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Abstract

In this dissertation the lattice and the magnetic recovery dynamics of the two heavy rare-earth metals Dy
and Gd after femtosecond photoexcitation are described. For the investigations, thin films of Dy and Gd
were measured at low temperatures in the antiferromagnetic phase of Dy and close to room temperature
in the ferromagnetic phase of Gd. Two different optical pump-x-ray probe techniques were employed:
Ultrafast x-ray diffraction with hard x-rays (UXRD) yields the structural response of heavy rare-earth
metals and resonant soft (elastic) x-ray diffraction (RSXD), which allows measuring directly changes in
the helical antiferromagnetic order of Dy. The combination of both techniques enables to study the com-
plex interaction between the magnetic and the phononic subsystems. The transient responses showed that

the magnetic and phononic systems of the rare-earth metals are for long timescales out of equilibrium.

For antiferromagnetic Dy and ferromagnetic Gd, the average transient strain after optical excitation
was measured. It is induced in part by contractive stress due to the destruction of the magnetic order
and of expansive stress due to the excitation of the phonon system. The dynamics differ strongly de-
pending on the sample temperature and indicate a strong and long-lasting non-equilibrium between both
subsystems. The time scale obtained for the structural recovery is up to hundreds of nanoseconds in
antiferromagnetic Dy. Gd in the ferromagnetic phase equilibrates much faster and both materials show
signatures of critical slowing down of the dynamics close to their phase transition temperatures. The
analysis with a two-thermal-energies-model reveals the quantitative transient temperature changes of the
phonon and the magnetic systems and the initial energy distribution between the subsystems. In addi-
tion to this, the complex heat flow through the multilayers consisting of Dy and non-magnetic metals is
analyzed, where the transient temperatures are determined layer-specifically by UXRD. This proves the

influence of the magnetic excitations on the heat transport.

The direct measurements of the magnetic structure indicate the strong spatial non-equilibrium within
the spin system of the 4 f electrons of Dy. Furthermore, after the instantaneous initial loss of the magnetic
order upon photoexcitation, the magnetic system remains unordered for surprisingly long time, especially
close to the phase transition temperature. The magnetic recovery starts after this equilibration time. This
behavior is explained by the persistent temperature gradient in the magnetic system. A simple model
was developed that uses the description of the long-range helical antiferromagnetic order of Dy as a
sinusoidal wave and hence allows the determination of the temperatures in the 4 f spin system. The
transient direct measurements of the magnetic structure by RSXD confirm the theoretically predicted
dynamical critical exponent of Dy. This was determined from the equilibration of the magnetic structure.
The UXRD measurements yield also the same value of the dynamical critical exponent for Dy, which is

given by the time on which the phonon temperature falls below the temperature of the magnetic system.






Zusammenfassung

In dieser Dissertation wird die Relaxationsdynamik des Gitters und der magnetischen Ordnung der zwei
schweren, seltenen Erden Dy und Gd nach der Anregung mit femtosekunden Laserpulsen beschrieben.
Fiir diese Untersuchungen wurden diinne Schichten von Dy und Gd bei niedrigen Temperaturen in der
antiferromagnetischen Phase von Dy und nahe der Raumtemperatur in der ferromagnetischen Phase
von Gd gemessen. Es wurden zwei verschiedene Experimente mittels optischem Anrege- Rontgen
Abfrageverfahren durchgefiihrt, die ultraschnelle Rontgenbeugung mit harten Rontgenstrahlen (UXRD)
und die resonante weiche (elastische) Rontgenbeugung (RSXD). Letzteres Verfahren erlaubt es, direkt
die Anderungen der helikalen, antiferromagnetischen Ordnung zu messen. Die Kombination beider
Techniken ermdglicht es, die komplexe Wechselwirkung zwischen dem magnetischen und dem phonon-
ischen Subsystem zu untersuchen. Die transienten Reaktionen zeigten, dass die magnetischen und

phononischen Systeme der Materialien auf einer langen Zeitskala nicht im Gleichgewicht sind.

Fiir antiferromagnetisches Dy und ferromagnetisches Gd wurde die mittlere transiente Ausdehnung
nach der optischen Anregung gemessen, die zum Teil aus einer kontraktiven Verspannung aufgrund der
Zerstorung der magnetischen Ordnung und einer expansiven Verspannung aufgrund der Anregung des
Phononsystems resultiert. Die Dynamik héngt stark von der Probentemperatur ab und zeigt ein starkes
und lang anhaltendes Nichtgleichgewicht zwischen beiden Subsystemen. Die Zeitskala fiir die struk-
turelle Relaxation ist bis zu Hunderten von Nanosekunden in der antiferromagnetischen Dy. Gd in der
ferromagnetischen Phase relaxiert viel schneller und beide Materialien zeigen Signaturen einer kritis-
chen Verlangsamung der Dynamik nahe ihrer Phaseniibergangstemperaturen. Die Analyse mit einem
Zwei-Wirme-Energie-Modell zeigt die quantitativen, transienten Temperaturdnderungen des phonon-
ischen und magnetischen Systems und die anfidngliche Energieverteilung zwischen den Teilsystemen.
Dariiber hinaus wurde der komplexe Wéarmefluss durch die Grenzflichen der diinnen, multilagigen Met-
allschichten aus Dy und nichtmagnetischen Metallen analysiert. Die Temperaturen wurden dabei schicht-
spezifisch iiber UXRD bestimmt. Dies beweist den Einfluss der magnetischen Anregungen auf den

Wirmetransport.

Die direkten Messungen der magnetischen Struktur zeigen das starke lokale Nichtgleichgewicht in-
nerhalb des Spin-Systems der 4 f-Elektronen von Dy. Auflerdem bleibt das magnetische System nach
dem sofortigen Verlust der magnetischen Ordnung nach der Anregung fiir lange Zeiten ungeordnet, ins-
besondere in der Nihe der Phaseniibergangstemperatur. Die Relaxation findet erst danach statt. Dieses
Verhalten wird durch den anhaltenden Temperaturgradienten im magnetischen System erklért. Es wurde
ein einfaches Modell entwickelt, das die Beschreibung der lang-reichweitigen, helikalen, antiferromag-
netischen Ordnung von Dy als sinusformige Welle nutzt und somit die Bestimmung der Temperaturen im

4f-Spin-System ermdoglicht. Die transienten Resultate der magnetischen Struktur durch RSXD bestitigen



den theoretisch vorhergesagten, dynamischen kritischen Exponenten von Dy. Die UXRD-Messungen
ergeben ebenfalls den gleichen Wert dieses Exponenten fiir Dy, der durch die Zeit gegeben ist, in der die

phononische Temperatur unter die magnetische Temperatur fallt.
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1. Introduction

Studying the multifarious dynamics of magnetic materials after manipulation of the material with ul-
trafast optical laser pulses is of big interest of current scientific investigations. The results lead to im-
provements of the current technological applications such in data storage and manipulation, but also give
insight into the underlying mechanisms [1-4]]. Among the magnetic materials, the rare-earth metals are
investigated intensively because of their variety of magnetic structures over a wide temperature range [5]].
The rare-earth metals are the elements in lanthanoid series in the periodic table of elements that possess
the largest atomic magnetic moments due to their partially filled 4 f orbitals. The interaction mecha-
nisms between the localized 4 f and the valence 5d6s electrons and also the crystal lattice due to the
spin-orbit coupling, Ruderman-Kittel-Kasuya- Yosida indirect exchange interaction [6-8]] and the strong

magneto-elastic effects [[9]] show their importance for the science.

Time-resolved experiments performed in the last decade on magnetic materials reveal different time
scales for the demagnetization of magnetic metals, which in particular differ between the rare-earth 4 f
(anti-)ferromagnetic metals and the 3d transition metal ferromagnets. The 3d ferromagnets exhibit a fast
one-step demagnetization within a few 100 fs and also fast remagnetization on the ps time scale [10-12].
On the contrary, a two-step time scale is obtained for the loss of the magnetic order in 4 f magnets.
For ferromagnetic Gd and Tb, a fast demagnetization time of 760 fs and 740fs is deduced from x-ray
magnetic circular dichroism (XMCD), which is followed by much slower dynamics on the time scale
of 40 ps and 8 ps, respectively [13]. The slow dynamics are attributed to spin-orbit coupling related to
interaction between the magnetic system and the phonon system. Additionally, photoemission studies of
the 4 f magnetic linear dichroism and the 5d exchange splitting in ferromagnetic Gd showed a fast loss of
5d spin alignment within 800 fs and a much slower dynamics of the 4 f system, which takes up to 14 ps to
respond. The slow time scale is in this case attributed to the recovery of the 5d-4 f intra-atomic alignment
due to 4 f-spin-lattice relaxation [14], where electron and phonon systems are already coupled on this
time scale. In other photoemision experiments for Gd, the 4 f-spin-lattice equilibration time was reported
> 50 ps depending on the temperature and also the excitation fluence [[15, 16]. For the loss of the helical
antiferromagnetic order of Dy, XMCD experiments report two time scales of 290fs and 14 ps at low
temperature [17]]. An investigation of the demagnetization process of the 5d and 4 f electrons separately
in antiferromagnetic Ho reports the ultrafast loss of the magnetic order with the same time dependencies
for the 5d and 4f systems, which is attributed to the strong intra-atomic exhange coupling [|18].

For the explanation of the different observed time scales, a theoretical microscopic model has been
suggested by Koopmans et al. [[19]], which is based on electron-phonon-mediated spin flip scattering.
They implemented the microscopic description of spin dynamics into a phenomenological 3 temperature

model and infer both time scales from this model.



1. Introduction

A literature survey reveals that most studies focus mainly on the fast initial demagnetization dy-
namics in magnetic metals and only few works report on the recovery of the magnetic order [20]. The
question how the equilibrium is reached after destroying the magnetic order is particularly important for
understanding the energy conversion between the different subsystems during the recovery dynamics.
This is especially relevant for technological applications of magnetic metals where the thermal transport

on the nanoscale is important [21].

This dissertation reports the complete structural and magnetic recovery dynamics of two heavy rare-
earth metals Dy and Gd after the manipulation of the magnetic order with ultrafast laser pulses. Two
different x-ray diffraction techniques were employed for the investigation of the magnetization dynam-
ics, which is on the one side ultrafast x-ray diffraction with hard x-rays, UXRD, and on the other side
resonant soft (elastic) x-ray diffraction, RSXD. The experiments were conducted at the synchrotron radi-
ation facility BESSY II at the KMC3-XPP and FemtoSpex endstations. The use of UXRD for studying
magnetization dynamics is not prevalent. Only several studies performed structural experiments on mag-
netic materials and concentrated on the magnetostrictive properties [22H24f]. RSXD is a widely used
experimental method for the direct quantitative, element-specific probe of the magnetization of a sam-
ple, charge or orbital order and long-range antiferromagnetic order in solids. Many studies investigated
the magnetic order and magnetization dynamics of the complex antiferromagnetic state of heavy-rare
earth metals at the Ly or My absorption edges by RSXD [25-28]]. This thesis combines both experi-
mental techniques on the same sample in order to study the complex interaction between the magnetic
and phonon subsystems with a special focus on the slow dynamics close to the phase transition tempera-
tures. Furthermore, it includes the complex heat transport in the multilayer system consisting of Dy and

non-magnetic metals by analyzing the temperature changes for each layer.
The present dissertation is organized as follows:

In chapter 2] the fundamentals of magnetism are introduced. This chapter includes an overview of
the magnetic and thermal properties of the rare-earth metals. Furthermore, the interaction of laser pulses
and magnetic properties and the magnetic phase transitions are briefly reviewed. Chapter [3|covers the
basic principles of x-ray diffraction. Here, a brief description of the magnetic x-ray diffraction is in-
cluded. Chapter [ and [5] contain the experimental part of this work. In chapter [4] the experimental
setup at KMC3-XPP is introduced and the structure of three multilayer samples is described. Subse-
quently, the structural changes antiferromagnetic Dy and ferromagnetic Gd close to the second order
phase transition temperature are discussed. The transient temperature changes after ultrafast heating of
the phonon and the magnetic systems are determined separately performing an analytic solution of the
two-thermal-energies-model (TTEM) [24]. Additionally, the influence of the magnetic excitations on
the heat transport in nanolayers is described in antiferromagnetic Dy. In chapter [5] the experimental
setup of the FemtoSpex endstation is described, which is followed by the presentation and discussions
on the experimental results of the magnetic structure in antiferromagnetic Dy in thermal equilibrium
and non-equilibrium after the ultrafast photoexcitation studied as function of temperature and excitation
fluence. Additionally, a simple model is used to explain the experimental data. In chapter [0] the direct

measurements of the magnetic structure by RSXD and the structural results by UXRD are reviewed and



compared. Finally in chapter 7 the results are summarized and an outlook is given.






2. Magnetism

Magnetism has been an interesting and fascinating subject for mankind since thousands of years. In the
4th century BC it has been observed that “lodestone”, the mineral magnetite FezQy, attracts small iron
pieces [29]]. The phenomenon of magnetism remains up to the present days interesting and even becomes
more and more important, both, in technology and science.

Fundamental achievements in theoretically understanding this phenomenon were first formulated in
the 19th century by James Clark Maxwell who formed the basis of electromagnetism. The connection be-
tween electricity, magnetism, and light as an electromagnetic wave, is given by Maxwell’s equations [30].
In the 20th century, the semi-phenomenological explanation of magnetism is replaced by the atomic pic-
ture by means of quantum mechanics. The investigation of magnetism and related phenomena requires
many specialized experimental techniques such as neutron diffraction [[31]], magneto-optical Kerr effect
(MOKE), x-ray magnetic linear/circular dichroism (XMCD) [32f], resonant soft x-ray diffraction (RSXD)
etc. for the measurement of magnetic properties of matter.

In this chapter, the basics of magnetism including collective order of the magnetic moments in solids
are summarized. Furthermore, the materials investigated in this thesis, which are heavy rare-earth metals,
are introduced including their magnetic properties, heat capacity and transport properties. After that, the
response of the magnetic metals after ultrashort photoexcitation is summarized. In the last section, the

concept of the so-called critical behavior of second-order magnetic phase transitions is introduced.

2.1. Fundamentals

In the classical theory of magnetism, the macroscopic magnetization, M, of the materials describing the
total magnetic moment per unit volume, is linearly related to the applied external magnetic field, H, by

the dimensionless magnetic susceptibility y:
M=yxH . (2.1)

The magnetization and the magnetic susceptibility are thermodynamic quantities and can be also derived
from the Helmholtz free energy.
In quantum mechanics, the magnetic moment of any free atom in the absence of an external magnetic

field originates from two main contributions: an intrinsic spin angular momentum of electrons, g, and
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an orbital angular momentum via their circulating motion around the nucleus, yy, [33]

L

M= —gLlipy (2.2)

S
Hs = —gskp, 2.3)

where L and § are the quantized orbital and spin angular momenta, g; and gg the corresponding g-factors,
and 7 the reduced Planck’s constant. up is the orbital magnetic moment of one electron and is called

Bohr magneton,

h

= o 2.4)

Up

with the charge e and the mass m, of electrons. In general, in an atom with the atomic number Z, an
interaction between the individual magnetic moments of the spins and the magnetic field arising from the
orbital motion occurs. This interaction is the so-called spin-orbit coupling, which has an increasing mag-
nitude proportional to Z* [35]]. Spin-orbit coupling results in a total angular momentum, J, which is the
vectorial sum of spin and orbital momenta. One has to distinguish between the so-called j j-coupling and
L-S coupling (Russel-Saunders coupling), which depends on, whether the coupling potential is greater
or less than the individual orbit-orbit and spin-spin couplings, respectively. The quantum numbers L, S,
and J are determined via Hund’s rules, which take the Pauli exclusion principle and Coulomb interaction
into account [35}[36]] and are a good prediction of the magnetic moment in the ground state of the atom.

Consequently, the magnetic moment of the atom is given by
J i 5 5
My = _gJIJBﬁ with  <J >=J(J+1)h" . (2.5)

Magnetic materials are classified depending on the existence of ordered/disordered magnetic mo-
ments in the absence of an external magnetic field: diamagnetic, paramagnetic, ferromagnetic, antifer-
romagnetic, or ferrimagnetic. A diamagnetic material shows zero magnetic moment without magnetic
field and possesses a negative magnetic susceptibility, which indicates that these materials are repelled
by the applied magnetic field by orienting the magnetic moments opposite to the external field direction.
In paramagnetic and antiferromagnetic materials the total magnetization is zero, however, they contain
magnetic moments with either random or antiparallel orientation, respectively (Figure 2.1}a-b). There
are more complicated magnetic alignments possible, for example a helical orientation of the magnetic
moments as it is realized in metallic Dy (see section [2.2)), which is considered as an antiferromagnetic
material because of its zero net magnetic moment. Ferro- and ferrimagnetic materials possess a finite
spontaneous magnetization, which is characterized by a parallel alignment of same magnitude or an an-
tiparallel arrangement of different magnitude of the magnetic moments (Figure [2.T}c-d), respectively.

These materials are attracted by magnetic field.

. Another contribution to total magnetic moment is the one of nucleus, which is about 10~3 times smaller than the one of
electrons [34].
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Figure 2.1.: Different magnetic moment alignments are depicted schematically in a) paramagmetic order,
b) antiferromagnetic order, c) ferromagnetic order, and d) ferrimagnetic order .

(b)

The magnetization or magnetic susceptibility depends on temperature, 7', and the temperature de-
pendence for para-, ferro- and antiferromagnetic materials is shown in figure [2.2] The observed inverse
proportionality of } as function of temperature in the paramagnetic state is described by the Curie-Weiss
law [37]. Below the ferro- or antiferromagnetic ordering temperature, the so-called Curie or Néel temper-
ature, T¢ and Ty, the magnetic susceptibility of ferromagnets diverges while the one of antiferromagnets
indicates a strong variation depending on the direction of the applied magnetic field with respect to the

orientation of magnetic moments in the material as indicated in figure [2.2| with dashed blue lines.
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Figure 2.2.: Magnetic susceptibility of a paramagnet, a ferromagnet and an antiferromagnet. The Curie
or Néel temperature, Tc and Ty are indicated with orange and blue lines. ¥, and | are the
perpendicular and parallel susceptibility in antiferromagnetic phase, respectively .

In ferro-, ferri-, and antiferromagnetic materials, the interaction of the permanent atomic magnetic
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moments with each other produces a long range spatial order, which arises from the quantum mechanical
exchange interaction, ¢, between adjacent moments. This is nothing else than an electrostatic interac-
tion taking the Pauli exclusion principle into account and was first proposed by Werner Heisenberg and
Paul Dirac seperately. It considers two electrons that have to have an antisymmetric total wave function
with either a spin-singlet state (S = 0) or spin-triplet state (S = 1) with the energy eigenstates Eg and

E7 [36]. The exchange interaction is the energy difference of singlet and triplet eigenstates
Y7 =Es—Er . (2.6)

In the case of Es < Er, which yields ¢ < 0, the singlet state is more favourable and therefore
the spins align antiparallel. In the case of Eg > Er, the parallel alignment is more favourable and a
ferromagnetic coupling results. The exchange interaction energy typically ranges up to 100 meV, which
is significantly greater than the dipole interaction of about 0.1 meV, which is much smaller than the
thermal energy at room temperature of 25 meV [36, 38|]. The Hamiltonian of two neighboring spins S; ;

on the lattice sites i and j is described by the Heisenberg model and yields

%:—Z/,-,S,--S, : (2.7)
i>j

Depending on the electronic configuration of the material, different types of interaction mechanisms
might be present, for example a direct interaction arising from the direct overlap of wave functions of
electrons with magnetic moments or an indirect interaction, for example the so-called RKKY interaction
named after Ruderman, Kittel, Kasuya and Yosida [6-8]]. This is the interaction mechanism in the rare-
earth metals, that describes the connection between strongly localized 4 f electrons via conduction band
electrons, which leads to the wealth of the observed magnetic phases in rare-earth metals. In section[2.2.1]

this will be explored in more detail.

2.2. Properties of the rare-earth metals

The atoms in the transition metal groups and lanthanoid series from s;La to 7;Lu in the periodic table of
elements possess a spontaneous magnetic moment, which makes them very important for the application
in many magnetic materials. The elements in the lanthanoid series from Gd to Lu are often called heavy
rare-earth elements. They are marked in the periodic table in figure [2.3|and two of them, Gd and Dy, are

investigated in this thesis.

Heavy rare-earth metals exhibit the largest atomic magnetic moments originating from their open 4 f
orbitals surrounded by hybridized 5d6s valence electrons with [Xe] 4"(5d" °"° 6s?) atomic configura-
tion [39]], where n is a positive integer between 0 and 14. The prediction of the total magnetic moments
of the rare-earth elements with oxidation number +3 using Hund’s rules is very consistent with the ex-
perimentally determined values because one needs to consider solely localized 4 f electrons. On the other

hand, in transition metals, the magnetism is determined by the quasi free electrons, which leads to the
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s7La sgCe 59Pr 6oNd 61Pm 6;Sm g3Eu 64Gd ¢5Tb 66Dy 7Ho gsEr 69Tm79Yb 71Lu

Gd3+ Th3+ Dy3* Ho3+ B3+ Tm3+ Yh3+ L3+
[(Xe|4f7 | [Xel4f® | [Xe|4f® | [Xe]4f1 | [Xe]4/! | [Xe]df | [Xe]4f" | [Xe]4f™
S 712 3 512 2 32 1 1/2 0
L 0 3 5 6 6 5 3 0
J 712 6 1572 8 1572 6 712 0
Wy | 7.94 ug 9.72up | 10.63up | 10.60ug | 9.59 up 7.57 ug 4.54 ug 0

Figure 2.3.: The heavy rare-earth metals are the elements from Gd to Lu in the lanthanoid series that
are marked in periodic system of elements. In the table, the quantum numbers S, L, J and
the magnetic moment are determined experimentally and theoretically using Hund’s rules on
heavy rare-earth cations as listed in reference .

so-called Stoner band magnetism [36]. The p; values of each heavy-rare earth cation are listed in the

table accompanying figure 2.3] They are calculated with equation [2.3|using the g;-factor

JI+1) 4SS +1)—L(L+1)
2(J+1) ‘

gr=1+ (2.8)
One finds that Dy and Ho show the largest total magnetic moment while Gd exhibits the largest pure
spin moment with L = 0 and S = 7/2. Lu has a completely filled 4f shell, which results in a zero total
magnetic moment of the cation.

All heavy rare-earth metals except Yb crystallize in the hexagonal close packed structure (hcp) at
room temperature. The ratio between the interplanar distances, c/a, for these metals is less than the
typical value of any hcp structure with ¢/a = 1.633 . Additionally, the atomic volume decreases
with increasing atomic number in the lanthanoid series, which is known as lanthanide contraction. This

is the result of the poor shielding of the 4 f electrons that causes an increasing attraction of the 5d6s
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electrons and hence, a reduced atomic radius [J5]].

Turn angle ¢ (°)

B 7

L ! | ! :\
0 30 60 90 120 150 180
Temperature (K)

Figure 2.4.: Different alignments of 4f magnetic moments in hcp crystal structure of heavy rare earth
metals are shown for a) ferromagnetic order along all crystal directions as observed in
Gd, b) helical antiferromagnetic order along the c-axis that occurs in Dy, Ho, Tb [41]. ¢)
Temperature-dependent turn angle of the magnetic moments between adjacent basal planes
is reproduced for bulk Dy and Ho from references .

The similar electronic configuration of rare-earth ions that is dominated by the outermost 5d6s elec-
trons leads to very similar chemical properties. However, they exhibit various magnetic structures in-
cluding conical ferromagnetic, ferromagnetic, and helical antiferromagnetic orientation that spread over
a wide temperature range. In figure 2.4] two important types of magnetic order in a hcp cystal structure
of rare-earth metals are shown. Gd exhibits ferromagnetic order below Tr = 293K (figure [2.4]a)
whereas Dy shows two different types of magnetic order: i) a ferromagnetic phase develops below

10
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Te = 86 K [44]], where the magnetic moments align parallel to each other in the basal plane and along
the c-axis (figure [2.4]a). In this state, the Dy crystal structure is associated with an orthorombic distor-
tion [9]. ii) A helical antiferromagnetic phase exists between 86 K and Ty = 179 K [44] as indicated in
figure [2.4]b. In this case, the atomic magnetic moments point into the same direction within the hexag-
onal basal planes and have an interplanar turn angle, ¢, between adjacent basal planes staggered along
the c-axes. Tb and Ho possess also two ordered magnetic phases and in their antiferromagnetic state,
the same helical magnetic structure as in Dy is observed. Below 20 K, the magnetic structure of Ho is
a conical ferromagnetic configuration, in which a small ferromagnetic component of 1.7g exists par-
allel to the c-axis [43]]. In the helical and conical spin arrangement the turn angle varies strongly with
temperature (figure 2.4]c). For Dy the interlayer turn angle changes from about 43° to about 26° with
decreasing temperature from 7y.

The formation of this great variety of magnetic structures is the result of the localized 4 f moments,
which are influenced by many forces in the crystal lattice. The free energy of the system can be de-
rived from an effective Hamiltonian, 7%, that is the result of competition between these interactions.
The minimum of the free energy determines the type of the dominating magnetic structure at different

temperatures:
%ff = %xc + <%fsfa + e%?ns (29)

with 7. being the indirect exchange coupling term that is primarily responsible for the complex long-
range oscillatory alignment in the rare-earth metals. %, is the crystal-field anisotropy, and .7 is the
magnetostriction term arising from magneto-elastic effects [5]]. In the following, these three terms are

discussed in more detail.

2.2.1. Indirect exchange coupling (RKKY interaction)

In rare-earth metals, the interatomic overlap of 4 f electronic wave functions is quite weak due to the fact
that 4f electrons are strongly localized around the nucleus resulting in no significant direct interaction
of neighboring ions. Two-ion coupling, i.e. 4 f-4f coupling is mediated via the spin polarization of the
surrounding electron gas induced by the direct intra-atomic overlap between 4 f and conduction band

electrons. The isotropic exchange Hamiltonian of RKKY interaction is given similar to equation[2.7) by

Hoxe ==Y, I Ti (2.10)
i>j
with the total angular momenta J of ions at the lattice sites i and j.
The anisotropic exchange arising from the non-spherical 4 f wave function with L # 0 is neglected
here [45| 46]. The resulting exchange integral /@fKK Y is calculated including the intra-atomic coupling

between 4 f spins and the free electron gas [6-8],47]] and one obtains

. sinx — xcosx
in?KKY ~ F(2kpR;j) with F(x)= —a (2.11)
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F(x)-103

0 5 10 15 20 25

Figure 2.5.: The oscillatory behavior of the RKKY indirect interaction depending on the distance be-
tween atomic positions is introduced according to the function F(x) (equation . The
positive and negative values of this function correspond to a ferromagnetic and an antiferro-
magnetic coupling, respectively.

with the absolut value of Fermi vector kr and the distance of the rare-earth ions R;;. The amplitude
of the effective exchange integral is determined with the function F(x), which is depicted in figure
and is characterized by an oscillatory behavior depending on the distance between the atomic sites. A
remarkable result of this is that due to the sign change of the function either a ferromagnetic or an
antiferromagnetic order of the magnetic moments can occur as already mentioned in section For
all rare earth metals one may expect an oscillating antiferromagnetic magnetic structure for the case that
only the isotropic indirect exchange interaction contributes to the magnetic exchange. Another important

-3

point is that the function F'(x) decays with R;”,

which results in a long-range oscillatory exchange [47].
The initial peridiocity of the helical magnetic structure in the vicinity of the magnetic phase transition

temperature can be derived from the wave vector-dependent paramagnetic electronic susceptibility, x(g),

which leads to the determination of the g-dependent spin fluctuations [5, 49, 50] and is proportional to

the Fourier transform of the exchange integral, ¢ RKKY (g,

JREKY (q) o< |7 (q) 2(q) (2.12)

with the intra-atomic exchange coupling constant .# (g). The wave vector, at which the maximum of the
exchange energy is observed, 7, determines the minimum free energy and therefore the stable wavelength
27 /7 of the helical magnetic structure. In figure the exchange coupling along the c-axes of Gd, Tb,
Dy and Ho as function of wave vector is reproduced from reference [48|]. The exchange coupling is
introduced as the difference of exchange energy in ferromagnetic and antiferromagnetic states, _# (g) —
Z(g=0)/(g—1)? where (g—1)? is used as the scaling factor. These are experimental results derived
directly from magnon dispersion relation measurements along the c-direction [51-54]]. Gd possesses
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Exchange coupling (meV)

= Ho
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Figure 2.6.: The exchange coupling # (q) — 7 (¢ = 0)/(g — 1)? as function of wave vector for Gd,
Tb, Dy and Ho is reproduced from reference [48|]. These results are derived from magnon
dispersion measurements for each element. The wave vector on the maximum of exchange
coupling determines the periodicity of helical magnetic structure. For Gd, the maximum is
at g = 0. For other heavy rare-earth metals, it is non-zero that points a periodic alignment.

the highest exchange at T ~ 0 pointing to a ferromagnetic coupling. For Tb, Dy and Ho the maximum
of exchange coupling occurs at non-zero wave vectors and increases with increasing atomic number Z
resulting in the decreasing periodicity that is related to lanthanide contraction [S0]]. This particular wave
vector at the highest exchange energy is associated with the magnitude of the so-called “nesting vector”
of the Fermi surface of rare-earth metals in the paramagnetic phase and this nesting vector might be
responsible for the first occurance of helical magnetic structure at around 7y [55]]. The calculated and

measured Fermi surface of heavy rare-earth metals are presented and discussed in detail in reference [535]].

2.2.2. Crystal-field anisotropy and magnetostriction

The crystal-field anisotropy and magnetostriction energies are usually much smaller than the exchange
energy. However, especially at low temperatures, they become sufficiently large to induce changes of
periodicity or even to drive magnetic phase transitions. In the following, these two contributions are

more thoroughly discussed.

-Crystal-field anisotropy

The crystal-field anisotropy is the result of the electric field produced by the surrounding charge distribu-
tion around an ion in a crystal lattice. This has an effect on the shape of the orbitals and hence, the charge
distribution in these orbitals. Thus, the crystal-field anisotropy is a one-ion interaction and reflects the
crystal symmetry. Due to the strong spin-orbit coupling in the rare-earth elements, a deformation of the

electronic cloud for each rare-earth ion via the crystal-field leads to an additional effect on the direction

13



2. Magnetism

of the magnetic moment [9, [34} 40]]. Rare-earth metals exhibit a rather large crystal-field anisotropy due
to the large magnetic moment per ion and low symmetry in the hcp structure, which manifests in the fact

that their easy magnetic axis lies in the basal plane and the c-axis is the hard magnetic axis [3].

-Magnetostriction

Magnetostriction is in general described as a relative dimensional change of a magnetic material in
response to a change of its magnetization. It is the consequence of the so-called magneto-elastic coupling
that is the coupling between the elastic properties of the crystal lattice and the magnetic properties of the
material. It occurs due to a further modulation of the crystal-field anisotropy and exchange interaction
in case of strain or a change of alignment of the magnetic moments. In elemental rare-earth atoms one
has to include both, one-ion and two-ion interactions. The Hamiltonian .77, in equation involves
two contributions: elastic energy, which is quadratic in strain and associated with homogeneous strain

components, and magneto-elastic energy, which is linearly proportional to the strain [56), [57]].
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Figure 2.7.: The relative change of lattice constant along the c-axis of Dy in applied external magnetic
fields parallel to a-direction in crystal is reproduced for different temperatures [58]]. This
length change is the magnetostriction and the lattice expansion is on order of 103 in mag-
netic fields up to 2.6 T.

All magnetic materials are magnetostrictive, however, a giant magnetostriction is a significant prop-
erty of the rare-earth metals and their alloys with transition metals [39]. One example is depicted in
ﬁgurethat shows the giant magnetostriction of Dy on the order of 1073, which is measured along the
c-axis in applied external magnetic fields up to 2.6 T [58]]. Another example is reproduced in figure [2.8]
which indicates the temperature-dependent lattice constant without external magnetic field along the c-
axis of a Dy single crystal measured by x-ray diffraction [44]]. The discontinuous decrease of the c-axis
lattice constant at 7¢ is a signature of the antiferromagnetic-ferromagnetic phase transition that involves

pronounced changes of the lattice symmetry. The c-axis shows in the antiferromagnetic state an anoma-
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2.2. Properties of the rare-earth metals

lous thermal expansion with decreasing temperature, which is observed also in the other heavy rare-earth
metals [[59}60]. This anomalous temperature dependence of the lattice constant along the c-direction is
associated with the helical magnetic structure that arises from the exchange magnetostriction and their

relation is given in the molecular field approximation as shown in [61} 62] by

2
Ac — Mg <d/1 c0s¢+dj2c0s2¢+...> (2.13)

c

exc Y dc dc

where c is the lattice constant, My the sublattice magnetization, Y the Young’s modulus, #; and ¢, the
exchange energies of the nearest neighbor and the next-nearest neighbor interaction, respectively, and ¢
denotes the interplanar turn angle. On the left of equation the strain due to exchange magnetostric-
tion is given as (¢ — cpy)/c with ¢y, being the lattice constant representing only phonon contribution,

which does not include any magnetic interactions.
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Figure 2.8.: The temperature dependence of lattice constant of Dy along the c-axis is reproduced from
reference [44]. This is measured by x-ray diffraction on bulk Dy sample. Below Ty = 179K,
there is an anomalous thermal lattice expansion with decreasing temperature, which is related
to exchange magnetostriction.

Equation[2.13|shows that the lattice strain due to magnetic interactions is proportional to the square of
the sublattice magnetization. This relation is important for the effects observed in this thesis because the
performed experiments include the measurements of the lattice constant by hard x-ray diffraction and the
sublattice magnetization by resonant soft x-ray diffraction. These allow to crosscheck this proportionality

experimentally in thermal equilibrium and dynamical results.
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2.2.3. Heat capacity of rare-earth metals

The heat capacity of materials is a thermodynamic quantity that describes a certain amount of the energy
required to change a unit temperature of a thermodynamic system. Using this definition, the total energy,
AQ, that is deposited into the sample for example by the pump laser pulse in our time resolved experi-
ments, can be calculated, which induces the temperature change, AT = T, — T, of the sample. With the

definition of the heat capacity at constant pressure, Cp, one obtains

53
AQ = Cp(T)dT . (2.14)
T
The heat capacity consists of different contributions from the various degrees of freedom of the materi-
als, in particular, in rare earth metals these contributions are stemming from electrons, C,, the phonon,
Cpi» and the magnetic system, Cy,. There are other small contributions such as dilatation and nuclear
contributions, which are negligible for the experiments in this work. It is important to remember that

equation [2.14]is valid in case of thermal equilibration of all contributors.
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Figure 2.9.: The specific heat capacity at constant pressure of Gd, Dy, and Lu as function of temperature
that are reproduced from the references [[63-65]], respectively.

The measured specific heat capacity of Gd, Dy and Lu as function of temperature are shown in
figure taken from the references [63-65]. The last element of heavy rare-earth series, Lu, possesses
a fully filled 4f shell with the same number of valence electrons and thus is weakly paramagnetic.
Therefore, the specific heat capacity of Lu contains only electronic and phononic contributions. The
specific heat capacity of Dy in contrast shows two maxima at 7¢ and 7y, which indicate the associated
phase transitions. The ferromagnetic Gd possesses only one peak at 7¢. The specific heat capacity of Dy

and Gd are much higher than the one of Lu in the ordered magnetic phases due to the contribution of the
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2.2. Properties of the rare-earth metals

magnetic system. The continuous change of the specific heat capacity around the phase transition from

the ordered to the disordered phase for Gd and Dy is a signature of a second order type phase transition.
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Figure 2.10.: The electronic, C,, phononic, Cp;, and magnetic contribution, Cy,, of the total specific heat
capacity of Gd and Dy. The separation of each contributors is obtained with the same
method as applied in reference [|66]] for Dy. This emphasizes the importance of the magnetic
system in the magnetic phase of Gd and Dy as its fraction compared to the total specific
heat capacity is quite high and becomes negligible in the PM phase above the transition
temperature.

For the analysis of the experimental data in non-equilibrium of the contributing degrees of freedom,
the seperation of each contribution to the total heat capacity of Dy and Gd is performed as applied for
Dy in reference [66]: The electronic part is linear with temperature assuming the free electron model
by Sommerfeld with C, = yT', where ¥ is the Sommerfeld constant, which has the values 10, 9.5 and
11.27 mJ/(mol-K?) for Gd, Dy and Lu, respectively [67]. In order to extract the phononic part, the
phononic heat capacity of Lu is rescaled using of the respective Debye temperatures, ®p = 152K and
158 K [|68]], of Gd and Dy as proposed in reference [[69]]. The magnetic contribution is then calculated by
subtracting C, and C,;, from the total heat capacity [70]. The results are presented in figure The
electronic contribution is quite small for the investigated temperature range. The phononic contribution
is practically independent of temperature for temperatures above 100 K, the relevant range for the exper-
iments presented in this thesis. The contribution of the magnetic system of Gd in its FM and Dy in the
AFM phase is quite large, in particular close to phase transition and does not vanish instantaneously in

the PM state that is associated with the existence of short-range magnetic ordering in PM phase.
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2. Magnetism

2.2.4. Transport properties of rare-earth metals

The transfer of the thermal energy in a material is determined by the material-dependent heat conductivity
coefficient, k, and the temperature gradient, VT'. It is important to note that the heat conductivity in the
rare-earth metals is highly anisotropic, see for examples [71, 72]]. However, this is not important for the
presented experiments as c-axis response is dominant and hence anisotropy is not considered. For an

isotropic system, the heat conductivity can in general be in the scalar form written as

1
k=30, (2.15)

which is derived from the kinetic theory of gases [34]. Here, C denotes the heat capacity, v the particle
velocity, and / the mean free path of particles between successive collisions during their movement. This
general description can be specialized to different heat carrying quaseparticles that include the electrons,
phonons, and magnetic system in the magnetic rare-earth metals. In normal metals, the thermal energy

is transported dominantly by electrons [|36].
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Figure 2.11.: The heat conductivity (left panel) and the electrical resistivity (right panel) of Lu, Dy and
Gd as function of temperature measured along the crystallographic c-axis [71H73]]. The
weakly paramagnetic Lu represents a normal feature for a metal. On the other hand, the
transport coefficients of Gd and Dy indicate anomalies that are related to their magnetic
phase transition.

The heavy rare-earth metals are bad electrical and thermal conductors including Lu that is weakly
paramagnetic compared to the normal metals [71]]. This likely arises from additional collision of 5d6s
conduction electrons with the large magnetic moments of the 4 f electrons. This results in a reduced mean
free path and thus a lower heat conductivity coefficient. Furthermore, there are characteristic features

associated with the magnetic phase transitions observed in the temperature-dependence of k and the

18



2.2. Properties of the rare-earth metals

electrical resistivity of the rare-earth metals that are not observed in other normal metals. In figure 2.T1]
in the left panel, the measured heat conductivity along the c-axis for Lu, Dy and Gd single crystals are
reproduced from the references [[71},[72]]. Lu exhibits the temperature-dependence of k for non-magnetic
metals by contribution from electrons and phonons. In contrast to that, the heat conductivity of Gd and
Dy are lower and more or less pronounced features are observed in the ordered magnetic phases. This
indicates the existence of additional collisions of heat carriers, in particular the collisions of conduction
electrons with the ordered large magnetic moments that reduces the heat conductivity effectively. In their
PM phases, the heat conductivity increases other than the expected 1/T behavior for high temperatures
confirming that the missing long-range magnetic order yields less scattering processes.

The right panel of figure shows the electrical resistivities along the c-axis for Lu, Dy and Gd
that are reproduced from the references [71} [73]]. Similar to the case of the previously discussed heat
conductivity, the resistivity of Lu shows the temperature-dependence of a normal metal whereas Gd
and Dy have significantly higher resistances and clearly exhibit anomalies associated with the phase

transitions.
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Figure 2.12.: Separation of the experimentally measured heat conductivity, Ky, into the electronic, x,,
and cumulative phononic and magnetic contribution, K, + K, using Wiedemann-Franz
law (equation for Gd and Dy along the c-axis. The dashed black lines show only K,
obtained from the phononic heat conductivity of Lu neglecting the scattering of phonons
by the magnetic system.

For metals, the Wiedemann-Franz law states that the Lorenz number, L, is a constant independent of
temperature and metal given by the product of heat conductivity and electrical resistivity divided by the
temperature:

L= % —2.44-108WQ/K? . (2.16)
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One finds that the Wiedemann-Franz law is experimentally verified for temperatures above around 100 K.

This emphasizes again the dominant role of the conduction electrons for the heat transfer in metals [36].

The separation of the heat conductivity into different contributions from each heat carrier is quite
complicated as it is difficult to identify the various scattering mechanisms from the experimental data.
The different quasiparticles interact with each other but also impurities, boundaries, etc. might in addition
act as additional scattering centers. Yet, using the Wiedemann-Franz law, the electronic heat conductivity,
K., of the rare-earth metals can be extracted using the measured electrical resistivity. The subtraction of
K, from the total heat conductivity provides then the sum of the phonon, k,;, and magnetic system, K,
conductivities. In figure [2.12] the separation of the total heat conductivity into the electronic and the
sum of the phononic and magnetic part is displayed. Equation and the previously shown electrical
conductivity of Gd and Dy were used for this calculation. This analysis suggests that for both materials,
K. and K, + Ky, are equally large in the magnetically ordered phases, however, they start to deviate
significantly close to phase transition with increasing temperature. In the PM phase, k, increases almost
linearly with increasing temperature as K, + &, decreases by the same amount. Especially for Dy, the
proportionality of k,;, + Kk, to 1/7T is clearly visible, which is consistent with a negligible magnetic
contribution, in other words a negligible scattering from the magnetic system in PM phase due to short-
range order. k,;, of Gd and Dy is obtained from &, of Lu by rescaling the respective Debye temperatures.
Here, the scattering of phonons by the magnetic system is neglected. The result is shown in figure 2.12]
with dashed black lines, which is ~ 2 W/m.K for both materials and shows nearly constant temperature-
dependence. Considering the results of the separation, one can conclude that the valence electrons are

the dominant heat carriers also in the rare-earth metals.

2.3. Laser-induced dynamics in magnetic metals

The photoexcitation of the samples investigated in this thesis is performed by ultrashort laser pulses
with a duration < 260 fs with wavelengths in near infrared region. The wavelength for the UXRD ex-
periments is 1030 nm, in the RSXD, the excitation has been performed with 800 nm pulses. In this
section, the excitation and response of the various degrees of freedom in the magnetic metals, i.e. va-
lence electrons, phonon system, magnetic system, and the interaction between them is described in non-
and quasi-equilibrium and the simplified models available in the literature are discussed. In general, by
photoexcitation of a solid, Lambert-Beer’s law describes the absorption of light as function of the sample

depth, z, measured from the surface, by
1(z) = Ipe ™% 2.17)

which results in an inhomogeneous spatial excitation profile in the solid. Here, /j is the intensity of the

incoming light, a(®) the absorption coefficient of the solid for a certain frequency of the light, @. The
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inverse of the absorption coefficient is the penetration depth, &, for the light with the wavelength, A:

A

—_— 2.18
4mk ’ (2.18)

&=
where k is the imaginary part of the refractive index, the so-called extinction coefficient, of the solid.
Because of the high absorption and thus high reflectivity of metals in near infrared region, the penetration

depth of the pump light is on the order of several 10 nm [74].

In metals, the energy of a near-infrared fs laser pulse is initially absorbed by the conduction electrons
creating a non-thermal electronic distribution that does not obey the Fermi-Dirac distribution. Due to
electron-electron collisions, the electronic system equilibrates thermally, typically on time scales of a
few 100fs [[75, [76]], resulting in an electronic temperature, 7, on order of a few 1000 K, depending on
the excitation fluence. This is the consequence of the small electronic heat capacity as already shown
in section[2.2.3] This quite high 7, and at the same time still cold lattice and magnetic system leads to
the thermal non-equilibrium. Thus, these three energy reservoirs interact with each other via different
mechanisms and with different time constants. The coupling between these subsystems after ultrashort
photoexcitation is widely described by the well-known three-temperature model (3TM) after ultrashort
photoexcitation [[77-79]], which models the energy flow between the different reservoirs including non-
equilibrium heat transfer. This model assumes a characteristic temperature for each energy reservoir,
here T,, T,, and T, for the electronic, phononic and magnetic systems, respectively, as function of

spatial coordinate z, and time ¢. The energy transfer is given by the following three coupled differential

equations
o1, d a7,
e'W—aiz (Ke 82) _Gep(Te_Tph)_Geln(Te_Tm)+P(th) ’ (219)
oT,, 0 T
Cone T35 = 5 (9 32 ) = onin =T Gl =T o2
oL, d [ 9T,
Cm‘gat - 87Z <Km 0z > _Gem(Tm_Te)_GmP(Tm_TPh) ’ 2.2D)

where G is the energy exchange rate (called also coupling factor) between the participating subsystems
denoted by the corresponding subscript, which is material specific and might depend on temperature [[79].
P(z,t) is the source term providing the initial excitation profile, which depends on the laser pulse duration
and optical properties of the material. The first terms on the right describe the heat diffusion for the
individual subsystems that is caused by the temperature gradient due to the inhomogeneous excitation
profile.

A schematic representation of the possible interactions between the subsystems and the temporal
evolution of the individual temperatures T, T, and T,, as function of time are presented in figure @
for two types of magnetic metal (I for transition and II for rare-earth ferromagnets) after excitation by
a laser pulse [[80]. It is necessary to remark here that the 3TM is questionable for the time scale of

non-thermal electronic distribution (a few 100 fs).
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Figure 2.13.: Left panel: schematic representation of the three-temperature model for the possible energy
flow between the different energy reservoirs: electron (e), phonon (ph), and magnetic sys-
tem (m) in a magnetic metal after ultrafast photoexcitation. Right panel: An example of the
temporal evolution for the different subsystems shown on the left panel, i.e. T;, Ty, Ty, re-
spectively [80]l. I and II indicates the type of the magnetic metal, a 3d and 4f ferromagnet,
respectively.

After thermalization of the non-equilibrium electron distribution, the energy of the hot electrons is
transferred to the phonon system by scattering processes, which leads to heating of the lattice due to
electron-phonon interaction. The redistribution of the energy among them takes place untill the equi-
libration of their temperatures: 7, = T,;. This occurs within the electron-phonon thermalization time,
which typically is a few picoseconds for the metals [82]]. In addition to the thermal effects after pho-
toexcitation, there are also non-thermal effects, such as ballistic electron transport and coherent phonon
excitations 34].

Another decay channel for hot electrons in magnetic metals is the magnetic system due to the cou-
pling of the electron and magnetic systems. The hot electrons excite also spin excitations that are cre-
ated for example by spin-flip processes, the change of the exchange energy, or the anisotropic character
of spin-orbit coupling leading to loss of magnetic order, the so-called demagnetization. This is
observed as a reduction of the magnetization of ferromagnets or sublattice magnetization of antiferro-
magnets, which can be related to a temperature of the magnetic system, 7,,. The first experimental
determination of ultrafast demagnetization with 60 fs laser pulses has been reported by Beaurepaire et al.
for a Ni thin film using time-resolved MOKE experiments [78]]. They observed the maximal loss of rema-
nent magnetization for Ni on the time scale of a few picoseconds and determined the electron-magnetic
system coupling factor using 3TM. The following time-resolved experiments for ultrafast optical manip-
ulation of magnetization report very short time scales on the order of a few 100 fs for the loss of magnetic
order, which are related to Elliot-Yafett type spin-flip processes [19], superdiffusive spin transport [86],

or angular momentum transfer 88]l. For a general review of different ultrafast demagnetization
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mechanisms, see reference [4].

The time for reaching the thermal equilibration of different temperatures, 7;,, and T, is the spin-
lattice relaxation time, which occurs due to interaction of the magnetic and phonon systems. Microscop-
ically the spin-phonon coupling is mediated by the spin-orbit coupling. I.e. phonons modify the crystal
field causing anisotropic fluctuations, which couple to the spins [89]. The investigations presented in
this thesis study most particularly the interaction of magnetic and phonon systems in recovery dynamics
after photoexcitation.

Though the temperatures of three subsystems are equilibrated at later times, the temperature gradient
due to the initial inhomogeneous excitation profile remains. The complete recovery of the system will
occur then according to the heat diffusion equation

oT (z,1) 9°T(z,t)

5 Pnga (2.22)

with the thermal diffusivity D, of the metal.

2.4. Magnetic phase transitions

In fundamental thermodynamics, a phase transition is the change of a uniform thermodynamic property
in a phase into another one by macroscopic variation of the thermodynamic parameters such as pressure,
temperature, etc. The typical examples are solid to liquid, liquid to gas, paramagnetic to (anti-) ferromag-
netic phase transitions. The different phases of matter are characterized by an order parameter, which
is for example the macroscopic magnetization, M, in the ferromagnetic phase. It is non-zero below a
critical temperature, 1cy, and vanishes above. In the antiferromagnetic case, the order parameter is given
by the sublattice magnetization, Ms.

Phase transitions are discussed and qualitatively described by the Landau theory of phase transitions,
which is a consequence of the mean-field approach. In this theory, two concepts are considered: the
Helmbholtz free energy, F, and symmetry properties of the microscopic order parameter [90-92]]. The
order parameter and other thermodynamic quantities can be derived from the free energy of the system

under constant macroscopic conditions. For example, the magnetization and heat capacity are given by

1 (OF 0’F
M=-1 ((m)T and C= —T <ar2>H , (2.23)

at constant temperature or external magnetic field, respectively. Here, V denotes the volume of the system

the derivatives

and H the magnetic field strength.

In general, the phase transitions are classified after Ehrenfest by the discontinuity or continuity of
the first derivative of the free energy at T¢,. The former describes a 1st order phase transition and
the latter defines the 2nd order. At a 1st order phase transition, the entropy exhibits a discontuinity at
Tcr, which is attributed to the latent heat that results in a co-existence of two phases: the ordered low

temperature and the disordered high temperature phase. For the 2nd order phase transition, the change
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Exponent Quantity Power Law
B Magnetization ~ M(T) o< P
o Specific Heat C(T)o<e @
Y Susceptibility xX(T)e<e™?
v Correlation Length  &(T) < e

Table 2.1.: The definition of static critical exponents of some thermodynamic quantities for second order
phase transitions. € = |(T — T¢y) /Tc| is the reduced temperature.

is continuous. As already mentioned, Dy undergoes transitions from a low-temperature ferromagnetic
phase to an antiferromagnetic phase and finally to a paramagnetic phase. Both phase transitions are
clearly observed in the measured temperature-dependent heat capacity shown in figure[2.9|[64]. One can
distinguish here the abrupt 1st order FM-AFM transition at lower temperatures and the continuous 2nd
order AFM-PM phase transition. The 2nd order FM-PM phase transition in Gd is also clearly observed
in the heat capacity. The experiments performed during this thesis focused on the temperature regime
of the AFM state of Dy and the FM state of Gd, hence the dynamics at the 2nd order magnetic phase

transition has been studied.

A peculiarity of 2nd order phase transitions is that so-called critical phenomena become important
close to phase transition temperature. In a critical regime below and above the critical temperature ¢y,
the correlation length, &, of fluctuations of the order parameter becomes larger and diverges at T;. For
magnetic phase transitions, the fluctuations of the magnetic moments become long-range as the transi-
tion temperature is approached. Thus, originating from the divergent length scale, the thermodynamic
quantities magnetization, specific heat capacity etc. exhibit singularities in the critical regime in thermal
equilibrium [93]]. The temperature-dependence of these quantities can be described by a power law based
on the reduced temperature € = |(T — Tcy)/Tee[* where the associated critical exponent, x, is different
for each thermodynamic quantity. The important quantities and the associated power laws are listed in
table [2.1| for zero external magnetic field.

These critical exponents are the same independent of the material, therefore they are universal. Yet,
they differ for the different universality classes that are defined by the dimensionality of the system, d,
and order parameter, D [38, 94]. These exponents provide the scaling law and the calculation of the
critical exponents is successfully performed using the renormalization group theory [94-97]. In contrast
to mean-field theory that does not consider fluctuations, the predictions by the renormalisation group
are more precise. They have also been experimentally investigated and for spin systems in equilibrium,
which are reviewed in detail in reference [98]].

The 2nd order magnetic phase transitions observed in RE metals are part of the XY or Heisenberg
magnets universality class with dimensionality of the magnetic moments of D = 2 or 3, respectively,

and lattice dimension d = 3. Due to the strong in-plane anisotropy, Gd and Dy are XY magnets. For
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2.4. Magnetic phase transitions

additional theoretical discussions about XY antiferromagnets and experimentally determined critical ex-
ponents of Dy in equilibrium, see references [99]] and [[100].

In addition to the critical behavior in equilibrium, the dynamical properties such as time- or frequency-
dependent correlation functions, transport coefficients, relaxation times, ultrasonic attenuation, etc., ex-
hibit anomalies in the non-equilibrium of the system close to T, [[101} [102]. This leads to a critical
slowing down of the dynamics of the phase transition. For the systems out-of-equilibrium, the equilibra-
tion time of the order parameter in the critical regime diverges with a power law of the correlation length
in equilibrium

TogocEloce ™ (2.24)
with the dynamical critical exponent z /= 2 for the relevant universality class [93} 102, |103]]. With v =

0.669 for XY magnets [97], the exponent of the equilibration relaxation time is expected to be around
1.34 for Dy.
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Figure 2.14.: Critical behavior of the longitudinal sound attenuation for different frequencies in the
vicinitiy of 7y in a single crystal Dy sample that is reproduced from reference [104]. The
symbols are the measured data points and the lines are the fit of a power law. The exponent
of the exponential function is approximately 1.37.

In early experiments, the sound attenuation in heavy rare-earth metals is measured using the ultra-
sonic pulse echo technique [104} [103]]. In figure[2.14] the critical attenuation of longitudinal sound waves
along the c-axis for the frequence range of 30 to 150 MHz in the vicinity of Ty is reproduced from refer-
ence [104]]. For higher frequencies, the attenuation increases. The critical exponent of 1.37 is obtained
by fitting the experimental data with a power law.

Up to date, only few experimental investigations have been performed using quasi-instantaneous
photoexcitation of Heisenberg ferromagnets using pump-probe experimental techniques [I06H108]]. In
such experiments, also in the experiments performed during this thesis, it is important to take into account

the critical dynamical response of the system due to the excitation into the non-equilibrium state. The
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ultrafast optical excitation might drive the system sufficiently close to or above T, and the critical slowing

down is indeed observed.
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3. X-ray diffraction

X-ray diffraction is widely used in science. After the discovery of the x-rays by W. C. Rontgen in
1895, x-ray diffraction from a periodic crystal lattice was first applied by Max von Laue in 1912 as an
experimental tool for the experimental determination of the atomic static crystal structure [[109]. The
recent development of new x-ray sources with short and powerful x-ray pulses allowed the development
and realization of time-resolved x-ray diffraction experiments. We have performed two different time-
resolved x-ray diffraction methods in order to investigate the complete magnetization dynamics, which
are on one side ultrafast x-ray diffraction with hard x-rays (UXRD), and resonant soft (elastic) x-ray
diffraction (RSXD) on the other side. This chapter covers the basics of x-ray diffraction and is therefore
split into two parts. First, the properties of x-rays and x-ray diffraction are briefly explained. In the

second part, the principle of magnetic x-ray diffraction is described.

3.1. Fundamentals of x-ray diffraction

X-rays are electromagnetic waves in the classical description. In the quantum mechanical view, a
monochromatic beam of x-rays is quantized into photons carrying the energy E = i@ and the momentum
p = ik, where @ is the angular frequency and k the wave vector. The wavelength of x-rays, A, is given
by the following equation

hc

=" — A
E

12398

EleV] 3.1

with & being the Planck constant and ¢ the speed of the light in vacuum. The wavelengths of x-rays range
from several tenths to a few angstroms, which is commensurate with the typical interatomic distances
of periodic lattice structures in crystalline materials. Thus, in case of exposing a cyrstalline sample to
x-rays, constructive or destructive interference of the scattered x-rays occurs, the so-called x-ray diffrac-
tion [110].

The interaction between x-rays and matter can be in general classified as elastic and inelastic pro-
cesses. For the former, the incoming photons are scattered from the electrons of the material conserving
the initial energy, which is so-called Thomson scattering. The latter includes Compton scattering and the
absorption of the x-rays. In both cases, the incoming photons lose their initial energy by different pro-
cesses. For the structural investigations the elastic scattering is the dominant contribution and therefore

it will be discussed first.

During the elastic process of the interaction between x-rays and matter, the electric field of the

incoming x-rays forces the electrons to oscillate with the same frequency. This leads to the emission
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3. X-ray diffraction

n\Y
(] o ® ® o (0,0) (1,0)

(b) (©)

Figure 3.1.: a) Schematically representation of x-ray diffraction. a) Scattering of the incoming x-rays
from one atom. b) Geometrical explanation of Bragg’s law using a two dimensional crystal
lattice in real space. c) Laue condition (@ = G) in reciprocal space for constructive inter-
ference of scattered x-rays from a crystal. The sketches in this figure are reproduced from
reference [[111].

of x-rays in all directions as the charge acts as a dipole radiation source. If there are more than one
scattering centers, the scattered waves with parallel wave vectors interfere constructively or destructively
depending on the relative phase shift between them. Considering a single atom with the electron density
p(r) with r being the position vector, the relative phase shift A¢ between the scattered and incoming

x-rays with the wave vectors k' and Kk, respectively, is defined as

Ap(r)=(K —Kk)-r=q-r (3.2)
q=K —k (3.3)

with the scattering vector, q [111]. The wave vectors k' and k determine the scattering plane. An

illustration of the scattering from a single atom is depicted in figure a. The scattering amplitude A(q)
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3.1. Fundamentals of x-ray diffraction

from one atom is calculated integrating over all scattering contributions and the relative phase shift

Alq)=—nP [ p(x)ear | (3.4)

where ry is the fundamental scattering length, which is equal to the classical electron radius, and P
expresses the polarization factor [[111]]. The term without rg is the atomic form factor, fT(q), which
quantifies the efficiency of the elastic scattering from an atom [ 112] and is usually referred to as Thomson
contribution. For ¢ = 0 f7 is equal to atomic number, Z, and decreases with increasing scattering vector
as the phase shift becomes larger.

X-ray diffraction from a periodic crystalline structure is described geometrically by Bragg’s law in
real space and by the Laue condition that are sketched in figure[3.1]b and c, respectively. Considering the
lattice planes as scattering centers in real space, the constructive interference occurs if the path difference
between the scattered waves is an multiple integer of the wavelength, which depends on the interplanar

lattice distance between two successive planes, d, and the angle of incidence 6:
2dsin@ = nA 3.5)

where n is an integer. The angle that fulfills this condition is called Bragg angle of the specular reflection.

The translation of the unit cells in a crystal is given by the lattice vector R, = nja; + npa, + n3as
defined in 3-dimensions, where a;_3 are the primitive lattice vectors along the corresponding directions.
The moduli of the lattice vectors yield the lattice constants. The reciprocal lattice vector G is defined
with the reciprocal primitive lattice vectors, aj_;, which fulfill the condition a; - a}; = 21éj as G =
haj + ka3 +la3. Here, h, k,[ are integers, the so-called Miller indices that define families of lattice planes
with related orientation. The Laue condition demands that diffraction peaks at reciprocal space position
occurs only if the scattering vector corresponds to a reciprocal lattice vector, which is equivalent to

Bragg’s law [111]:

The lattice distance for a given plane and the reciprocal lattice vector is related by |G| = 27w /d. The

scattering amplitude from a crystalline structure is then expressed as

N
Al@)=—-ro PY f(q) 4™ ) &R (3.7)
J n=1

—_—
F(q) Fy(q)

where F(q) denotes the unit cell structure factor that adds the scattering amplitudes from each atom in
the unit cell. The term Fy(q) is the lattice sum that accounts for all contributing unit cells exposed with
x-rays [111].

The intensity measured by x-ray diffraction is proportional to |A|?. As the modulation of the intensity
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3. X-ray diffraction

depends particularly on unit cell structure factor, the peak intensity changes with the number of the unit
cells, N, which is calculated by [[113]]

N N N

( ’FN —‘ Z Z Z e i(qra1n+qrazny+qzaznz) 2

n=lny=1n3=1

1
H _p sin <2Ni61iai>

1
H —1 sin? <2qial~)

For a semi-infinite crystal, this gives the sharp diffraction peak observed at the Bragg angle with the

(3.9)

intensity proportional to (N1 N>N3)? [113]. The x-ray diffraction experiments in this thesis are performed

(a) (b)

|Fv(as)?

L | |
096 0.98 1 .02 1.04
q3/q0

Figure 3.2.: a) Sketch of the directions of scattering vectors in a thin film crystals used in this thesis.
b) Calculated term |Fy(qs)|?> using equation [3.9| for a thin film with 50 nm thickness and
out-of-plane lattice parameter of ¢ = 5 A. This term determines the scattering intensity. g3 is
normalized to the resulting scattering vector at maximum intensity gq that provides the Laue
condition.

on thin film samples with thickness of several ten nanometers. Because the out-of-plane dynamics along
the c-axis of Dy and Gd was investigated, diffraction peaks perpendicular to the sample surface were
selected. In this case, the number of the unit cells in-plane is infinite as the one along the out-of-plane
direction is finite. The sketch in figure[3.2]a defines the directions of the corresponding scattering vectors.

The measured intensity of the out-of-plane scattering vector in a thin layer is derived from equation [3.§|
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3.2. Magnetic x-ray diffraction

as

1
sin® <N3q3c>
2 2n72 2
1(q) =< |Fy(q3)|” = NiN;

— 1 N\ -
sin’ < 3 q3 c>

calculated for a 50 nm thick crystal using equation is presented in fig-

(3.9

The function |Fy(q3)/[?
ure [3.2]b as function of the normalized scattering vector. The reflection at g3 = 1 with the maximum
intensity satisfies g3¢ = 27zn for the out-of-plane component as given by the Laue condition. The oscil-
lations on both sides of the diffraction peak with spacing Ag3 are so-called Laue oscillations and provide
the number of unit cells in case of the perfect ordering of the lattice planes, the coherent region, by the
relation Ag3 = 27t /Nsc [|[114]. Therefore, they provide information about the sample quality, particularly

the crystallinity of the sample [[114].

The calculations shown in this section do not consider the continuous intensity loss via reflection and
transmission at each plane and also further interactions of the scattered x-rays with the sample. Therefore,
the intensity is overestimated [[110]. This approximation is called kinematical diffraction theory. A more
realistic result is obtained if all possible interactions of the x-rays in the crystal are considered as it is

done in the dynamical diffraction theory, see for example references [[111}[115].

3.2. Magnetic x-ray diffraction

The structural investigations are performed off-resonance, that is, with an x-ray energy far away from
the atomic absorption edges of Dy. Hence, the contribution of the magnetic scattering to the mea-
sured diffracted intensity is negligibly small: Considering one single electron, the ratio of the mag-
netic scattering crosssection to charge scattering contribution is given by the factor (i@ /moc?)?, where
moc? = 511keV [[116]]. This factor is on the order of approximately 3 - 10~ for the x-ray photon energy

of 9keV used for the structural investigations in this thesis.

Tuning the x-ray energy to the absorption edge of an element, the magnetic scattering becomes
enhanced. In case of resonant elastic scattering at an absorption edge, electrons are excited by the
incoming x-rays from core states into unoccupied intermediate electronic levels. Now these excited
electrons relax back into their initial states and emit a photon with the same energy. The transition rate
between two states depends on the polarization vector and the matrix element of the electric dipole [[117]]
and thus, resonant x-ray diffraction is sensitive to charge, orbital and magnetic moment configuration
of the atoms in the unit cell. The scattering amplitude is expected to be enhanced for the rare-earth
metals for electric dipole transitions from 3d — 4 f at the My and My edges [[116]. This is theoretically
predicted to be on the order of 100ry [[118] starting with total atomic form factor f(q,E) of an atom
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3. X-ray diffraction

given by

f(@E) = fT(@)+ [ (E)+i- f(E)+Y(a) - (3.10)
Tgpe;ion_/
Correction
where f7(q) and f¥(q) denote the non-resonant electronic and magnetic contributions, respectively. All
terms include the polarization factor. The complex dispersion correction reveals the resonant scattering
amplitude. It varies strongly as function of the x-ray energy, especially near the absorption edges and
relates to refractive index of x-rays, n =1— 0 + i3 [119]. The dispersion and absorption indices, 0
and B, of the refractive index of Dy is shown in figure a measured near the My absorption edge at
E = 1293 eV reproduced from reference [120]]. The contribution of the resonant scattering amplitude is
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Figure 3.3.: a) The imaginary, 8, and real part, 3, of the refractive index of Dy in the x-ray region
near the My absorption edge. The data is reproduced from reference [120]. b) Sinusoidal
modulation of the direction of the magnetic moments along the c-axis in antiferromagnetic
Dy [27]. 7 is the modulation vector in reciprocal space, which is measured by resonant
magnetic diffraction.

calculated considering the dispersion correction of the atomic form factor and only for electric dipole
transitions [[116,|118]]

M(E) o< FO(&'-6) —iF' (&' x &) -+ F*(&' -m)(é-m) . (3.11)
where F~2 are the energy-dependent resonance factors and contain matrix elements, and é and &' denote
the polarization vectors of the incoming and scattered x-rays, respectively. The unit vector, 71, points into
the direction of the local magnetic moment [[116, |121]]. The first term in equation @ is independent

of /1 and is the resonance charge scattering. The second term is linear in 7z and is responsible for the

first-order magnetic Bragg peak of an helical antiferromagnetic order, which is investigated in this work
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3.2. Magnetic x-ray diffraction

for the case of antiferromagnetic Dy. The helical antiferromagnetic structure is a sinuosidal out-of-plane
modulation of the in-plane magnetization with a period of 27/7 as illustrated in figure b that is
described by a rotation of siz. The third term in equation [3.11]is quadratic in 7 and leads to a second-
order magnetic Bragg peak. From equation[3.11]can be seen that the polarization of the x-rays is changed
during the magnetic scattering. For a linearly 7-polarized incoming x-ray beam with polarization parallel
to scattering plane as used in the experiments in this work, the second term leads to scattered x-rays with
mixed ¢ and m-polarization, where also the polarization perpendicular to the scattering plane occurs. A
polarization analysis of the scattered x-rays would be useful in order to suppress the charge scattering

because it does not affect the polarization [[27].
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4. Ultrafast x-ray diffraction experiments

In the first experimental part of this work, the structural dynamics of two rare-earth metals, Dy in the
antiferromagnetic phase and Gd in the ferromagnetic phase, are investigated, in particular the recovery
dynamics of the lattice under the influence of the magnetic system after the ultrafast photoexcitation. The
influence of the excited magnetic system on the lattice arises due to the strong coupling of the phonon
and magnetic systems through the large magnetostriction. Therefore the indirect measurement of the
magnetic response by a structural experiment is possible. For this purpose, time-resolved ultrafast x-
ray diffraction experiments (UXRD) are performed using femtosecond optical pulses as pump and hard

x-rays the probe.

This chapter is split into three parts. In the first part, the experimental concepts are described in-
cluding the setup, the samples, and the data acquisition process. In the second part, the experimental
results of Dy are presented. First, the structural properties in thermal equilibrium of two Dy samples are
shown and discussed. Then the results of the time-resolved UXRD experiments are presented and their
analysis is discussed in order to show how the interaction of phonon and magnetic systems and the heat
transport in the multilayer thin films can be obtained from the experimental data. The last part covers the

experimental results and their analysis on the Gd sample.
The results shown in sections and [4.3]are already published in [122]] and [123]], respectively.

4.1. Technical details
4.1.1. Experimental setup

The UXRD experiments have been performed at the KMC3-XPP beamline at the storage ring BESSY
II, which is a third generation synchrotron source. At BESSY II, the electron bunches are accelerated
to 1.7 GeV energy and circulate in the synchrotron ring with 1.25 MHz repetition rate. The pulse dura-
tion of the x-ray pulses is either 5 ps in low-alpha or 80 ps in single bunch or standard hybrid operation
mode. The storage ring was operated in hybrid mode during the experiments presented in the following.
In figure a sketch of the beamline is shown. The electron bunches produce at the dipole bending
magnet a broad energy spectrum of x-ray pulses. The spectrum transmitted through the Kapton win-
dow of the beamline ranges between 2 and 18 keV. The divergent beam after the bending magnet is
collimated by the toroidal x-ray mirror M1 and directed to the double-crystal monochromator (Kristall-
MonoChromator, KMC) that consists of two (111)-oriented Si single crystals, which allows an energy
resolution of AE/E = 10~* [124]. The second toroidal mirror M2 focuses the monochromatized beam
in a distance of 7 m with a vertical divergence of 0.52 mrad to the spot size of 150 um x 400 um onto the

sample. Several variable apertures and also Al and Pb absorbers are available between the source and the
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4. Ultrafast x-ray diffraction experiments

sample in order to shape and block the x-ray beam. At the focus point, the sample is placed on a 3+1 cir-
cle goniometer. A spherical aperture with a diameter of 50 um or 100 um can be introduced in a distance
of around 50 mm before the sample [125]. With this aperture a small footprint of the focused x-rays is
achieved, which has a FWHM of around 100um x 100pum at normal incidence during the experiments
according to the divergence. With this setup 108 ph/s or 10° ph/s are available at the sample position for
static and time-resolved experiments, respectively. Due to the high photon flux of the well-collimated
beam, the setup reliably measures lattice constant changes down to 107° .

Synchronization

Area

1
1
1
¥ Detector

S A et
BESSY II

Figure 4.1.: Schematic of the UXRD setup at the KMC3-XPP beamline at BESSY II. M1 and M2:
toroidal x-ray mirrors, DCM: double-crystal monochromator, L1 and L2: optical lenses.

Figure 4.2.: 3 circle diffractometer in the vacuum chamber at the XPP endstation. The sample is mounted
on the goniometer that allows rotating the sample with the three rotational degrees of free-
dom x,¢,® with respect to the incoming x-ray beam [126]. The direction of x-ray beam
and the optical laser have a 2° angular offset as depicted by the dashed lines.

The sample is mounted on a thermally insulated sample holder that is connected by copper braids
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to the cold finger of a closed-cycle He cryostat allowing to cool the sample down to 20K in a vacuum
chamber with a pressure of 10~° mbar. The goniometer in the diffraction chamber is shown in figure
and allows to measure out-of-plane and also in-plane Bragg reflections by rotating the sample around the
beam axis, J, its surface normal, ¢, and perpendicular to the beam direction, ®. The sample is aligned

to the center of rotation using the linear x, y, z stages mounted on the goniometer circle.

The optical laser is a commercial Yb-doped fiber laser (Impulse, Clark MXR) emitting optical pulses
with a pulse duration of 250 fs at the central wavelength of 1030 nm (Eppoton = 1.2 €V). The oscillator
of the laser is synchronized to the synchrotron frequency by a commercial synchronization unit (Menlo
Systems) that allows to electronically adjust the delay between laser pulses and the x-ray probe pulses.
The laser is operated at repetition rates between frep = 208kHz and 1.25MHz in order to utilize either
only every eighth or every single bunch from the storage ring. Hence, measurements with a delay be-
tween optical pump pulse and x-ray pulse up to ~ 5 us are possible. At 208 kHz repetition rate, the laser

has a maximal average power of 2.1 W and 10 wJ pulse energy.

A telescope is setup with the lenses L1 and L2 as shown in figure They have focal lengths of
-500 and 500 mm, respectively. The telescope focuses the laser on the sample with an angular offset
of 2° with respect to the incoming x-ray beam (see figure and allows a variable laser spot size by
changing the position of L1. The laser illuminates an area with FWHM of 240um x 290 um at normal
incidence in our experiments. L2 is mounted in a motorized holder at a fixed distance to the sample of
around 800 mm. This lens is moved perpendicular to the beam for the optimization of the spatial overlap
between laser and the x-ray beam [125]. The reflected laser beam is blocked with an aluminum foil in

order to protect the detector.

Diffracted x-rays from the sample are recorded by an area detector (Pilatus 100k [127]) that is
mounted on the +1 rotational arm of the diffractometer outside of the vacuum chamber. With an elec-
tronic gate of 60ns, which is sufficiently short for isolating the camshaft pulse in hybrid mode, the
detector records selectively the x-ray pulses emitted by the single bunch [128]]. Because the detector gate
is synchronized to the laser repetition rate, only the x-ray pulses with a selected delay to the pump pulses
are recorded. The other x-ray pulses that are emitted in the hybrid mode of the storage ring are rejected

and hence do not contribute to the signal.

The samples investigated in this work are multilayer samples consisting of thin metal layers as
sketched in figure @3] They are grown on the substrates by molecular beam epitaxy. Sample I and
IT are of 100 nm thick (0001)-oriented Dy layers that are sandwiched between two (0001)-oriented layers
in order to prevent oxidation and to stabilize the helical antiferromagnetic order of Dy [[129]. The thick-
ness of Y layers is 10 nm in Sample I and 50 nm in Sample II. A 100 nm thick (110)-oriented Nb buffer
layer connects this metallic sandwich structure to the (1120)-oriented Al,O3 substrate. As a remark, Y,
Dy and Al,O3 crystallize in the hexagonal close packed (hcp) structure whereas Nb crystallizes in the
body centered cubic structure (bec) [[122]]. Sample III is a ~ 90 nm thick Gd layer grown on a (110)-
oriented W single crystal substrate with bcc structure. A polycrystalline Y cap layer of 10 nm thickness
is deposited to protect the sample [[123]]. Apart from the latter layer, all sample layers are epitaxially

grown and exhibit a very good crystallinity.
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Figure 4.3.: Schematic structure of the samples investigated in this work. The rare-earth metals Dy and
Gd are protected by Y capping layers, Dy is sandwiched between two Y layers. The Dy
samples are grown on sapphire substrates with Nb buffer layers, the Gd layer is directly
grown on the W substrate. All layers are single crystalline except the polycrystalline Y layer
on the top of sample III.

The temperature-dependent refractive index of sample I and II are measured by spectroscopic ellip-
sometry. For the excitation wavelength of 1032 nm it yields a complex refractive index which is nearly

independent of the temperature. From these measurements the optical penetration depth is determined

using equation [2.18]
4.1.2. Data acquisition

The UXRD experiments are performed in the reflection geometry schematically depicted in figure f.4]a
and the symmetric out-of-plane z component, of the scattering vector is directly measured. In other
words, @ — 260 scans with ¢ = ¥ = 0 were performed. Using the advantage of the area detector, ad-
ditionally the in-plane component, x, can be extracted by mapping the diffracted intensity in reciprocal
space [130]]. Figure.4]b shows the scattering geometry in reciprocal space with the directions of incom-
ing and scattered wavevectors, |k'| = |k| =27 /2, and the resulting scattering vector, q, with respect to the
sample surface. A wavelength A = 1.377 A (9keV) of hard x-rays was used for the UXRD experiments
presented in this thesis. At 9keV, the extinction length of the x-rays is on the order of several um [[131]],
which makes the detection of the diffracted x-rays from all layers in the sample possible. The g, compo-
nent contains microscopic information such as mosaicity, coherently scattering domains etc. caused by
non-specular scattering contributions whereas ¢, satisfies the Laue condition at @ + 6 = 20 and
therefore yields the out-of-plane lattice constant with ¢ = 27tn/¢™**, where n is an integer denoting the

Z
structural Bragg peak’s order.

38



4.1. Technical details
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Figure 4.4.: Experimental geometry of the time-resolved x-ray diffraction measurements a) in real space
and b) in reciprocal space in two dimensions. The green wave packet indicates the x-ray
pulse and the red one the pump laser pulse.

(a) (b)

1 487 1 487
= 195 195 5
3 5
iz =
S S
- o
~ 1200 10 1120
= - 11 =
S 10 g
= - 10 2.
‘w60 4 F 160 <
5 i 10 s
g || £

of 1 [ ]
1 487 1 287

Pixel (horizontal) Pixel (horizontal)

Figure 4.5.: Top row: The raw data captured with the area detector at fixed angle for one incidence angle
. Bottom row: The integrated intensity of the raw data along y-axis (vertical pixels). a)
and b) The diffraction signal from the Y and Dy layers at @ = 14° and from the Nb layer
at @ = 17.1°. The black symbol indicates the reference pixel at the fixed detector position.
The presented data are measured on sample Il at 7 = 165 K.

For the experiments on sample I and II, so-called w-scans are performed where the incident angle @
is varied around the specular reflection and the detector is fixed at an angle and the scattering intensity is
recorded as function of the w angle. @ is varied for Y and Dy layer between 12.8° and 14.8° and the de-
tector angle was fixed to 8 = 30.4°. For Nb, o is varied between 16.7° to 17.6° with the detector at 33.6°.
The recorded raw data at one @ for such a measurement series is presented on the top of figure .5]a for
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4. Ultratast x-ray diffraction experiments

Y, Dy and figure[d.3]b for Nb of sample II at T = 165 K. The black symbol visualizes the reference pixel
corresponding to the fixed angle of the detector. The horizontal pixel axis can be converted into 6(x)
by a simple trigonometric calculation considering the relative shift along the horizontal pixels and the
distance of the detector to the sample. On the bottom of figure 4.3} the integration of the data along the
vertical pixel axis is shown. The pixel positions of the Bragg peaks of the layers are already visible, yet
the corresponding scattering vectors are unknown. The conversion of the raw data to a reciprocal space

map with ¢, and g, is performed using the following relation [[132]]

cos 0 —cos @
qz(qx>=k(. . > (@.1)

q; sin® +sin 6
with the knowledge of the corresponding 6 values of each pixel. This transformation for g, = 0 yields
the results presented in this thesis. The complete reciprocal space map (RSM) of sample I at 165K is
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Figure 4.6.: a) Reciprocal space map of sample II at 7 = 165 K showing the 0002 reflections of Y and
Dy layers and 2240 reflection of the Al,O3 substrate and 220 reflection of Nb, respectively.
b) The Bragg peaks of each layer are obtained after the integration along the ¢, direction of
the RSM shown in a) .

derived using equation 4.1 and shown in the top panel of figures f.6]a and b that show the broad Bragg
peaks of the metal layers and the sharp Bragg reflection of the substrate. The broadening in g, of the
thin layers occurs due to the limited film thickness and the broadening in g, mainly suggests a mosaic

structure of the sample [122]. Figure 4.6]b shows the corresponding out-of-plane Bragg reflections as
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function of g, after the integration of the RSM along g¢j.

The measurements on sample III were performed with a specular reflection geometry where w and 0
were varied at the same time, which conserves the symmetric scattering geometry, the so-called @ —26
scan. Figure 4.7|shows the RSM and the Bragg reflection as function of g, of the Gd layer. A Gaussian
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Figure 4.7.: a) Reciprocal space map of the 0002 Gd reflection of sample III at 275 K. b) The Bragg peak
of Gd layer obtained after the integration of the RSM along g, [123].

line shape is used as a fit function for the Bragg peaks of all layers and also the center of mass is
calculated, in order to extract the out-of-plane scattering vector at maximum intensity ¢7'** and the peak
width, w, at FWHM of the Bragg reflections. A broad peak occurs not only due to the limited thickness
of the layers but also due to a slight variation of their distribution along the measured direction, hence, it
is a measure of the mosaic domain structure in the layer.

Up to now only static experiments have been presented. The second set of measurements are the
time-resolved measurements. The time-resolved experiments need some preparations that are explained
in the following:

i) For the correct interpretation of the UXRD experiments, the incidence fluence F; needs to be known.

It is calculated by

F = sin(0 +2°) , 4.2
= sin(0+2) @2)

with A being the pumped area at normal incidence and P the measured average power of the incident

laser. An offset of 2° is added because of the angular offset between the laser and the x-rays.
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ii) The spatial overlap of the laser and x-ray beam is optimized by translating lens L2 (see figure [4.1)),

perpendicular to the laser beam: This results in a movement vertically (LH) and horizontally (L)
corresponding to a motion of the laser spot parallel and perpendicular in the scattering plane, respec-
tively. The laser illumination of the sample, especially at high repetition rates, results in an average
heating of the sample that leads to a static shift of the Bragg peak. Now the area detector is used as a
point detector with an @ set to the maximum intensity of Bragg reflection. The integrated intensity
recorded by the detector is measured while the laser spot is scanned across the sample by varying the
position of L2. Figure .8 shows a typical overlap measurement on Dy while L2 was scanned along
Ly and L, . The observed minima in both directions indicate the spatial overlap region between laser
and x-ray spots: The maximum shift of the Bragg reflection results in a reduction of the scattered

intensity on the detector.

Intensity / 10* (a.u.)
(‘ne) o[ / Kysuayu]

| ! |
—0.25 0 0.25

Lens position (mm)

Figure 4.8.: The typical lens scan for optimization of the spatial overlap: The intensity detected by vary-

iii)

ing the position of the lens L2 vertically (L)) and horizontally (L, ) where @ is set to the
maximum intensity of the Bragg reflection of Dy.

In a second step a more accurate overlap is achieved by calculating the RSM at each lens position be-
cause the heat-induced surface distortion leads to a shift in g,. Further details of these measurements

are explained in reference [[125].

The temporal overlap of the laser and x-ray pulses is determined by recording the diffracted intensity
as function of the delay between laser and x-rays. For this measurement, typically the highest
laser power below the damage threshold of the sample is used in order to minimize the integration
time required to obtain a good signal to noise ratio. The induced transient temperature rise, which
leads to an intensity decrease is the measure of the temporal overlap, that is, when x-rays and laser
pulses arrive simultaneously at the same sample position. This procedure yields accurate values
for ty only because the sample response to the photoexcitation at room temperature occurs quasi-

instantaneously, much faster than the experimental time-resolution of 80 ps [24].

After this adjustment and optimization procedure, it is now possible to measure the out-of-plane

lattice constant ¢ at each delay ¢ between laser and x-ray pulses. Consequently, the transient lattice strain
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€(t) is defined by

gty="L >0 20 4.3)

4.2. Results: dysprosium

In this section, the static and time-resolved results of the UXRD experiments on the Dy samples I and 11
introduced in figure are presented. In sample I, only the Dy layer is investigated in the AFM phase in
order to study the interaction of the magnetic and phonon systems after the ultrafast photoexcitation. The
coupling between these two subsystems results in a pronounced magnetostriction that is observed in the
measured static and transient lattice strain. For sample II, the static and dynamical responses of all metal
layers are simultaneously measured in the temperature range of the AFM state of Dy using the advantage
of large penetration depth of the hard x-rays. This yields a layer-specific measurement of the transient

temperatures after photoexcitation and hence allows to study the heat transport through the nanolayers.

4.2.1. Static characterization

The equilibrium lattice constants of Dy in sample I and Y, Dy, and Nb in sample II were measured as
function of temperature. During the static experiments the sample temperature is varied between 20 K
and 270 K and the Bragg peak of each layer is measured in order to extract the lattice constants and the

peak widths.

Figure #.9]a shows the measured out-of-plane lattice constant as inferred from the 0002 reflection
of Y and the 220 reflection of Nb from sample II as function of temperature. The measured Bragg
peaks of Y consist of contributions from the top and bottom Y layers. The monotonous increase of the
lattice constant with increasing temperature is typical for the materials with only electronic and phononic
degrees of freedom. On the contrary, the out-of-plane lattice constant deduced from the 0002 reflection
of Dy exhibits pronounced characteristic anomalies due to the magnetic phase transitions. In figure .9lb
the results for sample I and II are plotted together where the lattice constants for sample I are shifted by
0.063 A. The phase transition from the FM to the AFM state occurs around 7 = 50 K and is characterized
by a discontinuous decrease of the lattice constant around the phase transition temperature. After a slow
and subsequent cooling cycle of the sample, a hysteresis becomes visible, which is a signature of the first
order nature of the FM to AFM phase transition [44]. In the temperature range of the AFM phase, the
lattice contracts with increasing temperature up to Ty, which is observed in these samples around 180 K.
In the PM phase, the lattice expands again, thus, it indicates the absence of magnetic order and only the

existence of the the phononic and electronic degrees of freedom, similarly as in non-magnetic Y and Nb.

The width, w, of the structural Bragg peak of Dy has an interesting temperature-dependence that is
shown in figure 4.10]a. It is important to note that the peak widths of Y and Nb exhibit no significant

temperature-dependencies. The peak width of Dy increases close to the phase transition temperatures
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Figure 4.9.: Temperature-dependent out-of-plane lattice constants deduced from a) 0002 reflection of Y
and 220 reflection of Nb in sample II and b) 0002 reflection of Dy. Dy I and Dy II denote
the layers in sample I and II, respectively.
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Figure 4.10.: a) The peak width of the structural Bragg peak of Dy as function of temperature in thermal
equilibrium. b) The peak width in a) is shown in the AFM phase and at the phase transition
from the AFM to the PM phase.

Tc and Tn. Interestingly, the rapid change at the first order phase transition from the FM to the AFM
phase is more pronounced than the increase close to 7y where the second order transition from the AFM

to the PM state occurs. In addition, it seems that w increases continuously in the AFM phase as Ty
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is approached, which is visible in the magnified view in figure #.I0[b. Above Ty, w decreases again
and remains constant in the PM phase. This interesting temperature-dependence of the peak width in
equilibrium can likely be attributed to the formation of the magnetic domains. As already discussed in
section[2.2] the magnetic structure is strongly correlated with the lattice due to the magnetostriction in the
rare-earth metals. At a first order phase transition, the spontaneous formation of domains, the so-called
droplets of co-existing phases at the phase transition, is predicted [92]. Thus, the spontaneous increase
of the peak width at the FM to the AFM phase transition can be related to this structural inhomogeneity.
The hysteresis feature observed in the measurements of the lattice constant (see figure[4.9|b) justifies this
scenario. On the contrary, for a continuous second order phase transition, the formation of big domains
is shown theoretically to occur as the phase transition temperature is approached from the disordered
phase [[103]]. If the temperature is slowly moved away from the phase transition, the domains are getting
smaller, which is exactly the behavior that the temperature-dependent value of w shows at Ty of the AFM

to the PM phase transition.

4.2.1.1. Thermal expansion coefficient of antiferromagnetic dysprosium

Thermal expansion coefficient, &, of a solid is the consequence of the anharmonic effects of the potential

lattice energy that is given in one dimension by [36]]

1 dc
o= ~aT 4.4
where c is the lattice constant. Using the temperature-dependencies of the measured lattice constants
shown in figure [4.9]a and b, the linear thermal expansion coefficients of Y, Dy and Nb are derived and
shown in figure [d.11]a. Non-magnetic Y and Nb exhibit a nearly constant thermal expansion coefficient
in this temperature range that resembles the heat capacity as function of 7. On the other hand, for
the antiferromagnetic Dy, « is negative in the AFM phase and around Ty additionally exhibits a strong
temperature-dependence with a peak around 7n. The measured expansion coeffient of Dy, opy = o, +
a,,, can be separated into the phonon and magnetic contributions using a theoretical decomposition of

the thermal expansion coefficient in the Heisenberg ferromagnets in reference [[133]]:

o = O+ Gy = éc%( (3FCP” Con+ }aa{cm> , (4.5)
where K is the effective elastic constant, and I" the Grueneisen coefficients of the materials [[133]]. The
first term in the brackets describes the non-magnetic materials and is derived from anharmonic effects
of the ionic potential energy. The second term gives the magnetic contribution and explains the nega-
tive thermal expansion with a peak around the second order phase transition by the negative exchange
interaction derived from the Heisenberg energy [133]. The decomposition of apy then is performed by
assuming ., to be equal to the measured apy in the PM phase far from 7y where no magnetic order
exists. The magnetic contribution is extracted by simply subtracting the extrapolated phonon contribu-
tion from the measured expansion coefficients [66| [I23] that are shown in figure {.TT]a with the dashed
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Figure 4.11.: a) The linear thermal expansion coefficients, &, b) macroscopic Grueneisen coefficients, I,
and ¢) 3 constants of Y, Dy and Nb as function of temperature. Dashed lines indicate the
contribution of the phonon and the magnetic systems in Dy (see text).

lines. One can immediately see that o, and o, vary strongly with 7" and also resemble the temperature-
dependencies of the individual heat capacities C,;, and C,, (see figure |T1_75[) as equation E] suggests. O,
above 7Ty is not immediately going to zero, which indicates the influence of the magnetic system on the
strain with the short-range order.

Additional material parameters can be derived using the results of the static measurements and the
resulting thermal expansion coefficients. The macroscopic Grueneisen coefficient, I', is a dimensionless

quantity and nearly independent of the temperature for the phonon system. For Y and Nb, I" is calculated
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by the relation

(4.6)

with the temperature-dependent heat capacity C(7'). The decomposition of I'py into the phonon and
magnetic contributions, I',, and I';,, uses the already separated thermal expansion coefficients and heat
capcities Qpy = Qpp, + 04, and Cpy = Cp, + Gy, Figure @b depicts the macroscopic Grueneisen coef-
ficients obtained using equation for the different subsystems. For the calculation of the Grueneisen
coefficients, the heat capacities of Y and Nb are taken from references [66, [69]]. The effective elas-
tic constant K is calculated using the elastic constants from references [[134-136]]. As can be seen in
figure .11]b, the phononic Grueneisen coefficient of Dy is practically temperature-independent in the
relevant temperature range, the same is true for the coefficients for Y and Nb and the obtained average
values are I',;, = 0.46, I'y = 0.67, and I'ny, = 1.08. The magnetic Grueneisen coefficient of Dy is neg-
ative and also quasi-independent of temperature and the average value of I',, = —1.83 is found, which
is approximately 4 times larger than I',;,. This shows that the excitation of the magnetic system more
efficiently generates stress in the material compared to an excitation of the phonon system with the same

energy density.

For the simplification of the further analysis of the time-resolved data, another temperature-independent

parameter f3 is defined, which relates to the Grueneisen coefficient by
B=—==—=. 4.7)

In figure ¢ the parameter 8 for Y, Nb, and phonon and magnetic contributions of Dy is plotted as

function of temperature.

4.2.2. Structural dynamics in the antiferromagnetic phase

In this section, the time-resolved results of the structural Bragg peak dynamics of Dy in sample I are
presented where the pump laser excites the Dy layer directly. Despite a 10nm Y layer on the top, the
penetration depth of 30 nm of the pump light results in an effective excitation of Dy. The measurements
were performed with delays up to 200 ns after the ultrafast photoexcitation and the start temperature
was varied between 136 K and 301.5 K. The transient strain is measured at the two incident fluences of
F; = 0.7mJ/cm? and F; = 2mJ/cm?. For the given start temperatures, a static temperature increase due
to the laser excitation of 51.5 K for the fluence of 2mJ /cm? (11 K at 0.7 mJ /cm?) are already added. This
temperature rise is determined from static measurements with the same incident fluence conditions.
Figure a depicts the transient strain &py(¢) in directly excited Dy at F; = 2mJ/ cm? for different
start temperatures. At T = 301.5 K, the lattice expands within the time-resolution of 80 ps as expected
for a system where only the phonon system is heated. The relaxation to its half of the initial value

occurs after 0.7 ns by heat diffusion through the layers into the substrate. At the temperatures below Ty,
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Figure 4.12.: Temperature-dependence of the structural dynamics in directly excited Dy in sample I after
the ultrafast photoexcitation with an incident fluence of F; = 2mJ/cm?. a) The transient
strain and b) the peak width change of the structural 0002 Bragg peak of Dy are displayed
for five start temperatures. Note that the x-axis is split into a linear and a logarithmic part.
The dashed gray lines indicate t = 0, € = 0, and the time where the x-axis is split into the
linear and logarithmic scales at 0.5 ns.

different dynamics are observed, strongly dependent on the start temperature. At T = 151.5 K, the lattice
contracts due to the negative thermal expansion coefficient driven by the antiferromagnetic order. The
contraction in the AFM state emphasizes the strong coupling between the lattice strain and spin order
due to exchange magnetostriction. However, the contraction is not instantaneous and reaches a minimum
after approximately 0.8 ns. As the start temperature approaches Ty, the lattice expands at early times and
contracts at later times. At these temperatures, the initial expansion and the subsequent contraction is
reduced. On the other hand, the transient strain dynamics slow down and the time at which the minima

occur depends on the start temperature. In addition to this, the minima become more and more extended
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as T approaches Ty.

In figure [4.12]b, the peak width change of the Bragg peak of Dy is shown. The plotted data are
smoothed over three data points in order to improve the signal-to-noise ratio. At all start temperatures,
an instantanenous increase of the peak width is observed within the time-resolution of the experiment.
This initial increase is associated with a strain wave that is generated at the sample surface and propagates
through the film. Although the sound wave propagation takes less than 0.1 ns [24]], the peak width is still
broader at T = 301.5 K and reduced to half of its initial value only after 0.5ns. This delay might be
caused by an inhomogeneous heat distribution in the phonon system in Dy layer. The initial increase
of the peak width is not the same for all temperatures as a reduced increase is observed with increasing
temperature although the initially deposited energy is expected to be temperature-independent because
the optical constants of the sample do not change in this temperature range. For the start temperatures
close to Tn, the peak width is reduced and remains essentially constant. At temperatures far below 7y,
for example for 7 = 151.5 K, the peak narrowing is not observed, even on the contrary, the peak width
increases. From the temperature-dependence of the peak width change in thermal equilibrium shown
in figure {.10b, a peak broadening is indeed expected for the excitation of the magnetic system to a
temperature below Ty. This might be the case for the start temperature 151.5 K. In contrast, a peak
narrowing is possible after the magnetic order is destroyed by excitation into the PM phase. This is
consistent with the observed static 2% change of the peak width between 178.5 K and in the PM phase.
Another interesting experimental result is that the time after which the peak width recovers to the initial
value coincides with the time at which the minima of the lattice strain for temperatures close to Ty are

observed. The transient strain at fluence F; = 0.7mJ/cm? is presented in figure in the appendix.

These results directly indicate that different amounts of the initial deposited energy by ultrafast laser
pulses are distributed into the phonon and magnetic systems. In particular, the initial rise of the transient
strain and peak width change depend strongly on the start temperature. Using the equilibrium measure-
ments, one can simply show that the laser heating leads to a strong non-equilibrium between phonon
and the magnetic systems. It is possible to estimate the sample temperature in the quasi-equilibrium
conditions after the laser excitation by taking the experimentally measured strain. In figure 4.13] this
is exemplarily shown for three start temperatures 7 = 301.5K, 7 = 171.5K and T = 151.5K. From
the start temperature a horizontal arrow indicates the temperature increase that has to be balanced by
the vertical arrow, which is the experimentally determined strain at, for example, t = 0.1 ns. From the
graph .13 one can draw the following conclusions:

i) 301.5K is far above Ty and no magnetic effects affect the lattice expansion in Dy, hence, it reveals
the total energy density deposited in Dy at F; = 2mJ/cm?. At this temperature, an initial strain of
1.24-1073 corresponds to the temperature change of AT = 85 K in thermal equilibrium shown in fig-
ure by the red arrows. The deposited energy density Apgt ~ 118 J/cm? is given by equation
after integrating the heat capacity over the temperature change. Since the optical absorption of the
pump pulse does not change with temperature, this total amount of heat Apgt deposited should be

the same for all starting temperatures.

ii) At171.5K close to Ty, the initial lattice expansion of around 3.2- 10~* corresponds to a temperature
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increase of AT = 90K (see light blue line in figure [4.13)). This corresponds to an energy density of
Ap? =~ 153J/cm?® > Apgt considering the equilibrium properties. This can not be the case, because

the sample reflectivity is essentially temperature-independent.

iii) At 151.5K well below 7y, an initial negative expansion of 7.2-10~* is measured. The transient
peak width change indicates that the system is excited to a temperature below Ty. This results in
a temperature change of AT = 15K corresponding to Ap? < Apt%t. Even the maximal negative
expansion £(¢ = 0.6ns) = 1.17- 1073 only corresponds to a AT = 23 K, which also requires much
less energy density compared to the total energy density deposited in the Dy layer according to the

measurement at 301.5 K discussed under 1).
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Figure 4.13.: Strain as function of temperature for Dy in thermal equilibrium. For three start temper-
atures, the temperature increase (horizontal arrows) is determined by the experimentally
observed transient strain in quasi-equilibrium at = 0.1 ns (vertical arrows).

These examples clearly show the non-equilibrium of the magnetic and phonon systems. A quantita-
tive decomposition of the deposited energy densities into each subsystem and also the resulting individual
transient temperature changes can be calculated with the two-thermal-energies-model (TTEM) [24] 122
123]].

4.2.2.1. Non-equilibrium of the transient magnetic and phonon energies

The TTEM assumes that the initial total energy density Apt%,, which is supplied by the ultrafast laser
heating, is distributed between the phonon and the magnetic systems. Ap,% is derived from the measure-
ment at 301.5 K because the temperature is far above 7Ty and the magnetic order is absent. Additionally,
the measured strain €py is a superposition of the positive strain driven by phonon excitations and neg-

ative strain by magnetic excitations as a result of the deposited individual energy densities, which is
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summarized by the following set of equations:

Apt%t =Ap th + Ang (4.8)
epy = Epn(APS,) +En(ADT) . (4.9)

Note that the electronic contribution is included in the phonon system because the electron-phonon ther-
malization time is typically on the order of a few picoseconds for metals [[81} 82]]. This model is only
applicable for the time scale that is smaller than the heat propagation in-plane because the laser spot size
is large compared to the thickness of the layer. This time scale is also longer for the sound propagation
through the layers. Therefore, Hooke’s law, which relates linearly stress and strain in a solid by o = K€,
is valid and the Grueneisen coefficient defined in equation §.6] measures how efficiently the deposited
energy density is transformed into stress, ¢ = ['Ap?. The relation of the strain and the deposited energy

density for the subsystem i can be written as

K¢

Ap2 = -

Bi€i . (4.10)

It is important to note that the relation between energy density and strain is linearly given by 3, which is
temperature-independent as shown in figure {.T1]c.

In order to calculate the energy densities deposited into the phonon and magnetic systems and also
the resulting strains in each subsystem separately, the equations [4.8] [4.9]and 4.10]are combined and one

obtains

AP2, = Bon(epy — &n) + Bum @.11)

which allows to extract &, and finally Apng , €n and Aprh can be derived analytically. One needs to
emphasize here that the energy densities and the resulting strain exhibit a spatial distribution over the

layer thickness. The results shown here are averaged over the complete Dy layer.

In figure [4.14]a the transient energy densities of the phonon and magnetic subsystems for different
start temperatures are plotted. These results clearly show the different distribution of the initial energy
density because initially always Aprh > Ap,g is observed. At 7 = 151.5 K the magnetic system receives
27% of the total energy and this value is decreased to 6% at T = 178.5 K. The rest of the energy is
deposited into the phonon system. This shows that as 7" approaches Ty, the initial energy density in the
magnetic system is reduced and the energy of the phonon system increases as can be seen in the inset of
figure d.14]a. The transient strains of the subsystems are shown in figure d.14]b. This analysis supports
that the energy deposited into the magnetic system is more efficiently converted into strain, which is
particularly visible for the data obtained 7 = 151.5 K although Ap,g is much less than Aprh. This is also
in agreement with the calculated Grueneisen coefficients I';;, ~ 4 -T",,. Additionally, one can easily see
that the magnetic strain resides unchanged at the temperatures close to 7y and the phononic strain relaxes

on a much faster time scale.
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Figure 4.14.: The results of the TTEM analysis of the transient strain of Dy after the ultrafast laser heat-
ing with F; = 2mJ/cm?. a) The transient energy densities deposited into the phonon and
magnetic subsystems for different start temperatures. In the inset: The fraction of the initial
energy density into each subsystem i as function of the temperature. b) The resulting strain
by the deposited energy density for each subsystem shown in a). The solid and dashed lines
denote the phonon and magnetic systems, respectively.

The interaction between the different subsystems and also the heat transport is given by the individual
temperatures of each subsystem in a material as explained in section [2.3] Therefore, the converted
temperature changes of the phonon and magnetic systems are shown in figure #.15 which are obtained
with equation [2.14] for each subsystem from the individual energy densities shown in figure #.14la and
the heat capacities shown in figure 2.10] The extracted temperature changes show at the beginning
always AT, > AT, as also expected by the three-temperature-model in figure @ The phonon system
cools much faster than the magnetic system, which is related to the fact that the adjacent metal layers
are non-magnetic. Thus, the phonon system can release energy via phonon diffusion to the other layers
but the magnetic system has no available channel to transport the deposited energy. Interestingly, for

later times than the equilibration time, ¢ > 7., on which AT, = AT,, occurs, the magnetic system starts
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Figure 4.15.: The transient temperature change AT of the phonon and the magnetic systems in Dy after
ultrafast laser heating with F; = 2mJ /cm? for different start temperatures. AT is derived
from the individual energy densities calculated via the TTEM.

to cool by energy transfer into the phonon system because now AT, < AT, allows the heat transport.
This behavior is observed for each start temperature. Additionally, the recovery time of the magnetic
system significantly increases for the temperatures close to Ty and therefore the equilibration occurs at
very late times. This is caused by the initial distribution of the energy densities just after absorption
of the pump pulse: Close to 7y the energy deposited into the phonon system is more and therefore the
relaxation takes longer, as the magnetic system can only cool after the lattice temperature falls below the
spin temperature. For the start temperatures close to Ty, the equilibration time 7., corresponds within the
experimental uncertainty to the time on which the peak width starts to broaden again and also when the
minima of the measured transient strain £p, are observed in ﬁgure@ For example one sees at 171.5K
that 7., ~ 5ns and AT ~ 6 K. It is important to note here that the cooling rate of the phonon system is
likely to be different for # > 7., because now the phonon subsystem receives additional energy from the
magnetic system. This results in a slightly different temperature change of both subsystems given by the
TTEM for t > 1,4.

These experimental results and the analysis show clearly that a non-equilibrium between the phonon

and magnetic systems in Dy exists after the direct excitation of Dy by ultrafast laser heating.
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4.2.3. Influence of magnetic excitations on the heat transport through nanolayersE]

In this section, the heat transport through the metal layers in sample II (see figure[4.3)) is investigated as an
example of a complex heat flow problem on the nanoscale, where several different quasiparticles trans-
port the heat. The structural Bragg peak positions of each layer represent layer-specific thermometers
that measure the energy flow through the sample after excitation of the Y top layer with a laser fluence of
F; = 2mJ /cm?. The excitation depth of 32 nm is determined by ellipsometry studies. The measurements
were performed with delays up to 100 ns after the ultrafast laser heating and the start temperature 7T is
varied from 136 K through 7y up to 276 K. The static temperature increase due to the laser excitation of

26 K for the fluence of 2mJ /cm? is already included for the given start temperatures.

In figure[d.16]a, the transient strain of both Y layers as the average of the upper and bottom Y layer is
shown for different start temperatures 7. At 276 K the laser-heated Y layer shows a maximum expansion
within the time-resolution limit given by the pulse duration of the x-rays at the beamline. It relaxes by
the heat diffusion into the other adjacent thin layers. At lower T the identical dynamics are observed,
however, the maximal strain value decreases with decreasing 7. The transient strain of the indirectly
heated Dy layer is shown in figure b together with the simulated average strain £p; (t) by the one
dimensional heat diffusion equation [2.22] using the UDKM1Dsim toolbox [137]]. The transient strain
of Dy shows very different dynamics depending on the start temperature. At 276 K the paramagnetic
Dy layer expands and reaches the maximal expansion after about 300 ps. In the AFM phase below Ty
the Dy layer contracts upon heating, which is driven by the excitation of the magnetic system. The
simulated strain of Dy is not in agreement with the measured strain because the different contributions
of the magnetic excitations and phonons are not considered by this simulation. The transient strain in the
Nb layer is depicted in figure 4.16lc. The maximal expansion of the Nb layer at T =276 K is observed
at about 1.8 ns. At lower start temperatures the maximal expansion shifts to larger time delays and the
magnitude of the maximal expansion is reduced. The inhomogeneous spatial heat distribution in the three
materials not only changes the Bragg peak positions but also the Bragg peak width (see figure[A.2]in the
appendix). For Dy, a maximum peak width increase of 8% is observed in the first 100 ps when strain
waves propagate from the surface through the film. The inhomogeneous thermal strain in Dy increases
the peak width by less than 4%. In the Y layer the peak width change is more pronounced since the
strongly excited layer above Dy contributes equally to the signal as the layer below Dy, which is almost
not excited. Here the peak width increase rapidly decreases from 30% to 8% within 400 ps. In Nb, the
initial peak width increase is always less than 2%.

The analysis of the measured transient strain of each layer provides the determination of layer-

specific temperature changes. The change of the integral heat in subsystem i

in the volume V; of a system is proportional to the lattice strain &. At temperatures above Ty, the

. This section essentially follows my publication [[122], therefore a large fraction of the section is identical to the publication.
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Figure 4.16.: Transient strain €(¢) for different initial temperatures 7 after ultrafast laser heating with the
fluence of F; =2mJ/ cm?: Solid lines depict the measured transient strain of a) the two Y
layers, b) the Dy layer, and (c) the Nb layer. The dashed lines in panel b) represent the
unsuccessful attempt to simulate the strain £f; (t) by the heat transport equation without
taking into account the fact that the magnetic excitations and phonons contribute to the
heat transport and the strain.

increase of the energy densities ApgDy’Nb in Y, Dy, and Nb can be directly found from equation The
temperature-independent 3 values are taken from figure c. Essentially, the energy density of excited
phonons in each material drives the lattice expansion since the electrons carry a negligible fraction of the

specific heat when the electrons have cooled to approximately the lattice temperature. Thus, the electron
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4. Ultratast x-ray diffraction experiments

and phonon contributions are not taken into account separately. In contrast, the specific heat of the
magnetic system below Ty is very large. Below Ty four heat carrying degrees of freedom in the system
coexist, namely the magnetic excitations in Dy and the phonon excitation in Dy, Nb, and Y. In addition
to the three measured transient lattice strains €y,pynp shown in figure @], a fourth equation is required
in order to find the solution to the heat transport problem. The temperature-dependent ellipsometry
measurements prove that the absorbed energy density of the multilayer does not change considerably
with temperature, because the sample reflectivity does not change with 7" in this range. Assuming that
no substantial fraction of the initial heat is transported to the substrate, one can identify the total amount
of energy deposited in the multilayer at any temperature AQ” = with the value AQ?/%¥ that drives the Dy
expansion. This is measurement at 7 = 276 K is a good approximation for high temperatures, where only
phonons contribute and time scales up to 100 ns because the heat transport into the sapphire substrate is

similar at all temperatures. When one writes

AQhy = AQpN — AQY — AQYy, (4.13)

only AQf, at low temperatures is overestimated by the rather small fraction AQL,, = AQ/,, — AQZ*X of

err
heat that is transported into the substrate more than it would be transported at 276 K. For convenience,
this error can be identified by the difference of dark red and blue lines in figure @.17]b where the total
energy Q transported into substrate is used in order to calculate a change of energy density Ap€ that has
left a 100 nm thick layer. The energy densities Apgy = AQIT)y /Vby in Dy derived for several different start
temperatures are plotted in figure d.17]a. This shows that with lower start temperature a larger and larger

fraction of the energy is rapidly transferred from the excited Y layer into Dy.

In order to determine the individual contributions of magnetic and phononic system to the energy
density and expansion of Dy at temperatures below 7y, the two-thermal-energies-model is used as de-
scribed in the previous section. One can combine equations and 4.9 to

APS, = Byn(epy — &m) + B Em - (4.14)

Here, Apgy is the experimentally determined energy density plotted in figure a for each start temper-
ature. By solving this equation, the following equations are obtained for the contractive strain &, driven

by magnetic order and the phonon-driven expansive strain €, that only depend on measured quantities:

B (Apgy — Bynépy)
En = B =B (4.15)

Eph = EDy — Ep (4.16)

Now together with equation the contributions to the time-dependent energy densities Aplg oh in
Dy can be calculated. The corresponding energy densities Apng of the adjacent layers are determined
directly from the measured quantities €ynp. The resulting energy densities in each material derived
from the experiment are plotted in figure d.17]c and compared to a simple calculation of the heat trans-
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Figure 4.17.: a) Transient increase of the energy density in the Dy layer Apgy after optical excitation
derived from the measurement according to equation .13} b) Simulation of the energy
density transported into the substrate according to the heat transport equation. ¢) Symbols
show the experimentally determined transient energy densities ApgDy’Nb in each material.
Solid lines represent simulations according to heat equation. Dotted lines show the experi-

mentally derived energy densities in the magnetic and phonon system of Dy Apg o

port according to the heat transport equation [137]]. Assuming a small thermal interface resistance of
200MW /m’K only between Nb and sapphire, a very good simultaneous agreement of the experimen-
tally derived total energy density in Dy Apgy = Aplgh + Ap,g and the simulations is found at 276 K and
136 K. In contrast, the simulated thermal expansion £y (t) averaged over the film thickness (dashed lines
in figure @b) considerably deviates from the measured strain €py, because the spin and phonon system

are not even locally in thermal equilibrium. Closer to the phase transition the deviations get stronger and
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Figure 4.18.: Temperature change in each layer after excitation at (a) 276 K and (b) 136 K. The tempera-
ture in the magnetic system is only well defined at T < 7. Solid lines are running averages
as a guide to the eye.

last longer.

Heat transport is driven by temperature gradients. Therefore, the transient temperature changes of
the magnetic and phononic systems AT, ,, in Dy and ATyxp, in Y and Nb are plotted in figure @ as the
experimental solution of the heat transport problem through the three layers as a function of time for two
temperatures above and below 7y. The temperature rise AT is calculated from equation [2.14] for each
subsystem. The most striking result is that, within the time resolution, the Y layer is heated by 77 = 50K
at low and T = 68 K at high temperature, although ellipsometry proves that the same amount of energy
was deposited by the light pulse. This suggests that the additional energy dissipation channel into spin
excitations at low temperatures dramatically speeds up the heat transport across the Y/Dy interface.

Another robust feature seen in figure [4.18]is the delayed temperature rise in the Nb layer, indicating
a reduced heat transport through Dy. The temperature rise in the phonon system of Dy at both start
temperatures is nearly the same, and therefore the heat arriving in the magnetic system effectively is
additional to the phonon heat, explaining the observation in figure d.17]a that the increase of the energy
density in Dy is higher at low temperature. Note that the kinetics of the temperature rise in the spin
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and phonon systems of Dy are clearly different. The fact that the energy density in the magnetic system
of Dy drives a lattice contraction counteracting the expansion initiated by phonon heating explains the
strong deviations of the observed lattice strain £f; (t) # €epy from the simulated strain (figure b)

when magnetic and phononic systems are not in a thermal equilibrium.

4.3. Results: gadoliniu

In this section, the static and time-resolved results of the UXRD experiments on the Gd sample III (see

figure [4.3) are presented in the temperature range of the FM state of Gd.

4.3.1. Static characterization

The equilibrium out-of-plane lattice constants of Gd were measured in the temperature range between
90K and 335K. Figure .19la shows the measured lattice constants of Gd as obtained from the 0002
reflection. The temperature-dependence of the lattice constant exhibit anomalies as seen in Dy. Decreas-
ing the temperature from 7¢ the lattice constant expands due to the strong interaction of the lattice and
the magnetic system by magneto-elastic coupling. The linear thermal expansion coefficient of Gd is pre-
sented in figure [4.19]b that is calculated from the temperature-dependence of the lattice constant using
equation 4.4] The strong negative thermal expansion coefficient of Gd is closely related to the specific
heat contribution of the ferromagnetic order shown in figure as both clearly peak around 293 K.
Using equation @] the macroscopic Grueneisen coefficients I';, and I',, are evaluated and shown in fig-
ure 4.19]c. The magnetic and phononic contributions follow from the appropriate decomposition of the
thermal expansion coefficient 0tGq = 0, + 0y, and the specific heat Cgq = G, + Cpy,. Here, the difference
between thermal expansions driven by electrons and phonons is neglected, since it is only relevant on the
few picosecond timescale, when the electron system is significantly hotter than the lattice [81}82]]. The
thermal expansion above 350K is approximated by the phonon driven expansion in the Debye model
and extrapolated to low temperatures. In the relevant temperature range o, is essentially constant [59,
138]]. The effective elastic constant Kgq is calculated using the elastic constants from reference [[139]] and

depends only weakly on the temperature.

4.3.2. Structural dynamics in the ferromagnetic phase

The time-resolved results of Gd are presented in this section. The penetration depth of the pump light is
about 23 nm and effectively excites the Gd layer together with 10nm Y layer on the top. For these mea-
surements the initial temperature 7 of the sample was tuned across 7¢ between 212 K and 322 K, while
the excitation was kept constant at an incident fluence of F; = 1.7mJ/cm?. The given start temperatures
are including a temperature increase of 12 K that results from the heat deposited at the high repetition
rate. Figure depicts the transient lattice strain in the Gd layer €gq4(t) after ultrafast laser heating.
The lattice response at T = 322K > T¢ shows an initial expansion of the lattice as expected from phonon

2. This section essentially follows my publication [123]], therefore a large fraction of the section is identical to the publication.
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Figure 4.19.: Temperature-dependent parameters of Gd in equilibrium: a) out-of-plane lattice constant
deduced from the 0002 reflection, b) the linear thermal expansion coefficient ¢, c) the
macroscopic Grueneisen constant, .

heating. Maximum strain is reached within the time-resolution. The lattice expansion relaxes within
about 500 ps via heat diffusion into the substrate. All transients recorded for a start temperature below
Tt show a lattice contraction at all time delays. This reflects the intimate coupling between interatomic
distances and exchange interaction. The strongest negative expansion of about —9-10™* at 7 = 267K
even exceeds the positive expansion measured at 7 = 322 K. With T approaching T¢, the contraction
amplitude decreases while the relaxation of the transient strain slows down, with considerable contrac-
tion persisting longer than 10ns. Close to the Curie temperature at 7 = 292 K an initial expansion is

observed that is followed by a contraction for delays > 150 ps.

Qualitatively, the experimental results directly prove that a substantial fraction of the initial deposited
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Figure 4.20.: Transient strain £g4(¢) in the Gd layer for different start temperatures 7 after ultrafast laser
heating at F; = 1.7mJ /cm?.

energy heats up the magnetic system because only Ap,g drives the negative expansion according to the
Grueneisen coefficient. The contraction observed for T = 292 K indicates that this is also true close to
Tc, when the magnetic order is almost lost. Even when the thermal expansion coefficient turns positive

above T¢, the phonon driven expansion is significantly reduced by magnetic contributions.

In the following, a strong non-equilibrium between the magnetic and phononic subsystems is shown
and their different transient temperatures are estimated. It is important to note here that the electron and
phonon systems have essentially equilibrated within the time resolution. Therefore one can describe both
subsystems by a single temperature and only consider different heating of the magnetic and phononic
systems. For the first analysis of the data an equilibrium model is assumed that both subsystems have the
same temperature at all delay times. This enforces the static lattice constant ¢(7") depicted in figure a
to map the transient temperature AT (¢) via c(¢) = ¢(T). Likewise the transient strain would mimic the
transient temperature via €(¢) = €(¢). Three different examples are explained in the following that this

equilibrium approach is incorrect:

i) Figure[d21|illustrates two situations for different start temperatures 7'. In equilibrium, the maximum
transient strain of —4.3-10~* observed for T = 282 K would correspond to a temperature rise of 9 K.
In contrast, the maximum strain for 7 = 212K is —6.1 - 10~*, which would reflect a temperature
rise of 42 K. These values can be directly obtained from the dashed and dash-dotted orange and blue
lines in figure The maximum temperature change extracted from the change in &(T') varies
by about a factor of 5 for the two different starting temperatures, although the optical absorption
coefficient is constant and consequently the same amount of energy is deposited. One can conclude
from the observation at 7 = 212 K that the deposited energy by the laser pulse must at least lead to
a temperature rise of AT > 42 K. At T = 282 K the total heat capacity of Gd is at most 25% larger
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Figure 4.21.: Illustration of the temperature rise in the Gd layer after ultrafast laser excitation. The insets

i)
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show the transient lattice response €gq(¢) for two selected start temperatures 7 = 212K
(blue) and T = 282K (orange) reproduced from figure @} The solid circles represent
the measured lattice strain from static heating experiments (figure [4.19]a) extrapolated by
using high temperature values from reference [[59]]. The thick dashed lines indicate the start
temperature 7' and the corresponding €gq = 0. The dash-dotted lines show the maximum
contraction, which yields a lower estimate of the temperature rise AT, of the magnetic
system. The solid lines highlight the initial non-equilibrium response that explains the tiny
initial contraction at ¢ = 50 ps resulting from a near cancellation of the contractive stress
from heating magnetic system by AT, = 9K and the expansive stress from heating the
phonon system by AT,, = 54 K. The red line indicates the linear thermal expansion of Gd
for high temperatures. The red arrow with the same slope symbolizes a fictitious exclusive
cooling of the phonon system towards the equilibrium at AT,, = AT,, = 9K.

than at 7 = 212 K. Therefore, the temperature jump would at least be 24 K, contradicting the simple

equilibrium description.

Consider the situation at a t = 50 ps (solid orange line in figure @), the failure to assume 7,, = T,
becomes even more obvious. The lattice response shows a strain of —1-10~* corresponding to
a temperature rise of only 1 K. In fact this can only be explained in a non-equilibrium model by
assuming a simultaneous heating of magnetic and phonon systems with an almost exact cancellation
0 ATy, = 04y, ATy, of the lattice contraction and expansion. If this relation is written in terms of the
energy densities it follows —FmAp,g = thAprh =Ty (Apgd —Ap,%). From the latter identity
one can immediately conclude that the magnetic system initially takes the fraction Ap,g / Apgd =
Ty (TCpn — D) = 14% of the total deposited energy ApS, Gd at T = 282 K. This analysis is robust,
because strain and energy density are linearly related, and it implies a similarly large difference in
AT, and AT, since the heat capacity C,, at 282 K is only 20% smaller than C,;, + C,. Figure
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of start temperature.

shows the distribution of energy density Ap,% and Aprh for different start temperatures, determined

50 ps after the excitation by the TTEM explained in the next section.

The third important example is the estimation of the temperature rise required to rationalize the
contraction of —6.1-107* for T = 212 K. In equilibrium the temperature rise is expected to be
at least AT > 42K to account for the contraction. In non-equilibrium, one can also explain the
observation by a larger temperature rise AT, of the magnetic system assuming that the phonon
system receives even more energy. This situation is graphically explained in figure for the
example of 7 = 282 K. At t = 50 ps, the dynamics start at a small negative strain level indicated
by the solid orange line. This is the strain level given by an approximate balance of expansive
and contractive stresses. The dash-dotted orange line indicates the maximum negative strain at
t =~ 300 ps. At this time the magnetic and the phonon systems must at least still be heated by 9 K. In
order to explain the strain balance just after excitation, one has to assume an excessive heating of the
phonon system beyond the temperature of the magnetic system. The red line in figure{4.21|indicates
the slope at which the phonon heating leads to strain according to the high-temperature thermal
expansion. Assuming an initial temperature jump of the magnetic system by A7, = 9 K the phonon
system must exhibit an initial temperature jump of A7,;, = 54K to compensate the negative strain
of the magnetic system. This yields a lower estimate of the energies leading to the non-equilibrium.
Starting from this fictitious non-equilibrium state, the red arrow would indicate the path of the
system via exclusive phonon cooling towards a fictitious equilibrium at the maximum contraction
for AT,;, = AT,, = 9 K. The real non-equilibrium state is determined by the TTEM presented in the
next section, where the initial temperature jumps are obtained as AT,, = 70K and AT,, = 15K,

respectively.
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4.3.3. Grueneisen-approach for transient spin and phonon energies

In order to decompose the measured lattice strain and the initial energy density quantitatively into the
magnetic and phononic contributions at temperatures below T¢, the TTEM model is used. The laser-
induced change of the energy densities Aprhm generates the stresses o), ,, which superimpose to yield
the proportional strain:

_ Oph+ Op 1

€ :—FAQFAQ). 417
Gd Ko ch( phAPy, +TnApy 4.17)

The parameters I',, ,, are Kgq are known (see section @ and €gq is measured. Individual energy
densities Aprh’m are determined using the relation Apgd = Apl?h + Apg . It was not possible to conduct
the UXRD experiment on Gd at high temperatures for determination the total energy density. Therefore
the Apgd (Ops) is calibrated with the total energy density in Dy sample I already shown in section
taking into account the absorbed fluence using the advantage of the similar sample structures on the top
of sample I and III (see figure . Additionally, the dynamics Apgd (1) is also an estimate for the phonon
cooling at lower T, since for T = 322 K the energy is essentially fed into the phonon system. Figure[d.23|
depicts the results of the decomposition by the TTEM. Figure [4.23]a shows the energy densities in the
magnetic and phonon systems. For 7" = 267 K as much as 30% of the deposited energy enters the
magnetic system. The phonon system cools faster than the spins, and already after 200 ps less than 50%
of the energy resides in the phonons. For 7' = 322 K the contribution of the magnetic system starts with
less than 10%. The transport of heat and the interconversion of energy between subsystems should be
governed by the temperature, which is plotted in figure #.23]b. The increase of the temperature of the
magnetic system is reduced at temperatures just below T¢. This in part explains why the cooling of the
spins for 7 = 267 K and 7 = 282 K is slowed down. For higher start temperature, the fraction of energy
initially deposited in the magnetic system is reduced (see figure 4.22), and the specific heat increases
near the phase transition. Both facts reduce the change of the magnetic temperature AT, and hence it
takes a longer time until the phonon temperature 7),, has cooled below Tc. The main reason for the
reduced energy deposition in the magnetic system is the decreasing spin contribution of the specific heat
above Tc. Although this contribution diverges at 7, the integral over a finite AT is finite and decreases
when the effective end-temperature is above Tc. The phonon contribution is approximately constant in
the relevant temperature range, and hence the fraction of energy exciting the phonon system increases.
In the limit of very high temperatures, the Ap,(n2 must converge to zero, and 100% of the energy remain in
the phonon system.

In the results for all start temperatures 7 < T¢, the phonon system is initially heated more than the
spin system. Not only is the contribution to the energy density higher Aprh > Ap,g but also the tempera-
ture rise AT, > AT,,. The phonon system cools faster than the spin system, after the time 7., they reach
equal temperatures. However, the phonon system keeps cooling faster and therefore the temperature rise
is inverted (AT, < AT,,). This inversion of the temperatures observed for all transients below 7. shows

that the magnetic system is decoupled from the electron-phonon system on the 100 ps —1 ns timescale,

64



4.3. Results: gadolinium

=== Phonon system

= = = Magnetic system

() —_— 212K |
—_ — 267K |
& i
g 282K |
= — 322K |
Q
Q
<

(b)

AT (K)

(c)

€ (%o)

_IP
\'\-H\ | |

107! 10° 10!
Delay time (ns)

Figure 4.23.: Result of the data analysis by the TTEM for selected start temperatures. Solid and dashed
lines represent the results for phonon and spin systems, respectively. a) Transient energy
density, b) temperature change and c) transient strain.

although the initial transfer of energy from electrons to phonons and spins is very rapid. Note that 7.,
is smaller for low temperatures and the inversion is more pronounced towards the phase transition. The
results measured at the lowest temperature of 7 = 212 K, the phonon temperature increase decays to half
of its value within 120 ps and the temperature rise of the magnetic system requires about 200 ps to decay
to its half value. Taking into account the larger thermal conductivity at 100 K, the results are consistent

with relaxation times of about 80 ps reported in references [ 14|16, [140].
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5. Resonant soft x-ray diffraction

experiments

In this second experimental part of this work, the magnetic order and in particular recovery dynamics of
the magnetic order in Dy in the ps up to the ps range after ultrashort photoexcitation is investigated by
time-resolved RSXD, where we have used femtosecond optical pump and soft x-ray probe pulses. RSXD
experiments provide a direct measurement of long-range periodic antiferromagnetic order in solids due to
the transition between the core energy levels by tuning the photon energy to the corresponding element-
specific resonance energy [116]. In the experiments discussed in this chapter, the magnetic structure of
Dy is directly probed as the soft x-ray energy is tuned to the My absorption edge of Dy that is charac-
terized by a strong 3d — 4f transition at about 1293 eV, because the localized 4 f-electrons are mainly
responsible for the long-range helical antiferromagnetic order, HAF, in Dy. The wavelength at the My
edge of about 9.59 A has the right magnitude to diffract from the magnetic modulation periodicity of
about 21-28 A depending on the investigated samples and temperature in Dy. These experiments will
also allow us to compare the recovery dynamics of HAF order in Dy with the dynamical structural
response, which has been presented and analyzed in the context of TTEM in section This com-
parison allows us to crosscheck the applicability of dynamical structural diffraction measurements for
the analysis of magnetization dynamics for materials with strong magneto-elastic coupling and hence
large magnetostrictive properties.

This chapter includes three parts. At first, the technical details and the data acquisition are explained.
In the last part, the results of static sample characterization and dynamics of the antiferromagnetic order
as a function of the excitation fluence and the sample temperature are presented. These cover the slow

dynamics observed in the ps up to us range.

5.1. Experimental setup

The experiments have been performed at the FemtoSpex slicing facility at the storage ring BESSY II
(UE56-1_ZPM). The beamline offers many different experimental techniques which include XMCD, res-
onant and non-resonant x-ray diffraction, and x-ray absorption spectroscopy in the soft x-ray regime [[141]].
By means of these methods, magnetization dynamics after optical excitation of the sample is investigated
in the time range from fs up to pus. The beamline can be operated in the FEMTO-slicing mode, where
femtosecond x-ray pulses are produced in the undulator [[142} |143[]. However, the data presented in this
thesis have been obtained in the ps-mode and only the experimental prerequisites for this mode will be

covered in the following.
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Figure 5.1.: Schematic of the RSXD experimental setup at the Femtospex beamline at BESSY II [[143].
BM: bending magnet, ZPM: zone plate monochromator, APD: avalanche photodiode. Mod-
ulator, bending magnets and radiator are installed in the storage ring.

A schematic layout of the beamline and experimental setup of time-resolved RSXD experiments in
ps-mode is shown in figure [5.1] Electron bunches in the storage ring are directed via a bending magnet
into undulator U139, the so-called modulator, which is relevant particularly for the slicing operation.
The radiator UE56/1, an undulator with 30 periods with 56 mm length, is positioned after the modulator
in order to produce x-ray pulses with desired polarization and energy range. In our case, linearly 7-
polarized x-ray pulses with photon energies between 250 to 1400eV are emitted from the undulator.
The electron storage ring was operated in the single bunch mode, therefore x-ray pulses are generated
with ~ 80 ps pulse duration at 1.25 MHz repetition rate. After the undulator, x-ray pulses are guided to a
high-flux zone plate monochromator (ZPM) that is used for energy selection and horizontal and vertical
focusing of the beam onto the sample. The reflected or diffracted x-ray photons from the sample are
detected with a fast avalanche photodiode (APD) operated in single photon counting mode at the bias
reverse voltage of about 290 V. Due to the ZPM and a quartz vertical slit with about 100 um aperture in
front of the detector, an energy resolution of AE/E = 1072 is achieved. The sample is mounted on the
cold finger of a cryostat in an ultrahigh vacuum chamber, which allows cooling of the sample down to
77 K or 6 K using liquid nitrogen or helium.

Photo excitation of the samples is performed with 50fs laser pulses with a central wavelength of
800 nm (Ephoton = 1.5€V) , which are generated from a Ti:Sa oscillator. A regenerative amplifier pro-
duces laser pulses with 3 kHz repetition rate and 2 mJ pulse energy. The optical setup before the diffrac-
tion chamber direct the laser beam into the diffraction chamber and focus it onto the sample. In addition,
they include optical components for controlling the polarization state and power of the laser beam.

The laser excites the sample with an angular offset of 1.5° with respect to the incoming x-ray beam.
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The laser illuminates an area with FWHM of 300 x 270 um that enables homogeneous pumping of the
area that is probed by the x-ray beam, which has a FWHM of 140 x 100 um at normal incidence. Be-
cause pump and probe beams are almost collinear, the detector is protected by a 250 um thick aluminum

window, which is transparent for x-rays, but blocks the reflected laser light from the sample.

5.2. Data acquisition

The RSXD experiments are performed in a specular reflection geometry as explained in section
and displayed in figure #.4]a. The optical pump and x-ray probe pulses are focused almost collinearly
onto the sample. The sample is set to the Bragg angle 8 and the detector is positioned at 260. The x-ray
photon energy is set to the My absorption edge energy of Dy. During a 8 -26 scan in the angular range
between 4° and 17°, the diffracted signal intensity is monitored. It includes the signal from the scattering
of x-rays from the charges in the sample and diffraction of the x-rays from the helical arrangement of
the local magnetic moments of Dy at the reciprocal space position (000+7) with T being the modulation
vector that denotes the inverse period of the HAF order. In this thesis, this signal is mostly presented as
a function of the scattering vector, g, denoting the momentum transfer along the c-axis that is calculated
by
q:a—ﬂsine . 5.1)
In figure [5.2]b, a typical 6-26 scan at 130K is shown. The origin of the decreasing intensity as
g increases is the reflectivity originating from the scattering of x-rays from the charge density. In this
regime, the intensity is proportional to ¢g~*. The first-order magnetic Bragg reflection of Dy occurs at
around 6 = 9.5° at 130 K. The scattering vector at the maximum of the magnetic peak corresponds to
the modulation vector at the given temperature. From the FWHM of the magnetic peak,w, the magnetic
correlation length can be extracted. However, it will be shown in section [5.3.1] that the limited penetra-
tion depth of the soft x-rays at small angles determines the observed value of peak width. The integrated
intensity 7 is proportional to the square of the order paramater I o< O [144], that is the sublattice magne-
tization for the HAF order. In order to extract the inverse helix period from the raw experimental data,
the peak width and the integrated intensity of the magnetic peak, a fit function is used that is the sum
of the charge reflectivity background and an asymmetric pseudo-Voigt profile with two different peak
widths on the right and left hand side of the peak center, wg and wy, respectively. The fit result is shown
as black line in figure In order to extract the magnetic peak independent of charge reflectivity, the fit
result of the charge reflectivity is subtracted from the measured signal prior to the numerical integration.
The extracted magnetic peak from the raw data is displayed in the inset of figure
The first set of measurements has been performed without photoexcitation and yields the static char-
acterization of the magnetic scattering properties of each sample. The second part deals with time-
resolved measurements, that is optical pump-soft x-ray probe experiments. In the latter case, the sample

is excited with 50 fs laser pulses and the magnetic response of Dy is investigated with soft x-ray pulses.
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Figure 5.2.: A typical signal with 6 -26 scan in the angular regime from 4° to 17° (red circles) from

sample I (see figure d.3)). The decreasing intensity at small angles is the charge reflectivity
and the first-order Dy magnetic peak occurs at about 9.5° at 130 K. Black solid line is the fit
result of the data with the function of sum of charge reflectivity and an asymmetric pseudo-
Voigt profile. The inset presents extracted magnetic Bragg peak of Dy layer via subtracting
the fit result of charge reflectivity from the measurement.
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Figure 5.3.: The angle-dependent optical reflectivity of the sample surface from sample I and sample 11
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for pump beam with the central wavelength of 800 nm. For the definition of sample I and II,

see figure [.3]



5.2. Data acquisition

Therefore a delay between the pump and probe pulses is introduced.
Before we started the time-resolved investigations, the following adjustments were performed:

1) The power P of the laser is calibrated with the motorized waveplate and powermeter before the
vacuum chamber in order to determine and, if necessary adjust the power.

ii) The angle-dependent optical reflectivity, R, of the sample surface for the pump beam is measured.
The result for both samples is shown in figure[5.3] Now, the absorbed fluence F, can be calculated

using

F, sin®(1—R) . (5.2)

B A- frep
Here fe, denotes the pulse repetition rate and A is the pumped area at normal incidence. This cor-
rection is necessary because the sample reflectivity changes quite drastically at grazing incidence.
In order to excite the samples at each Bragg angle with the same fluence, the laser power is auto-

matically adjusted to compensate for the variation of the reflectivity.

iii) Spatial and temporal overlap between the pump and probe pulses is determined similarly to the XPP
measurements discussed in section

We have performed two types of time-resolved experiments with different time resolution and dif-
ferent maximum measured delay, which we call synchronous and asynchronous measurements. Both

modes are explained in following in detail:

a) Synchronous measurements: The pump laser is synchronized directly to the ring bunch clock
(1.25MHz) and a delay stage is used to introduce the temporal delay between optical pump pulse and
x-ray probe pulse. The delay is limited to 4 ns and the x-ray pulses are approximately 80 ps, which
determines the time resolution. Two pump laser pulses are seperated by the time period of about 333 s
and in this time interval many x-ray pulses with 800 ns repetition period probe the sample. As the laser
is synchronized to the bunch clock, this allows a measurement of the sample response with and without
laser excitation at every measured delay, i.e. the pumped and unpumped signal [141]]. The unpumped
signal is used for the normalization of experimental data. The diffraction signal is measured performing
0 - 20 scans at different delays. All extracted parameters p via synchronous measurements are presented
in form of relative changes, RC, in section that is calculated by

RC = Ppu—Pu ’ (5.3)

Pu

where the subscripts pu and u denote the parameter of the pumped and unpumped signal, respectively.
In figure[5.4]a the diffraction intensity of pumped magnetic Bragg peaks of the Dy helix in sample I

at two delay are presented. These have been measured in the synchronous measurements at 150 K and an

absorbed fluence of 1 mJ/cm?. In the inset, the corresponding unpumped data are shown. The temporal

variation of the integrated intensity as function of delay time for both pumped and unpumped signal is
shown in figure [5.4]b.
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Figure 5.4.: a) Data acquisition in synchronous mode: the measured intensity of sample I as function of
g is shown for two delays between pump and probe pulses. The data have been acquired at
150K and an absorbed excitation fluence of 1 mJ/cm?. The inset displays the signal without
photo excitation (unpumped). b) Integrated intensity of pumped and unpumped magnetic
peaks as function of delay time.
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Figure 5.5.: Data acquisition in asynchronous mode: measurements at 160K and 1 mJ/cm? absorbed
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fluence of sample I. a) Contour plot of each data sequence that is recorded at one 8 — 20 as
a delay trace up to 500 ns. The electronic background has been subtracted from the data. b)
Electronic background, the measured signal and the diffraction signal after subtracting the
electronic background. The traces are taken from time delay 51 ns.



5.3. Experimental results

b) Asynchronous measurements: In this mode, the pump and probe pulses are not synchronized.
The oscilloscope is triggered with the laser repetition rate and records the signal of the APD. The laser
pulse is static on the oscilloscope and a complete delay trace with all x-ray pulses arriving between two
laser pulses is monitored at one angle. The same is repeated for several Bragg angles between 4 © and 17 °.
This type of measurement allows us to measure long delays up to us after photo excitation. However, the
time resolution is limited to ~ 4 ns by the electronics. For reduction of further time resolution limitation,
only delays up to 20 us of 333 us measurable regime are displayed on the oscilloscope. In order to reduce
the electronic noise, the same measurement is performed at each angle without x-ray beam and it is
subsequently subtracted from the measured sample signal. An asynchronous measurement at 160 K and
1 mJ /cm? absorbed fluence is shown in figure a as a contour plot for the delay time up to 500 ns. The
electronic background for this data set has been subtracted. The data is a line parallel to the time axis and
measured in one oscilloscope trace for each 6 angle. By means of this contour plot, the magnetic Bragg
peak at each delay time is reconstructed. Figure [5.5]b shows the electronic background, the detected
signal and the difference of the two at delay 51 ns. In this measurement, the spatial overlap remains
the same and the time zero is given by the fixed position of the laser pulse on the oscilloscope. All
extracted parameters p via asynchronous measurements are also presented in form of relative changes in
section that is calculated by

RC = . 54

5.3. Experimental results
5.3.1. Static characterization

The temperature-dependence of the first order Dy helical antiferromagnetic Bragg peak is determined
for sample I and sample II. The sample has been cooled down and heated up without applied magnetic
field. For the static measurements, the sample temperature is varied from 130 K up to 185K and for
each temperature a 0 - 20 scan is performed. The measured intensity of the magnetic peak as function
of the scattering vector g is presented in figure [5.6| for both samples. At small ¢ vectors the signal is
dominated by x-ray reflectivity, which does not exhibit Kiessig fringes because the penetration depth
of the soft x-rays at their absorption edge is less than the film thickness. The scattering of the soft
x-rays from long-range sinusoidally arranged magnetic moments occurs for sample I at g vectors >
2.1nm~! and is characterized by a decreasing intensity and shift of the observed maxima towards higher
q values as the temperature is increased. Sample II shows a very similar feature, however, the g vector is
shifting to higher values, the overall intensity and the peak width are reduced. In the following, the static
characterization measurements are analyzed using the fit function as introduced in section This
analysis yields the modulation vector and the normalized integrated intensity that provides the order
parameter, which are presented in figure as function of temperature. The modulation vector, that is

the maximum of the magnetic scattering signal, occurs around 2.17 nm~! at 130K for sample I. This
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Figure 5.6.: Temperature-dependent x-ray scattering measurements as function of scattering vector, g, at
the Dy My absorption edge of around 1293 eV for sample I in the left panel and sample II
in the right panel in temperature range between 130 K and 180 K.
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Figure 5.7.: a) Modulation vector, T and b) normalized integrated intensity of first order Dy magnetic
peak (000+7) as function of temperature of sample I.
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gives a period of 27/t & 2.89 nm, which corresponds to approximately 10.4 atomic distances of the Dy
layers that does not match an integer of lattice constant, c. The spin helix is incommensurate with the
lattice [40, [145]]. The magnitude of the modulation vector increases monotonically as the temperature
is increased up to 178 K, which implies a linear decrease of the period of the spin helix in real space.
Sample II shows a very similar temperature-dependence of the modulation vector, however it occurs at
higher 7 values, which results in a shorter period of spin helix in sample II. It seems that around AFM-PM

phase transition the modulation vector decreases slightly.

The integrated intensity decreases above 140 K due to the increase of magnetic fluctuations. Using
the temperature dependence of the integrated intensity /, one can infer the static critical exponent 3,
of Dy, which describes the critical decrease of the order paramater for 2nd order AFM to PM phase
transition (section by fitting the data points with the power function, I = A €?? with the reduced
temperature € = |(T — Tx)/Tn|. The factor 2 is used due to the fact that the sublattice magnetization is
the square of the integrated intensity. In figure [5.8] the data and fit results are presented as function of
the reduced temperature in logarithmic scale with the fit parameters of A = 3.457 and 8 = 0.418,0.393
for sample I and II, respectively. The 8 values are consistent with the other experiments reported in

reference [[100].
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Figure 5.8.: The critical behavior of the integrated intensity of magnetic Bragg peak I, as function of
reduced temperature, € = |(T — Tx) /x|, for sample I and II. The symbols are the data points
and the dashed lines are the fit of I = A €2P with the parameters, A = 3.457, 23 = 0.835 and
2P = 0.786, where 3 denotes the static critical exponent of Dy.

It is now possible to calculate the turn angle ¢ between magnetic moments of the neighboring 4 f
electrons. Therefore one needs two experimental results, lattice constant ¢ as measured by XRD and

the modulation vector T obtained from RSXD. The angle is given by ¢ = 180° 7¢/27 and the value as
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function of temperature is presented in figure [5.9] for both samples and for comparison the bulk value
determined by Wilkinson [42] is also shown. The bulk values are inferred from neutron diffraction
experiments. In the temperature regime of interest, the interlayer turn angle in sample I varies between
35° and 43.2°, which is very close the one in bulk Dy. However, a slight deviation occurs at lower
temperatures. For sample II, the interlayer turn angle is much higher than in sample I and bulk Dy.
Epitaxial strain in Dy films has a large impact on the structural and magnetic properties, and hence
on the interlayer turn angle [[129,|146]. One would expect that this is mostly determined by the growth
conditions of the layer, however, our data imply that even the thickness of the surrounding metallic layers

results in a significant stabilization of the HAF order in Y/Dy/Y heterostructures [146].
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Figure 5.9.: Temperature variation of the interlayer turn angle ¢ in sample I, sample II that are as calcu-
lated from the XPP and RSXD data for lattice constant ¢ and the modulation vector 7 and in
bulk Dy that is reproduced from [42].

Another piece of information can be obtained from the width of the magnetic Bragg peak of Dy. In
figure [5.10a the arithmetic mean of the asymmetric peak widths at FWHM of the right hand side and
the left hand side, wg and wy, is presented. For the detailed temperature-dependence of wg and wy, see
figure in the appendix. Even though the peak width is directly related to the correlation length in
Dy, no significant width change is observed as the sample temperature is varied. This is caused by the
limited penetration depth of the soft x-ray beam, Ex, at resonance that is given for the Bragg angle 6
and the wavelength of x-rays A by

. A
Exr(6) =sinB m , (5.5)
with the imaginary part, 3, of the refractive index, n = 1 — 8 +if3, in the x-ray region. If the correlation
length is larger than Exg, the peak width is proportional to 1/Exg. The penetration depth strongly de-
pends on the Bragg angle, therefore we compare the magnetic peak of both samples at the same sample
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Figure 5.10.: a) Arithmetic mean of left and right widths of Dy magnetic peak as function of temperature.
The results are shown for sample I and II. b) The magnetic peak (symbols) of Dy layer for
sample I and sample II at 150 K compared to the Fourier transformation of a sinusoidal
wave with exponential decay (solid lines). The decaying is caused by the absorption of the
x-rays in the Dy layer. Here is a good agreement is obtained for penetration depth of 10 nm
(sample I) and 12.5 nm (sample II).

temperature in order to calculate the penetration depth at 6 at the maximum intensity. For sample I and
II, the maximum of the magnetic Bragg peak occurs at about 10.4° and 11.2° at 150 K, respectively. The
corresponding penetration depth is approximately Exg = 10 nm and Exg = 12.5 nm, as calculated using
the 8 value at the My resonance edge extracted from figure [3.3a [120]. At these 6 values, the transmis-
sion of the upper Y layers in sample I and sample II are 96 % and 81 %, respectively. This explains the
reduced intensity of the diffraction signal from sample II compared to sample I. A crosscheck of the peak
width limitation due to the finite penetration depth of soft x-rays into the sample layer is performed using
a very simple approach: it is assumed that the HAF order is well-described by a sinusoidal wave with
the measured modulation vector (7) and an exponential damping ¢~%/%X% over the complete Dy layer of
thickness 100 nm. Here, z is the sample depth in nm. The Fourier transformation of this function should
represent the measured resonant scattering signal and its width should be comparable to the width of
magnetic peak, because the soft x-ray beam propagates in the sample with a comparable damping of its
intensity due to the finite absorption. In figure [5.10b, the Fourier transformations (solid lines) of such
sinusoidal functions are presented together with the extracted magnetic peaks (symbols) from the raw

data at 150 K. The results agree nicely.

5.3.2. Dynamics of the antiferromagnetic order up to 4 ns

In this section, the results of the synchronous measurements for an absorbed fluence of 1 mJ/cm? at
different sample temperatures are shown and discussed. On the left panel in figure [5.11] the dynamical

response of the Dy magnetic Bragg peak is depicted for sample I after ultrafast optical excitation for three
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Figure 5.11.: The dynamics of the magnetic Dy Bragg peak parameters: Presented are the transient in-
tegrated intensity change, modulation vector change, and peak width change for sample I
on the left and for sample II on the right panel. These results are obtained by synchronous
RSXD measurements for the absorbed fluence of 1 mJ/cm? at different sample tempera-
tures. Some of the results at 166 K are not shown as the magnetic Bragg peak became too
weak to be fitted accurately.

different sample temperatures. The reduction of the integrated intensity, /, appears quasi-instantaneously
within the time-resolution of the experiment. The initial decrease is independent of the starting tempera-
ture and amounts to more than 90%. The integrated intensity recovers to around 50% of its initial value
in the low-temperature measurements at 136 and 150 K after about 3.5 ns while only approximately 10%
of the initial value is reached at 166 K after 3.5 ns. Two more measurements at 176 K and 178 K are per-
formed for the same excitation fluence, yet they are not shown here because the magnetic peak is already

quite weak and seems not to recover within 3.5 ns. The modulation vector, 7, of the Dy magnetic Bragg
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peak increases after photoexcitation, however, this is not instantaneous and occurs after the maximum
reduction of the integrated intensity. It is important to note that the relative change of the modulation
vector is on order of 10%, which would correspond to considerably different equilibrium temperatures
when using the static calibration measurements in figure[5.7] Surprisingly, the peak width shows interest-
ing dynamics, even though the temperature-dependence of the peak width change is almost independent
of temperature in thermal equilibrium. It however changes transiently: One observes a narrowing of the
Bragg peak of more than 20% immediately after photoexcitation and after around 250 ps it has gained its
initial value again. At later times, it continues to broaden and the maximum peak width change reaches
approximately 35%.

In the right panel of figure the corresponding results of the analysis of sample II are presented.
The observed dynamics closely resemble the response of sample 1. In general, one observes slower
dynamics and the integrated intensity and modulation vector in sample II are less abruptly changed at
early times below 500 ps. The reduced change of these parameters is likely caused by the thicker Y layer
on the top of the sample, which absorbs most of the optical pump energy. The comparable dynamics on
the time scale later than 500 ps of both samples implies that the HAF recovery dynamics is not affected

by a partially direct or purely indirect excitation of the Dy layer.
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Figure 5.12.: Time-resolved temperature change of the magnetic system that is derived from the rela-
tive change of the integrated intensity A7; (solid lines) and modulation vector AT (dashed
lines) of the magnetic Dy Bragg peak for sample I on the left and for sample II on the
right panel. The temperature change is extracted assuming the temperature-dependence
of both parameters in thermal equilibrium derived from the static measurements shown in

figure

Not only the temporal evolution until the maximal change of the integrated intensity and modulation
vector differs but also their relative changes are quite different. By means of the static measurements pre-
sented in section [5.3.1] (figure [5.7)), one can use their temperature-dependencies in thermal equilibrium
and apply these to the dynamical measurements in order to infer the corresponding dynamical temper-

ature change, AT, after photoexcitation assuming a quasi-equilibrium. The result of such an analysis is
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presented in figure[5.12] for samples I and IT where the extracted values of the temperature change from
the relative change of the integrated intensity A7 (solid lines) and the modulation vector AT, (dashed
lines) are shown. These two signatures yield significantly different temperature increases after photoex-
citation at these sample temperatures. These differences indicate a non-equilibrium within the localized
4f system. Additionally, although the excitation fluence is the same for each sample temperature, one
notices a reduced temperature change for the measurements close to Ty for both components of the mag-
netic Bragg peak. Another feature to notice is that the thermal equilibration of both parameters does not
occur within the 3.5 ns time window. In particular, the temperature change remains practically constant

after reaching its maximum value at 166 K.

From these transient parameters of the Dy magnetic peak, it is possible to derive a scenario that
describes the interaction of the spin system with electronic and phononic degrees of freedom: The laser
energy of 1.5eV excites directly only 5d6s electrons. Due to the finite optical penetration depth of the
pump light, an exponentially decaying excitation profile with an optical penetration depth of about 24 nm
for the laser wavelength of 800 nm develops, which causes a temperature gradient in the sample. Using
the advantage that the HAF order is well-described by a sinusoidal wave, one can model the transient
magnetic peak by the same approach used in section assuming a temperature gradient over the
depth z within the Dy layer. The temperature gradients 7;(z,¢) and T;(z,¢) derived from the integrated
intensity change 7;(¢) and the modulation vector change 7;(r) are different as the experimental results
shown in figure [5.12] suggest. In order to quantify this, the Fourier transformation of a sinusoidal wave
whose intensity (amplitude) describes the order parameter O and whose modulation vector T describes

the inverse periodicity as function of the corresponding temperature profile is performed:
HAF = O(T;(2)) - sin(t(Tx(2)) -2) - e~/ 5k (5.6)

The last term on the right describes the exponential damping of the x-rays in the sample that is important
for modelling the measured signal. The corresponding values of O and 7 of the temperature profiles are
again determined using their temperature-dependencies extracted from the static measurements shown
in figure in the preceding section. For simplicity we assume exponentially decaying depth profiles.
This simple approach is performed the data with the largest changes of all parameters: The results for
the experimental data obtained at 136 K for sample I at 75 ps and 650 ps after photoexcitation are shown
in figure and the origin of the different shapes are explained in the following:

i) 75ps (panel a and b): The measurements show a reduction of the integrated intensity of around
96%, an increase of the modulation vector of 5%, and a narrowing of the peak width amounting to
29% (see figure [5.11). The model for the measured data starts with the definition of the tempera-
ture profiles 77(z) and Tr(z) of the intensity and modulation vector at r = 75 ps that are shown in
figure @a. For comparison, the temperature profile of the phonon system 7}, as derived from
UXRD is also displayed. It is an estimation by means of the TTEM analysis of the experimental re-
sults for comparable UXRD measurements presented in section d.2.2.1] It is important to note here

that after 75 ps the 5d6s valence electrons are completely in thermal equilibrium with the phonon
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Figure 5.13.: A simple model for the experimental results at 136 K and 75 ps and 650 ps after photoexci-
tation for sample I: a and d) The temperature profile of intensity 7; and modulation vector
T at 75 ps and 650 ps, respectively. The spatial distribution of the phonon temperature is
an estimation using the UXRD measurements. c) The sinusoidal wave derived from the
model of the probed spin helix over the sample depth, which is derived using equation [5.6]
assuming the temperature profiles in a and d. b and e) The resulting peak by Fourier trans-
formation of the sinusoidal wave in c) and the experimental magnetic peak at 75 ps and
650 ps respectively.
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ii)

system due to the electron-phonon coupling. Therefore, T, represents also the temperature of the
valence electrons. Using equation [5.6] the HAF order in the Dy layer is described as a sinusoidal
wave as presented in figure [5.13]c in red. This shows that the peak width to the diffraction signal
from the spin helix is determined by the x-ray probe profile. The peak after the Fourier transfor-
mation of such a sinusoidal wave is depicted in figure [5.13]b, which describes the experimentally
determined magnetic peak of Dy shown by the red symbols nicely.

T does not define a real temperature, yet it is the corresponding temperature in thermal equilibrium
for the observed modulation vector of the spin helix. In the approximately first 10 nm, the spin helix
completely vanishes because 7; is exceeding Ty. This can be related to a vanishing nesting vector
on the Fermi surface that is thought to be the reason for the formation of spin helix in Dy as already
mentioned in section [2.2.1] Therefore, also T is not defined. However, the spin helix retains its
orientation for the sample depth with 7; < 7, but with a slightly increased modulation vector. This
tiny change of the modulation period may be rationalized by the contracted crystal lattice (compare
UXRD data in figured.12). The 4 f and 5d6s spins are not coupled anymore, and the orientation of
the 4 f spins are frozen, likely due to the large crystal-field anisotropy energy in Dy, which 7 can
not overcome. One can think approximately the spin temperature increase to be given by the average
temperature rise is AT; = T; — 136 K. Taking into account the relative contribution to the diffraction
signal due to the finite x-ray penetration depth properly, one obtains approximately a temperature
rise of 42 K, consistent with the results previously derived in figure[5.12]

650 ps (panel d and e): The experiments manifest a reduction of the integrated intensity of around
90%, an increase of the modulation vector of 10%, and the broadening of the peak width amounting
to 37% (see figure [5.11)). Figure [5.13]e displays the extracted magnetic Bragg peak as explained
in section [5.2] and the fit result of the peak after the Fourier transformation of the sine wave in
figure [5.13]c in dark green. It is derived by taking into account the temperature profiles shown
in figure [5.13|d and given by equation [5.6l The raw experimental data that contain the charge
reflectivity, and also the peak resulting from the Fourier transformation of the sinusoidal wave in
figure [5.13]c in green exhibit a peak splitting, which is shown separately in figure [5.14] The model

describes the experimental data nicely.

If one just considers the temperature profiles shown in figure [5.13]d, one might get the impression

that the 4 f electrons carry most of the initially deposited energy as the phonon system cools quite quickly.

The energy transfer of the 4f spin system is in general possible via all available heat carriers, valence

electrons, phonons and magnons. However, when the valence electrons and phonons exceed the tem-

perature of the 4 f spin system, the only possible channel to cool the 4 f spin system is via the magnetic

system. This in turn means that the dominant channel for heat transport via conduction electrons is not

available for cooling the magnetic system because the heat can only be transported to a colder subsystem.

As shown in section [2.2.4] the magnetic system contributes only little to the heat conductivity compared

to the valence electrons, especially close to the phase transition temperature. For the sample depth of

5Snm, 7; is still higher than 7 and thus no spin helix exists. Between 5 and 25 nm, T}, is lower than

T; leading to a coupling of the 4f and 5d6s electrons and thus establishing a magnetic order. Here, the
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Figure 5.14.: The raw experimental data and the peak by Fourier transformation of the sinusoidal wave
shown in figure [5.13]c at 136K and 650 ps. The peak splitting occurs due to co-existing
modulation vectors in Dy layer.

modulation vector does not correspond to 77 that shows a local non-equilibrium within the 4 f spin sys-
tem. This is thought to be caused by the magneto-elastic coupling, as the lattice exhibits an average strain
of the expanding lattice due to the increase of the phonon temperature and of the contraction due to the
excitation of the 4 f spin system. In the region where T; < T}, the magnetic system is very similar to the
one at 75 ps: The calculated average temperature A7; = 40 K resembles the results shown in figure [5.12]
after proper consideration of the relative contribution of the x-ray probe profile. From this modelling it
is possible to consider the measured transient integrated intensity as a direct measure of the temperature
of the 4 f spin system but the penetration depth of the probe pulse has to be taken into account for the
interpretation.

As in the synchronous measurements no full recovery of the magnetic system is observed up to
4 ns, further measurements have been performed on longer time scales up to 10 us, which are presented
and discussed in the following section. This will allow the investigation of the full magnetic recovery

dynamics.

5.3.3. Dynamics of the antiferromagnetic order up to 10 us

In this section the results of the asynchronous measurements are presented, which supplement the re-
covery dynamics of the magnetic Bragg peak up to 10 us after ultrashort photoexcitation. The recovery
dynamics of the magnetic order is studied by the variation of the excitation fluence and the start tem-
perature of the sample I. For the former the starting temperature is fixed to 7 = 160 K. For the latter the
excitation fluence was kept constant to F, = 0.35 and F, = 1.4mJ/cm? and the temperature was varied

between 130 and 179.5 K in the antiferromagnetic regime of Dy.
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5.3.3.1. Fluence study
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Figure 5.15.: Fluence-dependence of magnetization dynamics at 160 K. The relative temporal response
of the integrated intensity (above) and modulation vector (below) of the Dy magnetic peak
are displayed for four different fluences. The symbols are the example for the extraction
of the maximal change and its time scale of the integrated intensity (red circle) and of
modulation vector (green diamond) at the highest fluence. Note that the x-axis has a been
divided into a linear and logarithmic part.

The fluence study is performed at the constant temperature of 160 K and the excitation fluence is suc-
cessively increased from 0.17 up to 3.47 mJ/cm?. The evolution of the transient integrated intensity and
modulation vector of the Dy magnetic Bragg peak is depicted in figure [5.15]for four different excitation
fluences. The maximum reduction of the integrated intensity at 0.35mJ/cm? amounts to around 32%
and it recovers to half of its initial value within 12 ns. As the excitation fluence is increased, the intensity

reduces more and more and reaches a maximum reduction of 86% for F, = 3.47mJ/cm?. Additionally,
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a plateau develops, where the intensity remains constant for almost 14 ns. After the plateau, the intensity
starts to recover and attains the half of its initial maximal change at around 51 ns. With increasing fluence

the recovery slows down.

The modulation vector increases upon excitation. For the lowest fluence in the figure, the maximum
change is 2.4% and it reaches half of its initial value within 12 ns. At3.47 mJ/ cm?, the modulation vector
shows the maximum change after 22 ns and the transient modulation vector stays constant up to 33 ns.
Then, the modulation vector is reduced within 120 ns by 50% towards its initial value. It is important to
note here that due to the peak splitting of the experimental data as discussed in the previous section, the
fit of the modulation vector for the highest fluence of 3.47 mJ/cm? between 7 ns and 16 ns needs special
attention. The change of the peak width is presented for only two fluences in figure [B.2]in the appendix.
These results show that the recovery of the magnetic system takes very long time for the lower fluences

but even after 10 ps the system is not yet recovered after the excitation with the higher fluences.

In order to interpret the fluence-dependent measurements, a first step is to look at the evolution of
the maximum intensity reduction of the magnetic peak and the relative change of its position as function
of the absorbed fluence. These are plotted in figure [5.16] The maximal reduction of the integrated
intensity and the maximal increase of the modulation vector rises with fluence. They saturate around 82%
reduction for the intensity and 4% increase for the modulation vector at high fluences. In figure [5.16]b
the recovery time ¢/ and ¢7 for the intensity and the modulation vector, respectively, are plotted. These
times correspond to the time at the end of the observed plateau for the higher fluences and the observed
maxima for the lower fluences (see figure[5.13). The fluence-dependence of both time seem to be constant
below a threshold fluence of 1 mJ/cm? and with increasing fluence a slowing-down becomes evident.

Additionally, it seems that between both time scales the relation #¥ ~ 2.5 -t/ can be established.
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Figure 5.16.: Analysis of the fluence-dependence of magnetization dynamics at 160 K. a) The maximum
changes of the integrated intensity and the modulation vector as function of the excitation
fluence. b) The time at which the intensity and the modulation vector start to recover.

85



5. Resonant soft x-ray diffraction experiments

10 T T T T T T T T T T T T T T T T T T
Fo 0.35mJ/cm? { | —— -3ns 0.35mJ/cm? |
I =X
(¢}
< 5
= g
< =
£
Delay time (ns)
20 T T T T T T T
Lo 347ml/cm®
16| | ]
I ] 5
g ]
— | i é
< 81 . i =
i ' | =
e
N |
o LA . 1
Od -\’ | | | | | | | | I I I i

Delay time (ns)

Figure 5.17.: Left panel: Temporal temperature change of the magnetic system that is derived from the
relative change of the integrated intensity A7; (solid lines) and the modulation vector AT;
(dashed lines) for the lowest and highest excitation fluences 0.35 mJ/cm? and 3.47 mJ /cm?.
Start temperature for these measurements is always 7' = 160 K. The procedure is described
in the text. Right panel: Raw experimental data of the magnetic Bragg peak at different
delay times for the two fluences.

Now the integrated intensity and the modulation vector position can again be converted into a temper-
ature characteristic for the respective subsystem. In figure [5.17]in the left panel the derived temperature
change AT is plotted as function of delay time for the lowest and highest fluences. The extraction of the
temperature rise is applied as in the previous section using the static measurements from figure [5.7]and
assuming a quasi-equilibrium. For the lowest excitation fluence, the temperature increase of both sub-
systems is very similar and both equilibrate after around 10ns. On the other hand, for the high-fluence
excitation AT of both parameters is different: The maxima appear at different times where the intensity

change responds quicker than the modulation vector. Also the corresponding maximum temperature in-
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crease differs by a factor more than 2. The equilibration takes very long, which suggests that the 4 f
electronic system is very disordered after photoexcitation and its recovery is slow. This is already visible
in the raw experimental data, from which selected delays are plotted on the right panel of figure in
order to illustrate that this approach is suitable. For the 0.35 mJ/cm? measurements no big changes of
the magnetic Bragg reflection can be seen in the raw data as function of delay. This allows the conclu-
sion that even in the directly excited sample depth, the temperature of the 4 f spin system does exceed
TN, consistent with the previous interpretation of the evolution of the temperature increase. On the con-
trary, at 3.47 mJ /cm? a peak splitting appears at 16 ns, which agrees with the time scale on which the
integrated intensity starts to recover. At later times ¢ > 33 ps, the peak splitting is not obvious anymore
but the peak width is is still broader, which suggests that also there two components coexist. At 33 ns,
the modulation vector starts to recover. This manifests a co-existence of the spin helix ordering with

different modulation vectors over the sample depth.
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Figure 5.18.: Simple modelling of the magnetic Bragg peak at ¢t = 33 ns for the measurement with exci-
tation fluence F, = 3.47 mJ /cm? following the same approach given by equation and
discussed in the text. a) The spatial dependence of the temperatures of the 4 f spin sys-
tem, 77 for the intensity and 77 for the modulation vector. The temperature profile of the
phonons, T, is an estimation from UXRD results. b) The magnetic Bragg peak and the
resulting peak by Fourier transformation of the sinusoidal wave that is derived using equa-
tion @ with the temperature profiles in a) compared with the experimental data.

Now one can analyze the magnetic peak at 16 ns using the simple model given with the equation [5.6]
The peak splitting and the maximum reduction of the intensity around 16 ns indicate a partial rebuilt of
a new spin helix order over the excited region where it was initially destroyed because the temperature
of the 4 f spin system with 7; exceeded Ty after the excitation. From the high asymmetry of the peak
shape one can directly deduce that over the first few nanometers of the Dy layer the spin helix has not

yet regained the antiferromagnetic alignment, which is consistent with the results previously presented
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in section 5.3.2]in figure [5.13]d and figure[5.14}

The modelling procedure is applied to the magnetic Bragg peak at t = 33 ns. The corresponding 7;
and T; are displayed in figure @a as function of the sample depth. Here, T} is estimated taking into
account the spatial distribution of 7; and also the accompanying structural measurements with UXRD.
One clearly sees that the temperature of each subsystem is below Ty over the sample depth of 100 nm.
The temperature gradient of the phonon system is very small, although the 4 f spin system exhibits still
a slightly larger temperature gradient. The major difference to the data of 16 ns is that a new spin helix
order has formed over the complete excitation depth. However, the modulation vector of this spin helix
given by T; in the model does not correspond to 7; on this time scale, which confirms the local non-
equilibrium within the 4 f spin system.

From these fluence-dependent experiments and their analysis, it is possible to draw the following

conclusions:

i. The time at which the integrated intensity starts to recover, ¢, indicates the time when the phonon
temperature falls below the temperature of the 4f spin system. This is due to the fact that the
dominating heat carriers, i.e. the valence electrons, are in thermal equilibrium with the phonons
and the cooling of the magnetic system is only possible when the valence electrons are colder than
the 4f spin system. Additionally, for the excitation fluences that are sufficient to overcome the
RKKY exchange interaction by heating the 4f spins above Ty, the spin helix is initially destroyed
over the directly excited sample depth. When the temperature of the 4 f spin system falls below
Ty at ¢! the spin helix in the first few nanometers is rebuilt with a considerably larger 7, i.e. a new
modulation vector in the part of the directly excited sample depth. These conclusions are based
on the observation that the modulation vector reaches its maximum after the intensity has already
started to recover. After the completed rebuilding of the spin helix in the directly excited region, the

modulation vector also recovers.

ii. The time scales of the recovery of the magnetic system show a critical slowing down effect that can
be attributed to the critical behavior of the heat capacity of the magnetic system, C,,. This is consis-
tent with our experimental findings and also with the theoretical studies reported in references [80,
147)]. At 160K in thermal equilibrium, C,, is approximately equal to C,;. Above 160K C,, rises
which is usually fitted by a power law as C;, remains nearly constant. On the other hand, C,, above
Tx is quite small. Thus, only limited energy is required to break up the short-range magnetic order.
Upon ultrafast excitation always T},, > Tj is observed. Presumably, above a threshold fluence, the
maximal energy density is reached for the magnetic system, hence, the rest of the energy is deposited
into the phonon system leading to an additional increase of 7,,. The phonon system dissipates en-
ergy to the substrate with the same rate quasi-independently of the starting temperature. The higher
temperature change results in the longer observed time scales required for cooling below Ty and 7.

Therefore, this slows down the magnetic recovery with increasing excitation fluence.
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5.3.3.2. Temperature-dependent study

The temperature-dependence is investigated for the two fixed excitation fluences 0.35 and 1.40 mJ /cm?.
The initial temperature is varied between 130 K and 179.5 K in order to study the effect of the starting
temperature on the magnetic recovery dynamics. In figure [5.19] the temporal response of the integrated
intensity is presented for a temperature series from 130 K up to 179 K after photoexcitation for the fixed
excitation fluence of 1.4 mJ/cm?. At 130K, the reduction of the intensity is around 50% and the recovery
to half of the initial value occurs within 15ns. With increasing temperature up to 175 K, the reduction
of the intensity increases as well, however, above 175 K the maximum reduction decreases slightly. This
feature is expected from the static characterization of the integrated intensity because close the second
order phase transition the intensity decreases due to fluctuations. Thus, the expected changes due to the
excitation of the magnetic system close to Ty are expected to be small. However, at 178 K and 179K, a
plateau forms as also has been discussed in the previous section. This plateau where the intensity does
not change exists for the very long time up to several 100 ns. This is accompanied by the observation that
for the temperatures close to 7y the integrated intensity does not recover to the initial value within 10 ps.
The absolute change of the integrated intensity and the modulation vector is shown in figures[B.3]and[B-4]

in the appendix, respectively, together with the results of the temperature series at F, = 0.35mJ /cm?.
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Figure 5.19.: Temperature-dependence of the integrated intensity at the fixed excitation fluence of
1.4 mJ/cm?. The temporal response of the integrated intensity of the magnetic Bragg peak
is presented for different start temperatures between 130 and 179 K. Note that the x-axis
has a been divided into a linear and logarithmic scale part.

In figure [5.20] the raw experimental data of the magnetic Bragg reflection for different delay times
at 170K and 179K are shown. At 170K the magnetic Bragg peak is at 10ns very weak and the shift
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Figure 5.20.: The raw experimental data of the magnetic Bragg peak before and at different delay times
after photoexcitation for the excitation fluence of 1.4 mJ/ cm? at 170K (left) and 179K
(right).

of the peak position cannot be clearly determined. The behavior at T = 179K is quite different: The
magnetic peak before photoexcitation is quite asymmetric. In addition, its peak position is reduced
compared to the one that is measured at the phase transition in the static measurements presented in
section [5.3.1] After photoexcitation, the position of the magnetic peak decreases further and becomes
narrower. The scattering intensity shows no change and the position remains constant up to 430 ns.
The same response occurs in the measurements for the start temperatures 7 > 178 K and also for the
measurements at F, = 0.35mJ /cm?. This might be caused by the fact that the system does not completely
recover between two subsequent 1 kHz laser pulses and the magnetic system remains disordered close to
In.

The systematic slowing down of the recovery dynamics of the 4 f spin system after photoexcitation is
observed as the start temperature is increased towards Ty at fixed fluence, which suggests that the critical
exponent of the magnetic recovery dynamics of Dy can be determined this way. From the discussion
in the previous sections, this is the time scale at which the integrated intensity of the magnetic Bragg
peak starts to recover and corresponds to the time of the relaxation of the phonon and the 4 f spin system
temperature below Ty. On the other hand, the time scale at which the modulation vector starts to recover
indicates the complete rebuilt of a new spin helix in the directly excited region of the Dy layer. Using

these indications, one can calculate the dynamical critical exponent of Dy taking the dependencies of ¢/

or tF on the reduced temperature, € = |(T — Ty) /]|, as proposed in section This is only possible
if the assumption that both time scales indicate equilibration time of the magnetic system is correct.
Figure presents ¢/ as function of the reduced temperature for both temperature series at 1.40 and
0.35mJ/cm?. According to theory, a critical exponent of 1.34 is expected for the equilibration time

of a XY magnet such as Dy, which has been given in section [2.4] by equation [2.24] The parameter A
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Figure 5.21.: Time ¢! at which the integrated intensity of the magnetic Bragg peak starts to recover as
function of the reduced temperature, € = |(T — Tn)/In|, for the temperature-dependent
measurements for 1.40 and 0.35 mJ/cm? absorbed excitation fluences. The dashed black
line shows the power law given by equation2.24]

depends on the fluence and essentially serves as an offset for the fitting of the data. Figure [5.21] shows
that indeed the experimental results are consistent with the theory of critical phenomena and Dy indeed
exhibits the critical dynamical exponent of zv ~ 1.37. The data points for large values of €, that is
for low temperatures far away from 7Ty, are likely limited by the time resolution of the asynchronous
measurements. This clearly indicates that far away from the phase transition temperature one can no
longer speak of critical phenomena, in other words, the sample is not strongly phase separated and the
transition not limited by a divergence of the order parameter any more as the domains are sufficiently
large.

The results from the temperature-dependent series are in agreement with the fluence-dependent mea-
surements. In addition very long time scales occur in the data. These become important for starting
temperatures very close to Ty and the very small initial temperature gradient of the 4 f spin system leads
to an additional slowing down of the recovery time of the magnetic system, presumably connected to the

limited specific heat capacity of the magnetic system above 7y.
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6. Comparison of RSXD and UXRD

results

In this chapter, the static and dynamical results of the RSXD and the UXRD experiments of the Dy
sample I are compared. This allow the crosscheck the coupling between the magnetic and structural
properties. The experimental conditions such as temperature and the laser parameters, excitation flu-
ence, wavelength, and pulse duration for these investigations are similar, however, the RSXD experi-
ments are performed at the My absorption edge of Dy, which limits the probe depth to a few tens of
nanometers whereas the UXRD experiments probe the complete Dy layer. As first in this chapter, the
close relation of the magnetic and structural properties is demonstrated in thermal equilibrium using the
static measurements. Afterwards, the dynamical results of both techniques are compared by analysis of
the equilibration time 7., as dynamical critical phenomenon. Additionally, for the Gd sample, a similar

analysis is performed.

6.1. Thermal equilibrium

During the sample characterization, the structural and magnetic Bragg peaks of Dy are measured at
start temperatures in the antiferromagnetic phase. The structural measurements yield the out-of-plane
lattice constant and the magnetic Bragg reflection provides a measure of the order parameter because
the integrated intensity is proportional to the square of the order parameter, I o< O? [144], which is
given by the sublattice magnetization O = My in the antiferromagnetic materials as mentioned in the
previous chapter. Additionally, the turn angle ¢ between the magnetic moments of neighboring 4 f
electrons along the c-axis is derived from the modulation vector of the magnetic Bragg peak and the
lattice constants. In figure[6.1] these three parameters are plotted in the temperature range between 130 K
and 186 K. Decreasing the temperature from 7y, the order parameter increases and the lattice expands
whereas the interplanar turn angle decreases. The anomalous expansion of the lattice is associated to the
helical AFM order caused by the exchange magnetostriction, as already given in equation [61] 62
Now, the experimental results in thermal equilibrium can be compared to this model. In equation [2.13]
&n = (c— cph)/ c is the strain due to the magnetic order, where ¢, is the lattice constant where only
the phonons contribute to the thermal expansion. Equation[2.13]relates it to the sublattice magnetization
through the interplanar turn angle, the change of the exchange interaction d_# /dc upon infinitesimal
expansion and the effective elastic constant. The calculated &’ shown in figure a is derived from
measured lattice constants and obtaining ¢, from the extrapolation of the lattice constant in the PM phase

towards low temperatures. The temperature-dependence of e,l?,y is determined by the order parameter as
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Figure 6.1.: Equilibrium properties of Dy: a) the integrated intensity of the magnetic Bragg peak, b)
the lattice constant, and c) the interplanar turn angle of the magnetic moments of the 4 f

Figure 6.2.:
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6.2. Dynamical critical exponent

suggested in equation[2.13] 7y is visible as a kink around 180 K and even ~ 40 K above Ty the magnetic
strain has not yet reached zero, which highlights the influence of the short-range magnetic order in Dy.
In figure b, &r” is plotted as function of the reduced temperature € = |(T — Tx)/Tx| assuming a
power law of the form en) = A - € with the static critical exponent s for the magnetic strain. The fit of
the power law reveals an exponent of s = 0.57. This shows the strong connection between the magnetic
strain and the sublattice magnetization because they both exhibit the power law as function of the reduced

temperature with the exponents on the same order.

Using the same principle, one can determine the exponent s for Gd whose temperature-dependence
of the lattice constant is also measured by static UXRD in this work and was shown in figure #.19]a.
In figure Ea the calculated magnetic strain in Gd €34 = (¢ — cpn)/c is shown. It exhibits a critical
behavior close to 7¢ ~ 295 K. The short-range magnetic order close to 7¢ in the PM phase is stronger
in comparison to the previously discussed magnetic strain in Dy. In figure[6.3]b the calculated magnetic
strain of Gd is plotted as function of the reduced temperature € = |(T — T¢) /Tc| that is fitted by a power
law. The resulting critical exponent s = 0.42 is in agreement with the static critical exponent f3 of the
order parameter in the universality class of the XY and Heisenberg magnets, which is realized for the
magnetization of Gd. Considering equation the deviation from 8 ~ 0.42 as obtained for Dy in
sample I, might be caused by the interplanar turn angle ¢, which likely results in a small additional

modification of the interplanar exchange interaction in Dy.
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Figure 6.3.: a) The magnetic strain in Gd with €59 = (¢ — cph)/c using the measured lattice constants
shown in figure 4.19] b) The magnetic strain as function of the reduced temperature € =
|(T —Tc)/Tc|. The red line shows the fit results the power function with an exponent of
s =0.42.

6.2. Dynamical critical exponent

Time-resolved RSXD experiments yield the time ¢/ at which the integrated intensity of the magnetic
Bragg peak of Dy starts to recover. This time is given by the simple model explained in sections [5.3.2]
and[5.3.3]as the time at which the temperature of the magnetic system 7, given by the integrated intensity
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falls below Tn. On the other hand, the temperature of the phonon system is expected to be 7, < T, <
Tn. Therefore, the time tf is the equilibration time, which was determined for each fluence and start
temperature and yields the dynamical critical exponent as shown in figure [5.21] On the other hand, the
measured transient strain and the change of the peak width by the UXRD show a characteristic time
for each start temperature that are identified by minima of the strain and the required time of the peak
width to relax back to its initial value (see figure 4.12). This time was identified as the equilibration
time between the temperature changes of the phononic and magnetic systems, AT, = AT, from the
analysis of the data with the TTEM. After this time, AT, decreases down to AT, (see figure @]) Now,
all equilibration times determined by RSXD and UXRD are plotted together in figure as function

of the reduced temperature €. According to the theory introduced in section [2.4] a dynamical critical
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Figure 6.4.: Equilibration time t,, as function of the reduced temperature € = |(T — Tn)/In| for Dy. The
equilibration time is obtained from RSXD and UXRD experiments. The results show that a
single dynamical critical exponent zv ~ 1.37 is obtained as indicated by the dashed line.

exponent of around zv =~ 1.34 is expected for the XY magnets given by equation Not only the
RSXD experiments but also the UXRD results are consistent with this theory as the fit gives zv = 1.37.
The results are also consistent with the experiments shown in figure obtained from a completely
different experimental method.

From similar UXRD experiments on Gd, one can easily extract f,, from the temperature changes of
the phononic and the magnetic systems (see figure 4.23]b) in order to determine the dynamical critical

exponent of another XY magnet. Figure displays the equilibration time as function of the reduced
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6.2. Dynamical critical exponent
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Figure 6.5.: Equilibration time 7., as function of the reduced temperature € = |(T — Tc) /Tc| for Gd. The
equilibration time is derived from UXRD. The results imply a dynamical critical exponent
zv =~ 1.38.

temperature for Gd. The fit with the power law yields zv ~ 1.38 that is in good agreement with the
dynamical critical exponent of Dy.

The very good agreement of the results obtained from the RSXD and the UXRD experiments shows
that the results of UXRD experiments with the analysis by the TTEM allows correctly inferring the
properties of the magnetic system.
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7. Conclusion

In this dissertation systematic investigations of the structural and magnetic recovery dynamics in the
two heavy rare-earth metals Dy and Gd were presented. The experimental results were obtained by
two time-resolved x-ray diffraction techniques, UXRD and RSXD and the experiments were performed
in the antiferromagnetic state of Dy where Dy exhibits long-range helical magnetic order, and in the

ferromagnetic state of Gd.

From the UXRD studies, the transient strain is obtained with a pronounced different behavior de-
pending on the sample temperatures in Dy and Gd. Only an expansion is observed in the PM phase, and
only contraction of the lattice at the temperatures far below Ty and T¢, respectively. At temperatures
close to the phase transition, a reduced expansion and contraction is observed for different delay times
because of the competition between the positive and negative strain driven by phononic and magnetic
stress due to photoexcitation. The transient strain suggests a non-equilibrium between these subsystems,
in particular upon a direct excitation of the rare-earth layer. The initial energy densities Apl?h and Ap,%,2
are derived using the two-thermal-energies-model [24]. Assuming the equilibrium heat capacities to be
valid, this defines the transient temperature changes of the individual subsystems AT}, and AT,,. It al-
ways shows immediately after excitation that APth > Ap,% and AT, > AT,. The cooling of the phonon
system starts directly after the excitation but cooling the magnetic system is much slower and strongly
depends on the start temperature. In Gd 31% of the initial energy density is deposited in magnetic system
at T =212 K that decreases down to 11% around T¢. In Dy 27% of the initial energy density is deposited
in magnetic system at 7 = 151.5 K and it decreases down to 6% around 7Ty. The transient temperatures
are equilibrated after the time 7,4, which is slowed down at temperatures approaching the phase transition
temperature. For example, in Gd ., = 110 ps at T = 212 K and it increases to f,, = 560 ps at T = 286 K.
In Dy .y = 750ps at 151.5K and 7., = 24 ns at 177.5 K. After the equilibration time, a temperature
inversion is observed that enables the heat transport from magnetic system to the phonon system. The
recovery dynamics is faster in Gd sample than in Dy samples.

Using the UXRD measurements, the heat transport through multilayer systems on the nanoscale
consisting of the rare-earth Dy and non-magnetic metal layers was investigated. In this complex heat
flow, the transient temperatures of all layers including the temperatures of the phonon and magnetic
systems in Dy are obtained quantitatively. This shows a faster energy dissipation from the top Y layer to
the Dy layer due to the existence of the magnetic order in the AFM phase of Dy. Additionally, a reduced
heat transport is observed through the layers due to the energy density stored in the magnetic system.
Furthermore, the simulations showed that the total energy density in Dy obtained from the TTEM can
be simulated and the observed strain deviates from simulated strain because of the competition of the

expansive and contractive strain driven by the excitations of the phonon and the magnetic systems.
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7. Conclusion

The study of the magnetic structure directly by RSXD gives the resulting transient changes of the
modulation vector and the integrated intensity of the magnetic Bragg peak of Dy. The transient changes
of these parameters yield the time scales for the maximum changes and recovery times. An instantaneous
reduction of the integrated intensity is always observed but the modulation vector increases slowly and
reaches the maximum change always after the integrated intensity starts to recover. A simple model is
devoloped by the Fourier transformation of a sinusoidal wave where the amplitude characterizes the or-
der parameter and the wavevector is given by the modulation vector of the HAF order in Dy. This is used
to explain the transient experimental data and indicates a local non-equilibrium of the 4f spin system
due to the fact that the changes of the modulation vector and integrated intensity differ spatially in the
sample. These experimental results and the model agree well with depth-resolved RSXD measurements
in Dy [120], although the sample used in reference [|120] was directly grown on the substrate without
buffer layers unlike the samples used in thesis. Furthermore, the dynamics shows that the observed time
scales for these pronounced changes depend strongly on the excitation fluence and the start temperature.
A systematical slowing down of the recovery dynamics after the initial loss of the magnetic order is de-
tected as the sample temperature approaches 7n. The slowing down of the time on which the integrated
intensity starts to recover follows the theoretically predicted dynamical critical exponent for XY magnets
with zv /= 1.37. The comparison of the results from the RSXD with the UXRD indicates that similar
dynamics are observed in the transient lattice strain and the integrated intensity of the magnetic Bragg
peak of Dy. This provides the opportunity to determine the dynamical critical exponent from the equi-
libration time f,, determined by UXRD. This additionally shows that the TTEM successfully describes
the transient temperatures of the subsystems. A similar analysis for ferromagnetic Gd gives zv ~ 1.38,

which agrees well with theory.

Both experimental techniques yield in agreement that the magnetic recovery dynamics depend strongly
on the initial distribution of the deposited energy density, which is the consequence of the large magnetic
heat capacity that results in a critical behavior around the phase transition temperature [[147] and is also
responsible for slow cooling of the phonon system.

The faster recovery dynamics of Gd in contrast to Dy likely is related to the different sample struc-
ture: Gd is directly grown on the substrate, which provides a faster cooling of the phonon system due to
enlarged heat conductivity of the substrate compared to the reduced interfacial thermal conductivities in
Dy sample. This leads to a slower cooling of the phonon system in Dy through the layers to the substrate.
This can be seen from the dynamics in the PM phase of both rare-earth metals, where only the phonon
system is excited due to the absence of the magnetic order. In the future, it would be interesting to repeat
the characterization of the Dy dynamics by UXRD and RSXD for a film deposited directly on a substrate

or at least in a structure with less heat transport barriers between the film and the substrate.
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A. Additional results of UXRD

experiments

Transient lattice strain in dysprosium at F; = 0.7mJ/cm?
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Figure A.1.: Temperature-dependence of the transient strain in directly excited Dy in sample I after the
ultrafast photoexcitation with an incident fluence of F; = 0.7mJ/cm?. Note that the x-axis
is split into a linear and a logarithmic part. The dashed gray lines indicate r = 0, € =0, and
the time where the x-axis is split into the linear and logarithmic scales at 0.5 ns.

111



A. Additional results of UXRD experiments

Peak width change of the Bragg peaks of Y and Dy after photoexcitation
at F; = 2mJ /cm?
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Figure A.2.: The peak width change of the structural Bragg peak of a) Y and b) Dy in sample II after
ultrafast laser heating with incidence fluence of F; = 2mJ/cm?. Note that the x-axis is split
into a linear and a logarithmic part.
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B. Additional results of RSXD

experiments

Peak width of the magnetic Bragg peak of Dy
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Figure B.1.: The results of the pseudo-Voigt fit of the asymmetric magnetic Bragg reflection where the
peak widths for the left (squares) and right (triangles) sides are allowed to be fit individually,
plotted as function of temperature. The results are shown for samples I and II (see figure .3
in thermal equilibrium.
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Figure B.2.: The fit results of the peak width of the Dy magnetic Bragg peak in sample I at start temper-
ature T = 160K for two excitation fluences where a successful fit has been achieved.

113



B. Additional results of RSXD experiments

Absolute changes of the parameters at temperature study
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Figure B.3.: The transient absolute change of the integrated intensity of the Dy magnetic peak measured
at a) F, = 0.35mJ/cm? and b) F, = 1.4mJ/cm? for different start temperatures between
130K and 179.5K.
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Figure B.4.: The transient absolute change of the modulation vector 7 of the Dy magnetic peak measured
at a) F, = 0.35mJ/ cm? and b) F, = 1.4mJ / cm? for different start temperatures between
130K and 179.5 K.
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