fields/currents, it is the magnetic damping that is particularly critical in
determining the magnetic state at the end of the pulse. When using SAWs and in our geometry, it is rather the
(slow) decay transient-time of the acoustic wave through the transducers. The final state (e.g. ‘up’ or ‘down’)
then depends subtlety on the tuning of SAW /magnetic frequencies, and the duration of the SAW pulse, which itself
governs the phase of the magnetization dynamics when the SAW amplitude decreases below the large-oscillation
threshold (Fig. [[V.25)). As when using fields/current pulses, SAW-switching is deterministic (Fig. [[V.25k). The
main foreseen advantage is the remotability of the switching: SAWs are very weakly damped and can travel over
millimetric distances. The perspectives of mixing wave-mechanics with spintronics to have acoustic waves address
distant bits drove us to initiate the experiments ("SPINSAW” ANR JCJC project 2014-2017).
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Figure IV.25:  [194] Principles of SAW-driven precessional switching and theoretical diagram for applied field/SAW
amplitude conditions required to induce precession around the applied field, potentially leading to a full reversal if the SAW
pulse is stopped at the right moment.

e Experimental demonstration of SAW-driven switching

Using Kerr microscopy to probe initial and final magnetic states in zero field, we demonstrated that we could indeed
switch the magnetization of uniaxial in-plane or out-of-plane magnetized (Ga,Mn)As and (Ga,Mn)(As,P)layers, as
summarized in Fig. We used SAW pulses of a few hundreds of nanoseconds, or any duration longer than
the ~80-100 ns transient. Playing with the wave properties of SAWs, we also showed that standing waves could
structure magnetically a layer in Agaw /4-wide stripes (Fig. , whose position could be very finally adjusted
by varying the relative phase between the two electrical excitation pulses [111].
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Figure IV.26: [192], 111] Resonant switching induced by a 400ns SAW pulse, Kerr microscopy. Reference images taken in
opposite saturated states give the pourcentage of the layer that has switched. No switching is observed out of the SAW path
or out of the IDT resonance. (a) Out-of-plane magnetized layer, fsq.,— 549 MHz. After the acoustic pulse, self-organized
unresolved domains form, giving an overall 50% switched layer. (b) In-plane magnetized layer, fsqw= 989 MHz. This time,
fully-switched domains can be observed, but on average only about half the layer has switched.
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Figure IV.27: |[111] stationary acoustic waves for magnetic patterning (7=40K), created by two acoustic waves interfering
with either colinear (a-d) or perpendicular (e-f) wave-vectors. Precise, nanometric positionning of these patterns can easily
be obtained by tuning the respective phase of the two RF bursts.

The resonant nature of the switching reversal was proved indirectly by showing it was more efficient:

e at the SAW-FMR resonance field (Fig. [[V.28b)

e at RF powers at which non-linear SAW-FMR behaviors appeared (down-shift of the resonance field and
non-linear SAW power dependence of the absorption at resonance, Fig. [IV.28p)

e as the SAW frequency increased (Fig. [[V.28d)

e in geometries maximizing the SAW-induced torques (in particular playing with the angle of the applied field,

Fig. [V.25)

However, we noticed that the duration or phase of the SAW pulse did not seem to have any incidence on the
final state, contrary to what is expected of deterministic switching (see for instance the nice data in Fig. [[V.24).
Moreover, switching was not “reversible”: applying a second SAW pulse on a multi-domain configuration changed
only marginally the magnetic configuration.
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Figure IV.28: 192, Indirect proofs of the resonant nature of the switching by correlating the swiching efficiency
(area or switching %) and the SAW-absorption at resonance (see text).

Having convinced ourselves of the resonant nature of the switching, we looked for experimental conditions
allowing the precession frequency to be resonant with fs,,, in zero field. This was possible on a particular (Ga,Mn)As
layer at T = 100K, for which the competition between uniaxial and biaxial anisotropy gives a particular shape to
forec(B) (Fig. [V.29). In these conditions, we indeed demonstrated zero-field switching, and even showed reversible
toggling between the two equilibrium magnetic states for over 20 consecutive acoustic pulses. This had not been
possible for SAW-driven switching under field because any imperfect alignment of the field with the
hard axis made < to — switching efficiency very asymmetrical compared to that of — to + (or likewise | to 1 and
1 to |), an issue also encountered for current-driven precessional spin-valve switching [152].
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Figure IV.29:  |24] Zero-field switching (T=100K): (a) fprec(B = 0) ~ fsaw =990 MHz. (b) Toggling behavior under
successive 250 ns-long SAW bursts. It is excellent close to the exciting transducer, but becomes poor away from it, possibly
due to incoherent scattering of the wave as it travels over the multi-magnetic domain layer as domain-walls may modify its
phase and amplitude.

¢ Explaining the shape of the domains

We studied the shape of the domains obtained after SAW-switching, to elucidate why we did not obtain the
“fully switched” or “fully unswitched” final state predicted in Ref. [194]. MuMax micromagnetic simulations (see
videos online) showed quite convincingly that it is the spatial dispersion of magneto-elastic constants in the layer
that is responsible for the onset of the filamentation: it induces local disparities of the detuning between SAW
frequency and precession rate, making the magnetization stop oscillating at different moments of its trajectory
when the RF pulse is turned off (Fig. [[V.25h). This is also the cause for the insensitivity of the final domain
configuration on the SAW pulse duration (Fig. [IV.30). As could have been expected, the layer indeed doesn’t
behave like a "macrospin”, and tries instead to limit exchange, magnetostatic and domain-wall energies by finding
an optimum arrangement: self-organizing into 'up’/’down’ domains for the out-of-plane magnetized (Ga,Mn)(As,P)
layer, or forming domains several hundreds of pum?-wide for in-plane magnetized sample, with the filament shape
reducing the magnetostatic energy. Instead, for ksqq. perpendicular to the easy axis (EA), the final domains are
larger and less filamented than when Kgqq||EA | since the SAW wave-front evolves parallel to the magnetic easy
axis, a much more confortable situation from the point of view of magneto-statics.
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Figure IV.30: [111] Simulations of the final magnetic state after a SAW pulse lasting ns2% including (or not) a phe-
nomenological random dispersion of magnetoelastic constants: Ks(x,y,t) = K| ,0+d.rand(x, y) AKy)) saw (z,t). B=23 mT,
fsaw = 989MHz, ksqw along the easy axis. The filament shape of the domains in Fig. are well reproduced. For
the full movie of the simulations (with/without anisotropy dispersions, for ksq. parallel or perpendicular to the easy axis),
please see lonline videos.

e Is this really “precessional switching” ?

While these experiments were met with an unexpected success, for both in-plane and out-of-plane layers,
several arguments have understandably been put forward by the community to discard the denomination
“SAW-driven precessional switching”.

> This term is most generally used in spintronics to signify the use of a hard axis magnetic field combined with

a short current ou field pulse that reverses the magnetization within half its precession period, rather than within

a multiple of % as we have done. This may be considered a terminology issue, in which case it would be more

appropriate to qualify our experiments as SAW-driven resonant switching. Given our geometry, it was not possible

to test whether the magnetization could be switched in % (or T%) : the transient of the IDT was much too
Tprec

slow to have reached the SAW-amplitude switching thereshold within a fraction of ~25*=. A better geometry for this
would be the use of SAWs generated by femto second pulses illumating a few-digit IDT. Such optically generated
waves have already been shown to excite and control coherently (low angle) magnetization precession in a CoFeB
magnetic tunnel junction [231]. A definitive time-domain demonstration of the precessional s« -periodic trajectory

would settle the matter, and was not done for lack of time.

> It has also been argued that it was not the magnetoacoustic torque driving the precession, but the heat
generated by the SAW that, combined with applied fields very close to the saturation field would favor the tilt
of magnetization towards the opposite potential valley. To adress these remarks, we have repeatedly shown that
exciting the IDT at a frequency just off-resonance (no SAW emitted, but identical rf field radiation and heating)
gave no switching, and also estimated the temperature-rise due to the SAW itself (thermoelastic effect) as minute
[192]. Moreover, the correlation between the depth and field of the SAW absorption resonance with the efficiency
and field of the magnetization reversal efficiency does seem to point in the right direction. Because the SAW
frequencies were generally quite low, resonance fields (and thus switching field) were indeed often close to the hard
axis saturation field. Yet, the demonstration of zero-field switching, with convincing successive toggling between
the two states, showed that this mechanism did not require being very close to the saturation field.

5.2 Non-resonant SAW-assisted switching

e Principles

Our 2013 calculation [194] also explored another geometry, with a distinct mechanism: the field is this time applied
along the easy axis, and SAW pulses are applied continuously (at 50 Hz repetition rate). Since the domain nucleation
energy and domain-wall energy both depend on the easy-axis anisotropy constant - Ko, for out-of-plane anisotropy

61


https://iopscience.iop.org/article/10.1088/1361-648X/aac152#supplementarydata

(OOPA), Ky, for in-plane anisotropy (IPA), see Chap. II, Sec. 2. Both of these parameters are related to magneto-
elastic constants (< By or B, see Sec. E[), so that the SAW pulses can lower the system’s energy sufficiently to
facilitate the nucleation/propagation of domains and lower the coercive field. This geometry is “non-resonant”
because the torque on the SAW onto the magnetization cancels out when M L Esaw (Eq. with 8y = 0 for
OOPA, and 0y = 5,9 = 0 for IPA), so that we are not trying to equate the SAW and precession frequencies. The
anisotropy constants nevertheless feel a Ts,q,-periodic modulation, hopefully slow enough to substantially decrease
the system’s total energy in the appropriate half-period (Fig. [[V.31h).

e Strong reduction of the coercivity by a SAW in out-of-plane magnetized (Ga,Mn)(As,P)

We showed experimentally that the coercive field B, could be divided by 2 by this approac}ﬂ and over millemetric
distances [193], compared to the 11% decrease observed by Li et al. [118] in Galfenol or the 5% decrease observed
by Edrington et al. [47] in Cobalt. A study of the swiching efficiency at fixed field and fixed number of pulses
but varying repetititon rate seemed to indicate a cumulative effect from successive SAW pulses. To reproduce
the SAW amplitude dependence of coercive field, we adapted without much success the so-called “droplet” model
[10, 139], with the SAW inducing a transient lowering of the energy cost to reverse a single opposite domain.
Other phenomena were probably at play, such as the effect of the strain on the propagation/depinning energies,
more complex to model (Fig. ) A more thorough study - impossible technically at the time since we had
single-frequency IDTs - would have been to probe the effect of the SAW frequency on the switching efficiency.
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Figure IV.31: [193] (a) Magnetization switching in out-of-plane magnetized (Ga,Mn)(As,P) assisted by SAW, via the
transient lowering of the domain-wall energy. (b) Kerr microscopy image at B = 0.6B. under a 50 Hz train of high-
amplitude SAWs. (c) Full hysteresis cycles measured with/without SAW by averaging the magneto-optical signal in front of
the IDT. (d) Dependency of the coercive field B. with temperature and rf power.

Finally, a short study of coercivity under SAW pulses was performed on the in-plane magnetized sample used
for the magnetoacoustic resonance and switching studies of Refs. [109], I11]. The coercivity decrease proved a lot
less spectacular for these layers: about 15% for k.., parallel to the easy axis, and 30% for kg4, perpendicular to the
easy axis (unpublished), the latter probably being more favorable because of the comparatively lower magnetostatic
energy cost, as demonstrated for the precessional switching case (Sec. .

6 Comments & Perspectives

Taking a step back from this fairly fundamental work done on (Ga,Mn)As, let’s consider part of the very interesting
magnetoacoustics work that has been done across the globe in the past couple years. In 2019 we were kindly asked
to contribute a Straintronics chapter to the “SAW Roadmap” [40], coordinated by Hubert Krenner from Augsburg
University. I will cite below a few of the tendencies we had identified then and that confirmed to emerge as hot
topics, as well as some other ideas:

4We were in fact limited by the maximum available RF power, and poorly optimized impedance matching of our circuit.
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e Non-reciprocal SAW-FMR: Waves behaving very differently for opposite wave-vectors are of great tech-
nical interests in electronics, to drive elements such as circulators, gyrators, isolators, or non-reciprocal phase
shifters. Damon Eshbach-like magnetostatic waves which travel in opposite direction +ED B/ —ED g at the
top/bottom surface of a film have been used for this purpose. The non-reciprocal coupling of SAWs to these
waves has also been known for half a century (see excellent review by Camley [26]), usually working at fairly
low <100MHz frequencies. The non-reciprocity (e.g. eigenfrequency difference for a given kp g) then scales
linearly with film thickness [53], quickly becoming quite negligible for the ultra-thin films currently used in
spintronics. Yet other strategies can be used to obtain non-reciprocal SAW propagation or attenuation by
playing on chiral magnetic or acoustic effects :

— using magnetic layers presenting a (chiral) Dzyaloskinskii-Moriya interaction or synthetic antiferromag-
nets with a highly asymmetric magnon dispersion [211] 212] [5]

— using off-diagonal strains components of the SAW, either the symmetric part, S,, = & ( 8“2 ) (small,
if not zero at the suface, see torque in Eq. [[V.11]), or the anti-symmetric part w,, = % ( ) For

instance, recent data shows a 77% non-reciprocal ratio in CoFeB excited by SAWs [223].

Note that in the past couple years, there have been close to a dozen experimental or theoretical papers on

non-reciprocal SAW-FMR [224] 188, 211], 212}, 217 (74}, 175].
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Figure IV.32: |211] 212] An illustration of how playing with the magnon (dashed blue) dispersion can lead to a highly
non-reciprocal coupling to phonons (green curve): (a) Reciprocal coupling. (b) Narrow-band nonreciprocity relying e.g.
on the Dzyaloshinskii-Moriya interaction, with coinciding and frequency-separated hybridization bands. (¢) Wide-band
nonreciprocity using synthetic antiferromagnets.

e Electrical detection of magnetization precession: the field-tunable SAW attenuation and phase delay
of SAW-FMR was understood early on to be of particular interest for tunable delay lines, field sensing and so
on. Little was suggested on how to use the magnetic precession that accompanies it. Our studies comfort the
understanding of the coupled magnon-phonon interaction, and have provided a credible theoretical framework
to put numbers on the amplitude of both in-plane and out-of-plane precession. The fact that SAW-FMR can
excite spin-waves of controlled wave-vectors, over long distances, and possibly with non-linear behaviors, could
provide a relevant solution to the magnonics community, so far held back by the difficulty to sustain these
waves over long distances. An optical detection of this precession is of little technological interest, unlike its
conversion into an electrically detected signal, i.e. by pumping the angular momentum towards a neighboring
spin-sink and transforming it into a charge current [93]. This was clearly demonstrated on Co/Pt structures
(once again early on by the Goennenwein group [220] later by INSP [164]), as well as on Ni/Cu/BiO3 [222]
and Y3Fe5O12/ Pt [222] 208]. Signals remain quite weak, but this approach will surely benefit from the search
for high spin-to-charge conversion led by the “spin-orbitronics” community.

e Shifting away from Rayleigh waves: while the “rediscovery” of Rayleigh-magnon interaction was clearly
motivated by the use of these modes in electronic filters, and the higher frequencies allowed by the progresses
of e-beam lithography, these might not always be the best suited:

— as described above, the magneto-elastic coupling is highly anisotropic. Considering the main Rayleigh
strain components Sy, S, (2||ksaw, 2 L plane), the coupling is 4-fold. It goes to zero 4 times across
the quadrant (Eq. and is maximized for angles that are not necessarily the ones for which the
frequency matching is reached. The coexistence of Rayleigh waves with other modes having a different
angular dependence would raise this geometrical constraint. Love waves might be a good candidate,
evidencing a 4-fold, but 7/4-shifted dependency [9] [135].
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— Rayleigh waves are the natural modes existing at the surface of a semi-infinite substrate, they decay
down to a delpth of about Agqq. This implies that most of the acoustic energy is “wasted” when we
have a thin (<50nm) magnetic layer topping the substrate. Moreover, the dominant strain components
of this mode go to zero (and change sign) fairly close to the surface (Fig. [[V.1). This implies that the
overlap with some of the magnetic modes might simply average out to zero [9]. One option is to bury the
magnetic layer to exploit the Rayleigh wave’s shear S,. component [I88], which becomes non-zero away
from the surface, but remains weak. Another solution would, again, be to work with Love waves, whose
transverse displacement decays monotonously with the same sign in the thickness (Fig. [[V.33), or to
engineer the acoustic parameters to have the waves strongly guided in the magnetic layer. This approach
was implemented succesfully in ThCoy/FeCo multilayers by Mazzamurro et ol. [I35]. An alternative
used recently is to pattern the films enough to generate standing waves in the element, that decay very
little in the thickness [56].
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Figure IV.33: (a) Reminder of the depth dependence of the strain components of a Rayleigh wave. (b) [9] Angular
dependence of the magnetoelastic torque driven by Rayleigh or Love waves.

* * *

These exciting ideas, already partially implemented on ferromagnetic metals, do not invalidate the work started

at INSP on a low-temperature, technologically “irrelevant” material at the onset of this revival. To sum up, what
made the success of these magnetoacoustic studies in (Ga,Mn)As was:

e the temperature- and field-tunable lower-GHz precession frequencies of (Ga,Mn)As that brought resonant
behavior within easy reach. Resonant coupling is of course possible for any ferromagnetic layer precessing in
the more usual 5-10 GHz range softened to low value under a hard axis field, but the constraint is then on
the direction of the field, which must be perfectly aligned with the hard axis (see SAW-FMR study in Fe by
Duquesne et al. [46] for instance).

e the low M, that meant it was sufficient to consider the uniform mode, and not worry about magnetostatic

modes [62] 69] 9]

e the rich and sizable magneto-optical effects that made it easy to detect the magnetization precession and
switching. The excellent sensitivity to e.g. the out-of-plane precessing component 66 was also favored by the
low saturation magnetization of (Ga,Mn)As which kept the precession cone a lot less elliptical, squished in
the plane, than for higher M metals.

The switching study however falls a bit short of the initial aspirations. The idea was that with their weak attenuation,
and power-flow confined to the surface, they could be made to interfere, diffract and focus on magnetic elements,
opening a new route toward “straintronics” [7][40]. Once “proofs-of-concept” obtained on unpatterned layers of a
low-temperature ferromagnet, one should move on to e.g. studying single-domain structures, working on the IDT
design to improve the impedance matching and reduce the transient duration, or implement complex wave-shaping
or focusing to selectively adress a single “bit”, and of course branch out to room-temperature ferromagnets. Instead,
I have made the choice of moving towards antiferromagnets, as will be detailed in Chap. V.
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Chapter V

Future work: acoustics for antiferromagnets

’ e Students involved: Antoine Rignon-Bret (L3, 2019), Ali Kassem (M2, 2020), Anthony Chavatte (M1, 2020) ‘

In the coming years, my goal is to study magnetoacoustic interaction in antiferromagnets. This shift is driven
in part by the desire to (i) work closer to room-temperature, on more technologically relevant materials, (ii)
exploit the “magnetoelasticity” experimental and theoretical knowledge accumulated on ferromagnets on systems
(comparatively) less studied so far, (iii) explore these fascinating materials in which the antiferromagnetic order can
be native, or created “synthetically”, yielding incredibly tunable properties [91] [68, [6 [119]. While antiferromagnets
are well-known for their very high precession frequencies, and would thus appear poorly adapted to SAWs, we have
chosen some systems on which they may be relevant.

One of these projects has recently been funded by the French Research Agency (ANR, 2020 call). ACAF (“Acous-
tics for Antiferromagnets”) is a collaboration between INSP, the Laboratoire de Physique des Solides (LPS, Orsay,
A. Mougin & Jodo Sampaio), the Laboratoire des Sciences des Procédés et des Matériaux (LSPM, Villetaneuse,
Y. Roussigne, M. Belmeguenai, M. Cherif), CEITEC (Brno, Czech Republic, V. Ulhir) and University of Mainz
(Olena Gomonay). I am copying/pasting in extenso the short version of this proposal.

1 Context, scientific objectives and research hypothesis

This experimental project aims to understand and harness the role of dynamic strain (surface acoustic waves,
SAWs) to control antiferromagnetic (AF) states using magnetoelasticity. The main objective will be to gauge the
possibilities SAWs offer as opposed to the traditional excitation of AF dynamics with radio-frequency (rf) fields, in
terms of coupling efficiency, frequency, tunability, or zoology of excited modes. SAW-driving of AF dynamics, and
the resulting possible manipulation of AF static states will be explored on two very different well-chosen systems,
both bypassing in a different way the main bottleneck of addressing collinear antiferromagnets: their near-total
lack of macroscopic stray field and magnetization. Magnetic coding of information has so far relied on bistable
ferromagnetic (FM) states. Easily manipulated with magnetic fields, they are also prone to cumbersome bit-to-bit
interactions via stray fields. Typical operating frequencies are capped to the GHz range by the magnetic anisotropy
energy. There is thus now a keen interest in using collinear antiferromagnets [89]. They are composed of two
sub-lattices of magnetizations My = — My, with My — My = L the Néel vector, and My + My ~ 0 . In an AF
with biaxial anisotropy, the two possible orthogonal directions of L would code for “0” and “1” bits. AF bits are
expected to be very robust against cross-talk and environmental magnetic fields, having zero net magnetization.
The dynamics are this time ruled by both anisotropy and exchange energies, which rockets accessible frequencies
to a few GHz, up to the THz.

Antiferromagnetic resonance is obtained using rf magnetic fields in very much the same way as for ferromagnetic
resonance (FMR), i.e. by tuning the frequency of the drive field to the magnetic eigenfrequency. In this project
we will implement an alternative approach, radiation-free, electric-field driven and travelling wave-like: SAWs will
create an effective rf field via magneto-elasticity [I11), 45] and induce AF resonance when phonon and magnon
dispersion curves meet, i.e. for energy/wave-vector matching conditions. Because this effective field is different on
each magnetic sub-lattice, we expect the SAW-torque to be more efficient than a global rf field, and to introduce
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more tunability and efficiency in AF magnon excitation. In the longer term this scheme would limit Joule dissipation
(and associated spurious temperature-gradient related effects) as strain will be excited by electrical fields, and allow
alternative AF data storage design using focusing, interference, wave-front shaping and waveguiding effects, or
remote accessing of bits, thanks to the weak attenuation of SAWs. Implementing these effects into a novel device
however requires a deep understanding of strain-driven AF dynamics, in particular: how resonance (and therefore
large precession angles) can be obtained, which strain components and frequencies are most efficient, what types of
magnon modes are excited and with which efficiency compared to rf field excitation, how does the coexistence of
ferro- and anti-ferromagnetic phases hinder or boost AF dynamics, and finally, could SAWs even induce L-vector
switching? The aim of the project is thus to lay the foundational physics to harness acoustic wave-driven AF
dynamics.
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Figure V.1: (a) Net magnetization (cancelling at T,,) and spin density (cancelling at T,) calculated in Gdo.2Coo.s. (b)
Hysteretic magnetization of FeRh (CEITEC). (¢) Envisionned measurement of AF dynamics under SAW excitation (INSP).
Different piezoelectrics will be used: ZnO, LiNbOs, AIN/Si or Lead Magnesium Niobate-Lead Titanate.

2 Innovative and ambitious nature of the project, state of the art

The interaction of electrically excited SAWs with magnons has been evidenced in ferromagnetic metals [45], in-
sulating ferrimagnets [I83], and magnetic semiconductors, on which INSP has shown that SAWs can drive FMR,
and magnetization switching [109, 192]. Controlling antiferromagnets with strain has instead been very little
explored, although their magnetoelasticity is well documented [59]. This is partly due to the experimental difficul-
ties encountered when studying these materials: (i) preparing/detecting a given static AF state and (ii) detecting
the AF dynamics, which both result from the near-absence of macroscopic stray field and magnetization in these
materials. The project’s innovative approach is to use SAWs on two systems chosen to bypass these bottle-necks
by reintroducing a finite magnetization: the ferrimagnet Gd;_,Co, which can behave dynamically as an antiferro-
magnet but maintains a detectable magnetization and a field sensitivity, and a particular antiferromagnet, FeRh,
transitioning via strain to a FM phase around room temperature. The project is thus naturally divided into two
fairly independent but complementary parts:

*) The perfect anti-alignment of sublattices in conventional collinear AFs limits probing techniques to those
of even parity in local magnetization (e.g. magnetic linear dichroism, anisotropic magnetoresistance - AMR),
effects whose multiple origins complicate interpretation. To circumvent this, we propose to study ferrimagnets at
varying temperature. These materials are made of two AF-coupled uncompensated sublattices of magnetization
Mo = S121B91,2, where S; and g; are the total spin density and Landé factor [84]. Two particular temperatures
stand out (Fig. a): magnetic compensation at T, (M; = —M>) and angular compensation at T, (51 = —S2).
At T,, a simplified picture shows the effective gyromagnetic ratio (yess = % x SlJlrSQ) diverges, rendering
the dynamics effectively AF-like [27] whilst keeping them easily detectable since the magnetization remains non-
zero. This diverging 7.r; has so far mainly been exploited to increase domain-wall propagation velocities[27],
including by members of the consortium[67] (LPS), but the “macrospin” behavior at T, remains to be explored, in
particular under acoustic excitation. The ferrimagnet we will focus on is Gdy_,Co,, well mastered by LPS. On
this unique system, we will study in depth the interaction of SAWs with magnetic sublattices, varying smoothly
from a FM-like to a AF-like dynamical behavior with temperature, and establishing the optimum conditions for a
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resonant excitation of the dynamics. This ambitious plan will require careful optimization of the magnetic layers,
and modelling of the coupling of uncompensated lattices. For the latter we will benefit from the support of an AF
dynamics and magnetoelasticity expert[59, 58], Prof. O. Gomonay (Mainz). This will be unchartered territory as
there is no precedent that we know of this type of study, most reports of SAW-driven AF resonance having either
focused on non-collinear AFs with incommensurate helical ordering [168], ferrimagnets in the FM-like phase[183] or
the acoustic leg of the resonance[I§].

*) The robustness of AFs against typical external magnetic fields also makes it very challenging to toggle between
two AF states [89], requiring instead exchange-coupled FM layers or electrical current-induced effective fields acting
synchronously on both sublattices, an efficient but rare instance (e.g. in CuMnAs[89]). Their high precession
frequencies also renders precessional (resonant) switching]192] very difficult. Another strategy is to rely on the
proximity of a magnetic phase transition to ease the switching. We will apply this to the antiferromagnet Iron
Rhodium, FeRh, a material known as a temperature sensor which exhibits an unusual first order transition from
AF to FM states around Tap_pp ~ 370 K, with a broad temperature window seeing both phases coexist (Fig.
1p). Tarp_ra can be tuned by magnetic and electric fields [141], B0, 221], but also by static strain, since the
magnetostructural nature of the transition is responsible for an impressive 0.7% isotropic increase of the lattice at
Tar_pa- So the application of strain is essentially equivalent to that of temperature. So far, the most significant
results concerning L-switching in FeRh[I4T], [130] relied on temperature cycling under large fields (0.3-9T) with a
mechanism reminiscent of thermally-assisted magnetic recording: a temperature rise above Typ_pas places the
system in the mixed AF-FM state, where a field makes the spins rotate by 90°. A temperature decrease then
returns it back to a 90°-rotated AF state. This approach is particularly energy-inefficient because essentially static;
we wish instead to implement an ambitious new strategy, with SAWs inducing a transient resonant and localized
AF-FM transition. While several groups have studied static strain-driven Tap_ s tuning[147], (30, 2211 28], none
has used it to realize L-vector switching. Yet dynamic strain such as SAWs are well-known to be extremely sensitive
to phase transitions, and in particular magnetostructural ones like in MnAs[128] or FeRh. This implies conversely,
that in FeRh the phase transition may be triggered by SAWs, with effects possibly amplified at the resonance in the
AF or mixed AF/FM phase. Beyond the challenging goal of manipulating L-vector, this study will offer a unique
opportunity to test the resonance of a mixed AF/FM phase, in particular what happens at domain boundaries,
where different modes and lower frequencies are expected, and to confront this with what will have been understood
from SAW-driven AF dynamics on ferrimagnets.

3 Methodology

Over 4 years, ACAF will provide optimized FeRh and GdCo nanometric films and reliable procedures to generate
dynamic strain, have evidenced strain-magnetization coupling, and achieved strain-assisted Néel vector switching.
To this end, the project is organized into 3 packages involving 3 national partners (INSP, LSPM, LPS) and 2 foreign
ones (Mainz, CEITEC):

e WP1: Generating SAWs electrically on thin optimized FeRh and GdCo layers : WP leader Alexandra Mougin
(LPS). Months 1-36. Risk: low to medium.

e WP2 Evidencing magnetization-strain coupling WP leader Yves Roussigné (LSPM). Months 12-48. Risk:
medium-high.

e WP3: Strain-assisted antiferromagnetic switching in FeRh WP leader L. Thevenard (INSP). Months 12-48.
Risk: high.

The project will be driven by a balance of state-of-the art experiments (time-resolved Kerr effect, Brillouin Light
Scattering, anomalous Hall effect, Kerr microscopy, electrical SAW-FMR, broad-band FMR), phenomenological
modelling and micromagnetic simulations. It will rest on the synthesis of high quality FeRh and GdCo samples by
our colleagues from CEITEC (Brno) and LPS (Orsay).
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Chapter VI

Carriler overview

1.1

2.1

CV

Academic training

2004 - 2007: PhD Thesis delivered by Université Pierre et Marie-Curie, done at the Laboratoire de Photonique
et Nanostructures (Marcoussis), Director Y. Giildner, Co-director and Supervisor A. Lemaitre

2003-2004 : DEA («+»Master 2) “Material Science”, Université Pierre et Marie-Curie (Paris)

2000 - 2003: Engineer Diploma from Ecole Polytechnique (Palaiseau), double physics major

Professional experience

2014 : Promoted CR1 («+1st class research assistant) at the Institut des Nanosciences de Paris (INSP)

2009 : Hired CR2 (4»2nd class research assistant) at INSP in the team of C. Gourdon with the research
project “ Ferromagnetic semiconductors : magnetic domains and magnetization manipulation”

2007 - 2009 : Post-doc at Imperial College London in the team of Russel Cowburn with the research project:
?Study of novel nanostructures for magnetic data storage”

2004 - 2007: PhD Thesis at the Laboratoire de Photonique et Nanostructures (Marcoussis) in the team of
Aristide Lemaitre, on the topic "Study of the ferromagnetic propreties of (Ga,Mn)As using hydrogen”

Summer 2003 : Research Internship at LAM Research (Fremont, CA, USA) in the team of Andrew Wilson
on the topic “Feasability study of an in-situ infrared temperature sensor for Silicon wafers”

Research credentials
Research topics and main experimental techniques

(Ga,Mn)As, MnAs, FeGa, magnetic domains and domain-walls, current- and field-driven domain-wall propa-
gation, magnetoacoustics, magnetization dynamics, magneto-optics

Kerr microscopy, time- and space-resolved magnetization and elastic dynamics, magneto-transport, micro-
magnetic simulations
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2.2 Contracts

The Agence Nationale de la Recherche (ANR) is the main French national funding agency. C’Nano is a Paris Region
funding agency. The Partenariat Hubert Curien (PHC) is a program funding short research stays for experienced or
early-stage researcher from selected countries (in our case, Tunisia). Finally, my institute, INSP, is under the dual
management from the CNRS (National Research Center) and Sorbonne Université (previously called Université
Pierre et Marie Curie, or Paris VI)

e 2021 - 2024: ANR ACAF “Acoustics for Antiferromagnets” P.I. L. Thevenard, collaborations LPS (Orsay),
LSPM (Villetaneuse), CEITEC (Czech Republic), University of Mainz

e 2021 - 2024: ANR MAXSAW “MAgneto-elastic coupling eXploitation for tunable and non-reciprocal rf
Surface Acoustic Wave devices” P.I. T. Devolder, collaborations C2N and CEA SPEC (Orsay), Femto-St
(Besangon) and the company Freq|n|Sys

e 2016 - 2019 : PHC Utique, P.I. C. Gourdon - funding three 4 months stays of Meriam Kraimia for her
Franco-Tunisian PhD thesis

e 2014-2017: ANR JCJC SPINSAW| “Generation of spinwaves by surface acoustic waves in ferromagnetic
films” P.I. L. Thevenard. This is a “young researcher” contract funding only intra-lab projects

e 2012-2016: C’'NANO MURAS - “Ultrafast manipulation and switching of the magnetization in the diluted
magnetic semiconductor (Ga,Mn)AsP” P.I L. Thevenard, collaboration with LPN (Marcoussis)

e 2012 - 2015: Emergence Contract (“young researcher” project of Université Pierre et Marie Curie), PhD
fellowship for S. Shihab on the topic “Ezcitation and detection optical processes of the magnetization dynamic
in the diluted magnetic-semiconductor (Ga,Mn)(As,P)’

e 2010 - 2014: ANR MANGAS - “Exploring new techniques for magnetization manipulation in (Ga,Mn)As”
- P.I A. Lemaitre, collaborations with LPN, LPS and IEF, UMR CNRS-Thalés

e 2010 - 2014 : C’NANO Spin(Ga,Mn)As - “(Ga,Mn)As-based spintronics” P.I. A. Lemaitre, collaboration
swith LPN, TEF and LPS, UMR CNRS-Thalés

Unsuccessful proposals (as P.I. or collaborator): STRAIN (International Training Network, P.I. H. Krenner,
2019 and 2020 calls), ANRs (2009 and 2019 calls), IRONMAG (FET-OPEN European project, P.I. V. Temnov,
2020 call), Sorbonne Université Emergence (2019 call)

2.3 Main collaborations
e France

My main collaborator for the (Ga,Mn)As studies has been A. Lemaitre (Laboratoire de Photonique et Nanostruc-
tures, then merged with IEF into the Centre de Nanosciences et Nanotechnologies, C2N). He has cosigned most of
my articles. He has not only provided us with high quality (Ga,Mn)As and (Ga,Mn)(As,P) samples, but been a
constant source of ideas and feedback. Among other things, he foresaw early on the interest in using acoustic waves
(at the time, picosecond bulk longitudinal waves) to trigger magnetization precession, which was part of my initial
CNRS project. I have also interacted a lot with Ludovic Largeau, X-Ray specialist at C2N [106), [196], T13].
A. Thiaville and V. Jeudy (LPS, Orsay), N. Vernier and J.-V. Kim (IEF) have been active collaborators in
domain-wall propagation studies [197), [85], 191], some of them within ANR projects. Finally, it is probably within
INSP that I have developed the strongest collaboration, with J.-Y. Duquesne, M. Marangolo and P. Rovillain.
In the framework of - but not limited to - the SPINSAW project, we have together created a magneto-acoustics
team.

e Abroad

There is a long-standing collaboration of INSP with two groups in Tunisia (M. Maaref at the University of
Carthage, la Marsa), and K. Boudjaria (Faculté des Sciences de Bizerte). This has allowed several research stays
of a student (H. Riahi [162], 163], 176, [226]), and the completion of a joint PhD thesis (M. Kraimia [106), 105]).
Likewise, INSP was involved in a short-lived joint franco-argentinian laboratory, the LIFAN, with strong ties to the
magnetism groups of the Centro Atomico Bariloche and of the University of Buenos Aires. In this framework, we
have welcomed M. Tortorolo for two research stays dealing with the study of MnAs [2086].
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2.4 Full list of publications and talks

51 publications in peer-reviewed journals (among which 8 conference proceeding papers mainly dating from collab-
orations during my thesis) - 14 as first, 5 as last author, 1275 citations, h index 21 (Jan. 2021, Google Scholar, not
checked):

e Publications :

[1] “ Time- and space-resolved nonlinear magnetoacoustic dynamics”, M. Kraimia, P. Kuszewski, J.-Y. Duquesne, A.
Lemaitre, F. Margaillan, C. Gourdon, and L. Thevenard, Phys. Rev. B 101, 144425 (2020)

[2] “Exploring the shear strain contribution to the uniazial magnetic anisotropy of (Ga,Mn)As”, M. Kraimia, L.
Largeau, K. Boudjaria, B. Croset, . Mocuta, A. Lemaitre, C. Gourdon, and L. Thevenard, J. Applied Phys. 127,
093901 (2020)

[3] “The 2019 surface acoustic waves roadmap”, P. Delsing et al, Journal of Physics D: Applied Physics, 52 353001
(2019)

[4] “ Field-Free Magnetization Switching by an Acoustic Wave”, Camara, 1.S., Duquesne, J.-Y., Lemaitre, A., Gour-
don, C. and Thevenard, L., Physical Review Applied 11 014045 (2019)

[5] “Optical probing of Rayleigh wave driven magnetoacoustic resonance", P. Kuszewski, J.-Y. Duquesne, L. Becerra,
A. Lemaitre, S. Vincent, S. Majrab, F. Margaillan, C. Gourdon, and L. Thevenard, Physical Review Applied, 10 1
(2018)

[6] “ Resonant magneto-acoustic switching: influence of Rayleigh wave frequency and wavevector”, P. Kuszewski, L. S.
Camara, N. Biarrotte, L. Becerra, J. von Bardeleben, W Savero Torres, A. Lemaitre, C. Gourdon, J.-Y Duquesne,
L.Thevenard, Journal of Physics: Condensed Matter 30 244003 (2018)

[7] “Counter-rotating standing spin waves: A magneto-optical illusion” S. Shihab, L. Thevenard, A. Lemaitre, and
C. Gourdon, Physical Review B 95 144411 (2017)

[8] “Magneto-optical Kerr spectroscopy of (Ga,Mn)(As,P) ferromagnetic layers: Ezperiments and k.p theory”, M.
Yahyaoui, H. Riahi, M. A. Maaref, K. Boujdarial, A. Lemaitre, L. Thevenard, and C. Gourdon, Journal of Applied
Physics, 121, 125702 (2017)

[9] “Spin transfer and spin-orbit torques in in-plane magnetized (Ga,Mn)As tracks”, L. Thevenard, B. Boutigny, N.
Giisken, L. Becerra, C. Ulysse, S. Shihab, A. Lemaitre, J.-V. Kim, V. Jeudy, C. Gourdon, Physical Review B 95
054422 (2017)

[10] “Acoustic solitons : A robust tool to investigate the generation and the detection of ultrafast acoustic waves”,
E. Péronne, N. Chuecos, L. Thevenard, and Bernard Perrin, Physical Review B 95 064306 (2017)

[11] “ Vector network analyzer measurement of the amplitude of an electrically excited surface acoustic wave and
validation by X-ray diffraction”; 1. S. Camara , B. Croset , L. Largeau, P. Rovillain, L. Thevenard, and J.-Y.
Duquesne, J. Appl. Phys. 121, 044503 (2017)

[12] “Laboratory X-ray characterization of a surface acoustic wave on GaAs: the critical role of instrumental con-
volution”, L. Largeau, I. Camara, J.-Y. Duquesne, C. Gourdon, P. Rovillain, L. Thevenard, B. Croset, J. Applied
Cryst., 49, 1 (2016)

[13] “ Precessional magnetization switching by a surface acoustic wave”, L. Thevenard, I. S. Camara, S. Majrab, M.
Bernard, P. Rovillain, A. Lemaitre, C. Gourdon, and J.-Y. Duquesne, Phys. Rev. B 93, 134430 (2016)

[14] “Steady-state thermal gradient induced by pulsed laser excitation in a ferromagnetic layer”, S. Shihab, L.
Thevenard, A. Lemaitre, J.-Y. Duquesne and C. Gourdon, J. Appl. Phys. 119, 153904 (2016)

[15] “Strong reduction of the coercivity by a surface acoustic wave in an out-of-plane magnetized epilayer”, L.
Thevenard, I. S. Camara, J.-Y. Prieur, P. Rovillain, A. Lemaitre, C. Gourdon, and J.-Y. Duquesne, Phys. Rev. B
93, 140405(R) (2016)

[16] “ Optimizing magneto-optical effects in the ferromagnetic semiconductor (Ga,Mn)As”, H. Riahi, L. Thevenard,
M. Maaref, B. Gallas, A. Lemaitre, C. Gourdon, Journal of Magnetism and Magnetic Materials 395, 340 (2015)
[17] “Systematic study of the spin stiffness dependence on phosphorus alloying in the ferromagnetic semiconductor
(Ga,Mn)As”, S. Shihab, H. Riahi, L.Thevenard, H. J. von Bardeleben, A. Lemaitre, C. Gourdon, Appl. Phys. Lett.
106 142408 (2015)

[18] “Surface-acoustic-wave-driven ferromagnetic resonance in (Ga,Mn)(As,P) epilayers”, L. Thevenard, C. Gour-
don, J.Y. Prieur, H. J. von Bardeleben, S. Vincent, L. Becerra, L. Largeau, J.Y. Duquesne, Phys. Rev. B 90,
094401 (2014)

[19] “Domain-wall flexing instability and propagation in thin ferromagnetic films”, C. Gourdon, L. Thevenard, and
S. Haghgoo, A. Cebers, Phys. Rev. B 88, 014428 (2013)

[20] “Annealing effect on the magnetization reversal and Curie temperature in a (Ga,Mn)As layer”, H. Riahi, W.
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Ouerghuia, L. Thevenard, C. Gourdon, M.A. Maarefa, A. Lemaitre, O. Mauguin, C. Testelin , Journal of Magnetism
and Magnetic Materials 342, 149 (2013)
[21] “ Coupling and induced depinning of magnetic domain walls in adjacent spin valve nanotracks”, J. Sampaio, L.
O’Brien, D. Petit, D. E Read, E.R Lewis, H.T. Zeng, L. Thevenard, S. Cardoso, R. P. Cowburn, Journal of Applied
Physics 113, 133901 (2013)
[22] “Irreversible magnetization switching using surface acoustic waves”; L. Thevenard, J.-Y. Duquesne, E. Peronne,
H. J. von Bardeleben, H. Jaffres, S. Ruttala, J-M. George, A. Lemaitre, and C. Gourdon, Physical Review B 87,
144402 (2013)
[23] “Fast domain wall dynamics in MnAs/GaAs films”, M. Tortarolo, L. Thevenard, H. J. von Bardeleben, M.
Cubukcu, V. Etgens, M. Eddrief, C. Gourdon, Applied Physics Letters 101, 072408 (2012) , “research highlight”
[24] “High domain wall velocities in in-plane magnetized (Ga,Mn)(As,P) layers”, Thevenard, L., Hussain, S. von
Bardeleben, H. Bernard, M. Lemaitre, A. Gourdon, C., Physical Review B 85 064419 (2012)
[25] “ Domain wall propagation in ferromagnetic semiconductors: Beyond the one-dimensional model, L. Thevenard,
C. Gourdon, S. Haghgoo, J-P. Adam, J. von Berdeleben, A. Lemaitre, W. Schoch, A. Thiaville, Physical Review B
83, 245211 (2011)
[26] “Effect of picosecond strain pulses on thin layers of the ferromagnetic semiconductor (Ga,Mn)(As,P)’, L.
Thevenard, E. Perronne, C. Testelin, C. Gourdon, M. Cubucku, S. Vincent, E. Charron, A. Lemaitre, B. Perrin,
Physical Review B 82, 104422 (2010)
[27] “Exchange constant and domain wall width in (Ga,Mn)(As,P) films with self-organization of magnetic domains”,
S. Haghgoo, M. Cubukcu, H. J. von Bardeleben, L. Thevenard, A. Lemaitre, and C. Gourdon, Phys. Rev. B 82
041301 (2010)
[28] “Macrospin limit and configurational anisotropy in nanoscale permalloy triangles” , L. Thevenard, H. T. Zeng,
D. Petit, and R. P. Cowburn, Journal of Magnetism and Magnetic Materials 322, 2152 (2010)
[29] “Siz-fold configurational anisotropy and magnetic reversal in nanoscale Permalloy triangles” , L. Thevenard,
H. T. Zeng, D. Petit, and R. P. Cowburn, J. Appl. Phys. 106, 063902 (2009)
[30] “Macrospin behavior and superparamagnetism in (Ga,Mn)As nanodots” , J.-P. Adam, S. Rohart, J. Ferré, A.
Mougin, N. Vernier, L. Thevenard, A. Lemaitre, G. Faini, and F. Glas , Phys. Rev. B 80, 155313 (2009)
[31] “Magnetic domain wall pinning by a curved conduit”, E. R. Lewis, D. Petit, L. Thevenard, A. V. Jausovec, L.
O’Brien, D. E. Read, and R. P. Cowburn, Appl. Phys. Lett. 95, 152505 (2009)
[32] “Nonadiabatic spin-transfer torque in (Ga,Mn)As with perpendicular anisotropy”, J.-P. Adam, N. Vernier, J.
Ferré, A. Thiaville, V. Jeudy, A. Lemaitre, L. Thevenard, , and G. Faini, Phys. Rev. B 80, 193204 (2009)
[33] Kh. Khazen, H. J. von Bardeleben, M. Cubukcu, J. L. Cantin, V. Novak, K. Olejnik, M. Cukr, L.Thevenard
and A. Lemaitre, Phys. Rev. B 78 195210 (2008)
[34] Kh. Khazen, H. J. von Bardeleben, J. L. Cantin, L. Thevenard, L. Largeau, O. Mauguin, and A. Lemaitre,
Phys. Rev. B , 77, 165204 (2008)
[35] “Magnetic patterning of (Ga,Mn)As by hydrogen passivation”, Laura Thevenard, A. Miard, L. Vila, G. Faini,
A. Lemaitre, N. Vernier, et J. Ferré, Appl. Phys. Lett. 91 142511, (2007)
[36] “ Evolution of the magnetic anisotropy with carrier density in hydrogenated Gal—zMnzAs”, Laura Thevenard,
L. Largeau, O. Mauguin, A. Lemaitre, K. Khazen, H. J. von Bardeleben, Phys. Rev. B 75, (2007)
[37] “Universal Conductance Fluctuations in Epitaxial (Ga,Mn)As Ferromagnets: Dephasing by Structural and Spin
Disorder” L. Vila, R. Giraud, L. Thevenard, F. Pierre, et al. Phys. Rev. Lett. 98, 027204 (2007)
[38] A. Dourlat, V. Jeudy, C. Testelin, F. Bernardot, K. Khazen, C. Gourdon, L. Thevenard, L. Largeau, O. Mau-
guin: J. Appl. Phys. 102 023913 (2007)
[39] M. Elsen, H. Jaffres, R. Mattana, L. Thevenard, A. Lemaitre, and J.-M. George, Phys. Rev. B 76, 144415
(2007)
[40] Dependence of Magnetic Anisotropies and Critical Temperatures on the Hole Concentration in Ferromagnetic
(Ga,Mn)As Thin Films, K. Khazen, H. J. von Bardeleben, J. L. Cantin, L. Thevenard, L. Largeau, O. Mauguin,
A. , IEEE Transactions on Magnetics, 43 3028 (2007)
[41] C. Gourdon, A. Dourlat, V. Jeudy, K. Khazen, and H. J. von Bardeleben, L. Thevenard and A. Lemaitre, Phys.
Rev. B 76, 241301(R) (2007)
[42] “ Magnetic properties and domain structure of (Ga,Mn)As films with perpendicular anisotropy” , Laura Thevenard,
L. Largeau, O. Mauguin, G. Patriarche, A. Lemaitre, N. Vernier, J. Ferré : Phys. Rev. B 73, 195331 (2006)
[43] “(Ga,Mn)As layers with perpendicular anisotropy: a study of magnetic domain patterns”, A. Dourlat, C. Gour-
don, V. Jeudy, L. Thevenard, A. Lemaitre et al., Physica status solidi (c) 3, 4074 (2006)

[44] “V oltage-controlled tunneling anisotropic magnetoresistance of a ferromagnetic p[sup ++]-(Ga,Mn)As/n[sup
+[-GaAs Zener-Esaki diode” , R. Giraud, M. Gryglas, L. Thevenard, A. Lemaitre, and G. Faini; Appl. Phys. Lett.
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87, 242505 (2005)

[45] “Tuning the ferromagnetic properties of hydrogenated (Ga,Mn)As” , Laura Thevenard, L. Largeau, O. Mauguin,
A. Lemaitre, B. Theys, Appl. Phys. Lett. 87, 182506 (2005)

[46] “ Dependence of Magnetic Anisotropies and Critical Temperatures on the Hole Concentration in Ferromagnetic
(Ga,Mn)As Thin Films”, K. Khazen, H. J. von Bardeleben, J. L. Cantin, L. Thevenard, L. Largeau, O. Mauguin
et A. Lemaitre, IEEE Trans. Mag. 43, n* 6 (2007)

[47] “(Ga,Mn)As layers with perpendicular anisotropy: a study of magnetic domain patterns”, A .Dourlat, V. Jeudy,
C. Testelin, C. Gourdon, L. Thevenard, A. Lemaitre ; Phys. Stat. Sol. (c¢) 3, 4074 (Actes PASPS-IV 2006).

[48] “Tuning the ferromagnetic properties of hydrogenated (Ga,Mn)As” , A. Lemaitre, L. Thevenard, M. Viret, L.
Largeau, O. Mauguin, B.Theys, F. Bernardot, R. Bouanani-Rhabi, B. Clerjaud, et F. Jomard, AIP Conf. Proc.
772, 363 (Actes ICPS 2005)

34 oral contributions among which 5 “invited” talks:
¢ 5 invited talks in national/international scientific events.

[1] GDR Optomeca (2018, Paris) ,"Magnetization Dynamics Driven By Surface Acoustic Waves”

[2] ICM2018 (2018, San Francisco), “Magnetization Dynamics Driven By Surface Acoustic Waves”

[3] Plenary talk at the Condensed Matter Conference (2016, Bordeaux), ¢ Controle Magnétoacoustique de
I’aimantation”

[4] Journées Surface et Interface (2016, Marseille) : “Controle Magnétoacoustique de ’aimantation”

[5] Magnetism & Magnetic Materials (2014, Hawai), “Surface acoustic wave driven ferromagnetic resonance
and magnetization switching in a magnetic semiconductor”

e Invitations to seminar/workshops

[6] General seminar at LP-ENS (2019, Paris) “Ultrasonic drive of magnetization dynamics”

[7] General seminar at C2N (2019, Orsay) “Ultrasonic drive of magnetization dynamics”

[8] Invited talk at MATE day (franco-argentinian magnetism workshop, INSP, Feb. 2018)

[9] Seminar at the “Waves & matter” day of INSP (Nov. 2016)

[10] Seminar at the “Spin & Magnetism group” of INSP (April 2016) “Controle Magnétoacoustique de ’aimantation”
[11] Invited talk at the Indo-French Workshop organised by the MATISSE LabeX MATISSE (UPMC, 2015), "Con-
trole et renversement d’aimantation dans un semiconducteur: (Ga,Mn)As"

[12] Invited talk at the the C’Nano days (UPMC, 2011), “Propagation de paroi de domaines sous champ: au dela
du modele unidimensionnel”

[13] Invited talk at the yearly LabeX MATISSE days (UPMCn 2015), "Controle et renversement d’aimantation
dans un semiconducteur: (Ga,Mn)As"

[14] Seminar (Grenoble, Feb. 2008)

[15] Seminar at the Walther Weissner Institut (Garching, 2007)

[16] Seminar at the UMR CNRS-THALES (Palaiseau, 2006)

¢ Other interventions (that I have presented - 8 others presented by students or C. Gourdon)

[18] MMM (online, 2020) “Time and space-resolved non-linear magnetoacoustic dynamics”

[19] JEMS (Uppsala, 2019) “Time and space-resolved non-linear magnetoacoustic dynamics”

[20] Physics of magnetism (Poznan, 2017): “Spin transfer and spin-orbit torques in (Ga,Mn)As”

[21] Intermag (Dublin, 2017) : “Surface acoustic waves for magnetization switching in precessional geometry:
effect of the wave frequency”

[22] Condensed Matter Division days (CMD, Paris, 2014): “ Surface acoustic wave driven ferromagnetic
resonance in a magnetic semiconductor”

[23] MMM (2013), “Field-induced domain-wall propagation in in-plane (Ga,Mn)As(P) in-plane”

[24] Spintech (Japan, 2011), “Field-induced domain wall propagation: beyond the one dimensional model”
[25] APS March Meeting (New Orleans, 2008)

[26] Colloque Louis Néel (Lyon, 2006)

3 Activities not directly related to research

3.1 Expertise
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3.2

3.3

3.4

PhD examiner in 9 PhD defenses: P. Colson (2011), R. Soucaille (2016), T. Parpiiev (2017), T. de Guillebon
(2018), L. Soumah (2019), M. Riou (2019), A. Kyianytsia (2019), Jérémy Létang (2020), A. Mazzamurro
(2020), examiner for many Master 2 internship defenses

Reviewer for ANR, Foundation for Polish Science, CNRS-MOMENTUM, Royal Academy of Science projects

Reviewer for articles in Phys. Rev. Applied, B, and Letters, Applied Physic Letters, Journal of Applied
Physics, Nature Communications, Scientific Reports etc.

Member of the selection committee for a section 28 Lecturer-Researcher position at Universite Paris-Sud
(2019)

Spintronics expert at the Micro- and Nanosciences Technology Observatory (OMNT), 2012-2016). This was
a consortium of researchers in charge of doing a scientific watch in their respective field of expertise. Short
summaries were redacted regularly, compiled into a large volume then sent out to industries and laboratories.

Lab responsabilities

Member of the INSP scientific committee (2019-), in charge of giving a scientific feedback on the
projects submitted by members of the laboratory, doing scientific watch and fostering intra-lab interactions in
our respective fields of expertise (in my case, the “Spin and Magnetism”{} axe transverse), selecting noteworthy
lab publications for the website’s “Highlights” section etc.

Organizer of team seminar, webmistress of team website (2009-2012)

Member of the “Open Science” study group (4 people, 2020- ), in charge of analyzing the situation and
proposing concrete actions to encourage an open science mindset at INSP

Other responsabilities

2016: co-organisation of a “Magnetoacoustics” mini-colloquium at the CMD-EPS conference 2016 (Groningen,
international)

2015-2018: member of the Consulting Committee of Universities (CCSU) of the Université Paris-Saclay, section
28-30, in charge of giving a scientific opinion on various internal university affairs (promotions, derogation of
teaching for research, emeritus requests etc.)

2015-: member of the scientific committee of the Colloque Louis Néel, the national Magnetism workshop that
takes place every 18 months (200 people). Co-organizer of the 2017 edition in Paris.

Teaching

2019- : intervention on magnetization dynamics in the “Spintronics” class of Agnés Barthelemy for the inter-
national Master 2 SMNO-Nanomat program (Sorbonne Université, 8h/year)

2018- : tutoring in Solid State Physics at the engineering school ESPCI (16h/year)
2011-2018: Kerr microscopy practical for the international Master2 Nanomat program (Paris VI, 18h/year)

2013-2015 : in charge of organizing and following the final internship of the students of the international
Master2 Nanomat program (Paris VI)
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https://www.omnt.fr/en/
http://www.insp.upmc.fr/-Magnetisme-et-physique-du-spin-.html
http://master.physique.sorbonne-universite.fr/fr/m2/smno/smno.html

3.5

Outreach

2018-: Presentation of the CNRS, and what a researcher does at the Physics & Applications Master 1 program
(Sorbonne Université)

2016 : Participation in the « [Histoires Courtes| » project of Dars&Papillault

2016 : Participation in the CNano projet « Outlook on Nanosciences »: following a high-school for a year,
with talks and mini-projects related to nanosciences

2010: Participation in the project 1000 researchers’ (Pierre Maraval)

4 Supervising responsabilities

In my ten years or so at the CNRS, I have (co-)supervised four 3rd year (L3) students, two “master 1”(M1) students,
six "master 2”(M2) students, three PhD sudents, and one post-doc. Some details on the PhD theses and post-doc:

Co-supervision at 50% from Sept. 2012 to December 2015 of the thesis of Sylvain Shihab (director C.
Gourdon) entitled “Ultra-fast control of magnetization in ferromagnetic semiconductors” , funded by a UPMC
Emergence contract. The goal of this thesis was to mount a state-of-the art time-resolved Kerr effect set-up,
and then to perform an exhaustive study of the optical triggering of magnetization dynamics in (Ga,Mn)AsP.
It gave rise to 3 publications on the topic [I176, 177, [I78], and one on current-driven domain wall propagation
[191].

Co-supervision at 80% of Ibrahima Camara (post-doc Jan. ’15-sept. 2016), funded by the ANR JCJC
“SPINSAW” (P.I. L. Thevenard). His project consisted in mounting and optimizing a set-up capable of
exciting/detecting surface acoustic wave, coupled to a cryogenic Kerr microscope. He was also instrumental
in a study aiming to determine the precise displacement generated by the SAWs. His stay gave rise to 7
publications with our group [23), [24], 117, (108, 113}, 192], 193].

Co-supervision at 60% of the PhD thesis of Piotr Kuszewski (Oct’15-Sept. ’18, director C. Gourdon),
funded by the Ecole Doctorale 397 : “Optical detection of magneto-acoustic dynamics”. This thesis was the
natural convergence of the work of S. Shihab (mounting of the pump-probe, all-optical set-up) and of our work
on magnetoacoustics. The idea was to resolve spatially and temporally the magnetization dynamics triggered
by an acoustic wave. Two generation mechanisms were considered: piezoelectric and thermoelastic effects.
His work gave rise to 3 publications [105), 111], 109].

Co-supervision at 20% of the PhD thesis of Meriam Kraimia (Sept. 2016-Sept. 2020), funded by the PHC
Utique : “Magnetoelasticity and magnetoacoustics in (Ga,Mn)As”, a joint program between INSP and the
Material Physics Laboratory of Bizerte (directors C. Gourdon for France and Kais Boudjaria for Tunisia).
Periods in Tunisia (about two thirds of the time) were dedicated to the numerical estimation of the mag-
netostrictive coefficients of (Ga,Mn)As by k.p. band structure calculations. Parisian stays were reserved for
the magnetic characterization of magnetostrictive layers, and the (unsuccessful) attempt to evidence a shear
strain in (Ga,Mn)As layers with strong in-plane magnetic anisotropy. Her work gave rise to two publications
[105], 1086].
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http://llx.fr/site/retournements-magnetiques/
http://cnanoidf.org/fr/les-nanos/actions-vers-le-grand-public/actions-de-la-cellule/article/regard-sur-les-nanosciences-projet
https://maraval.org/featured_item/mille-chercheurs/

Student

Level

Piotr Kuszewski

Topic Last known position
(2020)
Sanaz Haghgoo PhD Thesis (2008-2012) Domains and Khatam University
domain-walls in (Teheran)
(Ga,Mn)AsP
Hassen Riahi M1 2010 then short stays | Magneto-optical effects in Post-doc (Chinese
during his PhD (‘11,’13 et (Ga,Mn)As Academy of Science,
‘14) Beijing)
Asad Syed Hussain M2 (2011) Field-driven DWP in Assistant-professor
(Ga,Mn)As (Oxford)
Colin Delfaure M1 (2011) Mounting a pump-probe Product engineer (3SP,
set-up lasers)
Sylvain Shihab M2, then PhD thesis Current-driven DWP in Certification engineer
(2012-2015) (Ga,Mn)As, pump-probe (Altaroad)
dynamics
Benoit Boutigny M2 (2013) Current-driven DWP in ?
(Ga,Mn)As
Nicholas Gusken M2 (2014) Current-driven DWP in Post doc (Imperial
(Ga,Mn)As College London)
Hazem Bakr M2 (2015) Laser-pulse-driven PhD (University of
magnetization reversal Bayreuth)
Dylan Cadiou Characterization of Study of wind-turbine
L3 (2016) . L C o
optical components activities on biodiversity
(Boralex)
Chahrazed Benabid Electrochemical
modelization of
lithium-ion batteries
(Altran)
Nicolas Biarrotte M2 (2016) SAW-driven ?
magnetization reversal in
(Ga,Mn)As
Ibrahima Camara Post-doc (2015-2016) All-electrical banking

magnetoacoustics in

(Ga,Mn)As

Meriam Kraimia

PhD thesis (2015-2018)

Magnetoacoustics dans
(Ga,Mn)As et métaux

Post-doc at IMEC

PhD thesis (2016-2020)

Magnetoelasticity and
magnetoacoustics in
(Ga,Mn)As

Looking for work

Jian Caoj

L3 (2019) Characterization of Institute of Optics
optical & electrical Graduate School
components
Antoine Rignon-Bret L3 (2019) IDT design on MgO Theoretical Physics
Master 2 (ENS)
Antony Chavatte M1 (2020) Probing FeRh transition Optics & Engineering
using reflectivity Master 2 (SU)
Ali Kassem M2 (2020) Analytical description of | Looking for a PhD thesis
antiferromagnetic
dynamics
[DWP = domain wall propagation]
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