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Abstract

Metallic antiferromagnetic materials are of great potential in spintronics due to their insensitivity to ex-
ternal fields and faster dynamics compared to typical ferromagnetic materials. Although they have these
advantages, studies of their order parameter is difficult to perform because of the lack of net magnetization.

The linear magneto-optic Kerr effect (MOKE) is often used to probe magnetism of ferromagnetic ma-
terials, but MOKE cannot be applied to collinear antiferromagnets due to the cancellation of sublattice
magnetization. Magneto-optic constants that are quadratic in magnetization, however, provide an approach
for studying antiferromagnets on picosecond timescales.

I combined transient measurements of linear birefringence and optical reflectivity to study the optical
response of FegAs to small ultrafast temperature excursions. We performed temperature-dependent pump-
probe measurements on crystallographically isotropic (001) and anisotropic (010) faces of Fea As bulk crystals
and found that the largest optical signals arise from changes in the index of refraction along the z-axis,
perpendicular to the Néel vector. Both real and imaginary parts of the transient optical birefringence signal
approximately follow the temperature dependence of the magnetic heat capacity, as expected if the changes
in dielectric function are dominated by contributions of exchange interactions to the dielectric function.

In spintronic devices, it is essential to determine the dynamics of magnetic precession, the frequency of
spin waves, the thermal stability of magnetic domains, and the efficiency. Thus magnetocrystalline anisotropy
is a fundamental property of antiferromagnetic materials.

Torque magnetometry measurements of Fea As were performed. We reported that the four-fold magne-
tocrystalline anisotropy Kz in the (001)-plane of FepAs is Koy = —150 kJ/m? at T = 4 K, much smaller
than the perpendicular magnetic anisotropy of ferromagnetic materials structure widely used in spintronics
device. Kyo is strongly temperature dependent and close to zero at T > 150 K. The anisotropy K; in the
(010) plane is too large to be measured by torque magnetometry and we determine K; = —830 kJ/m? using
first-principles density functional theory. Our simulations show that the contribution to the anisotropy from
classical magnetic dipole-dipole interactions is comparable to the contribution from spin-orbit coupling. The

calculated four-fold anisotropy in the (001) plane Kao ranges from —290 to 280 kJ/m3, the same order of

ii



magnitude as the measured value. We used Kj from theory to predict the frequency and polarization of
the lowest frequency antiferromagnetic resonance mode and find that the mode is linearly polarized in the
(001)-plane with frequency 670 GHz.

As we observed The field-dependent domain distribution and quadratic magnetization can potentially
be measured with optical technique. We set up a static system for imaging in-plane magnetic domains. To
test this system, I measured the quadratic MOKE coefficient of ferromagnetic cobalt and YIG thin films,
and the field-dependent quadratic magneto-optical signal of FeaAs. The noise floor of the mapping system

is determined to be ~ 1075.
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Chapter 1

Introduction

1.1 Magnetic Materials and Spintronics

Conventionally, the term magnetic materials refers to “ferromagnetic materials” because of their observable
net magnetization. Due to the earth’s magnetic field, the magnetic needle was used for navigating for
centuries. In ferromagnetic materials (FMs), spins are parallel to each other and coupled through positive
exchange interaction. An external field can align spins of FMs to be parallel to external field, and when all
spins are parallel to the field, we call the net magnetization “saturation magnetization”. Due to the hysteresis
of magnetization in a magnetic field, the magnetization of a FM can be nonzero without an external field.

The FMs are widely used in magnetic recording media and memory device. Besides opposite magnetic
domains can be used to store binary information, spin valve structures are mainstream devices in spintronics.
In spin valve structures, two FM layers are separated by a non-magnetic layer. The resistance of the spin
valve is at low (high) state when two FM layers are parallel (antiparallel) to each other due to spin-dependent
clectron scattering [1, 2].

In an antiferromagnetic (AF) crystal, a magnetic unit cell can be divided into two or more atomic sublat-
tices which order in such a way that their net magnetization is zero. Louis Néel first discussed this possibility
in 1936 for two equal and oppositely aligned sublattices. The antiferromagnetic ordering transition, known
as the Néel point, is marked by a small peak in the magnetic susceptibility, and a substantial specific heat
anomaly, similar to that found at the Curie point of a ferromagnet.

For the AFs studied in this thesis, two equal but oppositely directed sublattices are coupled with negative
exchange interaction. The long-range order parameters disappears above the Néel temperature Ty. AFs
are considerably more common than FMs. They can be insulators, metals, semimetals or semiconductors,
whereas FMs are primarily metals.

The potential of AF's is significant, as envisioned in the recent concept of AF spintronics where AF
materials serve as active elements of spintronic devices. In particular, antiparallel spin sublattices in AFs,

produce zero stray fields. Some AFs are insensitive to external field; for example, MnsAu [3] domains can



be switched with external field more than 7 T. However, AF domains are sensitive to external field in some
materials. The spin-flop field of CuMnAs is 2 T [4], moreover, we will show in a later chapter that the
domains of Fes As start switching at approximately 0.5 T.

The speed of a processional switching of a spin is determined by the magnetic resonance frequency of
the material. AFs have advantage that the spin dynamics are orders of magnitude faster than in FMs.
The antiferromagnetic resonance (AFMR) frequency depends on anisotropy and the strength of exchange
interactions, and usually ranges from hundreds of GHz to several THz; and the typical ferromagnetic (FMR)
resonance frequency, on the other hand, depends on external field and demagnetization field, typically several
GHz.

The domain structure of CuMnAs[5] and MnyAu [6] can be switched with electrical currents due to Néel
spin-orbit torques (NSOT). Recently, electrical switching in Pt/AF insulator bilayers, e.g., Pt/FeqO3 [7] and
Pt/NiO [8] have been extensively studied. However, references [7] and [9] pointed out in electrical switching
experiment, the reorientation process in AFs can be captured by with thermal activation or grain boundary

migration.

1.2 Manipulation of Antiferromagnetic Order

Energetically degenerated states or magnetic domains of AFs can be used to store binary information. In
spintronics, readability, writability and retention are three basic requirements for materials. In the writing
procedure, the domains of AF should be manipulated and switched effectively, and those states should be
casily distinguished in the reading procedure. Retention of data for long time periods requires that the
magnetic state is thermally stable.

In experimental studies of AFs, AF states can be manipulated by field, light or electrical current. The

change in domain structure can be observed optically and electrically.

1.2.1 Field Manipulation

When an external field is applied to a FM, the induced magnetization comes from the alignment of spins.
When all spins of the material are aligned parallel to the field, the magnetization is called “saturation mag-
netization”. FMs have spontaneous magnetization even at zero field due to the aligned magnetic domains.
The field-induced magnetization of AF comes from tilting of spins. When the external field is small, due
to the small angle of tilting, the induced magnetization is linear in the external field, M = xH, where the

coefficient x is the susceptibility. The symbols x 1, x| represent susceptibilities when spins are perpendicular
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Figure 1.1: Magnetization versus field of (a) an uniaxial AF and (b) a cubic AF. The figure is from reference [10]

and parallel to the external field, respectively. In molecular field theory, x 1 > x| below the Néel temperature
(the critical temperature where long-range order of AFs vanish above this temperature).

Although the induced magnetization in AFs is smaller than FMs, it does not mean AF orders are
insensitive to magnetic fields. The magnetic energy of AF can be written as E,, = —%XH 2. The magnetic
energy is lower when spins are perpendicular to the external field because x > x.

In an antiferromagnetic crystal, the alignment of spins with external field applied depends on the in-
terplay of field, magnetocrystalline anisotropy and exchange interaction. While the external fields prefer
perpendicular spin alignment, magnetocrystalline anisotropy tends to keep spins along certain crystal axis,
and exchange interaction prefers collinearity of spins.

When external fields applied along the easy axis of uniaxial AF, there are two types of metastable
transitions depends on the magnitude of anisotropy of the material.

In small anisotropy system, the spin-flop transition happens when magnetic energy compensates the
anisotropy energy. As shown in Fig. 1.1, the spin-flop transition is the transition where spins suddenly
becomes perpendicular to the field [11, 12]. If the field is applied perpendicular to the spins, the magnetization
builds up gradually; thus, there is no spin-flop transition. The different magnetization perpendicular and
parallel to the easy-axis is shown in Fig. 1.1, where the slope of M| dramatically changes at spin-flop field
Hy while the slope of M, remains constant. Figure 1.1 shows that x; > x| at low field. By equating

anisotropy energy and magnetic energy, the spin-flop field Hy is

Hr = (uo(xiK— ><||)> 5 -

The anisotropy of the uniaxial AFs can be measured by characterzing the spin-flop field and susceptibility.



In large anisotropy system, the spin-flip transition occurs. Due to the large anisotropy, the magnetic
energy compensates exchange energy first. As a result, the spins are transitioning from antiparallel to parallel
along the crystal axis.

In an easy-plan AF magnetic structure, with the external field applied in the easy-plane, it can be treated
as a small ansiotropy system because the anisotropy of the easy-plane is generally small. Instead of a spin-
flop transition, gradual domain movement can happen as domain walls can displace at a field smaller than
the spin-flop field.

The spin-flop transitions of MnF3 [13] and FeCly [14] were observed with the field applied along the
easy-axis. Note that a (spin-flop) field of 9-10 T in MnF is enough to rotate the magnetic moments by 90°.
In easy-plane antiferromagnets, the magnetic domain can start to displace at field smaller than the spin flop

field [15].

1.2.2 Optical Manipulation

Light manipulates magnetism of materials by transferring angular momentum and heat through the polar-
ization and intensity of the light.

Circularly polarized light has +1 or -1 angular momentum depending on the polarity of the photon.
The angular momentum of the photons can be treated as effective fields, and they can trigger the coherent
magnetic resonance in both ferromagnetic or antiferromagnetic materials due to the inverse Faraday effect
(IFE). The mechanism of circularly polarized light driven ferromagnetic resonance (FMR) was measured with
Fe, Ni, Co and discussed in reference [16]. However, the thermal-induced effects are not fully discussed in [16].
The anisotropies of both Co and Fe are temperature-dependent and change rapidly at room temperature [17].
The ultrafast change in anisotropy as temperature increases perturbs the equilibrium state of magnetization
and can trigger coherent spin oscillations [18].

Circularly polarized light induced antiferromagnetic resonance frequnecy was observed in the AF insula-
tors NiO [19] and DyFeOs [20]. Here, the ultrafast circularly polarized light is equivalent to an instantaneous
magnetic field. The 30 mJ cm~2 pump fluence with 200 fs pulse duration is equivalent to a 0.3 T effective
field [20]. Compared to insulating AF, the stimulation and observation of AFMR in metallic AFs are more
difficult to achieve, because of the optimal absorption and short penetration depth of metallic AFs.

As a heat source, light can trigger a series of thermally-related effects in magnetic materials, including
demagnetization, coherent magnetic resonance, and spin Seebeck effect.

At 0 K, the spins of magnetic materials are perfectly ordered along certain direction. Spins start fluctuat-

ing incoherently at finite temperature. As a result, magnetization of ferromagnets macroscopically decreases



with increasing temperature. The demagnetization can be studied in the time-domain with pump-probe
measurement techniques.

The demagnetization process can be described with a three-temperature model, where the temperature of
electrons, phonons and magnons are measures of the thermal energy in the each reservoir. After absorption
of the femtosecond laser pulse, the electron system is excited and thermalized within 100 fs. The excess heat
is then transferred to the phonons via electron-phonon coupling (gep), causing electron-phonon equilibration
within ~ 0.5 to 2 ps. In parallel, part of the excess energy in the electron and lattice subsystems flows
into the spin subsystem through electron-spin coupling (ges) and phonon-spin coupling (gps), causing spin
excitations such as magnons, lowering the magnetization, and increasing the associated spin temperature.
Finally the three temperatures converge once the system has achieved a new thermal equilibrium [21, 22].
In metallic materials, gps can often be neglected because it is small in comparison to g.p and ges [21]. In
insulators, g, is large and the three-temperature model can be reduced to a two-temperature model [23].

In addition to the effect of demagnetization, the temperature increase of the lattice subsystem some-
times introduces ferromagnetic resonance because the magnetocrystalline anisotropy is also temperature-
dependent. The sudden change of anisotropy drives spins out of balance along certain direction and can
trigger coherent spin oscillations [18].

With heat-induced demagnetization or magnetic resonance, the angular momentum can transport inside
the sample by a process called spin current or spin transfer torque. Spin transfer torque is widely used in
non-volatile memory devices like magnetic random access memory (MRAM) because the spin transfer torque
can be used to switch the state of spin valves.

Typically, the sample structure used to study spin transfer torque is composed of three layers: source
layer, spacer and drain layer. In reference [24], the spin current is generated in a source layer of Co/Pt
multilayer with perpendicular magnetic anisotropy through demagnetization. Spin is then transferred into
the spacer. The spacer is usually a relatively thick metal film with with long spin diffusion length and used
to suppress exchange interaction between the source and drain layers. Cu and Au are common spacers.
The drain layer is used to detect the existence of spin current. In reference [24], CoFeB with in-plane
magnetization is used, and the FMR of CoFeB layers proves the spin transfer torque reaches the CoFeB
layer.

Inspired by this experiment, I attempted to excite magnon modes of antiferromagnetic materials (FeaAs)
with this three layer structure. I encountered several difficulties: a) the FeaAs samples are bulk samples.
Unlike thin film samples can be detected on both front and back side, once a thick spacer layer and source

layer as deposited on the bulk sample, the probe light cannot penetrate through the spacer to see the AF



layer. b) The transmission rate of spin current through the interface is very low, usually several percents.
As our bulk FepAs surface is manually polished, the spin transmission rate can be even lower. (c¢) The
AFMR modes are more complex than FMR modes in ferromagnetic materials as there are two sublattice
magnetization. The zone center AFMR mode of easy plane antiferromagnets will be discussed in Chapter
4. (d) The AFMR frequency ranges from hundreds of GHz to THz. Without pulse compression, our pump-
probe system does not have sufficient time resolution to measure terahertz oscillation. For materials such as
Fes As or CuMnAs with Néel temperature close to room temperature, one can do the measurement near Néel
temperature because AFMR frequency drops fast as temperature approaches Néel temperature. However,
the sublattice magnetization and the amplitude of AFMR reduces with temperature as well.

A thermal gradient in insulating magnetic materials can drive the flow of electrons and magnons, the
Seebeck effect and spin Seebeck effect, respectively. In ferromagnetic materials, a spin current can be
generated from different Seebeck coefficients for spin-up and spin-down electrons. In paramagnetic materials
[25] and antiferromagnetic materials [11], the spin Seebeck effect were observed with a strong magnetic field

applied to create a net magnetization.

1.2.3 Electric current manipulation

When electrical current passes through a material, electrons with spins up and down will be separated by the
spin-orbit interaction and start accumulating at sample boundary transverse to the electric current direction.
We call this effect the spin Hall effect (SHE) and refer to the transverse polarized electrical current as spin
current. Because the spin Hall effect arises from spin-orbit interactions, it can happen in a nonmagnetic

material. The spin current due to the SHE can be written as

h
o i 1.2
Q 2695H.] X o (1.2)

where Q, is the spin current density, % is reduced Planck’s constant, 6gy is spin Hall angle, which represents
the charge-to-spin-current conversion efficiency. j. is electrical current density and ¢ is the spin polarization
unit vector.

The inverse process of SHE, electric current generated in a material by the injection of spin current, is
called the inverse spin Hall effect. The geometry of SHE and inverse SHE are illustrated in Fig. 1.2.

SHE and inverse SHE are prominent in materials with large 0gy, e.g., Pt, 5-Ta and 5-W. In experimental
studies of spin transfer, SHE provides a new way to generate spin current while inverse SHE makes it possible

to observe spin current by measuring electric voltage of the sample. Both SHE [27] and inverse SHE [28] are
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Figure 1.2: Schematic demonstration of (a) spin Hall effect and (b) inverse spin Hall effect. The figure is from
reference[26].

observed in antiferromagnetic heavy metal-Mn alloys, like MnPt. These materials are ideal samples to study
spin-orbitronics because they have both heavy elements (possessing large spin-orbit coupling) and magnetic

atoms (possessing spin magnetic moment).

1.3 Observation of Antiferromagnetic Order

For antiferromagnetic materials with zero net magnetization, the detection of the order parameter is achieved
by measuring effects that are second order in the sublattice magnetization. Optical techniques can mea-
sure the local order parameter of magnetic materials, while global magnetic properties can be measured

electrically.

1.3.1 Anisotropic Magnetoresistance

Originating from the anisotropy of electronic structure induced by spin-orbit coupling, anisotropic magne-
toresistance (AMR) is even in the magnetization. AMR refers to the fact that the resistance with electric
current parallel p| and perpendicular p; to the magnetization is different.

Due to the difference between p; and pj, AMR can be used to observe switching of magnetic domains,
e.g., field induced switching in FePt [29] and electrical switching in CuMnAs [5]. The spin-flop transition
of antiferromagnetic materials can also be observed with AMR. Field larger than the spin-flop field triggers

dramatic domain movement and change in resistance [30].



5
‘gq

| .

* Y :“
H L -

X

X

Polar n\ OKE Quadratic MOKE Magnetic birefringsnee
2 2
M, M2 2

Figure 1.3: Three magneto-optic measurement geometries with perpendicular incident light: (a) polar magneto-optic
Kerr effect (MOKE), (b) quadratic MOKE, (c) magnetic birefringence.

1.3.2 Optical Measurements

While AMR measures global properties, optical techniques can measure the local magnetism. The optical
properties are determined by the dielectric constant. By expanding the dielectric constant as a function of

the magnetization, the dielectric constant element 75 can be written as

€ij = 6 -+ KkaMk + Gz]kl M M; + Gz]kleLl + kaLLkLl + .. (13)

where 7. ; is the nonmagnetic term, M is net magentization and L is the Néel order of AFs, i.e., the difference
of the two sublattice magnetizations M; — M>. K and G are magneto-optic (MO) coefficients. According
to Onsager’s relation, linear (quadratic) terms appears in off-diagonal (diagonal) elements of the dielectric
constant.

For in-plane and out-of-plane net magnetization, the magneto-optic Kerr effect (MOKE) with perpen-
dicular incident light can be classified into polar MOKE and quadratic MOKE as shown in Fig. 1.3. For
the measurement with AF, the in-plane Néel vector L, will create differences between e,, and ¢,,, and
the corresponding refractive index along x and z direction. In magnetic birefringence measurement, the
difference of refractive index An = n, —ny is measured. Therefore, An will show opposite signs for L, and
L.

Another name of quadratic MOKE and magnetic birefringence measurement is linear birefringence or
linear dichroism. The word ”linear” here refers to linear polarized light rather than linear magnetization;
linearly polarized light is sensitive to in-plane magnetization. The MO signal depends on the angle between
light polarization and the magnetization. Thus, the magnetic birefringence measurement can distinguish
magnetic domains of an easy-plane AF.

Synchrotron X-rays and lasers are common light sources used to study MO effects. With pump-probe



and microscopy techniques, the dynamics of magnetism and magnetic domains can be studied.

A widely used technique used to image AF magnetic domains is X-ray linear dichroism (XMLD), where
the difference of absorption of horizontally and vertically polarized light at absorption edge of magnetic
element is measured. Images of magnetic domains can be obtained with photoemission electron miscroscopy
(PEEM). The imaging of antiferromagnetic domains revealed the order parameter change of antiferromag-
netic materials with electrical current [31] and applied field [3]. A laser can be used as optical source to
image an AF material [32]. But the imaging of AFs with laser is usually limited by the optical resolution

and the small signals of generated by second order magnetization.

1.4 Outline of Thesis

In this thesis, I first introduce common techniques used in houseto characterize physical and magnetic
properties of single crystal AF materials and then discuss several topics I did to explore thermal and magnetic
properties of metallic AF's.

As the samples I studied mostly are single crystals, in chapter 2, I introduce how to use X-ray to
determine crystal structures of a single crystal, especially how to find orientation of an unknown specimen.
Once the crystal axes are known, I cut the polished the crystal along crystal orientations of interests.
The basic magnetic properties about the materials, like the magnetic structure and Néel temperature, can
be found in literature or database. I typically measure magnetic moment in a small field with Magnetic
Properties Measurement System (MPMS) along easy and hard axis of the sample to confirm the magnetic
structure, as the magnetic susceptibility is smaller along easy axis than along hard axis. Since the MPMS
can go only up to 400 K, we can observe phase change if the Ty of sample is below 400 K. Rutherford
backscatering spectroscopy (RBS) can be used to measure the stochiometry of materials. The thermal
properties charaterization including heat capacity and thermal conductivity measurements techniques are
introduced in this chapter.

In chapter 3, thermal birefringence of tetragonal crystal FesAs in response to ultrafast laser heating is
studied with pump-probe system in the time domain. These measurements make use of the contribution of
second order of magnetization to the refractive index. We do measurement along crystalline anisotropic (010)
plane of easy-plane AF material FesAs across the Néel temperature (T = 350 K). The slower dynamics
near the Néel temperature is due to the substantial heat capacity Ty that slows down the demagnetization
process, as the thermal birefringence can be treated as spin temperature in a three-temperature model.

Combined with thermoreflectance measurement with polarization along different direction, we showed that



the largest MO response comes from changes in the dielectric constant along the z-axis. The microscopic
origin of MO effect is dominated by exchange interaction, and independent of the orientation of Néel vector.

In chapter 4, I discuss torque magnetometry that can be used to study the magnetic symmetry and
anisotropy of AFs. The interplay between magnetocrystalline anisotropy and magnetic energy causes non-
collinearity of the induced moment of a magnetic single crystal and the external field. The torque 7 = m x B
appears as a results of this non-collinearity. One can get magnetocrystalline anisotropy by analyzing torque
data. The magnetic torque of FesAs is measured with the field rotating in both ac and ab-planes. The
measurement results with the field rotating in the ac-plane is in the low field regime, and it can be fitted
with a model of anisotropic susceptibility and field-dependent domain distribution. The measurement with
the field rotating in the crystalline isotropic ab-plane is in the intermediate field regime where magnetic
energy is comparable to anisotropy. The torque data can be modeled by minimizing the total energy, and
the in-plane anisotropy can be derived.

In chapter 5, I describe the polarization modulating microscopy setup to do static magneto-optical effect
measurements and AF domain imaging. The difficulties we encountered are described in detail, including
the birefringence from optics, and fluctuations of the laser source. The quadratic magneto-optical effects of
ferromagnets cobalt and YIG thin films with in-plane anisotropy are measured with external field rotating in
the plane of the sample. We observed field dependent birefringence signal of FeaAs. However, the mapping

of Fes As domains was not completed because of small signal-to-noise ratio.
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Chapter 2

Physical Properties Characterization
of Antiferromagnetic Materials

In this chapter, the characterization of magnetic materials, including crystal structure, stochiometry, mag-
netic and thermal properties are discussed. Bulk AFs are used as example to explain the techniques, and
most of these measurements can be extended to FM and AF thin films.

For single crystal samples and epitaxial thin films, measurements of crystal structure provide insight about
possible magnetic structure of the materials. We use X-ray diffraction to characterise crystal structure.
Moreover, the stochiometry and resisitivity measurements are helpful to understand the quality of the
samples.

For magnetic properties characterization, we perform field-dependent and temperature dependent mag-
netic moment measurements with a Magnetic Properties Measurement System (MPMS). For FM materials,
M vs H curve will show a hysteresis loop. For antiferromagnetic materials, the M vs H curve is almost
linear. The linear coefficient is the susceptibility. M vs T measurements at small field are crucial to confirm
the easy axis of AF crystals because the susceptibility along the hard axis is larger than the susceptibility
along the easy axis.

Measurements of thermal properties, like thermal conductivity and heat capacity, are important to
understand heat transfer inside a spintronics device. In addition, the specific heat is sensitive to phase
transitions as it is derivative of the exchange energy with repect to temperature. Temperature-dependent

specific heat can accurately indicate T .

2.1 Crystal Structure and Stochiometry Characterization

2.1.1 X-ray Diffraction

The crystal structure of antiferromagnetic single crystals can be determined with X-ray techiniques, X-ray
diffraction (XRD) and Laue diffraction.

XRD measurements are based on Bragg’s diffraction law where the constructive interference of reflected
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Figure 2.1: The pole figure of MnyAs with 20 and w values are fixed at (003) plane. The 1) was scanned from 0° to
30°, and the ¢ was scanned from 0° to 360°.

x-rays occurs when diffraction angle 20 satisfies

A= 2dhkl sin @ (2.1)

where A is the wavelength of X-ray, dpk; is the distance between atomic planes of (hkl) orientation. The
20-w scan is commonly used in XRD measurements to find the orientation of a crystal. In a 20-w scan, the
20 is scanning in some range and the diffracted beam intensity will show peaks once the Bragg’s diffraction
relation is satisfies. The w is the incident angle which can be slightly adjusted for alignment. With the a
20-w diffraction pattern, the orientation of the crystal parallel to the sample stage can be determined.

For thin film samples, 20-w scan can be easily performed because the substrate are cleaved along certain
crystal orientation and the substrate can easily be mounted parallel to the sample stage. For most of bulk
crystals with unknown surfaces orientations, it is not easy to directly observe any peak in a 20-w scan. One

way to measure the orientation is called a ”Pole Figure”.
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Pole figures are used to study the texture of a sample. During the measurement, the sample is mounted
on sample stage parallel to orientation B, 20 and w values are fixed with orientation A, and a scan is carried
out by varying the sample stage angles ¢ and . The diffraction intensity will show a peak if the orientation
A is detected at ¢4 and ¥ 4. The orientation B is at ¢ = 0 and ¥ = 0. Once the diffraction intensity is
plotted in a polar figure with v as radius and ¢ as angle, the surface we targeted A is at the point where the
intensity is at a maximum, and the surface we mounted on B is at the origin. Based on the angle difference
between ¢4 and 0° and ¥ 4 and 0°, the orientation B can be derived.

Figure 2.1 shows the pole figure measurement performed with a MnsAs sample. The sample was mounted
on a glass slide, and 20 and w values are fixed to the value of (003)-plane (orientation A) of MnyAs. In
Fig. 2.1, every minor scale plotted as a dotted line is an increment of 5° in ¢, and each circle is a ¢-scan
at a given 1 value. In this measurement, ¢ is varied from 0° to 360°, and ¢ is varied from 0° to 30°. The
intensity is shown as contours and the peak intensity is the (003) face. The origin (orientation B), where

both ¢ and ¢ are zero, is the same surface as I mounted on glass slide, is about 5° away from the (003) face.

2.1.2 Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) is an ion scattering technique used in material science to
determine the composition and thickness (thin films) of a sample. *He particles are accelerated and backscat-
tered by the sample with incident angle «, exit angle 5 and scattering angle 0. The energy distribution and
yield of the backscattered particles are measured.

The RBS spectrum of FesAs is shown in Fig. 2.2. The measurement was performed with a = 22.5°,
B = 52.5° and § = 150°. By defining a model and experimental setup in SIMNRA software, we can then
adjust parameters in the model and obtain a fit between the model and data. The model consists of Fe and
As, with an atomic ratio around 2:1, and to be adjusted to minimize the x? value. The only adjustable
parameter in the experimental setup is particles *sr. This quantity is related to the beam current, data
acquisition time, and solid angle at the detector. All other parameters are calibrated by fitting data collected
from a Pt/Mn/Si sample.

In experimental data from FesAs as shown in Fig. 2.2, the two steps between 600 to 700 channels are
from Fe and As elements, respectively. When the data are plotted on a log-scale, the small signal above
700 channels is from pile-up. The pile-up signal comes from pulses overlapping. It can be simulated with
SIMNRA software. With the SIMNRA software, I set the the pulse rise time as 1 pus, and the green solid
line in Fig. 2.2 depicts the contribution of the pile-up to the data collection. The addition of pile-up to the

model minimizes its effect on the stochiometry fitting.
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During the stochiometry fitting, I adjusted the Fe-to-As atomic ratio to minimize the x2, which is the
quadratic deviation of the simulated data from the experimental data. The Fe-to-As ratio is 1.96 when x?2
is minimized as shown in Fig. 2.3. The error is determined by varying Fe/As ratio until x? changes by 1.

The fitting gives Fe/As ratio as 1.96+0.26.

2.2 Magnetic and Physical Properties Characterization

2.2.1 Magnetic Moment and Magnetic Susceptibility

The magnetic moment with changing magnetic field and temperature of the magnetic sample can be measured
with a Quantum Design Magnetic Properties Measurement System (MPMS). The MPMS system contains a
Superconducting Quantum Interference Device (SQUID) magnetometer. The external field is applied by a
superconducting magnet and the signal is picked up by detection coils as shown in Fig. 2.5a. There are two
modes one can use to measure the magnetic moment, one is Vibrating Sample Magnetometry (VSM) and
the other is DC mode.

Before the measurement, the sample is centered between the detector coils with a scan of the sample
position. The scanned data is the same as shown in Fig. 2.5a. In VSM mode, the sample is oscillating
between the pick-up coils. The movement of the sample disturbs the local magnetic field and induces
electrical current in detection coils. The magnetic moment is measured by picking up induced current at
the same frequency as oscillation with a lock-in.

In DC mode, the sample is slowly moving up and down inside the chamber. The raw data curves are like
signal versus sample position curve shown in Fig. 2.5a, and the fitting of the raw data can derive magnetic
moment. So the DC mode measurement is more accurate than VSM if the sample is not centered well or
the center position changes during measurement. However, DC mode measurements are slower than VSM.
For temperature dependent magnetic moment measurement, a DC measurement can take a few hours longer
than a VSM measurement.

For ferromagnetic materials, field-dependent magnetization measurement (hysteresis loop) is important
to determine magnetic anisotropy, coercivity and saturation magnetization.

For AF materials, in most cases, the M vs H curves are straight lines when the external field is smaller
than the spin-flop field. The linear coefficient, magnetic susceptibility, is an important quantity for studying
AF materials because it can tell us how easy it is for an external field to modify the magnetization. From
the magnitude of the susceptibility along different crystallographic directions, we can tell the easy axis of

AF materials.
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Figure 2.5: (a) SQUID detection schematic (b) Temperature-dependent susceptibility of FeaAs measured with 100
Oe external field along a-and c-axis.

A typical temperature dependent susceptibility in a small field is shown in Fig. 2.4. Below the Néel tem-
perature, X is constant, and x| goes approach zero. In molecular field theory, x 1 is inversely proportional
to nearest neighbor exchange coupling in small field limit. In other words, the antiferromagnetic materials
with smaller x,; has stronger exchange coupling.

For antiferromagnetic sample FesAs, we performed temperature-dependent magnetic moment measure-
ment with external field at 100 Oe along a-and c-axis, where a-axis is one of easy axis in the easy plane,
and c-axis is hard axis. We choose 100 Oe rather than 10 kOe because 100 Oe field does not induce domain
wall motion. More details will be provided in Chapter 4. The suscepitbility in Fig. 2.5b is the ratio of

magnetization and external field y = M/H in ST units.

2.2.2 Thermal Conductivity

The thermal conductivity measurement is conducted with time-domian thermoreflectance (TDTR) setup.

In this setup, a mode-locked Ti:sapphire laser produces a train of pulses (wavelength centered at 785 nm,
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repetition rate is 80 MHz) that is separated into a pump beam and a probe beam. An electro-optic modulator
(EOM) modulates the pump beam with a frequency of 10.7 MHz before the beam passes through a delay
stage to change the optical path relative to that of the probe beam. Without modulating probe beam, we
can collect in-phase (V;;,) and out-of-phase (V) signals of the reflected probe beam recorded by an radio
frequency (RF) lock-in amplifier with the reference frequency set at around 10 MHz.

To remove background signals created by coherent rf pickup, we use double modulation or heterodyne
detection. With double modulation approach, we modulate the pump-beam at radio frequency range because
we can reject low-frequency noise and the measurement sensitivity is typically maximized a 1/8 of the laser
repetition rate. The probe beam is modulated at AF frequency range. In our system, the probe beam is
chopped by a mechanical chopper, and the signal will be demodulated by a RF lock-in at 10 MHz and an
AF lock-in at 200 Hz sequentially.

The pump beam heats up the sample, and the probe beam functions as a thermometer by detecting the
changes in sample reflectivity due to the temperature rise. An objective lens focuses both the pump and
probe beam on the sample surface. The beam size as measured by the 1/e? intensity radius depends on the
objective lens, and typically ranges from 2 um to 10 um.

Prior to the measurement, an approximately 80 nm thick Al optical transducer film is deposited via
magnetron sputtering onto the sample. Because the measurement depends on the linear relation of dR and
dT, a small temperature excursion is needed to ensure the linearity of the measurement.

To extract thermal conductivity from the TDTR data, we use a heat diffusion model to fit the ratio of V;,
and V,,: curves [33]. When we do the fitting of the ratio signal, the absolute value of AT is not important
because the dR/dT term is cancelled out. So the measurement does not require characterization of dR/dT.
To calculate the absolute value of AT, we need to know the value of dR/dT. The way to calculate dR/dT
will be explained in Chapter 3.

The thermal conductivity of Fe; As was measured normal to the (001) and (010) faces of the crystal using
conventional TDTR measurements and modeling [34] as shown in Fig. 3.5b. An 80 nm thick Al film was
sputtered on the sample to serve as the optical transducer in the thermal conductivity measurement. The
electrical contribution to the thermal conductivity was estimated using the combination of the Wiedemann-
Franz law and the measured electrical resistivity. The thermal conductivity shows a small anisotropy at
T > 300 K (see Fig. 3.5b). Contributions to the thermal conductivity from phonons and electronic excitations
are comparable. The phonon contribution, i.e. the difference between the measurement and the electronic

contribution, is approximately 3.6 WK ™! m~! and independent of temperature.
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2.2.3 Specific Heat

The measurement of the heat capacity of solids can provide considerable information about the lattice,
electronic, and magnetic properties of materials. The specific heat of bulk materials can be measured with
the heat capacity option of the Physical Properties Measurement System (PPMS).

The puck (or sample stage) of the caloritometer in the PPMS is comprised of three important parts: a
resistive platform heater, a platform thermometer and a puck thermometer. During each measurement, the
heater applies a heat pulse to the sample, then the platform thermometer measures the platform temperature
T}, the puck thermometer measures the ambient temperature 73. To analyze the raw measurement, a simple
model [35] can be used with the assumption that the sample and sample platform are in good thermal
contact with each other and are at the same temperature during the measurement. In the simple model, the

temperature 7}, of the platform as a function of time ¢ obeys the equation

dT,

Ctotald—tp = P(t) — Ky(T, — Ty) (2.2)
where Clota is the total heat capacity of the sample and platform, K,, is the thermal conductance of the
supporting wires that connect the thermal bath and the platform.

If the thermal contact between the sample and sample platform is poor (Ts # T},), a model called two-tau

model [35] describes heat flow between the platform and sample, and platform and puck can be used to fit

the data.

Cplatform% = P(t) - Kw (Tp(t) - Tb) + Kg(TS (t) - Tp(t))

dT;
Csampleﬂ = _I(Q(Tq (t) - Tp(t))

(2.3)

where Chlatform and Csample are heat capacities of platform and sample, K, is the thermal conductance
between the two due to the grease that is used to attach the sample.

As the magnetic specific heat c¢,, is related to disorder of atomic moments, ¢,, is an indirect probe of
exchange interactions. The magnetic specific heat can be derived by subtracting the phonon and electron
heat capacity from the total heat capacity, Cp, = Cior — Cpn — Ce. We measured the total heat capacity of a
35.5 mg sample of Fes As with a Quantum Design Physical Property Measurement System (PPMS), see Fig.

3.5a in the next chapter. The ways to separate Cp;, and C. from C;,; will also be discussed in next chapter.
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2.2.4 Electrical Resistivity Measurement

The electrical resistivity is one of the physical properties that can help determine the chemical purity and
mechanical state of materials. Resistivity measurements provide detailed information on the electronic
structure and other aspects of the fundamental physics of metals. Because electrons are the major carriers
of heat in metals, the thermal conductivity of a metal can be estimated from the electrical conductivity
using the Wiedemann-Franz law:

k=oLT (2.4)

where £ is thermal conductivity, o is electrical conductivity, L is the Lorenz number, T is temperature.

We performed resistance measurement with PPMS, and the determined shape factor of the sample with
Van der Pauw method at room temperature. Silver wires were bonded to four corners of a FesAs thin
plate (4dmm * 7 mm * 0.65 mm) and connected to a resistivity puck of the PPMS. Because the resistance
is affected by the shape of the sample, we determined the shape factor with a home-built user bridge. We
measured the resistance Rjssq, R3a12, Ros1z and Risas (1,2,3,4 are four points clockwisely bonded to the
sample surface), and the shape factor was calculated based on reference [36]. Similar to PPMS, the resistance
was measured by applying an ac current and collecting voltage at the same frequency. The Van der Pauw
measurement was done with 47 Hz frequency and 9.8 mA current applied by a lock-in amplifier to the sample
at room temperature. Then the puck was placed into the PPMS chamber and the performed the resistance
measurement from 7 K to 400 K. Because the shape factor does not change with temperature, we scale the
measured resistance to the resistivity value at room temperature.

The electrical resistivity of a polycrystalline sample of Fes As was reported previously as p = 220 uf)cm
at T = 300 K [37]. The electrical resistivity has a shallow maximum near room temperature and decreases to
~ 125 pQcem at T = 1 K. The electrical resistivity of our samples near room temperature is p = 240 pf2 cm;
the residual resistivity ratio (RRR), the resistivity at 300 K divided by the resistivity at 7 K, is 1.7, about
one order of magnitude smaller than most metals.

We attribute the small RRR to Fe vacancies. The stoichiometry of Fes As was evaluated using Rutherford
backscattering spectrometry and Rietveld refinements to synchrotron X-ray and neutron diffraction data.
These measurements converge on a Fe deficiency of 0.05 to 0.08 out of 2. This value also agrees with the

nominal Fe:As ratio used during synthesis (1.95:1). (Nominally 2.00:1 samples exhibit metallic Fe impurities.)

19



Chapter 3

Thermal Birefringence Measurement

3.1 Introduction

Antiferromagnetic materials are under intense investigation as a new generation of spintronic materials
because of their robustness to external magnetic fields and ultrafast dynamics, as it manifests itself, for
instance, in a higher resonance frequency, compared to ferromagnets [38, 39, 40, 41, 42]. Characterization
of the structure and dynamics of the magnetic order parameter is essential for spintronics research but is
difficult to achieve in antiferromagnets (AFs). Magneto-optical effects are often a valuable tool for probing
magnetic order; for example, much of what is known about the dynamics of ferromagnetic and ferrimagnetic
materials comes from studies that make use of the linear magneto-optical Kerr effect (MOKE) [21, 43].
Linear MOKE is also an essential tool for imaging the structure of magnetic domains [21, 44]. For typical
AF's, however, linear MOKE is absent. Application of linear MOKE in the study of AFs is mostly limited to
AFs with weak ferromagnetism due to canted magnetic moments, e.g., in orthoferrites [45]. More recently,
relatively large linear magneto-optic effects were observed in the non-collinear AF Mn3Sn[46, 47].

The structure and dynamics of the order parameter of AFs is typically probed using interactions that
are quadratic in the magnetization. For example, anisotropic magnetoresistance (AMR) depends on contri-
butions to electronic relaxation times that are quadratic in magnetization; AMR is sensitive to the domain
structure of antiferromagnetic materials[48]. More recently, AMR was used to read the spin configuration
of antiferromagnetic CuMnAs[49] and Mn;Au[6]. At x-ray wavelengths, magnetic linear dichroism (XMLD)
probes the anisotropy of charge distributions that are quadratic in the magnetization [50].

Magnetic birefringence refers to anisotropies in the optical frequency dielectric function that are generated
by terms that are second order in the magnetization. Since the dielectric function and the second order
terms of magnetization are both second rank tensors, the quadratic magneto-optic coefficients are a fourth
rank tensor. Magnetic birefringence has been widely used in studies in optically transparent AFs [51] and
ferromagnetic garnets.

In 2017, Saidl et al.[5] reported their studies of the time-resolved magneto-optic response of AF CuMnAs
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to a large temperature excursion, AT ~100 K. CuMnAs films were grown epitaxially on GaP(001) substrates
with the z-axis, which is the hard magnetic axis of CuMnAs, parallel to the surface normal. The magnetic
structure of tetragonal CuMnAs has two degenerate magnetic domains with perpendicular Néel vectors
in the z-y plane. For a 10 nm thick CuMnAs layer, the authors observed a rotation of the polarization
of the optical probe beam that is consistent with an optical response that is quadratic in magnetization,
Af x sin 2, where « is the angle between the Néel vector and the light polarization.

In our work, we studied transient changes in the optical frequency dielectric function of the metallic AF
FegAs, produced by a small temperature excursion, AT ~3 K. We acquire data for changes in birefringence
and reflectivity using techniques that we refer to as time-domain thermo-birefringence (TDTB) and time-
domain thermo-reflectance (TDTR). TDTB and TDTR signals are acquired using a pump-probe apparatus
based on a high repetition rate Ti:sapphire laser oscillator operating at a wavelength near 785 nm.

Fey As crystallizes in the CuySb tetragonal crystal structure with spins stay along x- and y-axis as shown
in Fig. 3.3a [52]. Based on the corresponding magnetic symmetry (mmml’ magnetic point group), the
Néel vector of FeyAs has two degenerate orientations in the (100) and (010) directions. Hence, on length
scales large compared to the domain size, the dielectric function in the z-y plane is isotropic. We indeed do
not observe a significant TDTB signal for the (001) surface of FeaAs; however, on the crystallographically
anisotropic (010) surface of the tetragonal crystal, we observed a strong TDTB signal for light polarized at
an angle of 45° between the = and z axis of the crystal. We gain complementary insight by measuring the
TDTR signals for light polarized along the x and z axes.

Typically, the dominant contribution to the magnetic birefringence of ferromagnetic materials is the Voigt
effect, where only the components of the dielectric tensor parallel to the magnetization are affected [53, 54].
However, as we discuss below, our data implies Ae; > Ag|| and the dependence of the TDTB signal on the
sample temperature closely resembles the temperature dependence of the magnetic heat capacity, supporting
a direct connection between exchange energy and dielectric function. Hence, if we assume that magnetization
is the only contribution for a temperature dependence of the dielectric function, we conclude that, in FesAs,
the quadratic magnetization term contributes most strongly to the dielectric function perpendicular to the
Néel vector, implying that the Voigt effect is not the major contribution to the TDTB signal of FesAs.

Our experiments also provide insight into the ultrafast magnetization dynamics of FesAs. Furthermore,
by comparing changes in the magneto-optical response at short and long time-scales, we evaluate the im-

portance of magnetostriction to magnetic birefringence in this material.
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3.2 Experimental Details

3.2.1 Synthesis of Fe;As, Sample Preparation

Single crystals of FeoAs were synthesized from the melt. Stoichiometric amounts of elemental Fe and As
(99.8% and 99.999%, Alfa Aesar) were ground inside an argon filled glove box in an agate mortar and pestle.
The powder mixture was loaded in a 6 mm-diameter fused silica tube and sealed under vacuum. The tube
was heated to 700 °C and held for 24 h, then 1000 °C for 2 h, with 5 °C/min ramp rate. The tube was cooled
to 900 °C in 20 h, then cooled at 5 °C/min to obtain shiny gray crystals of Fes As. The phase purity of the
sample was confirmed using powder X-ray diffraction on a Bruker D8 diffractometer with Mo Ka source and
LYNXEYE XE detector in the transmission geometry. Rietveld refinements were performed using TOPAS
5. The lattice constants at room temperature are a = 3.63 A, ¢ = 5.98 A.

Before optical measurements, the chunk Fes As sample was polished along the (001) and (010) orientation
with an Allied Multiprep automatic polisher with diamond lapping films down to 0.3 pm. The orientation
was observed via X-ray diffraction pole figures. The miscut of the surfaces is within 10°. After polishing,
the sample was ion milled for 5 min by an ion miller with Ar source of 250 V beam voltage and 60 mA beam

current.

3.2.2 Experimental Setup for Measuring Time-domain Thermoreflectance and

Thermal Birefringence

The optical measurement of TDTB and TDTR was shown in Fig. 3.1. The measurements were performed
with a pump-probe system that employs a Ti:sapphire laser with a 80 MHz repetition rate and 783 nm
center wavelength. The spectral linewidth is 10 nm. The pump beam is modulated at 10.8 MHz with
electro-optic modulator (EOM) while the probe beam is modulated at 200 Hz with a mechanical chopper.
During time-resolved measurements, the length of the optical path of pump beam is changed by the delay
stage, which introduces a time delay between the arriving time of pump pulse and the corresponding probe
pulse at the sample surface. This time window is limited by the length of the delay stage and is about 4 ns
in our current setup.

A half-wave plate was placed on the probe beam path to rotate the polarization of probe beam. The
polarizing beam splitter used in front of objective lens in normal TDTR measurement to separate pump and
probe beam was replaced with a non-polarizing beam splitter. For TDTB experiment, the changes of the
light polarization and ellipticity were captured by a balanced photodetector, while in TDTR experiment,

the transient reflection was measured by a Si photodetector. Both TDTB and TDTR signals were double
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Figure 3.1: The optical setup for TDTB and TDTR measurements. The TDTB is measured with balanced photo
detector and TDTR is measured with photodetector.

modulated to reduce the background created by diffusively scattered pump and coherent pickup of electronics.
The in-phase and out-of-phase signal from the physical lock-in amplifier are next processed by a computer
lock-in amplifier with the reference frequency same as the chopper frequency.

In our setup the pump and probe pulses are at normal incidence and their paths are overlapped with
each other. This is very convenient for the setup and alignment. But in this geometry the pump pulse
can be leaked into the photodiode. This part of pump pulse is the noise that cannot be removed by the
lock-in amplifier. There are three designs in the system to remove the reflected pump pulse from final
signal. The first one is using polarizing beam splitter. Because the polarization of pump and probe beams
are perpendicular, the polarizing beam-splitter blocks majority of reflected pump beam. The second one is
two-tint feature of pump-probe system[55]. It means that pump and probe pulses are spectrally separated
with two edge filter on pump and probe beam paths. An ultrasharp edge filter to remove part of the reflected
pump beam. The third one is double modulation [56].

In these experiments, the 1/e laser spot size of both pump and probe is 5.5 pm, and the laser fluence of

pump is 0.22 J/m?, which created a steady-state heating of 13 K on the sample surface. The steady state

23



heating is calculated with TDTR model, and the laser fluence is calculated with equation:

2Apump(]- - R)TobjTrep

: (3.1)

r

where Apump is power of pump beam, R is reflectance of sample, T, is transmission of objective lens, 7.

is repetition rate of laser, r is radius of focused beam spot.

3.2.3 Temporal Resolution and Zero Time Delay

For analysis of ultrafast phonemona like ultrafast demagnetization at short-time delay, precise measurement
of exact temporal resolution and time zero, when both pump pulse and probe pulse arrives simultaneously,
is important.

The full-width half maximum (FWHM) of correlation of pump and probe beam is 1.1 ps, it is also the
time resolution of our system. We characterized zero time delay and time resolution with GaP detector works
at 150 to 500 nm. When two 785 nm photons from pump and probe beam arrive at photodetector, they
will combine and create a photon at 393 nm. The GaP detector was placed at the sample position during
the measurement, and connected to the pre-amplifier the same way as we connect Si detector. The signal
was collected with the same Labview program as TDTR measurement. In Fig. 3.2, the time resolved light
intensity is measured with GaP. We treat the time delay when pump-probe correlation reaches maximum
as zero time, and the FWHM as time resolution of our measurement system. For our TDTB measurement,
the time and the full-width-half-maximum of the pump-probe correlation is 1.1 ps

Due to the uncertainty relation (AEAt = const), the group velocity dispersion (GVD), or group delay
dispersion (GDD), is the major limiting factor of pulse duration. The laser pulse comes out of Ti:Sapphire
laser is 600 fs. The thick optical elements (EOM) and optics with sharp cutoff wavelength (ultrasteep edge
filters) have large GDD values. After laser beam passes through these optics, the GDD values add up and
cause the delay of laser pulse.

A short pulse duration is preferred in magnetic resonance measurement. The magnetic resonance fre-
quency of antiferromangetic materials ranges from hundreds of GHz to THz [57, 58, 59]. If we need ten data
points for one oscillation period, 1.1 ps resolution can measure spin oscillation no more than 91 GHz, far
away from the AFMR frequency range.

To further improve the temporal resolution, one can replace the high GDD optics to low GDD optics
or add optics with negative GDD to the system to lower overall GDD. We replaced ultrasteep edge filters

to steep edge filters, and use an ultrasteep edge filter in front of photo detector to reduce the total GDD
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Figure 3.2: The pump-probe correlation of OPO.

value of the system. Now we have ultrasteep short-pass filters (Semrock SP01-785RU-25, 785 nm) in pump
beam path, shallower long-pass filter (Semrock FF01-776/LP-25, 776 nm) in probe beam path, ultrasteep
long-pass filter (Semrock LP02-785RE-25, 785 nm) in front of Si detector. The FWHM of cross-correlation
of pump and probe lowered from 1.2 ps to 0.8 ps. In our new pump-probe system used OPO for laser source,
we used acoustic optic modulator (AOM) instead of EOM for a smaller GDD because the crystal of AOM

is thinner.

3.2.4 Density Functional Theory Calculation Methods

The first-principles calculations performed by collaborator using density functional theory (DFT) as imple-
mented in the Vienna Ab-Initio Simulation Package [60, 61, 62] (VASP). The generalized-gradient approx-
imation (GGA) formulated by Perdew, Burke, and Ernzerhof [63] (PBE) is used to describe exchange and
correlation. The projector-augmented wave [64] (PAW) scheme is used to describe the electron-ion inter-
action. To sample the Brillouin zone a 15 x 15 x 5 Monkhorst-Pack [65] (MP) k-point grid is used and
the Kohn-Sham states are expanded into plane waves up to a cutoff energy of 600 eV. Total energies are
converged to self consistence within 1076 eV. Noncollinear magnetism and spin-orbit coupling are included

and the magnetic unit cell of FegAs is used to compute relaxed atomic geometries, electronic structure,

25



and optical properties. Phonon dispersion is computed using finite displacement method as implemented in
VASP and extracted using the phonopy package [66]. After convergence test, a 3 x 3 x 2 supercell and
4 x 4 x 4 MP k-point grid is used. For phonon calculation, noncollinear magnetism and spin-orbit coupling

is included.

P

E
Eion) (001)

45°
E(100)
(b)

Figure 3.3: (a) Tetragonal magnetic unit cell of FeaAs. Arsenic atoms are depicted as green spheres; Fe as
brown spheres. Arrows denote the local magnetic moment of the Fe atoms. Fe atoms labelled with blue
and pink arrows are crystallographically equivalent. The Cartesian coordinates x,y, z are aligned along the
crystallographic a, b, ¢ axes. (b) Experimental geometry for the time-domain thermo-birefringence (TDTB)
and time-domain thermoreflectance (TDTR) experiments with the probe beam normal to the (010) face
of the FesAs crystal. In TDTR measurements, the polarization of the probe is along x or z. In TDTB
measurements, the polarization of the probe is at an angle of 45° from the x axis.

3.3 Optical and Thermal Properties Measurements

First, we discuss measurements of refractive index, electrical conductivities, heat capacity, and thermal
conductivities of FeaAs. We use the refractive index to describe the optical properties of the material
and to relate thermo-reflectance and thermo-birefringence. We measure the heat capacity and decompose
it into electron, phonon, and spin contributions; this allows us to compare the magnetic heat capacity
to temperature dependent TDTB. From the heat capacity and thermal conductivity, we model the time-
evolution of the temperature excursion created by the pump optical pulse. Finally, the combination of the

measured electrical conductivity and the Wiedemann-Franz law allows us to separate the electronic and



lattice contributions to the total thermal conductivity.

The equivalence of the z-axis and y-axis was demonstrated in prior work by neutron diffraction [52, 67]
and torque magnetometry [68]. First-principles density functional theory (DFT) calculations give the ground-
state lattice parameters as a = 3.624 A and ¢ = 5.860 A, within 2% of powder X-ray diffraction measurements
at room temperature, a = 3.628 A and ¢ = 5.978 A. The magnetic unit cell used in the calculation is twice as
long in the z direction. The Néel vector in ground-state DFT calculations is oriented along the x direction
of the lattice. We confirmed the easy-plane magnetic structure by measuring the temperature dependent
magnetic susceptibilities along the x and z crystallographic directions with a vibrating sample magnetometer.

In the absence of magnetic order, the dielectric tensor of a tetragonal crystal is isotropic in the z-y plane.
However, if the Néel vectors have a preferred direction in the z-y plane, the dielectric function is anisotropic
on length scales smaller or comparable to the characteristic size of the magnetic domains. We expect that
different magnetic domains are approximately randomly oriented along the x and y directions and that our
laser beam size is large compared to the domain size. Therefore, the dielectric function we measure in the

z-y plane is isotropic.

3.3.1 Refractive index of Fe,As

An effective isotropic refractive index of FeoAs was measured by ellipsometry of the (001) and (010) faces of
the crystal. Immediately prior to the ellipsometry measurements, which take place under ambient conditions,
we removed surface oxides and contaminants using argon ion beam milling. The effective isotropic refraction
index is n = 2.9 4+ 3.3 at a wavelength of A = 780 nm. The optical reflectance calculated from this
index of refraction is 0.56. The measured optical reflectance for both the (001) and (010) surfaces of the
crystal at normal incidence and A = 780 nm is 0.50. The optical absorption depth, A/(47k), is 19 nm.
The refractive index, computed using DFT, for light polarized along the z, y and z-axis of the crystal is
n = /e = 4.295 + i3.496, 4.300 + i3.501 and 3.381 4 i4.039 at 0 K, with a reflectance of 0.573, 0.574 and

0.619, respectively.

3.3.2 Electrical Resistivity of Fe;As

The electrical resistivity of a polycrystalline sample of FeaAs was reported previously as = 220 pf)cm at
T =300 K [37]. The electrical resistivity has a shallow maximum near room temperature and decreases to
~ 125 Q2 em at T'= 1 K. We confirmed a value of electrical resistivity of our samples near room temperature
of 240 pu2cm and the residual resistivity ratio at 300 K of 1.7. The stoichiometry of FegAs was evaluated

using Rutherford backscattering spectrometry and Rietveld refinements to synchrotron X-ray and neutron
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Figure 3.4: The total heat capacity of FeaAs at low temperature plotted as C,/T vs T?. The low temperature
heat capacity of metal can be expressed as C(T) = yT + BT*. By doing a linear fitting of plot, one can get v =22
mJK2mol™!, 8 =0.26 mJ K *mol!.

diffraction data. These measurements converge on a slight Fe deficiency of 0.05 to 0.08 out of 2. This value
also agrees with the nominal Fe:As ratio used during synthesis (1.95:1). (Nominally 2.00:1 samples exhibit
metallic Fe impurities.) The high concentration of Fe vacancies in FepAs likely causes the large residual

resistivity.

3.3.3 Magnetic Heat Capacity of Fe;As

We measured the total heat capacity of a 35.5 mg sample of FesAs with a Quantum Design Physical
Property Measurement System (PPMS), see Fig. 3.5a. The total heat capacity composes of contributions
from electrons, phonons and magnons: Cyor = Cp+Ce+Cy,. In free electron model, electron heat capacity is
linear to temperature, can be expressed as C, = 7T;k]%)TD(EF) =~T. At low temperature, the phonon heat
capacity is propotional to cubic temperature. The heat capacity of metal can be written as C(T) = yT+ST3.
As show in Fig. 3.4, one can plot low temperature total heat capacity as C/T vs T?. If data is linear in
the plot, it is safe to get  value and 8 value by fitting the data linearly. By fitting the data points at low
temperature with C(T) = T + T3, we obtained v =22 mJ K~2mol~!, 3 =0.26 mJ K~* mol~*.

Without specific phonon density of states, phonon heat capacity can be estimated with Debye model. At

low temperature, one can use C,, = 3T° where 3 = %% to calculate Debye temperature Tp. And use
D
3 &
Debye temperature to calculate phonon temperature with Debye model C, = 9Nk (%) OTD/ T (6954_51)2 dx.

The Debye temperature of FesAs calculated from data is 281 K. v, 8 and the Debye temperature are close

28



to literature value [37]. With C. and C,, calculate, we can get C),, by subtracting C, and C, from total heat
capacity. Due to the simple models we used in calculating C), and C,, part of the magnetic heat capacity
is negative. Another reason of this bad estimation is the specific heat of antiferromagnetic magnons at low
temperature is ~ T3, the same order as phonon. (The specific heat of magnons in ferromagnets at low
temperature is proportional to 73/ 2). So the BT® term cannot represent phonon heat capacity completely.

Our collaborator helped to calculate the phonon heat capacity from the phonon density of states of
the ground state crystal structure and magnetic ordering, as shown in Fig. 3.6b.The Debye temperature
calculated from the phonon DOS is 286 K, in good agreement with the measured value of 296 K reported
by Zocco et al. [37].

The electronic density of states was calculated with Mermin DFT [69] and finite electronic temperatures
between 0 K and 400 K, see Fig. 3.6a for 300 K. From this data we calculate the electronic heat capacity C,
and electronic specific heat v=7.41 mJ K2 mol~".

Finally, we assume that the magnetic heat capacity is given by the difference between the total heat
capacity and the sum of the lattice and electronic heat capacities, Cy, = Cior —Cp — Ce. Because lattice heat
capacity dominates the total heat capacity except at very low temperatures, small errors in the measurement
of the total heat capacity or the calculation of the phonon heat capacity produce large uncertainties in the
magnetic heat capacity. We do not yet understand the origin of the small peak in the heat capacity data
near 110 K.

We also measured the thermal conductivity of FeaAs normal to the (001) and (010) faces of the crystal
using conventional TDTR measurements and modeling as shown in Fig. 3.5b. An 80 nm thick Al film was
sputtered on the sample to serve as the optical transducer in the thermal conductivity measurement. We
determined the thermal conductivity by fitting the data to a multilayer thermal model [34]. The electrical
contribution to the thermal conductivity was estimated by using the combination of the Wiedemann-Franz
law and the measured electrical resistivity. The thermal conductivity shows a small anisotropy at 7' > 300 K
(see Fig. 3.5b) and the contributions to the thermal conductivity from phonons and electronic excitations
are comparable. The phonon contribution, i.e. the difference between the measurement and the electronic

contribution, is approximately 3.6 WK ™! m™! and independent of temperature.
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Figure 3.5: Heat capacity and thermal conductivity of FeoAs. (a) The measured total heat capacity Cior of Feo As and
contributions to Ciot from excitations of electrons (e), phonons (ph), and magnons (m). The electronic and phonon
contributions are calculated by density functional theory (DFT). The magnon contribution is derived by subtracting
the calculated phonon and electronic contributions from Ciet . (b) The thermal conductivity in the direction normal
to the (001) face (black circles) and (100) face (blue circles) shows a small anisotropy. The electrical contribution
to the thermal conductivity (green circles) is calculated from the Wiedemann-Franz law and measurements of the
electrical conductivity.

3.4 Time-domain Thermo-birefringence and Time-domain
Thermoreflectance

In our experiments we probe changes in the optical function of FegAs induced by excitation of the sample
by the pump beam. We use time-domain thermoreflectance (TDTR) to measure changes in the diagonal
components of the dielectric tensor by fixing the probe polarization along various crystallographic directions
and measuring transient changes in the intensity of the reflected probe pulse. We use time-domain thermo-
birefringence (TDTB) to measure changes in the difference between the diagonal components of the dielectric
tensor through transient changes in the polarization of the reflected probe pulse. For both TDTB and
TDTR, the strongest signals we have observed are for pump and probe beams at normal incidence on the
crystallographically anisotropic (010) surface of FegAs.

The instrument we used for the measurements of FesAs is the same as the instrument that we use
for conventional TDTR measurements of thermal transport and time-resolved magneto-optical Kerr effect
(TR-MOKE) of magnetization dynamics and thermally-driven spin generation and transport [70, 71].

The TDTB measurement geometry is shown in Fig. 3.3b and the measurement results for the Fe;As (010)
face are shown in Fig. 3.7a. In the discussion that follows, the symbol A indicates a transient quantity. To
measure transient changes in the real part of the polarization rotation, Re[A®] = Af, we null the balanced
detector with a half-wave plate before the Wollaston prism that splits the orthogonal polarizations into two

paths that are focused onto the two photodiodes of the balanced detector; to measure transient changes in
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Figure 3.6: (a) Calculated electronic band structure and electronic density of states (DOS) of FeaAs. The
electronic band structure include spin-orbit coupling effect through a non-collinear magnetism calculation.
(b) Calculated phonon dispersion and phonon DOS of FesAs. For (a), the units of the electronic DOS are
the number of states per magnetic unit cell per eV; for (b), the units of the phonon DOS are the number of
states per magnetic unit cell per THz.

the imaginary part of the rotation, i.e., the ellipticity Im[AO] = Ak, we null the balanced detector with
a quarter-wave plate. The polarization of the probe-beam is in the x—z plane and 45° from the x axis.
Corresponding TDTR data for a bare FesAs (010) face, i.e. uncoated by a metal, is shown for the two
orthogonal polarizations in Fig. 3.10a.

Optical reflectance is the ratio of the intensity of the reflected electrical field to the intensity of the
incident electric field: R, = |7'ZZ|2 and R, = |7‘m|2 where r,, and r;, are the Fresnel reflection coefficients
for light polarized along the z and x directions, respectively. r;; = (ny; — 1)/(ny; + 1) where n;; are diagonal
elements of the optical index of refraction tensor; n? = g;; where ¢;; are diagonal elements of the dielectric
tensor.

The birefringence of FeaAs is relatively small. We therefore define average quantities n = (14 + n,.)/2;

g=n2%and 7= (A—1)/(n+1). The complex rotation of the polarization of the reflected probe light is then

(_) ~ (Tacw _'rzz) ~ (nzz _nac:v> ~ <€zz _€ZE:E)

2F  (1-02)  2/E1-8)

(3.2)

We use Eq. 3.2 to relate the polarization rotation angle to differences in the index of refraction or differences in
the dielectric function. We evaluate Eq. 3.2 using the measured refractive index n = 2.9+¢3.3. The real and
imaginary parts of the TDTB signal can then be written as Af = 0.005(Ac’,, — Ae’ ) —0.003(Ae”, — Acll )
and Ax = 0.003(Ae’,, — Ael,) + 0.005(Ae”, — Ael ), where €}, and €}; are real and imaginary parts of the
relative dielectric tensor.

Because the reflectance R; is a function of complex dielectric function g;;, the transient reflectance, or

TDTR signal, can be written as AR = gf, Ae’ + %As’ ’. After taking partial derivative of reflectance and
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inserting the static dielectric function calculated from the measured refractive index, the transient reflectance
can be written as a linear combination of transient dielectric functions, AR; = —0.01A¢&}; + 0.007Ae;.

We note that the difference in the TDTR measurements along x and z closely resembles the real part
of the TDTB signal, Af. This is because the linear coefficients of the transient changes in the components
of the dielectric tensor that contribute to AR, — AR, are approximately twice the linear coefficients of
the transient changes in the components of the dielectric tensor that contribute to Af. In other words,
A6 ~ —(AR, — AR,)/2. Alternatively, if we write the complex TDTB signal as an amplitude and phase
in the form A© = |z|e?, the real part of the TDTB signal is Af = |z|cos §, while in TDTR measurement,
AR, — AR, =2|z|.

The per pulse heating, i.e., the temperature excursion produced by a single optical pulse of the pump
beam, is AT(t) ~ 3 K. Due to the small temperature excursion, the change in the sublattice magnetization
AM is small compared to the sublattice magnetization M, except for T" very close to T. This justifies a

description of the experiment in terms of linear response, except for T' very close to T .
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Figure 3.7: (a) The real part of the time-domain thermo-birefringence (TDTB) signal measured on the (010) face
of FezAs; and (b) the imaginary part of the TDTB signal. The temperature in the legend is the temperature of the
sample stage; the spatially averaged temperature of the area of the sample that is measured in the TDTB experiment
is the sum of stage temperature and the steady-state heating of 13 K. When stage temperature is at 338 K, the
temperature of measured region of the sample is close to Ty = 350 K. Empty symbols denote data acquired at
T < Ty; filled circles are data for T' > Tn. We attribute the slower response at T' ~ Tn to the peak in the magnetic
heat capacity at T'x.

3.5 Jones Matrix Derivation of TDTB Measurement

Jones matrix is a matrix representative to study light polarization. In Jones matrix scheme, light is rep-
resented with the two-dimensional vector where two elements represent two orthogonal polarized electrical

field, and optics are represented by 2x2 matrix. If incoming light is E and it passes through a series of optics
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(My, M2, M3, ...) sequentially, the Jones matrix of outgoing light is ...M3sMaM1E | a two-dimensional

vector.

3.5.1 Jones Matrix Calculation of the Real Part of the Birefringence

Measurement

For a magnetic sample with perpendicular incident light and in-plane magnetic moment, we can measure
the magnetic birefringence term by changing the light polarization to the 45° from the magnetic moment.
What we measured with this configuration is difference of diagonal elements of dielectric constant, or the

birefringence. Fig.3.8a shows a typical setup for measuring the real part of the MOKE signal.

A HWPL($/2) g S R _HWP1(¢/2)
\—_r—‘ filter \__r_‘ filter
HWP2(¢p/2+1/8) QWP1(¢/2+ arccos(— cos(2¢)) /4)
Focal lens Focal lens
Balanced detector Balanced detector
(a) (b)

Figure 3.8: (a) The setup for measuring the real part of MOKE or birefringence signal. The HWP1 is the
half wave plate used to rotate the light, while the HWP2 is used to balance the detector. (b) The setup
for measuring the imaginary part of MOKE or birefringence signal. The HWP1 is used to rotate the light
polarization, while the QWP1 is used to balance the detector.

The Jones matrix of a half wave plate here is

cos 2 sin 2
HWP(y) = 7 v (3.3)

sin2y —cos2y

If we define a reflectance matrix of the magnetic materials with magnetization stay in-plane as

Tew O 1+« 0
M = =70 (34)
0 7, 0 1+p

The o — 3 is the difference of diagonal components. The incident probe light polarization was rotated by ¢
by HWP1. Then the probe beam reflected back by the sample and balanced by HWP2. The optical axis

position of HWP1 is ¢/2, and the position of HWP2 can be calculated with o = 8 = 0, because we assume
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both a and § are much smaller than 1.

T

= HWP(y) - M(a =B=0)- HVP(¢/2)
E. 1

—sin(2y — ¢)
cos(2y — ¢)

If the light is balanced by HWP2, |E,|?> — |E.|*> = 0. So that v = ¢/2 + 7/8. Then we fix the angle of

HWP2 to ¢/2 + 7/8 to calculated the measured Kerr angle by balanced detector.

x

— HWP(¢/2+7/8) - M - HW P($/2)
E. 1
(3.6)

[ F (V22 +a+ 8) +2(a — B)sin[( + 8) /4])
= 7"0
L (V22 + a+ B) — 2(a — B) cos|(m + 8¢)/4])

The Kerr rotation is 0 = (|E,|? — |E.|%)/(2|E4|?). The relation between ¢ and 6 was plotted in Fig.3.9a,
and it was compared to measurement data.

When ¢ = 7/4, a = o +iay, and B = S, +1if, , what the balanced detector reads is (a, — 8;)+1/2(82+
2

2 _ 2
Bs —ag — o

Y »)- The transient measurement result —Af ~ A(a, — ;) is quadratic Kerr rotation signal.

3.5.2 Jones Matrix Calculation of the Imaginary Part of the Birefringence

Measurement

To measure the imaginary part of the birefringence signal, the half wave plated in front of the balanced
detector was replaced by a quarter wave plate shown as Fig. 3.8b. The Jones matrix of a quarter wave plate
is

cos?c +isin®o (1 —i)sinocoso

QWP(o) = (3.7)
(1 —4)sinocoso  sin®o +icos?a

where o is the angle between optical axis and lab reference.To figure out the position of QWP1 to balance the

detector, we suppose sample the nonmagnetic and let two outgoing orthogonal beams are at same intensity
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Figure 3.9: (a) The relation between balanced detector reading and light polarization in the real part of
TDTB measurement at room temperature with fixed time delay 100 ps. (b)The relation between QWP1
angle used to balance detector and light polarization with the setup shown in Fig. 3.8b. (c¢)The relation
between balanced detector reading and probe polarization in the imaginary part of TDTB measurement.

The data were collected with fixed time delay 100 ps at room temperature.

B2 = E2.

x

=QWP(o) - M(aw=p=0)- HWP(¢/2)
E, 1

*12*i (sin(20 — ¢) + isin(¢))

1 (cos(20 — ¢) + i cos(2¢))
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When |E,|> = |E.|? is satisfied, ¢ = % (2¢ + arccos[— cos(2¢)]). The relation between light polarization ¢
and QWP1 angle o is shown in Fig.3.9b, which fits measurement results very well.

With QWP1 balances detector, the Jones matrix of the outgoing light is

E, _ owp( arccos|— co:(QqS)] +2¢

E.

)2 HWPo2) | (39)
1

And the measured signal by balanced detector is & = (|E.|? — |E;|?)/|E.|? . The calculated quadratic Kerr
ellipticity signal versus light polarization is shown in Fig. 3.9c. When ¢ = 45°, 0 = 45°, and o = o, + 0y
and 8 = B, +1i,, the balanced detector reading is (8, — )+ (g By — Bzy), S0 in the transient measurement,
the balanced detector reading is imaginary part of birefringence Ax = A(8, —ay). When ¢ = 135°, 0 = 90°,
the balanced detector reading is (o — B,) +1/ 2(0512, — ,85 + a2 — 32). In this case, the transient measurement
result is real part of birefringence. Therefore, in Figure 3.9c, both real and imaginary part of Kerr rotation

contribute to the balanced detector reading. Also, the intrinsic A8 and Ak should have the same sign.

3.5.3 Jones Matrix Calculation of Polar MOKE Measurement

For a polar MOKE measurement setup, the polarization of perpendicular incident light changes by out-of-
plane magnetization. Similarly, we use HWP and QWP measure real and imaginary part of polar MOKE
signal, but 45 degree incident light polarization is not needed. Suppose the out-of-plane direction is along
z-axis, and sample plane is xy-plane, the reflectance matrix of the magnetic materials with out-of-plane

magnetization is:

T T 1 9
M= "= (3.10)
Tye Tyy -5 1
where we assume 1y, = —7y, = rod and J is introduced by out-of-plane magnetization. The complex ¢ can

be decomposed into § = d, + id,. The electrical field after reflected back from sample and passing through

HWP is

(3.11)
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After Wollaston prism, E, and £, are separated and measured with balanced detector. The differential

signal balanced detector measured is

L — 1y = |E,* — |By|? = 2rod, (3.12)

One can normalize the signal with 2(I, + I,) to get J, value. To get the imaginary part of §, we normally
replace HWP as QWP to balance the signal. The relation of incident light polarization and QWP angle was
plotted in Fig. 3.9b. As we are using 90 degree linearly polarized light, the angle of QWP is 45 degree. So
the electrical field after QWP is

T

=QWP(r/4) - M -
E, 1
11+ 1—34 1 ¢ 0
=5 T . (3.13)
1—4 144 -5 1 1
Z.r() 0+1
2 \o+i
The differential signal balanced detector measured is
I — I, = |E.|* — |Ey|> = 2r¢d,. (3.14)

3.6 Discussion

Since the (010) face of a tetragonal crystal is fundamentally anisotropic, we cannot directly interpret the
signals plotted in Fig. 3.7 as the result of changes in magnetization with temperature. However, two aspects
of the data suggest a prominent role of magnetism and magneto-optic effects. First, the real part of the TDTB
signal (see Fig. 3.7a), and the TDTR signal measured with the probe polarization along the z axis (see Fig.
3.10a), show a significantly slower response when the sample temperature is close to the Néel temperature,
Tn. The transfer of thermal energy in a magnetic material is often described by a three temperature model, in
which energy is transferred between electrons, phonons, and magnons on ultrafast time-scales [21, 22]. Since
the magnon contribution to heat capacity reaches a maximum at T, the temperature rise of the magnon
system in response to heating of the electronic system by the pump optical pulse is expected to be slower at

temperatures near Ty. We attribute the slower response at T' & Ty to this effect and conclude that the real
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part of the TD'TB signal, and the TDTR signal measured with polarization along the z-axis, are dominated
by changes in the magnon temperature. The slowing down of the demagnetization of antiferromagnetic
FeyAs at T ~ Ty is reminiscent of the slowing down of the demagnetization of ferromagnetic FePt:Cu at
T ~ T¢ where T is the Curie temperature [22].

Second, the temperature dependence of the transient TDTB and TDTR signals at fixed time delays
closely follows the magnetic heat capacity. In Fig. 3.11, we compare the complex thermo-birefringence signals
AO/AT for the (010) plane of FeaAs and the magnetic heat capacity derived from C,, = Ciop — Cpp — Ce.
(Ciot is measured by experiment and Cpp, and C. are calculated by DFT.) We use TDTB data acquired at
pump-probe delay times near 100 ps when the electrons, magnons, and phonons are in thermal equilibrium,
and the strain and temperature gradients within an optical absorption depth of the surface are small. As
we discuss in more detail below, we expect that for a single mechanism, the magnetic contribution to
the dielectric function of an antiferromagnetic material will scale with the magnetic energy and, therefore,
transient changes in the dielectric function produced by a small temperature excursion will scale with the
magnetic heat capacity Cy,. At T' = Ty, we expect that A©®/AT will be more smoothly varying with 7'
than C, because of the inhomogeneous temperature distribution across the lateral extent of the pump and
probe beams in the experiment.

In Fig. 3.11 we also include data for the temperature dependence of Af measured on the crystallograph-
ically isotropic (001) plane. We consistently observe a small signal that is approximately independent of
position. We believe there are two mechanisms that contribute to this null result. For the (001) plane of
FesAs, the two degenerate domain orientations should produce a cancellation of any TDTB signal when
measured on a length scale large compared to the characteristic domain size. We have not yet determined
the domain structure of our FepAs crystals but evidence from related materials [31, 3] suggest that the
domain size is typically in the sub-micron range while the 1/e? radius of the pump and probe laser beams
is &~ 5.5 um. Furthermore, the lack of a significant TDTR signal for light polarized along the z direction of
the (010) face suggests that magnetic contributions to the €,, and e, elements of the dielectric tensor are
small. We tentatively attribute the small transient birefringence signal that we observe on the (001) face to
a small, uncontrolled miscut of the sample, i.e., a small misorientation between the surface normal and the
c-axis of the crystal.

Since both the real Af and imaginary Ax parts of the TDTB signals measured on the (010) face have
a temperature dependence that resembles the magnetic heat capacity, we conclude that both Af and Ak
have significant magnetic contributions. However, Af and Ak do not have the same dynamics, see Fig. 3.7.

In the A# data set, with the exception of data collected at T ~ Ty, the signal reaches a peak response
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at short delay times on the order of 1 ps. We interpret this signal as arising from the same type of out-
of-equilibrium ultrafast demagnetization that is typically observed for ferromagnetic materials using pump-
probe measurements of first-order magneto-optic Kerr effects. However, we cannot yet reliably distinguish
between magnetic, electronic, lattice temperature, and lattice strain contributions to Af or Ak.

In the Ak data set, the signal reaches a peak response on a time-scale on the order of 10 ps. We interpret
this time scale as characteristic of the time needed to fully relax the thermoelastic stress within the near
surface region of the crystal that determines the reflection coefficients of the probe beam. This interpretation
is supported by the character of the TDTR signal measured on the (001) face, see Fig. 3.11, that also includes
a large variation in the signal at ¢ < 20 ps.

In most studies of the optical properties of materials, the thermal expansion of the material contributes to
the temperature dependence of the dielectric tensor. Even though the thermal expansion is three-dimension,
the measurement is only sensitive to the element along the surface normal direction 7y, of the elastic strain
tensor exists, because the laser spot size is much larger than absorption depth. Thermal stress is generated
when the pump optical pulse is partially absorbed by the near-surface region of the sample. Thermal strain in
the in-plane direction is strongly suppressed in a pump-probe experiments because the thermal penetration
depth, i.e., the depth of the heated region, is small compared to the lateral extent of the laser spot.

Right after the sample surface was heated, the strain pulses propagates away from the sample surface with
the speed of sound. Because there is no impedance mismatch in the bulk sample, the reflected acoustic wave
cannot be observed. However, the thermal expansion-induced strain is observed by TDTB measurement.
The buildup speed of the thermal expansion is related to the rise of lattice temperature. Because relatively
smaller electron-lattice and spin-lattice coupling factor, the lattice temperature rise is slower than electron
and spin. Right after the laser excitation, the thermal expansion-induced strain has not built up. So the
signal at short time delay is strain-free signal.

When electron, spin and lattice temperature are at equilibrium, the stress is zero because the stress o,
depends on the electron and phonon distribution change made by laser pulse. At long time scale, the thermal
expansion-induced strain will follow the temperature decay of the sample as heat dissipated away.

On the other hand, strain in the out-of-plane direction can contribute to TDTB and TDTR signals. The
probe beam is sensitive to the dielectric tensor of the near-surface layer of the crystal that lies within an
optical absorption depth of the surface. On this length scale, strain normal to the surface evolves on a time
scale given by the optical absorption depth divided by the longitudinal speed of sound. The longitudinal
speed of sound from our DFT calculations is ~ 5 nm/ps. Therefore, the characteristic time-scale is ~ 4

ps. At t < 4 ps, strain normal to the surface is negligible; at ¢ > 4 ps, stress normal to the surface is
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negligible. On long time scales, the decay of the strain normal to the surfaces will follow the decay of the

surface temperature as heat diffuses into the bulk of the sample.

0.1 1 10 100 1000

Time delay (ps)
(a)

%.1 1 10 100 1000
Time delay (ps)
(b)

Figure 3.10: (a) Time domain thermoreflectance (TDTR) data for the (010) face of FeaAs with (a) probe polarization
aligned along the z-axis and (b) probe polarization aligned along the z-axis. TDTR data for AR./AT shown in
panel (a) is approximately an order of magnitude larger than TDTR data for AR, /AT shown in panel (b). The
temperature in the legend is the temperature of the sample stage; the spatially averaged temperature of the area of
the sample that is measured in the TDTR experiment is the sum of stage temperature and the steady-state heating
of 13 K. Empty symbols denote data for temperatures 7' < Ti; filled symbols are for data acquired at T' > Tn.

TDTB and TDTR signals are linearly related to transient changes in the dielectric function, see Eq. 3.2.
The dielectric function tensor of magnetic materials can be written as [72]

€ij = E?j + KijkMk + G%I%Mle + G%I]%leLl + G%I,;ZLkLl s (315)

where the first term is the non-magnetic contribution to €;;, Kj;j;, are the first-order magneto-optical coef-

ficients, and Gyji; are the second-order magneto-optic coefficients. M is net magnetization , and L is the

Néel vector. Because the net magnetization is zero in a collinear AF, the linear term, My M; term and ML,

term can be neglected here, and we will use Gk to represent G{-“},;,l in what follows. We assume an equal

population of magnetic domains with Néel vectors in the x and y directions.
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To simplify the notation in the discussion below, we adopt the Voigt notation with, for example, G11,
G'12, and G3q replacing G111, G1122, and G3311, respectively. The tetragonal point group symmetry of Feg As
has 6 independent and non-zero elements of the second-order magneto-optic tensor: G171 = Gaa, G132 = Goy,
G13 = Goz = G31 = G3o, G33, G4q = G55, and Ggg. We assume that there is no correlation in the sublattice
magnetization along the z axis; therefore, terms that involve the z-component of magnetization are small
and we do not need to consider Gz3 or G44. With the Néel vectors constrained to the x and y directions,
the dielectric tensor is diagonal in the coordinate system of the crystal axes and we can also neglect Ggg.

The remaining contributions to the dielectric tensor involve three elements of the magneto-optic tensor:

€11 = G11L? + GuL% + 6(1)1
E99 = Glng + GuL% + 682 (3.16)

£33 = Ga1 (L] + L3) + <4

The microscopic mechanisms that contribute to the sccond-order magneto-optic coeflicients Gyjx; include
exchange interactions, spin-orbit coupling, and magnetostriction [51]. (Magnetostriction can be further
divided into changes in the lattice parameters and, if the symmetry of the lattice is low enough, changes
of the atomic positions within a unit cell [73].) Exchange interactions are usually assumed to dominate
the isotropic contributions to the clements of Gjji, i.c., magnetic contributions that arc independent of
the orientation Néel vector. (The term “isotropic” does not imply that the magnetic contributions are the
same for all elements of the dielectric tensor.) Spin-orbit interactions are usually assumed to dominate
anisotropic contributions to Gjjk, i.e., contributions that depend on the orientation of the Néel vector.
Isotropic contributions are larger than anisotropic contributions in most materials [74, 51]. In collinear
AF's with cubic symmetry, the anisotropic contribution to the dielectric function can be isolated from the
isotropic contribution because birefringence can only be generated by anisotropic terms [75, 51].

Within the easy-plane of AFs with cubic, tetragonal, or hexagonal symmetry, optical birefringence can
sometimes be used to image magnetic domains [76] because the anisotropy of the dielectric tensor is coupled
to the orientation of the Néel vector. In a recent study of tetragonal CuMnAs [5], the transient birefringence
signal measured in the z-y plane demonstrated the potential of using the anisotropic Voigt effect for deter-
mining the magnetic domain structure of tetragonal AFs. We find, however, that the Voigt effect is small
for FesAs at the wavelength of our laser, A = 783 nm, and we have not yet been able to use TDTB signals
to study the magnetic domain structure.

On the (010) face of FeaAs, approximately one-half of the domains have Néel vectors in the in-plane

x direction and the other half of the domains have Néel vectors in the out-of-plane y direction. TDTB
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Figure 3.11: Comparison between A©® /AT and magnetic specific heat as a function of sample temperature.
The values for A® are for 100 ps delay time. For each sample temperature T, AT at 100 ps at is calculated
from a thermal model that uses the measured total heat capacity and thermal conductivity of FesAs as
inputs to the model. The sample temperature T" includes the effects of steady-state heating of measurement
area that is created by the absorbed laser power. The real and imaginary parts AO/AT measured for the
(010) face have a similar temperature dependence as the magnetic specific heat C,,.

signals acquired on the (010) plane are, in principle, sensitive to contributions from anisotropic terms in
the magneto-optic coefficients generated by domains with Néel vectors in the x direction. TDTB signals
are sensitive to contributions from isotropic terms generated by domains with Néel vectors in both the x
and y directions. If the anisotropic contributions, e.g., the Voigt effect, were dominant, then G1; > G3;
[63, 54]. However, the TDTR data, see Fig 3.10, lead us to conclude that Ae., > Aey,, G11 € G371, and
the isotropic contribution to ¢,, is the dominant effect.

In previous studies of tetragonal transition metal fluorides [51, 77], the derivative of the magnetic linear
birefringence with respect to temperature d(An,,)/dT, where An,, is the difference in the index of refraction
between z and x axes of the crystal, has been shown to have the same temperature dependence as the
magnetic specific heat. This behavior is expected because both the magnetic contributions to the dielectric
function and the magnetic energy include terms that involve correlations of the products of the spin angular
moment at different lattice sites. Contributions to the magneto-optic coefficients from various terms in the
Hamiltonian could, however, have different constants of proportionality. Furthermore, in our time-domain
thermo-birefringence (TDTB) measurements of the (010) face of the FeaAs crystal, there are non-magnetic
contributions to the TDTB signals that come from thermal excitations of electrons and phonons. The fact

that the TDTB signals closely resemble the temperature dependence of the magnetic heat capacity supports
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Table 3.1: Comparison of the quadratic magneto-optical coefficient G3; of antiferromagnetic FegAs de-
termined in our work with selected previous studies of ferromagnetic (Fe, Co, Ni, Y3Fe;012) and anti-
ferromagnetic (MnF2, CoF3) materials. Ni and FesAs have relatively large quadratic magneto-optic coeffi-
cients.

Materials Wavelength  Magneto-optic data Magnetization Quadratic magneto-optical coefficient
(nm) (10714A"2m2)
Fe [78] 670 e11 —e12 = —(5.0+i3.5) x 1072 1.8 x 10°Am™? G —Gi2=-15-il11
Fe [79] 670 €11 — €12 = —0.15 +40.07 1.8 x 10Am™! Gi11—Gia = —4.6+1i2.1
Co [79] 670 €11 — €12 = 0.10 —40.13 1.4 x 106Am*1 Gll — G12 =51-16.6
Ni [79] 670 €11 — €12 = —0.75 +40.20 5.0 x 105A111_1 G11 - G12 = (—300 + LSO)
Y3Fe;012 [80] 1150 |TLJ_ — Tl||| =39x10"°¢ 1.4 x 10°Am~! Gi1—Gi12=16
KNiF; [75] 632.8 N =3.3%x 1073 1.3 x 10°Am™! G11 =60
MnF,[81] 632.8 d(An,,)/dT =5.0 x 107 K=t d(M?)/dT |Gis] = 1.2
=—-13x10"0 A2m2K~!
CoF»[81] 632.8 d(An,,)/dT = 2.5 x 107° K1 d(M?)/dT |G33 — G131 = 0.63
=-12x10° AZm2K?
FegAS 783 d(€33)/dT d(]\ﬁ,2)/dT G31 = (85 - 212)
=(-15+10.21) x 1073 K~! =-88x 108 A2m—2K!

our conclusion that the TDTB signals are dominated by a magnetic contribution with a single underlying
mechanism.

If we assume that the magnetic contribution dominates the temperature-dependence of £33, the magneto-
optical coefficient G3; can be estimated by using the value of Aegz and A(]\If,), where M4 is sublattice
magnetization of the AF. We estimate A(M3) from our magnetic heat capacity data as described in the
supplementary document. Because the sublattice magnetization is always real, the magneto-optic coeflicient

(31 is complex since Aess is a complex number.

i A833/AT _ (AE§3 + iASgg)
G = OA(M2)/AT —  2A(M2) ' (3.17)

Inserting the value of the transient dielectric function and the temperature excursion of 1.5 K at a delay time
of 100 ps and ambient temperature, 293 K, we find G3; = (0.85 —40.12) x 10712A~2m?2. We emphasize that
this value for G3; should be consider an estimate because we have assumed that the magnetic contribution
dominates the temperature dependence of e33.

Finally, we compare the magnitude of our result for G3; of FesAs with the quadratic magneto-optic
coefficients of several more commonly studied magnetic materials, see Table 3.1. In Table 3.1, G tensors
are GMM for ferromagnets and G for antiferromagnets. In studies of ferromagnetic materials (Fe, Co,
Ni, and Y3Fe5012), the magnetization vector can be manipulated with an external field and therefore the
elements of the quadratic magneto-optic tensor G;; can be calculated using Eq. 3.16 and M? = M2, where
M, is the saturation magnetization. In studies of antiferromagnetic materials (MnFq, CoFs, and FegAs),
typically, the Néel vector cannot be controlled with an external field and the values of G;; are more difficult

to determine. The measurements of antiferromagnetic MnFy and CoF2 reported in Ref. [81] are collected

43



from a crystallographic anisotropic plane; therefore, the magnetic birefringence data that we use in this
analysis are the temperature derivatives of the birefringence data with the additional assumption that the
magnetic birefringence has a stronger dependence on temperature than the crystalline birefringence. We used
M? = M3 to calculate the G;; tensor for antiferromagnets, where M is sublattice magnetization. Typically,
G171 and Gi3 or G2 cannot be determined separately based on birefringence data alone. Compared to the

other materials listed in Table 3.1, Fes As and Ni have relatively large quadratic magneto-optic coefficients.

3.7 Calibration of Thermal Reflectance and Kerr Rotation Angle

3.7.1 Convert Raw TR-MOKE Data into Kerr Rotation

In a normal measurement, the MOKE we measured is proportional to magnetization 6§ o< M. In a pump-
probe measurement, the pump beam heats the sample up and then magnetic sample starts demagnetization.
So the signal what probe beam measures is magnetization change AM in response to the laser heating AT
Because of A0/ = AM/M, one is able to calculate AM value through both transient and static MOKE
measurement. Furthermore, if the temperature excursion AT is small and temperature T is much smaller
than critical temperature, the AM can be seen as a linear function of AT.

For our TR-MOKE measurement with pump-probe setup, the transient signal is double modulated,
and demodulated by a RF lock-in and computer-based AF lock-in. The purpose of double modulation is
just to improve signal-to-noise ratio, so both in-phase and out-of-phase signal should be the same as single
modulation (turn off the chopper and measure from RF lock-in). While the transient signal was measured
at pump frequency, the static signal we measured is at probe frequency. It is acceptable to measure static
signal at pump frequency or with DC signal. The key point is to figure out the conversion factor of detectors
to make sure the transient signal and static signal are comparable.

In our measurement, we used probe beam to do static measurement at 200 Hz. As we discussed in

previous section, the polar MOKE signal § measured from signal is

I, -1, I, -1, o Tap+ —Iar -

2(I, + Iy) 42 412

(3.18)

where Iy = r is incident light intensity, and I, — I, is off-diagonal change of reflection matrix comes from

magnetization. In the measurement, I, — I, is the intensity difference of two photodiodes of balanced detector
at 200 Hz measured with AF lock-in. Here, I, I, and I are all measured at 200 Hz with AF lock-in. In a

static MOKE measurement of Co/Pt multilayer with perpendicular magnetic anisotropy (PMA), the Co/Pt
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thin film is saturated with opposite poles of permanent magnetic (+M and -M). In this case, I, — I, needs
to be divided by an extra factor of 2 because magnetization is measured twice.

There are three outputs of the balanced detector we used (Thorlabs PDB450A), two are AF monitor
output, which output intensity of two beams at AF frequency(Iy ar and I 45 ); the other one is RF output,
it gives intensity difference of two incoming beams at RF frequency.

In transient measurement, I, — I, is measured at fpyump from RF lock-in and Iy is measured at fprope

from AF lock-in, the transient MOKE signal is

Vin,RF Vin RF
AS = ) - J 3.19
4o rr 4o aF X P (3:19)
where F, is the conversion factor between the reading from AF lock-in and the reading from RF lock-in. We

considered four factors when transfer AF signal to RF signal:

1. Detector gain difference: for the balanced detector we used, the RF output is half the AF monitor

output, the factor is 1/2.

2. RMS of first harmonic: with band pass filter connected to input RF lock-in, we are picking up the
root mean square (RMS) of first harmonic. The wave form of pump beam is square wave, the same as
function generator. The peak to peak amplitude of first harmonic of a square wave is 4/7 times the
amplitude of square wave. The RMS value of a sine function is 1/v/2 its peak-to-peak amplitude. The

1.4

factor is 5w

3. Impedance of lock-in: the impedance of RF lock-in is 50 Q while the impedance of detector and AF

lock-in is infinite. The factor is 1/2.

4. Gain of RF lock-in: the gain of RF lock-in is around 0.8 at 10.8 MHz. This can be measured by
directly connect the output of a function generator to the input of RF lock-in. Why the factor is 0.8

is still unknown.

The input signal of the balanced detector is square wave. Suppose the amplitude of the square wave is
A and the peak-to-peak voltage is V},, = 2A. If we measure this square wave with a multimeter, the voltage
one would get is Vpo = A. If one measure this square wave from AF lock-in, the observed voltage should
be Vap = A - % -4 = 0.94. Both Vpc and Vup are from monitor output of balanced detector. The RF

output of balanced detector read from RF lock-inis Vep = A-1.1. \% . % -0.8 = 0.18A4. So the conversion

factor F,. between Var and Vgp is 0.2.
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Figure 3.12: (a) The calibration data Johannes Kimling performed. The z-axis is light polarization angle, and the
DC voltage of both monitor outputs are 0.5 V. (b) The calibration data I collected. The z-axis is half-wave-plate
rotation angle, so the light polarization angle should be doubled. The DC voltage of either monitor outputs is 1.04
V.

A direct calibration of this conversion factor can be performed with pump beam only. In the calibration,
one rotates the polarization of light with half wave plate, and read RF signal from RF lock-in to get a
relationship between RF signal and the polarization rotation. During the calibration, we blocked the probe
beam and remove the filter in front to balanced that was used to block pump beam. Then we connect
monitor output to multimeter read the amplitude of signal Vpc. While we rotate the half wave plate by a
small angle Af, the RF signal will change linearly with the polarization by AVgp.

In Fig. 3.12, the calibration recorded by our previous group member Johannes Kimling and the data I

collected are shown. The conversion factor can be calculated with

. = . = — .2
A 4Vpe Af  4AVurp-09 09 (3:20)

AVge 1 AVgp 1 F,

The calculated F; of Fig. 3.12a is 0.2, while the F, calculated from Fig. 3.12b is 0.13. I think the discrepancy

comes from factor 4, the gain of RF lock-in described above.

3.7.2 Calculate dR/dT, AR, AT from TDTR Data

In TDTR measurement where ratio is used to analyze data, knowing specific dR/dT value is not necessary,
because it is cancelled out in ratio. However, in our TDTR measurement with FesAs sample, the TDTR
signal strongly depends on probe polarization and magnetization. To compare our TDTR signal to our

TDTB data and proves what we measured in TDTB is AR, — AR, ., we need to know specific AR value
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from TDTR measurement.
To correctly calculate dR/dT, one needs to make sure the type of both transient signals AV, and AT

are the same. The dR/dT can be calculated with equation:

dR _ LAVRMS(t) R

dT ~ GQ Vo  ATgrus(t) (3.21)

where G = 5 is gain of preamplifier, @ ~ 10 is is the quality factor of LC circuit combined with 50 Q
impedance in RF lock-in. It can be checked by comparing the reading after adding and removing the resonant
circuit. Vj is average output of the detector, and R is the reflectance of the sample. Here, we compare the
root-mean-square value of both AV;, and AT. AVgias(t) the time-dependent in-phase signal read from RF
lock-in. The peak-to-peak value of temerpature excursion AT)ps,(t) can be calculated with thermal transfer
model as described in[82]. The maximal ATz, () value reflects the real temperature excursion on sample,
and should be close to per pulse heating. ATgrps(t) = ATpgp%%%. where 1/2 is the factor change peak
to peak of square wave to amplitude of square wave, 4 /7 is the factor of picking up the first harmonic of
square wave, and 1//2 is the factor amplitude of harmonic to RMS.

The dR/dT data of alunimum transducer I got is le-4 K—! at 785 nm, in consistent with temperature
dependent ellipsometry measurement reported in [83].

The relation between reflectance AR and AV}, described in [34] is

Vi _ GQAR

=R (3.22)

the same as equation showed above because the 2 /7 factor is considered in input pump power.

3.8 Conclusion

In collinear antiferromagnetic materials, the contribution to the diagonal elements of the dielectric tensor
that are quadratic in sublattice magnetization can be probed with transient birefringence or reflectance
measurements. In our measurement of time-domain thermo-birefringence (TDTB) and thermo-reflectance
(TDTR) of FesAs, we observe that the dominant response of the dielectric tensor is in the z direction
and perpendicular to the Néel vector. The temperature dependence of the TDTB signals closely follow
the temperature dependence of the magnetic heat capacity, as expected if the exchange interaction is the
dominant magnetic contribution to the dielectric function. In comparison to other magnetic materials, Feo As

has relatively large quadratic magneto-optical coefficient at 783 nm.
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Chapter 4

Magnetic Anisotropy of FeyAs
Measured with Torque Magnetometry

4.1 Introduction

4.1.1 Motivation

Antiferromagnets (AFs) have potential advantages over ferromagnets for spintronic device applications.
Collinear AF's are relatively insensitive to external fields because the net magnetization is zero. AF's typically
have higher antiferromagnetic resonance (AFMR) frequency than ferromagnets and therefore processional
switching can occur in AFs at a faster rate than in ferromagnets.

The recent discovery of electrical manipulation and detection of spin configurations in metallic AFs has
led to a rapidly expanding scientific literature on this class of magnetic materials. Tetragonal crystals with
casy-plane magnetic anisotropy are preferred because the two degenerate orientations of the Néel vector
can store binary information. In crystals with globally centrosymmetric but locally non-centrosymmetric
magnetic structures—e.g., CuMnAs and Mn2Au—an electrical current exerts a torque on the Néel vector
and the domain structure can potentially be switched electrically [5][31] [84][85].

A small value of the in-plane magnetocrystalline anisotropy facilitates electrical switching of the domain
orientation since a smaller torque is needed to overcome the energetic barrier that separates the two orienta-
tions. A large value of the in-plane anisotropy, however, enhances the thermal stability of the domain. The
Néel-Arrhenius law provides an estimate of the rate of thermal fluctuations of a single domain[86]:

AFE
% = foexp (_k’BT> (4.1)

where 7 is the average time between thermally-activated changes in the direction of the magnetization, fj is
the resonance frequency, AF is the energy barrier between two degenerate magnetic states and kpT' is the
thermal energy. AF is given by the product of an anisotropy parameter K and the volume of the domain
V; AE = KV. Stable data storage typically requires AE/kgT > 40 to meet the criteria that data must be

retained for 10 years [87].
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For the media of conventional hard drives, the anisotropy parameter K is controlled by the perpendic-
ular magnetocrystalline anisotropy of ordered intermetallic alloys. In the emerging technology of magnetic
random access memory (MRAM), K is controlled by the interfacial magnetic anisotropy of a ferromagnetic
layer adjacent to the oxide barrier in a magnetic tunnel junction. The perpendicular magnetic anisotropy

K of MRAM materials is typically 10¢ < K; < 107Jm~3 [88].

4.1.2 Different Types of Anisotropy

For both ferroamgnetic and antiferromagnetic materials, magnetic anisotropy is the three-dimentional anisotropic
distribution of energy. Thus spins prefer to align certain direction without external field to lower the total
energy. A ferromagnetic sphere made of amourphous material is treated as magnetically isotropic, thus
the magnetization will always parallel to external field and ferromagnetic spheres cannot get magnetized
spontaneously.

Magnetic ansiotropy composes of shape anisotropy, magnetocrystalline anisotropy and stress-induced
anisotropy.

The shape anisotropy of ferromagnetic materials origins from stray field (or demagnetization field).
Demagnetization field is the alignment tendency of spins to reduce total magnetic energy. Because of zero
net magnetization in compensated AF's, there is no stray field or shape anisotropy in AFs.

The magnetic energy of the system from demagnetization field can be represented by ferromagnetic
ellipsoid:

1

3 o NV M2 (4.2)

€Em —

where N is a three-dimensional demagnetization tensor and M; is saturation magnetization. The anisotropic
N value determines the energy minimum direction where the spins are aligning without external field or
stress.

For needle shape ferromagnets, the ones we like to use in compass, the spins are along the needle axis
(N is 0 along the needle axis, and 1/2 perpendicular to the needle axis). For thin films, e.g. 10 nm Co thin
film, the spins prefer in-plane direction (N is 0 in the plane, and 1 perpendicular to the plane). For spheres,
there is no shape anistropy because N is 1/3 everywhere.

Magnetocrystalline anisotropy is the magnetic ansitoropy originated from crystal structure of materi-
als via spin-orbit coupling. The magnetocrystalline energy, is defined as the work required to make the
magnetization lie along a certain direction compared to an easy direction.

There can also be a contribution to the interface anisotropy that is magnetoelastic in origin. This is

related to stress relief by defect formation at interfaces. It is inversely related to the layer thickness and may

49



therefore be significant at small thicknesses, so magnetic multilayers are widely used to produce perpendicualr

magnetic ansitropy (PMA).

4.1.3 Magnetocrystallin Anisotropy of Antiferromagnetic Material Fe,As

Magnetocrystalline anisotropy is described by a phenomenological expansion of the magnetic energy as a
function of direction cosines for the orientation of magnetization of a ferromagnet or the sublattice magneti-
zation of an antiferromagnet (AF). For a tetragonal crystal, the expansion to fourth order gives 3 coefficients

K, K3 and Ko [89]. K is a second order coefficient; K5 and Ko are fourth order coefficients.

Eoni )V = Kisin?¢ + Kosin®¢ + Kyasin¢ cos (46) (4.3)

where ¢ is the angle of the magnetization relative to the [001] direction and 6 is the angle of the magnetization
relative to the [100] direction (Fig. 4.3). The coeflicient K describes the two-fold anisotropy in (010) plane
and K5 is the higher order four-fold symmetry. Because the effect of Ksis usually much smaller than K, it
will be neglected in the following discussion. A crystal with an easy-plane anisotropy is described by K; < 0.
The coefficient Kao describes the four-fold anisotropy of the (001) plane and determines the thermal stability
of an easy-plane structure.

An external magnetic field applied to an antiferromagnet (AF) produces a small induced magnetic mo-
ment. The induced moment is small because tilting of the orientation of sublattice magnetization is con-
strained by strong exchange interaction between the magnetic sublattices. In general, however, the induced
magnetic moment is not parallel to the applied field because magnetocrystalline anisotropy favors an orien-
tation of the sublattice magnetization along an easy axis [90][91].

The lack of alignment between the induced moment m and the applied field B produces a macroscopic
torque on the sample, 7 = m x B. A torque magnetometer measures this torque. Data for the torque
as a function of applied field is sensitive to magnetocrystalline anisotropy as long as the anisotropy is not
too small or too large. If the anisotropy is small, then the angle between m and B is small and the torque
becomes difficult to detect. If the anisotropy is large, then the direction of m is fixed with respect to the
crystallographic axis and the torque does not provide information about the magnitude of the anisotropy. We
can measure the in-plane four-fold anisotropy of a mm-size bulk crystal of FesAs by torque magnetometry
but the out-of-plane two-fold anisotropy is not accessible to this technique, because the external field is
too small compare to anisotropy field to extract enough information. We instead employ first-principles

calculations based on density functional theory to determine Kj.
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Figure 4.1: The chip for torque magnetometry measurements. When torque exerts on the torque-lever, the resistance
of piezoresistor will change. The change of piezoresistor was measured by a Wheatstone bridge, and the (Ri —
R3)/Rbriage is proportional to the actual torque. Only the component of torque perpendicular to sample stage is
measured.

When magnetic energy is larger than the anisotropy energy, the amplitude of the torque in the (001)
plane saturates and the four-fold magnetic anisotropy, Koo can be directly determined from the amplitude
of the torque. We measured three samples from the same batch, and the Kso value of all three samples is
around -150 J/m? at 4 K. The magnitude of Ky drops quickly as temperature increases and reaches a small
value above 150 K. The temperature dependence of magnetic anisotropy for antiferromagnets is the same as
that for ferromagnets, following a power law of sublattice magnetization [92][93].

Rather strikingly, torque data for the applied field rotating in the (010)-plane reveal the motion of domain
walls. An applied field in the (010) plane of 1 T is sufficient to orient the Néel vector fully perpendicular to
the applied field. Domain wall motion occurs even at T = 4 K and, therefore, is not thermally activated.

In the final section, we derive the lowest-frequency, zone-center AFMR, frequency for easy-plane AFs,
w = |y|/2HE(H22 — Hy), where v is the gyromagnetic ratio, and Hg, H;, Hasare the exchange field,
out-of-plane anisotropy field and in-plane anisotropy field, respectively. The lower limit on the value of H;
derived from torque magnetometry data on FesAs implies a lower limit to the AFMR frequency of f >84
GHz. With K calculated by DFT as K; = -830 kJ/m? and experimentally measured Koo as -150 J/m3 |
the AFMR frequency is f = 670 GHz at 4 K.
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4.2 Methods

Feg As crystallizes in the Cu2Sb tetragonal crystal structure. Based on the corresponding magnetic symmetry
(mmm1’ magnetic point group), the Néel vector of FeaAs has two degenerate orientations in the (001)-plane
[68][52][94].

The FeyAs crystal was synthesized by mixing Fe and As powders in a 1.95:1 ratio and vacuum sealing
inside a quartz tube. The vacuum tube was heated at 1/min up to 600 and held for 6 hours in a furnace.
The temperature was then ramped to 975 at 1 oC/min and held for 1 hour before cooling down slowly
to 900 at 1 /min. Finally, the quartz tube was kept at 900 for 1 hour and allowed to cool down to room
temperature in the furnace at 10 /min. We obtained a large silver crystal ingot of FesAs and it easily
detached from the quartz tube. Part of the ingot was crushed into powder for powder XRD characterization
and the data showed phase pure FeyAs. The remaining ingot was then fractured and the fractured surface
revealed a smooth facet. Laue diffraction was carried out after polishing this fractured surface. A four-fold
symmetry pattern was observed indicating the fractured surface is the (001) plane.

We used a wire saw to cut the sample into smaller pieces for magnetic property characterization and
torque measurements. One of the pieces was measured on the superconducting quantum interference de-
vice vibrating sample magnetometer (SQUID-VSM, see below), the other three pieces were used in torque
magnetometry measurements. We name these three samples measured by torque magnetometry sample A,
sample B, sample C and the one for SQUID-VSM sample D.

The temperature-dependent magnetic susceptibility was measured with SQUID-VSM in a Quantum
Design Magnetic Properties Measurement System (MPMS). The sample was measured while cooling from
398 K to 4 K in a 10 mT field.

Torque measurements were performed in a Quantum Design Physical Property Measurement System
(PPMS). We mounted the sample on a standard torque sensor chip (P109A from Quantum Design with
a sensitivity of 1 107 N-m) as shown in Fig. 4.1. The torque exerted on the torque-lever will change
the resistance of two piezoresistor path. This change introduces imbalance to Wheatstone bridge. The
imbalance-to-resistance ratio, (R; — R2)/Rhridge, is proportional to the actual torque with coefficient called
torque coefficient. Ry, Ro are resistances of two legs of the sample stage. The measured torque compress
on of two legs and stench the other one, so that Ry — Ry can represent the change of torque. During the
measurement, the R; — Ry value is usually between 1 to 2 Q. Ryyidge is the total resistance of the brdige
and usually between 600 €2 and 800 £2.

The specific torque coefficient changes from chip to chip. Thus a calibration process is needed before

doing measurement. Without any sample on sample stage, current applied through calibration coil to mimic
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a magnetic moment. The sample is place at an angle where induced moment is perpendicular to external
field, so that cross product, or torque is maximized. The torque coefficient can be derived by comparing
imbalance of Wheatston bridge with torque.

The PPMS horizontal sample rotator is used to control the angle between the crystal and the applied
field. During the measurement, the external field rotates in either the (010) plane or the (001) plane, while
the field-induced moment resides in the same plane as the rotating applied field. We detect the torque
component, m x B, that is perpendicular to this planec.

We performed first-principles DET simulations using the Vienna Ab Initio Simulation Package (VASP)
[60][61], to calculate the two-fold anisotropy A7 and obtain an estimate for the four-fold anisotropy K22. The
projector augmented wave (PAW) method[64] is used to describe the electron-ion interaction. Kohn-Sham
states are expanded into plane waves up to a kinetic energy cutoff of 600 e¢V. The Brillouin zone is sampled
by a 21 x 21 x 7 Monkhorst-Pack [65] (MP) k-point grid and the total energy is converged self-consistently
to within 107 eV. The local density approximation (LDA) [95] and the generalized-gradient approximation
developed by Perdew, Burke, and Ernzerhof (PBE) [63] are used to describe the exchange-correlation energy
function, and results from the two different computational strategies are compared.

Achieving the extremely high accuracy for total energies that is required to compute the magnetocrys-
talline anisotropy on the order of eV per magnetic unit cell is numerically challenging; the required conver-
gence parameters render it computationally too expensive to perform such calculations fully self-consistently.
Instead, we use the convergence parameters quoted above to compute Kohn-Sham states, electron density,
and relaxed atomic geometries for collinear magnetism and take non-collinear magnetism and spin-orbit

coupling [96] into account without self-consistency of the Hamiltonian, as described in Ref. [97].

4.3 Results and Discussion

4.3.1 Magnetic susceptibility and domain wall motion

We use data for the magnetic susceptibility as input for modeling the torque magnetometry data and to
provide insight into the reorientation of antiferromagnetic domains in an external magnetic field. Fig. 4.2a
summarizes the results for the magnetic susceptibility in the limit of small field. We fixed the applied field
at 10 mT, along the [100] or [001] direction, measured the induced magnetic moment while cooling from
T = 400 K, and calculated the susceptibility, x = M/H, where M is the magnetization. The measured
susceptibility is similar to that in a prior report[52].

When the applied field is along an easy axis, we must take domain wall motion into account. We assume
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Figure 4.2: (a) Temperature dependence of the magnetic susceptibility of FesAs in the low field limit as measured
using 10 mT field applied along the a- and c-axis of the crystal. (b) Dependence of Fez As magnetization M on applied
field H at T = 4 K. With H along the c-axis, M is a linear function of H. With H along the a-axis, the non-linear
dependence of M on H is due to the rotation of antiferromagnetic domains. (c) The population of domains with Néel
vectors parallel and perpendicular to the applied field estimated from the dependence of M on H at 4 K and (d) 300
K. The assumptions are: 1) in zero field, the population of domains with Néel vectors in the a and b directions are
equal; 2) in the high field limit, the Néel vector is perpendicular to the applied field; and 3) domain wall motion is
reversible.
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that a 10 mT external field is too weak to significantly affect the domain structure. We further assume
that the magnetic moment generated by an applied field along the [100] direction (the a-axis of the crystal)
has equal contributions from two types of domains that we label as D1 (Néel vector along [100]) and D2
(Néel vector along [010]) as illustrated in Fig. 4.3. For an applied field in the (001)-plane, we define the
susceptibility parallel to the Néel vector as x| while that perpendicular to the Néel vector as x’ . On the
other hand, the susceptibility for an applied field in the [001] direction is defined as x| . We expecty’, and
X1 to be similar but due to the tetragonal symmetry of the crystal structure, x’, and x are not necessarily
equal. We show below that the difference between x| and x| is less than 5%.

Measurements of the magnetization as a function of field, see Fig. 4.2b, show that x. is constant for H
applied along the c-axis. For H along the a-axis, yxqincreases with field at low field, and is approximately
constant for an applied field > 1 T. We attribute the field dependence of x, to domain wall motion and
the consequent evolution of the populations of domains with Néel vectors parallel and perpendicular to the
applied field.

The populations of the two degenerate domains can be estimated from the M vs H curve in Fig. 4.2a by
expressing the field-induced magnetization as M, = o1 x| H + oy x| H and M. = x1 H, where o, and oy,
are the normalized domain fraction perpendicular and parallel to the a-axis, respectively, and oy + o) = 1.
We made three assumptions: (1) o1 = o = 0.5 at zero field; (2) o1 ~ 1 at high field; and (3) domain
wall motion is reversible. The ficld-dependent distribution of domains parallel and perpendicular to the
external field along the a-axis at T = 4 K and T = 300 K are shown in Fig. 4.2c and Fig. 4.2d respectively.
For the 4 K data, x1 and x| are treated as free parameters; we find x| = 0.008 and x, = 0.018. For an
ideal colinear antiferromagnet, it is expected that x = 0 at low temperatures [9, 24]. This is not what we
observed in our measurements. The reason is that there is a background susceptibility that we do not yet
understand. We assume that the background susceptibility is isotropic. The domain distribution can be
fitted phenomenologically with a Gaussian distribution function. The fitted widths of o) at 4 K and 300 K

do not have significant difference.

4.4 Torque Magnetometry

The field-induced torque is the cross product of the field-induced magnetic moment and the applied field,
7 = m X B. The direction of the induced magnetic moment m is given by the minimum in the total
energy:Fior = Emy + Fani + FEer, where Ey, is the magnetic energy; F,,; is the magnetocrystalline anisotropy

energy; and E, is the exchange energy that couples the two sublattices. We refer to the condition E,, < Egn;
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Figure 4.3: Geometry of the torque magnetometry experiments. The a-b-c¢ coordinates are the crystal axes. MD1
and MD2 are the sublattice magnetizations of the two types of domains labeled as D1 and D2. (a) The magnetic
unit cell of FeaAs. (b) Three dimensional perspective of the measurement with the magnetic field rotating in the
ac-plane. The magnetic field makes an angle with the c-axis of the crystal. MD1 and MD2 are assumed to stay
along the a- and the b-axis, respectively. The torque is along the b-axis. (c¢) Plan-view of the measurement with the
magnetic field rotating in the ab-plane. The magnetic field makes an angle with the b-axis of the crystal. MD1 and
MD2 tilt away from a- and b-axis by 61 and 62, respectively ( and are not necessarily the same). The torque is along
the c-axis (normal to the plane of the drawing).

as the low field limit and the conditionE,, > FE,,; as the intermediate field regime[24]. We ignore a
separateFE,, term when we analyze the torque data in the (001)-plane because we assume that the exchange
interaction stays the same and can be represented by susceptibility. For torque data in the (010) plane, our
analysis is based on the anisotropy in the susceptibility, x 1 — x|, which is also related to the strength of the
exchange interaction.

Fig. 4.3a shows the experimental geometry when the applied field is rotating in the (010)-plane. £ is the
angle between the c-axis and the applied field. The induced moments are also in the (010)-plane. Thus,
the torque is along the [010] direction. In the low temperature limit, x| = 0 if the isotropic background is
ignored; the induced moment of domain D1 is therefore along [001] and the induced moment of D2 lies in
the (010) plane between [001] and [100]. The direction of the induced moment of D2 is determined by x .
and x/ .

Fig. 4.3b shows the experimental geometry when the applied field is rotating in the (001)-plane. In this
case, because of the relatively small magnetocrystalline anisotropy, the tilt of the sublattice magnetization
away from the crystal axes is significant. ¢ is the angle between the external field and the crystal axes; 61,
05 are the angles between the directions of the sublattice magnetization of domains D1, D2 and the crystal

axes, respectively (A and 5 are not necessarily equal).
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Figure 4.4: a) Torque magnetometry measurements in the ac-plane of FesAs at T = 4 K. Open symbols are measured
data; solid lines are fits to the data. (b) Calculated torque generated by domains of type D1 as a function of applied
field. (c) Calculated torque generated by domains of type D2 as a function of applied field.

Torque magnetometry in the (010)-plane in the low field limit

The torque is zero when the applied field is along the easy or hard axis of a sample, because the induced
magnetization is in the same direction as the field. Here, we refer to the easy axis as the lowest energy
orientation of the Néel vector, and define orientations of the hard axis as perpendicular to the easy axis.
When the applied field is oriented away from an easy or hard axis, the direction of the induced magnetization
shifts toward a hard axis because x| > x||. In an AF, the slope of the torque as a function of field orientation
has opposite signs when the field passes through the orientation of an easy axis and when it passes through
the orientation of a hard axis. In our sign convention, torque with a negative slope as a function of angle
indicates a hard axis; torque with a positive slope as a function of angle indicates an easy axis. In a single
magnetic domain of Fe2As, there are two hard axes: the c-axis perpendicular to the (001) plane and the
axis perpendicular to the Néel vector in the (001) plane.

Torque data at 4 K with the field rotating in the (010)-plane are shown in Fig. 4.4a. The slope when the
field is along the a-axis (£ = 90°) is positive at B = 0.5 T and changes to negative at B j 0.5 T. Therefore,
when the 0.5 T field is oriented along the a-axis, the a-axis is an easy axis but when B is greater than 0.5 T,
the a-axis becomes a hard axis. This interpretation is consistent with the analysis of the domain distribution
discussed above and displayed in Fig. 1(c). When the applied field along the a-axis is larger than 1 T, the
majority of domains are in the D2 configuration and the a axis becomes a hard axis.

The slope of torque data when the applied field is along the c-axis (£ = 0°) is negative because the c-axis
is a hard axis. However, when £ = 10° and B § 0.5 T, the sign of the torque changes abruptly. This dramatic
change in the sign of the torque is periodic; the periodicity indicates that domain wall motion is reversible.

When the applied field is aligned along the c-axis, the populations of domain D1 and D2 are equal. As the
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field rotates away from the c-axis, the projection of the applied field in the (001)-plane changes the domain
distribution as described by Fig. 1(c). When the field returns to the c-axis, the populations of domain D1
and domain D2 become equal again.

To model the torque data, we first calculate the direction and magnitude of the induced magnetization
M by describing the susceptibility as a tensor M; = 3, x;;H;[8]. As shown in Fig. 4.3a, there are two
degenerate domains with their Néel vectors perpendicular to each other. For domains of type D1, the Néel

vector is along the a-axis and the susceptibility tensor is

X|| 0 0
xp1=1 0 x| O (4.4)
0 0 xu

For domains of type D2, the Néel vector is along the b-axis and the susceptibility tensor is

Xt 0 0
XD2 = 0 X|| 0 (4'5)
0 0 xu

The external field in the (010)-plane is H = H()( sin(¢) 0 cos(€) >T , where is the angle between the
c-axis and the external field as depicted in Fig. 4.3a. We consider the effect of the projection of the applied
field along the a-axis Hysin& on the domain distribution as described by the data of Fig. 4.2c. The torque
signal of two types of domains are 7p1/V = opi1xp1H X B and 7p2/V = opaxpaH X B, while the total
torque is the sum 7p1 + 7p2 . To evaluate this model, we use the measured magnetic susceptibility as shown
in Fig. 4.2. The free parameters are x', /x1 andy.

Fig. 4.4b and Fig. 4.4c show the calculated values of 7p; and Tpo; the solid lines in Fig. 4.4a are the
summation of the two. The good correspondence between the model and the data supports our assertion
that domain wall motion is reversible. The difference in the sign of 7p; and 7ps contributes to the abrupt
change in the torque signal near an angle of 10. For D1 domains, when the applied field is rotating in the
(010)-plane, the induced moment is always close to the c-axis because x| is small. For D2 domains, the

field-induced magnetization is

T
M:Ho( X' sin(€) 0 x cos() ) - (4.6)
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Figure 4.5: a) Torque magnetometry measurements in the ac-plane of FeoAs at (a) 77 K, (b) 200 K, (c) 300 K and
(d) 360 K. The open circles are measured data, while the solid line are calculated with model.

If x| = x., the induced magnetization M = x J_H()( sin(¢) 0 cos(€) >T , would be parallel to the
applied field H. This would infer that there is no torque signal from D2 domains and the total torque signal
would be generated only by D1 domains (Fig. 4.4b).

However, the total torque signal we observe is obviously different from what is depicted in Fig. 4.4b
(D1 domains only). The torque signal resembles a combination of two domains, hence, we can conclude
X' # x1. On the other hand, the dramatic change in the sign of the total torque signal at £ = 10° and T
= 4 K indicates that 7p1 and 7ps have opposite signs. Since the induced moment of D1 domains is along
the c-axis, the induced moment of D2 domains must be between B and the a-axis.

The torque data at temperature T' > 4 K were shown in Fig. 4.5. At 360 K, there is no domain movement,
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Figure 4.6: (a)The field dependent of at different temperatures measured with SQUID-VSM. When the applied field
along the a-axis is larger than 1.5 T, all domains can be treated as equivalent to MD2. Therefore, the slope of the
data for magnetic fields larger than 1.5 T is . (b) A comparison of the temperature dependent of value from VSM
measurements and from fitting the torque data.

the same as we expected because the temperature is higher than Néel temperature. The torque signal comes
from anisotropy of crystal and induced magnetic moment in paramagnetic phase. From 77 K and 200 K, the
torque signal of domain D2 flipped the sign, because the value of x/, — x1 changes from positive to negative.
For torque signal at different temperature, the drastic slop changes of total toque happened at the almost
same sample position where £ ~ 10°. This proves The fields needed to trigger the domain wall movement
at different temperature are approximately the same.

The difference between x| andy’, is also observed in the dependence of M on H (Fig. ??). Figure 4(a)
shows the difference between M. and M, as a function of applied field and temperature. The bump of
M. — M, at room temperature and below is due to domain wall motion; the difference at high fields is a
result of x 1 — x|

The magnetization of D2 domains in the (010)-plane experiences an anisotropic environment that orig-
inates from the difference of the a- and c-axis of the crystal. By fitting the model to the torque data, we
determine x/, — x 1 as a function of temperature (Fig. 4.6b). We observe a change in sign of x; — x| near
200 K that is consistent with the anisotropy in the dependence of M on H (Fig. 4.6a). This change in sign
indicates that the field-induced magnetization of D2 domains is between the applied magnetic field and the
a-axis below 200 K, and between the applied magnetic field and the c-axis above 200 K. The anisotropy in the

perpendicular susceptibility, x 1 —x’, , is always small compared to its absolute value: |x1 — x’|/x. < 0.05.
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Figure 4.7: a) Torque magnetometry measurements of FesAs (sample A) in the ab-plane at 4 K. (b) The four-fold
symmetry amplitude extracted from torque measurements at 4 K and from the model. When torque amplitude is
saturated, the in-plane anisotropy can be derived with 70 ~ 4Ks2

Torque magnetometry in the (001)-plane under intermediate field

Figure 5(a) shows torque data acquired with the applied field rotating in the (001) plane. As expected,
the data show four-fold symmetry. We attribute the small two-fold symmetry to a background that comes
from misalignment of the sample. (The c-axis is not precisely perpendicular to the field direction.) The
amplitude of the four-fold contribution to the torque as a function of applied field of three samples from
the same batch is plotted in Fig. 4.7b. To quantify the magnetic anisotropy in the (001)-plane of Fe2As,
we analyze the torque data by minimizing the total energy for D1 domains and D2 domains, respectively,
then add 7p; and 7po together to compare it to the data. WhenF,,, is comparable to or larger than F,,;
(Em > Eg?gl)), Néel vectors start tilting away from crystal axes as shown in Fig. 4.3b. We assume that
the two sublattice magnetizations are approximately parallel to each other, so the exchange interaction is
considered in magnetic energy. With the applied field rotating in the (001)-plane of Fe2As, the total energy
is

E'tot/V = —%H(’L{))Xtot(d), H)HT(w) + K22 COS(40) + Kl + KQ (47)

where Xiot = 0p1XD1, 0 = 01 for D1 domains and X0t = 0p2X D2, 0 = 02 for D2 domains.
To obtain an accurate value of E,,, we rotate the susceptibility tensor together with the Néel vector

YE(0) = R(9)xRT(0)[89], where 6 is the angle between the Néel vector and the crystal axis, and R(#) is the
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rotation matrix:

cos(f) —sin(d) 0
R(0) = | sin(f) cos(d) O (4.8)
0 0 1

During the rotation, the field component along Mp; and Mpsy result in a change in the populations of D1
and D2 domains. Thus, op; and ops are determined by the angle between the applied field and the spin
axis, (0 + ).

The analogous behavior of a uniaxial antiferromagnet (AF) [10] provides a point of comparison. In a

uniaxial AF, the critical field for the spin-flop transition is H. = /2(K1 + K3)/(x1 — x|). For Fe2As, as
shown in Fig. 4.2c and Fig. 4.7b, we do not observe a sudden change in the domain populations that would
be characteristic of a spin-flop transition. Furthermore, in a perfect crystal that is free from disorder, the
single domain structure created by an applied field would persist after the field is removed. (In ferromagnets,
domains form to reduce the contribution of the magnetic energy of stray fields to the total energy. In AF's,
this driving force for domain formation is absent.) We attribute gradual and reversible domain movement
in FepAs to random strain fields created by static disorder in the crystal that create local variations in the
anisotropy energy.

The midpoint of the change in the populations of the D1 and D2 domains as a function of field is, however,
close to what is expected for the characteristic field of a spin-flop transition of an ideal single domain easy

plane antiferromagnetic crystal. The total energy of D2 when & = 90° is [89]

Etat

1 1
= K + Ko + Koy cos(462) + 5()@ — x||)H2c052(w +65) — §X¢H2 (4.9)

Both anisotropy and magnetic energy are function of 5 but with different periodicity. When H < H.,
the E;1 (0 = 0°) is at a local minimum; when H > H,, the Fy,: (6 = 0°) should be at global maximal so that
spins are aligning along global energy minimum 6 = 90°. The characteristic field H. is when Fy, (0 = 0°) just

equal to maximal energy. One can take derivative %—}g to get theta value when E is maximal, and let § = 0

to derive H.. The critical field we got is poH, = /16 [K22| /(xL — x|)) = 560mT with the measurement of
Ky = —150J/m3 is described below.

The domains begin to move in a field smaller than H,. because at some locations the energy barrier is
smaller. The domain wall motion is not complete until fields larger than H. because in some areas, local
Ko is larger so a higher field is required to switch the domains. When the external field is removed, the

random strain field dominates the domain distribution again and the volume fraction of domains is reversed
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Figure 4.8: Field-dependent of four-fold torque amplitude in the FepAs (001) plane measured at different tempera-

tures. Data collected on three samples from the same batch: (a) sample A, (b) sample B, and (c) sample C.

63



. .
V4K 1000 = 4K -

RES e i

B - .
600 / AT

200 ./ E o

400

1, (N/m2)
7, (NIm?)

100
200

Figure 4.9: The field-dependence of two fold symmetry amplitude in the Fe;As (001) plane measured at different
temperatures. (a) sample A and (b) sample B. The two-fold signal could come from the miscut of sample.

[91].

The torque induced by the applied field is the derivative of the total energy 7 = dE;y/dip. In the
intermediate field regime, i.e., F,, > E,,; or H > H,, it is reasonable to assume that the sample is a single
domain and the sublattice magnetization is always nearly perpendicular to the applied field, i.e., 8+ ~ 7/2.
The “intermediate field” regime refers to an applied field larger than the critical field, but not large enough
to significantly change the exchange interaction. One important assumption here is that the tilt of two
sublattice magnetizations in the external field is small enough to be neglected. With this approximation, the
magnetic energy is nearly independent of 6 and ¢, F,, ~ —% x.LHZ. Then, the torque can be casily related

to the anisotropy: 7 = = —4 K5, sin(4¢)), where 7 no longer depends on the magnitude of the

T dy
applied field.

A graduation reorientation of domains of an easy-plane antiferromagnet as a function of applied field
was also recently observed in 50 nm thick CuMnAs epitaxial layers grown on GaP [4]. (CuMnAs and
FegAs have essentially the same crystal structure with Cu and Mn atoms in CuMnAs occupying the same
lattice sites as the two crystallographically distinct Fe atoms in Fe2As.) The strength of the field needed to
reorient antiferromagnetic domains in CuMnAs epitaxial layers is similar to what we observe in FeqAs bulk
crystals. Thinner, 10 nm thick, CuMnAs layers show a pronounced in-plane uniaxial anisotropy and a more
abrupt transition in domain structure as a function of field than 50 nm thick layers. X-ray magnetic linear
dichroism (XMLD) measurements of CuMnAs epitaxial layers reveals that the domain reorientation is not

fully reversible and hysteresis for ficlds less than 2 T. X-ray photoelectron microscopy (XPEEM) images

acquired after applying 7 T fields in orthogonal directions also show that the domain structure does not
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revert back to a fixed configuration in zero field.

We fit raw data with a summation of two-fold and four-fold symmetry:

T = Ty sin 24 + 74 sin 4 (4.10)

where 74 is related to in-plane anisotropy, and 75 is from miscut of the sample. Fig. 4.8 shows field dependent
74 value for three samples at different temperature. For field much smaller than H., we expect the 74 is
quadratic to the external field, because anisotropy energy dominates the total energy and magnetic energy

dominates the dgqf;t, as well as the torque value. We did not observe 74 is quadratic to field, becuase the

domains starts rotating as small as 0.5 T, and the torque value at field smaller than 0.5 T would be too
small to measure.

The fitted field-dependent 75 values of sample A and sample B were plotted in Fig. 4.9. In Fig. 4.9b,
the 7 value is quadratic to external field. We attributed this to miscut of the sample. If the miscut is
along a-axis or b-axis, the out-of-plane anisotropy K; will project on the plane we measured. Because of the
large value of K1, even though the projection of K; on the surface we measured is still larger than magnetic
energy and satisfied H > H..

Based on our observation in Fig. 4.7b, as field increases, T increases quickly then saturates. At higher
fields, 7 is slightly smaller than the saturation value, rather than staying the same until 9 T. At higher fields,
the tilting of spins caused by the external field cannot be neglected, so exchange interaction is no longer
a constant. In our model, however, the torque stays the same after saturation based on our assumption
of constant susceptibility and exchange interaction. But the assumption is no longer valid in higher field.
While induced magnetization is smaller than yH, the torque is smaller than the saturation value, too.

As our model predicts, the experimentally measured torque amplitude saturates as the applied field
approaches 1 T for sample sample B, and 3 T for samples sample A and sample C. Hence, it is safe to
select 1 T and 3 T as the “intermediate field” regime for sample B and sample A(sample C), respectively.
The measured Koy value of sample A is —150J/m3. The field-dependence of Koy in all three samples
follow precisely the same trend, however, individual data points do not overlap perfectly. We attribute this
discrepancy to the non-uniformity of the sample.

With a temperature-dependent measurement of torque in the ab-plane at an intermediate field, we can
obtain the temperature-dependence of Ko for the samples as shown in Fig. 4.10. The overall temperature
dependence is the same for all three samples despite some minor differences in the detail. As temperature

increases, the magnitude of Koy decreases and becomes close to zero at T > 150 K. K35 of sample A even
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Figure 4.10: The temperature dependence of K22 of FeaAs. The torque data with the external field rotating in the
(001) plane were measured with an intermediate field strength (3 T for sample A and sample C, and 1 T for sample
B) and the amplitude of the four-fold symmetry was extracted to obtain the in-plane anisotropy with 7o ~ 4Kas.
Intermediate field is defined as a field strength under which the torque amplitude of four-fold symmetry saturates at
4 K. There is 20% uncertainty of determining saturation value of torque amplitude.

becomes marginally positive for temperatures > 150 K. From Eq. (2), the total energy reaches a minimum
when the Néel vector is along the crystal a- and b-axis (6 = 0°or +90°) for Kos < 0 at zero field. When

Ky > 0, the Néel vector lies in directions with § = £45° to minimize the anisotropy energy [89].

First-principles calculations of magnetocrystalline anisotropy

Magnetocrystalline anisotropy of FesAs has two contributions, one from spin-orbit interaction (SOI) and
one from classical magnetic dipole-dipole interaction (MDD): anisotropy from SOI is calculated using DFT
for noncollinear magnetism with spin-orbit coupling, by rotating the Néel vector within the easy plane (001)
and out of plane towards the hard axis (010). The corresponding total-energy changes are visualized in Fig.
S2 and the anisotropy energies are then obtained by fitting the energy change vs. Néel vector orientation
to Eq. (2). This leads to a two-fold symmetric SOI anisotropy energy for the Néel vector in the (010) plane
and a four-fold symmetric one for the (001) plane. In DFT-PBE, the corresponding values are K;=534
kJ/m? for the (010) plane and Kao= 277 J/m? for the (001) plane. In DFT-LDA, the (010) plane anisotropy
energy is K= 315 kJ/m?® and Kap= -292 J/m? for the (001) plane. Non-zero Ko, indicates the existence
of two local energy minima. The sign of Ko differing between DFT-LDA and DFT-PBE implies that the
energetic ordering of these two minima is inverted. Negative K95 means that the energy minimum occurs for

a Néel vector along a [100] equivalent direction and positive Ko for a Néel vector along a 110y equivalent
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Figure 4.11: Anisotropy energy contributions (unit: peV per magnetic unit cell) due to spin-orbit interaction (SOI)
and magnetic dipole-dipole interaction (MDD) for Néel vector in the (010) plane (panels (a) and (c)) and in the (001)
plane (panels (b) and (d)). Anisotropy energy from MDD in the (001) plane is very small. Zero degree corresponds
to the [100] crystallographic axis, and 90 degree corresponds to the [001] axis in (a, c¢) and [010] axis in (b, d),
respectively.
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direction.

The MDD contribution is computed using a classical model that is parametrized using the chemical and
magnetic ground-state structure from DFT. We use the ground-state chemical and magnetic structure from
DFT-LDA as well as DFT-PBE, to evaluate the following expression for the classical magnetic dipole-dipole

interaction and to compare the influence of exchange and correlation:

0 x— 3 Umri) -1y i) - 1ig] = m(ri) - m(ry)ry;
Ed:_;ir; [m(r;) -r ][m(T)T?j] m(r;) - m(r;)r (4.11)

In order to obtain the anisotropy energy for bulk FesAs from this expression, we use an interaction shell
boundary r;; of 180 A, which converges the result to within 10~7 eV. This leads to a two-fold symmetric
MDD contribution to the anisotropy energy in the (010) plane of Ki= 223 kJ/m?® and K;= 296 kJ/m?
in LDA and PBE, respectively. The MDD contribution in the (001) plane is less than 1 neV and, thus,
negligible.

In summary, we find a total out-of-plane anisotropy energy of -539 kJ/m? and -830 kJ/m? from LDA and
PBE, respectively. We attribute 2/3 of the total out-of-plane anisotropy energy to the SOI contribution
and 1/3 to the MDD contribution. Both terms show two-fold symmetry with the hard axis along the [001]
direction. Torque magnetometry can only measure a lower bound for the out-of-plane anisotropy energy,
which is K7 >36 kJ/m® and does not contradict our DFT results.

The in-plane anisotropy energy is computed as Koo= 276.5 J/m® (DFT-PBE) and Kay= -292 J/m?
(DFT-LDA), while the measured result is Koo = -150 J/ m3. A negative sign of the measured K, implies
an easy axis for the Néel vector along the [100] direction. In contrary, the positive sign found in DFT-PBE
implies preferential alignment along the 110, direction. Four-fold symmetry is found for these contributions

in the (001) plane both in experiment and in DFT calculations.

Antiferromagnetic resonance of easy plane antiferromagnets

Without anisotropy, the magnon dispersion of energy in antiferromagnet is zero at the center of the Brillouin
zone. The existence of anisotropy introduces a band gap at the zone center. The antiferromagnetic resonance
(AFMR) mode we refer to in this work describes this precessional magnetization motion at the zone center.
With the anisotropy values, we can make an estimation of the AFMR frequency.

We start from equations of motion under the ‘macrospin’ approximation of the two magnetic sublattices
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Figure 4.12: The zone center antiferromagnetic resnance (AFMR) mode. While spins along a-axis start oscillation,
there is no net magnetization along c-axis or b-axis. But there will be net magnetization along b-axis.

in domain D1 [98][99]:

dM A M? " M¢ .
dTl = |y| My x [(Hm + Hep)i+ (—AMS + ‘lefzz) J+ (—)\M§ + ]\/[1 H1) k]
(4.12)
dM. . Mb . - MeS .
7dT2 = |’)/| M2 X |:(—H22 — Hem)’t + <—)\Mf + ]\ZH22> ] —|— <—)\M{' —|— ]\42 H1> k:|

Where 7 is the gyromagnetic ratio, My and Ms are sublattice magnetizations of domain D1, H; and Hos
are out-of-plane and in-plane anisotropy fields, respectively, which can be written as K7/M and Koo/M.
H., = AM and ) is the inter-sublattice exchange interaction. M{ = —Mg ~ M, M® and M® are magneti-
zation components along the b- and the c-axis when spin processes, respectively.

Expand the Eq. 4.12 along x-direction.

dMy M?M§ MY Mf
1 _ ,_y( 1 1 Hl o 1 1 H22)
d?\;a ﬁch %ch (413)
2 _ . MalMs 23
pr =( i Hy + i Hyy)
Because M?M; and MYMg are very small, di‘{? and dgf are approximately zero.
Then expand Eq. 4.12 along y-axis and z-axis and let M{ = —M§ = M:
dM? . . .
g = DI(Mi(Hzs + Hg) — Hi M + AM M) (4.14a)
dMs
—o = WI(=HpMy = \MM3) (4.14b)
dM% . . .
T [v[(—M$(Hoo + Hg) + HHM5 — AM M) (4.14c)
dMs
5 = N(HpM; + AMMY) (4.14d)
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Take Hg = AM into Eq. 4.14b and Eq. 4.14d, Eq. 4.14b and Eq. 4.14d become

dMs
Wl = —|y|Hp(M} — M)
aMs (4.15)
T~ (M} + M)
The only difference of the Eq. 4.15 in the right hand side is a negative sign, it means dg/tflc = —dgtls.
Meanwhile, Eq. 4.15 requests M? and MY in the same sign to ensure dg/t[f and d%; are not zero.
Add time evolution to MY, MY, M¢ and Ms§:
M} = M§ = MYe™!
M¢ = M#e{@t3) — )2l (4.16)
M2c _ Mzei(wt—%) _ _Z-Mzeiwt
Eq. 4.14 reduce from four equations to two equations:
UJMy = |’Y|MZ(H22 — Hl)
(4.17)

wM? = 2|y|Hg MY

With negative value discarded, the angular frequency is w = |’y|\/m . Another eigenvalue
of Eq. 4.14 is w = 0.

Because the two sublattices along the a-axis are aligned antiparallel to each other, the anisotropy fields
along a-axis are of opposite signs. Along the b- and c-axes, the sign of the effective aniostropy field is
determined by the signs of M{’yz and M{,. In domain D1, although the sublattice magnetizations stay
along the a-axis, the in-plane anisotropy is of four-fold symmetry, so there is equivalent anisotropy along
the a- and b-axes. The effective anisotropy fields along the a- and b-axes are determined by the projection
of magnetization on these axes. The only non-zero solution of the equation of motion requires M? = M2
and M{ = —Ms, as shown in Fig. S2. The corresponding angular frequency can be expressed as w =
[Y|\/2H e (Hao — Hy).

In easy-plane AFs, K7 < 0 and its absolute value is usually much larger than Kso, thus the frequency is
always real. Besides, the AFMR frequency is smaller with smaller Hoo — H; value, because the system is
more isotropic. For easy-plane materials with |Kas| — |K1| < 0, the AFMR frequency is dominated by the
anisotropy out of the easy plane.

Our torque measurement with field rotating in the (010)-plane of FesAs is in the low field limit, which
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means the critical field in the (010)-plane must be larger than 3 T. With H > H, = TSR

we can
calculate a lower bound of |K1|, which is 36 kJ/m3. For the exchange field, we use sublattice magnetization
Mp; = 4 x 10°A/m and an exchange integral A ~ 1/x,. We obtain an exchange field H,, ~ 50T, and an
anisotropy field Hy > 0.09 T. Therefore, the lower bound of the AFMR frequency of FeoAs is 84 GHz. The
K value calculated with DFT-PBE can provide us with a better estimation of the AFMR frequency. With
calculated K;= -830 kJ/m?, the AFMR frequency is f = 670 GHz. For tetragonal antiferromagnets like
Fe2As, the AFMR is dominated by K; and is still high because |K1| > |Ka2| . The same relation is also
valid for Mn2Au where a previous calculation [30] shows that the magnitude of the out-of-plane anisotropy
is also much larger than the in-plane anisotropy. It is important to determine both K and Kso value if one
wants to estimate AFMR frequency as well as the thermal stability of spintronics materials.

As discussed in Refs. [2] and [100], the electrical current can only switch a very small number of anti-
ferromagnetic domains. As the anisotropy energy scales with sample volume, the total in-plane anisotropy
energy is determined by the volumetric difference of the two kinds of domains, AE = (Vp1 — Vpa)Kao.
Vp1 — Vpadepends on temperature, current density and the pulse width [101]. If the attempt frequency is

not high enough and Vp; — Vpe is small, the magnetic state is more susceptible to thermal fluctuations.

4.5 Conclusion

We performed torque magnetometry measurements on an easy-plane antiferromagnet Fe2As. The measure-
ment results prove that the domain wall motion in the single-crystalline sample is reversible, and allow
us to extract the in-plane anisotropy when the magnetic energy FE,, is comparable to magnetocrystalline
anisotropy energyFu,;. The in-plane anisotropy of FesAs is Koy = -150 J/m?3 at 4 K. Kais strongly
temperature-dependent and its magnitude decreases as a function of temperature. This means that the
domain structure in Fe;As may be easily perturbed by a small applied field at room temperature. With
K1=-830 kJ/m? calculated from DFT, we derived the AFMR frequency f = % 2H.,(Hoo — Hy) = 670
GHz. Our analysis of torque magnetometry data suggests that the in-plane magnetic anisotropy of some
candidate materials for antiferromagnetic spintronic applications, such as Fe2As, can be very small at room
temperature. A field smaller than 1 T is sufficient to significantly alter its domain structure. The mea-
surement of K55 in FeyAs provides a baseline value for further studies of magnetic anisotropy of easy-plane

antiferromagnets and the motion of antiferromagnetic domain walls.
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Chapter 5

Polarization Modulation Microscopy
to Image Magnetic Materials

5.1 Introduction

5.1.1 The Motivations of Imaging of Magnetic Domains in Antiferromagnetic

Spintronics

In cases of easy-plane antiferromagnetic materials, it was found that current-induced spin-orbit torque can
change the orientation of the Néel vector in the easy plane. This was indeed recently demonstrated with
metallic antiferromagnets CuMnAs(5], MnsAu[102] and antiferromagnetic insulator /platinum bilayers [7][8].
However, in the electrical switching experiments the necessary current densities are close to the damage limit
and further materials optimization is required, specifically aimed at a reduced domain wall pinning. To this
end, characterization of antiferromagnetic domain structure is of major importance.

To understand these materials and the underlying spin-orbit torque needed for future devices, we need to
visualize the magnetic domain configuration. Moreover, field-dependent magnetic domain imaging can help
to determine key magnetic properties, e.g., the spin-flip field. When the magnetic field is larger than spin-flip
field, the domain structure will dramatically change. As the spin-flip field is determined by the susceptibility
and magnetic anisotropy, observations of domain structure and spin flip are helpful in characterizing magnetic
anisotropy.

In reference [31], images of domain switching of CuMnAs film show that only a small fraction of domains
are switched by electrical currents. The effectiveness of switching of CuMnAs is much smaller compared to
the images of ferromagnetic spintronics switching[103]. On the contrary, mapping of domains in Ref. [§]
shows effective domain switching driven by electrical currents.

As described in the last chapter, magnetic materials like FegAs have domain structures that can be
manipulated by external fields. An external field achievable with an electromagnet (~ 1 T) can significantly
switch the magnetic domains at room temperature. As we observed with vibrating sample magnetometry, the

domain population returned to the initial configuration when the external field was removed, even though a
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multi-domain structure is energetically unfavourable. The in-plane magnetic anisotropy is the energy barrier
that separate two degenerated magnetic domain orientations. The sample should remain in a single domain
configuration at zero field after the application of an external field flips all domains towards one of the easy
axes. We attributed the reversible distribution to random strains from local defects in the sample that
locally introduces a preference of one of the easy axes.

The image of magnetic domains with external field applied can help us understand the reason for the
reversibility of the domain distribution. Since the Néel vector can be reorientated by an external field, the

field-dependent magnetic optical birefringence can be studied if the signal is larger than the noise.

5.1.2 Optical Geometry in Magneto-optical Effects

Changes in the polarization of light are often used to detect the magnetization of materials.

With X-rays as the source, one can study magnetic domains with scanning X-ray microscopy and X-ray
photo-emission electron microscopy (PEEM). These methods use absorption contrast produced by magnetic
linear dichroism (XMLD) to probe antiferormangetic domains or magnetic circular dichorism (XMCD) to
probe ferromagnetic domains.

Similarly, circularly and linearly polarized laser sources can probe magnetism. Compared to non-magnetic
materials, the alignment of spins in magnetic materials breaks rotational symmetry. Optical detection of
symmetry breaking of magnetic materials is known as magneto-optical (MO) effects. MO effects come from
contributions of magnetism to the dielectric constant as shown in Eq. 1.3. The optical geometry to measure
first-and second-order magnetization with perpendicular incident light are depicted in Fig. 5.1.

When the magnetization is out-of-plane, the magnetization breaks rotational symmetry, which means
the sample is different when it is rotated by 180° around y-axis or z-axis. This symmetry breaking makes
what left and right circularly polarized (LCP and RCP) light see different, so there will be an amplitude
and phase change when circularly polarized light is reflected back from the sample. When incident light
is perpendicular to the sample surface, we call this measurement configuration polar MOKE. Similarly,
in-plane magnetization changes the amplitude and phase of linearly polarized light. This is because the
in-plane magnetization makes sample different for linearly polarized light when sample is rotated by 90°
around z-axis.

There are several key elements for successfully imaging of magnetic domains. For the sample itself, there
needs to be sufficient contrast signal for different domains. For polar MOKE measurement of ferromagnetic
samples, the MOKE signal for magnetization pointing along opposite directions would have opposite sign (6

and —0). The null signal is the middle point of 8 and —6, and optical elements can be zeroed accordingly.
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(a) When light probes a sample, if we flip both non-magnetic sample, magnetic sample and the incoming left and
right circularly polarized (LCP and RCP) light, the non-magnetic sample is still the same, as is the light polarization
transmitted or reflected by a non-magnetic sample. But the magnetic sample is no longer the same after flipping,
and both LCP and RCP see a different sample when reflected or transmitted. Therefore, the amplitude and phase is
changed by out-of-plane magnetization.

Non-magnetic sample  Light polarization (look from z-direction)

I —

Magnetic sample
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(b) With the assumption that the non-magnetic sample is isotropic, if the non-magnetic sample is rotated by 90°
around z-axis, it is still the same. As is the linearly polarized light reflected back by a non-magnetic sample. But for
a magnetic sample with magnetization along the x-axis, light polarized laong the z- and y-axis will see a different
sample if it is rotated around the z-axis by 90°. Thus, the amplitude and phase of reflected light will be changed by
in-plane magnetization or anisotropy.

Figure 5.1: The interaction between light polarization and magnetization in materials with magnetization is (a)
out-of-plane (b) in-plane.
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For birefringence measurement of easy plane antiferromagnetic materials with Néel vector of two degenerate
domains perpendicular to each other, we can null the signal with the fact that the birefringence signal for
these two domains should have opposite sign.

Sufficient signal-to-noise ratio (S/N) and spatial resolution are required to successfully image magnetic
materials.

The spatial resolution of a scanning laser miscroscopy is controlled by the beam spot size. If the domain
size is small compared to the beam spot size, the signal we detected is an average of all magnetic domains
inside the laser spot. The lower limit of the laser spot size is determined by the diffraction limit d = ﬁ,
where N.A. is numerical aperture. For a 50 X objective lens from Mitutoyo with N.A. = 0.55, the minimal
spatial resolution with 635 nm laser is 1.2 pm. If we try to directly measure antiferromagnetic thin films like
CuMnAs, it will be unrealistic if the domain size is submicron scale, less than laser beam spot size [31]. But
for bulk antiferromagnetic samples, it is possible that domain size is larger than laser spot size. In reference
[104], the domains of NiO (111) was observed a with focused laser beam.

The signal-to-noise ratio (S/N) needs to be considered. For Co/Pt multilayer with perpendicular magnetic
anisotropy, the polar Kerr rotation for 785 nm is around 3 mrad. The quadratic term with magnetization
in-plane is about ten times smaller. With our setup, we measured the quadratic MOKE signal of Co at 635
nm as 0.12-i0.04 mrad. For magnetic birefringence signal of antiferromagnet, like MnF,, An/n is between

10~* ~ 1073[105]. The noise of our polarimetry system achieve 107" rad as discussed in following chapters.

5.2 Experimental Setup, Jones Matrix and Coefficients

5.2.1 Experimental setup
Laser source

The experimental setup is shown in Fig. 5.2. With a common He-Ne laser, the noise level of the signal
significantly increases when laser beam is focused, an effect we attributed to high coherence of the He-Ne
laser. Thus we chose a low-coherence diode laser (Schafter+Kirchhoff GmbH LCN-56CM-635-6-H10-T12-H-
6) as the light source. The pulsed laser source (Mai-Tai) with an optical parametric oscillator can be used
as light source with wider wavelength options, but it has higher intensity noise than the diode laser. The

comparison of noise with diode laser and with pulsed laser will be discussed below.
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Figure 5.2: The optical setup of polarimetry to measure quadratic MOKE signal and magnetic birefringence. The
polar MOKE signal can be measured with QWP1 and QWP2 removed.

Retarder

The layout of the experimental setup is shown in Fig. 5.2. The beam shape of laser comes out of laser source
is elliptical, thus two cylindrical lenses (+150 mm and -50 mm) are placed after the diode laser to adjust
the beam shape to make it circular. Before light passes through the photoelastic modulator (PEM), we
polarized the light to 45° away from the axis of the PEM with a Glan-Taylor polarizer (GT polarizer). The
extinction ratio of GT polarizer (10°:1) is much higher than a wire-grid polarizer (800:1).

After the GT polarizer, the light polarization is modulated with a PEM. The PEM modulates light by
mechanically compressing or stretching a fused silica bar with a natural resonant frequency of 50 kHz. This
vibration is sustained by a quartz piezoelectric transducer attached to the end of the bar.

In a birefringent crystal, the velocities of light with polarization perpendicular and parallel to the optical
axis is different due to the anisotropic refractive index. The optical beam path difference will result in a
phase difference as light passes through the crystal Ad = zfdAn, where d is the thickness of the crystal,
An is the birefringence, and A is wavelength. The wave plates changes the polarization of light with a
birefringent crystal specifically designed to add a specific fixed phase difference to the light. A half-wave
plate (HWP) has phase retardance 7 and a quarter-wave plate (QWP) has phase retardance 7/2. We
describe the polarization of incident light by Eeilkz—wt) anq decompose the incident light along the optical

axis € and perpendicular to the optical axis €5:

E’ei(kz—wt) _ (Elél + Eze—»z)ei(kz—wt) (51)

After passing through the half-wave plate, a phase retardance of Aj = 7 is added to the light and the electric

field component along the optical axis F; stays the same while the component perpendicualr to the optical
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Figure 5.3: The light polarization in one period after the PEM.
axis Fy changes sign:

(Elgl + E2€26iw)ei(kz—'wt)
(5.2)
:(Elgl — Eggg)ei(kz_wt)

Linearly polarized light with angle 6 with respect to the optical axis of the HWP will be rotated by 26 to
—#. Similarly, clectric ficlds after the QWP are (E1¢) & iE2é)e!**~ which is circularly polarized light.

In contrast to wave plates that add a fixed phase retardance, the retardance of the PEM is oscillating
at frequency f = 50 kHz. We set the amplitude of the PEM to /2, thus, the PEM works as a QWP
when retardance is at maximum or minimum. The temporal phase retardance of the PEM and the light
polarization over one period is shown in Fig. 5.3. When the incident light is polarized at 45°, the light will
oscillate between left circularly polarization (LCP) and right circularly polarization (RCP).

The retardance of the PEM can be expressed as Ad = Jp sin(27 ft), and the electrical field after PEM is
(E1&| + Fy@yeitosin(ft))eilkz—wt) The exponential term can be expanded with Bessel functions, where the
imaginary part is at the first harmonic f and the real part is at the second harmonic 2f. Since the MO effect
can be complex, the real and imaginary change of light polarization can be resolved by measuring signals
with a lock-in amplifier at f and 2f.

With light polarization oscillating between LCP and RCP, the out-of-plane magnetization can be mea-
sured with the setup. Once a quarter wave plate (QWP) is inserted after the PEM (QWP1 in Fig. 5.2) with
angle set to 45°, another 7/2 retardance is added to the light. The light polarization then oscillates between
vertically and horizontally polarized states. In this configuration, the measurement is sensitive to in-plane

magnetization or anisotropy of the materials.
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Table 5.1: Measurement configurations of polarimetry

Measurement frequency | Without QWP1 or QWP2 | With QWP1 and QWP2
1f ) B
2f 01 B2

Sample configuration

In the polarimetry setup, the laser beam passes through the non-polarizing beam splitter twice. We used a
laser line non-polarizing beam splitter (Newport 05BC16NP.4) because it is less birefringent than a broad-
band non-polarizing beam splitter. In front of the sample, a focal lens or objective lens was used to focus
the beam on the sample.

An electromagnet was placed around the sample to apply an in-plane magnetization to change the domain
structure. There are two poles surrounded by coils to confine the magnetic field inside the gap between the
two poles. The upper limit of the field can be changed by adjusting the gap. The field of the electromagnet
is controlled with a high power current source. Without water cooling, the applied current cannot exceed 4

A. We used a chiller to circulate cooling water in the coils. With foolings, the maximum current is 8 A.

Analyzer

To measure the change in the polarization of light produced by the sample, we used a linear polarizer or a
circular polarizer to decompose the light along certain axis. We then use a silicon photodetector to measure
the light intensity change as described in Fig. 5.4. The light intensity is composed of a DC part, and first
harmonic and second harmonic parts. The DC signal is measured with a multimeter, and the signals at f
and 2f are read from AF lock-in amplifier by choosing harmonics. The reference input of lock-in amplifier
is connected to the sync output of the PEM controller.

Figure 5.4 from Ref. [106] shows the amplitude and phase change of light polarization in a polar MOKE
measurement scheme. With a linear polarizer as the analyzer, the amplitude and phase change of light can
be picked up at first and second harmonic.

Both amplitude and phase of the optical electric fields will be changed by magnetization, while we are
only able to measure light intensity. Properly choosing analyzers and pick-up frequency can separate the
measurement of phase and amplitude of light to gain information about the real and imaginary part of
Kerr rotation or magnetic birefringence of magnetic materials. If we write the complex Kerr rotation as
0 = 601 + ify and complex birefringence or quadratic MOKE as 8 = 1 + 2, the setup to measure these
terms are shown in Table. 5.1. We use a wire-grid polarizer as la inear polarizer, and a polarizer combined

with a QWP (QWP2 shown in Fig. 5.2) as a circular polarizer.
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Figure 5.4: The light polarization of polar Kerr rotation measurement scheme from reference [106]. The ”x-
projection” is the light projected along the z-direction, which is achieved with a linear polarizer during measurement.
(a) The retardance of PEM in one period with frequency p. (b)(c) The light polarization and projection on x-axis
after PEM. (d)(e) The phase change of the light polarization after it is reflected back from sample. The x-projection
of the polarization change is at thesecond harmonic. (f)(g) The amplitude change of the light polarization, and the
projection along the x-axis shows it can be measured at first harmonic.
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5.2.2 Jones Matrix Calculation of the Measurement Configuration

To better understand the optical setup and derive the relationship between the MO signal and the light

intensity reading, we used a Jones matrix scheme to model how MO signals are generated and detected.

Polar MOKE measurement

As described earlier, the electrical field after the PEM is (F1&] + Ea&yetdo sin(2mf1))cilkz=wl) where €] is along
optical axis. Since the incoming light before the PEM is polarized along 45°, 'y = F5. The Jones matrix of

light polarization after passing through the PEM is a 2D vector representative of electrical field, which is

1 e—i5/2
=1 (5.3)
i0 616/2

where E; and Ey are normalized, § = dg sin(2x ft) and §y = 7/2 is the phase retardance amplitude set by
the PEM controller. The sample with out-of-plane magnetization is

M=r (5.4)

where 6 is complex polar MOKE signal. If we set the light propagation direction as the z-axis, then the

electrical field reflected by the sample is

E, e—i5/2 _ 96i5/2
=r (5.5)
Ey 96—i6/2 +ei§/2

If we write complex 6 as 0, + 65, the light intensity with polarization along z- and y-axis are:

I, = |E.|* = |r[*(1 + |0)* — 261 cos 6 — 260, sin §)

(5.6)
I, = |E,|* = |7]*(1 +|0)* + 20, cos § — 26 sin §)
The cosd and sind can be expanded with Bessel functions
sin d = sin(dg sin(27 ft)) = 2J1(do) sin(27 ft) + ... (
5.7)

cos d = cos(dg sin(2m ft)) = Jo(dg) + 2J2(d0) sin(4n ft) + ...
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When §y = 7/2, the Bessel function coefficients are Jy(n/2) = 0.47, Ji(7/2) = 0.57, Ja(w/2) = 0.25.
The sind term can be measured at f, and cosd contributes to both DC part and 2f part. By aligning
the polarizer in front of Si detector along z-or y-direction, what we measure is the same as I, and I,
in Eq. 5.6. If the polarizer is polarized along the = direction, the DC part measured with multimeter is
Ipc = |r|? after neglecting small terms. The signal measured by the lock-in is I1; = —4|r|202.J1(7/2) and
Iy = —4|r?61 J2(7/2).

If we set phase retardance dg to 2.405, the Bessel coefficients Jo = 0, J; = 0.52 and Jo = 0.43. There is
no extra DC component from cosd and second harmonic signal is larger because J2(2.405) is almost twice
Ja(m/2).

With 7/2 retardance, the coefficient between Iy read from lock-in and Ip¢ read from multimeter is

I 1
il —205sin 6 ——

Toe 7 = —1.616, sin(27 ft) (5.8)

where /2 comes from conversion between rms voltage and DC voltage. Similarly, the relation between Io;

and Ipc is

I 1
221 = 26, cos 6—

Ipc V2

Both 6; and 05 can be resolved with polarizer is along either z-or y-axis. 6 can be measured without

= —0.716; sin(4x ft) (5.9)

analyzer, because 2f terms from I, and I, cancel out:

I=1I,+1I,=2]r*(1 +|0]* — 202 sinJ) (5.10)

Magnetic birefringence measurement

For samples with magnetization or anisotropy in-plane, the Jones matrix of the sample is

M=r bho o (5.11)

0 1-p
where 3 is complex, 8 = 31 + 8. We call 5 magnetic birefringence for second order magneto-optic effects
generated by Néel vector of AFs, and quadratic MOKE for second order magneto-topcial effect generated
by the magnetization of FMs.
After the beam passes through PEM, QWP1(45°), and reflected by the sample, we use circular polarizer
(QWP2 at 45° and a polarizer at 0 or 90°) as the analyzer. The light intensity after QWP2 along z-and

y-axis is
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Figure 5.5: The Poincare sphere. The points on equator represent linear polarization. The north pole and south
pole represent left and right circularly polarized ligh (LCP and RCP).

I, =1+ |B* — 2By sin6 — 2By cos §
1 — 285 Jy — 481 — By sin(27 ft) — 482 J2 sin(47 ft)
(5.12)
I, =1+|B* — 2B1sind + 2B cos §

1+ 283 Jy — 4810 — By sin(27 ft) + 482.J2 sin(47 ft)

Similarly, we can measure 1 at 1f and 32 at 2f.

5.2.3 Poincare Sphere to Understand Polarization

The Poincare sphere is a representative of the light polarization. Points on the sphere surface represent
polarization states. As shown in Fig. 5.5, points on the equator are linear polarized light, while the north
pole and south pole represent circularly polarized light. If the points are not on poles or the equator, they
represent elliptically polarized states.

In our polarimetry setup, the linear polarizer we used in front of the photodetector connects points on
the sphere to the equator. The intensity after the linear polarizer is related to the distance connecting the
point on the sphere and the equator.

For example, for elliptically polarized light on the arc between +45° and LCP, the intensity is maximized

when the linear polarizer is set to +45° and minimized when the linear polarizer is set to -45°.
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Linearly polarized along 45 degree

PEM

Figure 5.6: After PEM, the polarization of light is oscillating between LCP and RCP.

In the polarimetry setup, the incident light is polarized at an angle of +45°, and after the PEM, the
polarization state is oscillating along an arc connecting north and south poles on the sphere as shown in
Fig. 5.6.

In a polar MOKE measurement, both the amplitude and phase of the optical electric field will be changed
by magnetization as in Fig. 5.7. The amplitude change means for circularly polarized light either LCP of
RCP is smaller and the other one is larger. The phase change means that the polarization is away from
+45° while the modulation is zero as visualized in Fig. 5.7a.

The amplitude change for linear polarization, as shown in Fig. 5.7b, means the magnitude of either light
polarized at an angle of 0° of 90° is smaller while the other one is larger. The effect is linear light is rotated

by some angle. Circular polarized components introduced and the light is slightly elliptical.

5.2.4 Noise and birefringence of the system
Noise characterization of polarimetry setup

As discussed above, the noise floor of the system determines the smallest signal we can observe. Thus,
characterization of the noise floor is an essential procedure in evaluation a measurement setup.

The noise of the polarimetry setup was recorded by measuring 50 data points from lock-in amplifier and
calculating their standard deviation. To avoid the effect of birefringence from the beam splitter, a mirror was
placed at the position of the non-polarizing beam splitter that directly reflects light towards the detector.

Comparing Table 5.2 and Table 5.3, we see that the diode laser is more stable overall, and the noise level
of polarimetry measurement with the diode laser as the laser source is at the 107 rad level with 300 ms

time constant (5 x 1076 rad/v/Hz).
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(a) The light state is modified by the out-of-plane magnetization, and the change can be
decomposed into amplitude change and phase change.
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Qwp (45 deg)  Amplitude change
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(b) To detect in-plane magnetization, the light polarized between LCP and RCP passes through QWP1, then it is
oscillating between 0° and 90°. The in-plane magnetization changes phase and amplitude of the linear light. After
passing through QWP2, both amplitude and phase change look similar to upper figure and can be picked up with

the same way.
Figure 5.7: Poincare sphere representation of light polarization in polarimetry setup.
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Setup standard deviation | standard deviation
of 1f signal (rad) | of 2f signal (rad)

PEM— mirror— det 4x107° 4x1076

PEM— mirror— polarizer(0°)— det 6x10~* 3x10~4

PEM — QWP(45°) — mirror — det 1x107° 3x1076

PEM — QWP(45°) — mirror — polarizer(0°) — det 2x1073 6x10~%

PEM — QWP(45°) — mirror — QWP(45°) — polarizer(0°) — det 1x1073 1x1074

Table 5.2: Signal fluctuation of polarimetry with OPO as laser source with 300 ms time constant

Setup standard deviation | standard deviation
of 1f signal (rad) | of 2f signal (rad)
PEM— mirror — det 5x107° 7x107°
PEM— mirror — polarizer(0°)— det 6x1076 1x107°
PEM — QWP(45°) — mirror — det 5x107¢ 2x1075
PEM — QWP(45°) — mirror — polarizer(0°) — det 3x107° 2x107°
PEM — QWP(45°) — mirror - QWP (45°) — polarizer(0°) — det 9%x1076 8x107°

Table 5.3: Signal fluctuation of polarimetry with diode laser as laser source with 300 ms time constant

Signal drift at long time scale

During the polarimetry measurement, we also noticed that the signal is slowly drifting. The drift was
recorded by collecting data points of a non-magnetic sample for 50 seconds with the setup depicted Fig. 5.2.
The signal fluctuation is shown in Fig. 5.8a. We do not yet understand the origin of the slow drift. One
possible reason of the drift is the laser heats the optics and change the birefringence of the optics slowly.

To solve this problem, we modulated the external field by turning on and off the electromagnet with
frequency 1 Hz, and use the signal difference of field-on and field-off as the value we measured. The voltage
was controlled with the auxiliary output of the lock-in amplifier. By programming the aux out, we oscillate
the field by turning on the voltage for 500 ms then turning off the voltage for another 500 ms. Since the
1 s interval is much maller than the time scale of the drift, we can assume the difference of on and off is
relatively free from the effect of the slow drifts.

However, this field modulation method only works for AF materials, because we expect the field-induced
magnetic birefringence is linear in the external field. If we treat the signal at zero field as null signal,
Vip(H) = Vop(H) — V;£(0). The field modulation method cannot be used to eliminate contributions from

slow drifts for ferromagnetic materials. The V;.7(0) is not zero in FMs due to the existence of hysteresis.

Birefringence from optics

In our experimental setup (Fig. 5.2), we first used a 1” broad band non-polarizing beam splitter cube (400
nm to 700 nm). Then we realized that broadband thick beam splitter introduced large birefringence signal

and affected our measurement result.
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Figure 5.8: (a) (b)

When we used the Kerr rotation measurement setup (PEM — BS — sample — BS — pol(0d) — detector
) to measure a non-magnetic sample (Au sputtered on Si), we expect both 1f and 2f signals should be close
to zero. In our observation, however, the 2f signal is small, the 1f signal is about 40% of the DC signal,
which is equivalent to a 0.24 rad (14 deg) Kerr rotation angle if we apply Eq. 5.8. This deviation is too
large to compensate with rotating the linear polarizer in front of the detector. In other words, for circularly
polarized incident light, the beam splitter makes the light polarization elliptical.

To solve this problem, the 1” broad-band BS was replaced by a 0.5” laser line BS. With the similar Kerr
rotation measurement setup (PEM — BS — sample — BS — pol(-8d) — detector), the 1f signal is only
5% of DC signal. This small deviation can be compensated by slightly rotating linear polarizer by a small
angle, or by placing QWP2 in the beam path and rotating it by a small angle (elliptical component added
to CP light can be removed by QWP2).

5.2.5 How to set the angle of optics

For wire-grid polarizers, the marked optical axis sometimes can be off by 1 to 2 degrees. Moreover, the
mounting of PEM can make the optical axis off from absolute vertical by a small angle. Since the real signal
we want to measure is in mrad scale, much smaller than the deviation of optics, properly adjusting the angle
of optics can help to minimize the birefringence of the system.

We first set the angle of the GT polarizer to 45° by rotating the optical mount by looking at the scale. For
polar MOKE measurement, we only need to adjust the angle of the linear polarizer in front of the detector.

Without the linear analyzer, the 1f signal is propotional to 63 and the 2f signal should be zero. One can
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measure 0y without an analyzer. To measure 07, a linear polarizer is needed as an analyzer, the angle of
polarizer was set to 0 or 90 degree. If the 1f signal read from the AF lock-in is non-zero, we can null the
signal by slightly rotating the polarizer by a small angle, this step can help to eliminate deviation-induced
rotation of light polarization. If extra ellipticity was added to light polarization because of birefringent
optical elements, we can place QWP2 in front of linear polarizer, and set the angle parallel to the linear
polarizer, then iteratively and slightly adjust the angle of the linear polarizer and QWP2. A small rotation
of QWP2 can eliminate the ellipticity that comes from the system birefringence.

For birefringence measuremenst, both QWPs and the linear polarizer can be adjusted. We roughly set
the QWP1 angle to 45 degree by eye, and then null the 2 f signal by finely adjusting the QWP1 without an
analyzer. According to Eq. 5.12, the 2f signal is zero without an analyzer (I, + I;). The QWP2 should be
placed at 45 degree or 135 degree, parallel or perpendicular to QWP1. The QWP1 changes CP to linear
polarizer for detection, and the QWP2 changes linear polarizer back to CP to further analyze the signal, as
shown in Poincare representations. The angle of QWP2 can be adjusted by minimizing or maximizing the
DC signal. We then orient the linear polarizer to 0 degree or 90 degree. Both linear polarizer and QWP2

can be slightly adjusted to null the 1f signal.

5.3 Quadratic MOKE of Cobalt and YIG

Our measurement setup is sensitive to in-plane magnetization of FMs. For magnetic samples with easy-
plane, we can measure its quadratic MOKE signal by rotating an external field. In this section, we report
the quadratic MOKE measurement of a Co thin film and a YIG/GGG ample by rotating the external field.

The cobalt thin film was deposited with magnetron sputtering with structure Pt(2 nm)/Co(10 nm)/Sapphire.
The thick cobalt deposited on top of ¢-plane of sapphire would have in-plane anisotropy. We used a Halbach
cylinder, a magnet composed of 12 small magnets arranged to create a ~700 Oe in-plane field, to rotate
the field in the sample plane. For both Co thin film and YIG, the 700 Oe field is enough to saturate the
magnetization in-plane. We can get the quadratic MOKE signal comes from M2 based on the geometric
relationship between field and light polarization.

To get the quadratic MOKE signal with rotating magnetization, we mathematically derived the relation
between magnetization and polarization with a Jones matrix calculation. The calculation process is the
same as in the previous chapter, except we rotate the magnetized sample matrix with a rotation matrix by

@. The rotation matrix is:

R(O) = cos(f)  sin(6) (5.13)
—sin(0) cos(9)
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The rotated sample matrix is M., = R(—0)M R(0) where

148 0
0 1-8

M=r

and § = B1 + i
During the measurement, QWP1 was inserted in the incident light path. For reflected light, there are
four measurements we can do: no circular analyzer at 1f and 2f; and with circular analyzer at 1f and 2f.

Without the circular polarizer, the intensity of the reflected beam at DC, 1f and 2f are:

Ipc =1+ B+ 53

IID% = —20; cos(26) sin 5% = —1.615 cos(20) sin(27 ft) (5.14)
II;—‘; = —20 sin(26) cos 5% = —0.71p sin(20) sin(47 ft)

With the circular polarizer (QWP2 at 45° and followed by a linear polarizer at 0°), the intensity of the

neglected beam at DC, 1f and 2f are:

Ipc =1+ B+ B2

7L = —2(fy cos(26) — B sin(26)) s d = = ~L6L(5; cos(20) — Fosin(20))sn2nf)  (5.15)
% = —2(B15in(26) — Sz cos(20)) cosé% = —0.71(B sin(20) — B cos(26)) sin(47 ft)

The coefficients are calculated with phase retardance g = 7/2. From above four measurements, it is
adequate to derive 81 and (32 from Eq. 5.15 and Eq. 5.14.

No matter if circular polarizer is used, the 5, value can be written as is

i15(90°) —inp(0°) _ ing(45°) — ins(135%)

5.16
b 2(1.61) 2(0.71) (5.16)
where lower case ¢ represents normalized intensity I1/Ipc and Io¢/Ipc.
The (2 only appears when circular polarizer is used:
y 13FO 3 4F’O o 900 __a OO
g, = ar(185%) =11y (45%) _ 27 (90°) — iz (0°) (5.17)

2(1.61) B 2(0.71)
From the measurement data with Co film (Fig. 5.9), the 8;=0.12 mrad and 82 = -0.04 mrad. For YIG,
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Figure 5.9: The polarimetry measurement of Pt(2)/Co(10)/Sapphire with 700 Oe field rotating in the sample plane
(a)without cirular polarizer and (b)with circular polarizer as analyzer. The data were picked up at both 1f and 2f.
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Figure 5.10: The polarimetry measurement of YIG/GGG with 700 Oe field rotating in the sample plane (a)without
cirular polarizer and (b)with circular polarizer as analyzer. The data were picked up at both 1f and 2f.

the B; = 0.075, B2 = 0.5 mrad. Because both Co and YIG have small coercivity, 700 Oe in-plane field is

enough to saturate the sample.

5.4 Circular Dichroism of Sugar Solution

Sugar molecules are chiral so they are optically active to circularly polarized light. Since sugar is non-
magnetic, we can name the optical rotation as circular dichroism. Sugar solution can be used to evaluate
the polarimetry because: a) the transmission can give much larger signal than reflection, b) the analyzer is

only sensitive to circular dichorism signal, so it’s free from birefringence of optics in the setup.
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Figure 5.11: The mapping of FesAs (001) face measured with scanning polarimetry. At each point, The external
field was modulated between zero field and B field for three cycles and averaged. (a) B=0T, (b) B=1T. QWP1
was at 45 degree in the measurement and no analyzer was used. Signals are collected at first harmonic.

From optical rotation equation of sucrose[107],

0 A
lc - m (5.18)

' mL. Because the

where [, is optical path, A is wavelength, Ao = 131 nm, A = 2.16 x 107 deg nm? dm~' g~
sugar solution is transparent, the imaginary part can be neglected.

I mixed 0.45 g sugar with 5 g water (90 g/mL) and fill the cuvette with sugar solution. From Eq. 5.18,
the optical rotation with 90 g/mL concentrate is 1.12 mrad/mm. The optical path of cuvette is 10 mm. So
the expected rotation is 11.2 mrad.

To measure the optical rotation of sugar solution, I placed the cuvette in front of beam splitter and let
the laser beam passed through. Neither QWP1 nor QWP2 is used, but linear polarizer used as analyzer.
The data were collected at 2 f with linear polarizer is at near 0 deg. We record the change of AC signal from
AF lock-in with covette and without covette, and the DC signal was read from a multimeter. The signals

we got for sugar solution is Iny = -375 ¢V and Ipc = 69 mV with 7/2 retardation. So the real part of the

rotation is 7.7 mrad, close to what we expected.
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5.5 Magnetic Birefringence Measurement of Antiferromagnetic
Materials

FesAs has two degenerated magnetic domains: one with Néel vector along [100], the other one with Néel
vector along [010]. When an external field is applied along [100], the domains along [100] won’t be affected,
but the domains along [010] would reorient and becomes [100]. We expected to do two types of measurements
with our polarimetry setup: mapping of two kinds of domains at zero field; and mapping of birefringence
with a field applied along one of easy axes.

We used a 100 mm focal lens to focus the laser beam on the sample because objective lens is close to
electromagnet at focus and the Faraday effect cannot be neglected. The beam size is around 100 pm.

We did a magnetic field dependent measurement and mapping of FesAs. Fig. 5.11 shows the mapping
results of Fea As. The FesAs crystal was polished along (001) face, and, during the measurement, the external
field was applied in the (001) plane along [100] direction. At each point, the field was modulated between
zero field and B field, where B = 0 T in Fig. 5.11a and B = 1 T in Fig. 5.11b. Because we believe the
field-induced domain motion is reversible when the field is removed, modulating external field would help
to remove the effect of slow drifts as described above. We did not observe obvious difference when external
field is applied or not applied. The standard deviation of the signal in Fig. 5.11a is 4.7x107°, and std in
Fig. 5.11b is 3.5x107°. Tt implies for signal smaller than 4x107°, it is less likely to be observed.

In Fig. 5.12, the field dependent (; of three locations in FesAs (001) is shown. It is clear that the at
position 2 the 3; signal is field dependent. So the major domains in position 2 is parallel to external field,
while domains in position 1 and position 3 are perpendicular to external field. The domain size should
comparable or even larger than laser beam size. When external field is 1 T, the ; signal of location 2 is
5x107% rad, about ten times smaller than standard deviation of mapping signal showed above. That can
explain why we cannot observe domains in mapping plots. The large standard deviation of mapping can

come from the imperfect surface of the sample.

5.6 Conclusion

In this chapter, I discussed methodology of setting up polarization modulation miscrocopy to image and
measure magnetic signals. The polarimetry was studied with Poincare sphere and Jones matrix representative
to understand the light polarization in the setup. The noise of the system was characterized and the

birefringence from optics was lowered.
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Figure 5.12: Field-dependent 31 value of FeaAs (001) measured with external field applied along a-axis of FezAs at
three different locations on the sample. The external field was modulated for ten cycles for each data point.
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With the setup, we can measure polar MOKE, quadratic MOKE and magnetic birefringence by properly
choosing wave plates and analyzers. The circular dichroism signal of sugar solution was measured to evaluate
the setup, and the signal we observed is consistent with literature. We also reported the quadratice MOKE
of two typical FM samples, cobalt thin films and YIG.

We did field-dependent magnetic birefringence measurement of Fe;As and noticed a location-dependent
behavior with around 100 pm beam size. We did birefringence mapping of the easy plane of FesAs. Due the
the limitation of large standard deviation of mapping and beam spot size of focal lens, the domain imaging
of antiferromagnetic materials is difficult to achieve.

The polarization modulation can be combined with pump-probe system (TDTR-II). A PEM can be
used in the probe path to modulate the polarization of the probe beam. By changing the incoming light
polarization, the polar MOKE and quadratic MOKE can be measured in the time domain. If the light
polarization is oscillating between horizonal and vertical, we use a polarizer at a down stream position to

let the light intensity is modulated like chopper.
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Chapter 6

Conclusions

Metallic antiferromagnetic materials with easy-plane structure are promising in spintronics study due to their
advantages of insensitivity to magnetic field and fast dynamics. In this dissertation, I studied magneto-optical
effect and magnetic anisotropy of metallic AF FeyAs with optical techniques and magnetometers. Due to the
lack of net magnetization, we focused over study on the second order of Néel vector-related birefringence with
optical techniques. With the help of magnetometers, the magnetic properties of AFs are studied, including
susceptibility, anisotropy and domain movement in a field.

We did extensive experimental studies of the ultrafast quadratic magneto-optic response of the metallic
antiferromagnetic FesAs. The experimental work on ultrafast magneto-optic response is supported by 1st
principles calculations, and thorough characterization of the thermophysical, magnetic, and electrical prop-
erties of these materials. We combined measurements of the transient reflectivity and transient birefringence
to gain deeper understanding the changes in the dielectric constant produced by an ultrafast temperature
excursion. The high-signal-to-noise of our measurements enables us to work in the regime of linear response.
Counter to conventional wisdom, we found that the component of the dielectric tensor perpendicular to the
vector of the sublattice magnetization is influenced by magnetization much more strongly than the compo-
nent parallel to the magnetization. It shows that the thermal birefringence signal we observed is dominated
by the exchange interaction, which is independent of the orientation of Néel vector or domain structure.

We studied the magnetic anisotropy and domain movement in FeaAs with torque magnetometry. In the
torque measurements, misalignment of field and field-induced magnetic moment due to anisotropy 7 = mx B
is measured. In the measurement of the crystalline anisotropic ac-plane, we observed reversible domain
population distribution, and the model where the induced magnetic moment m is calculated from the
magnetic susceptibility is consistent with the measurement data. With the measurement of crystalline
isotropic ab-plane, we calculated the magnetic anisotropy in the easy-plane. The torque data can be modeled
by minimizing the total energy. The measurements of ac-plane and ab-plane brought us two scenarios to
analyze the data: low field limit (magnetic energy much smaller than anisotropy) and intermediate field

limit (magnetic energy comparable to anisotropy). Moreover, we derived the antiferromagnetic resonance
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(AFMR) mode for easy-plane AF materials, and obtain the AFMR frequency with out-of-plane magnetic
anisotropy from density-functional theory calculation.

Our torque magnetometry study suggested even 1 T field in the easy-plane of FesAs can significantly
change the domain population. We attributed the domain population to local defects induced random
strains. To further understand reversible domain movement in a magnetic field and observe field-induced
magnetic birefringence, we set up a polarization modulation microscopy to do the scanning microscope of
magnetic texture of materials. We modulated the polarization of laser with a photo-elastic modulator, and
we can measure both complex polar MOKE and complex birefringence by choosing proper wave plates.
We first measured the static complex quadratic MOKE signal of Co and YIG thin films by rotating the
in-plane magnetic field angle and comparing it to Jones matrix calculations. As for the easy-plane of Fe;As,
we observed the location-dependent magnetic birefringence signal, which suggested the domain movement
induced birefringence is measurable. We also measured the noise floor of the microscope to assist further
study of magnetic domains.

As our measurements showed that in-plane anisotropy of FesAs is strongly temperature dependent and
is very small at room temperature, it could be the reason that the MO coefficients depend on orientation
of Néel vector (G11) are small. To test this hypothesis, a further MO measurements related to G1; can be
performed.

To explore the reason of reversal domain movement we observed in torque measurements, a field-
dependent magnetic domain imaging would be helpful. As the standard deviation of the laser-based scanning
microscopy is larger than the effective signal, further research can be done with X-ray based microscopy.

The dissertation work was partially supported by the NSF MRSEC under Award Number DMR-1720633.

95



Chapter 7

Codes in Thesis

7.1 Codes for Modelling Torque Magnetometry Data

The matlab code can be found in GitHub: https://github.com/Yang-kexin/Torque_Fe2As

7.2 Codes for Collecting Data from Polarimetry

The code can be found in GitHub: https://github.com/Yang-kexin/Microscopy
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