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Abstract

Rare earth (R) perovskite nickelates RNiO 3 have a rich phase diagram which in-
cludes a metal-insulator and paramagnetic-antiferromagnetic phase transition. In
neodymium nickel oxide (NdNiO 3 ), these phase transitions coincide, creating a mixed-
phase state at the critical point. Imaging these competing phases on a nanometer-
scale may offer unique insights to the driving mechanism behind the metal-insulator
transition, which is not well understood. A combination of soft X-ray ptychography
and resonant soft X-ray scattering techniques enable direct imaging of the antiferro-
magnetic domains of NdNiO 3 at the phase transition. In this thesis, I will present
ptychographic reconstructions of an epitaxial NdNiO 3 sample near the critical temper-
ature using data taken at the Coherent Soft X-ray Scattering beamline of the National
Synchrotron Light Source II. I used phase retrieval algorithms to reconstruct an im-
age of the sample using the custom-developed software package CDTools, which I
helped design and build. My reconstructions reveal the antiferromagnetic domains
of NdNiO 3 near the critical point, paving the way for future reconstructions of quan-
tum materials. I address several factors limiting the quality of the reconstructions,
including uncertainties in the location of the nanopositioners and the beam energy.

Thesis Supervisor: Riccardo Comin
Title: Assistant Professor, Department of Physics
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Chapter 1

Introduction

Rare-earth (R) perovskite nickelates (RNiO 3 ) host a rich landscape of electronic or-

dered phases, including a first-order metal-insulator (MI) phase transition, a paramagnet-

antiferromagnet phase transition, and charge order in the insulating phase [3]. Among

rare-earth nickelates, neodymium nickel oxide (NdNiO 3 ) is unique because its metal-

insulator (MI) and antiferromagnetic transitions occur simultaneously. The spatial

proximity and competition of these phases at the MI transition leads to a granular

electronic ground state with significant inhomogeneity at the nanoscale. A detailed

understanding of the behavior of the antiferromagnetic domains during the phase

transition could yield insights to the microscopic origin of the MI transition [30],

which is not fully understood. Previously, photoemission electron microscopy was

used to show that the nucleation of metallic domains during the phase transition

was strongly related to heteroepitaxy [231. Because the macroscopic behavior of

strongly correlated electrons in NdNiO near the MI transition is intrinsically related

to its emergent nanoscale spatial textures, imaging the antiferromagnetic domains

of NdNiO 3 may further illuminate the relationship between electronic and structural

properties in the MI transition [5].

The MI transition in transition metal oxides is of interest not only for its pro-

found theoretical implications in strongly correlated electron physics, but also for

its applicability to novel technologies. The MI phase transition temperature can be

tuned by chemical substitution or applying epitaxial strain, pressure, or an exter-
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nal electric field. The "tunability" of the MI transition makes rare-earth nickelates

promising candidates for field-effect transistor (FET) technology, electric field sen-

sors, and fuel cells [6]. Additionally, theoretical predictions indicate that LaNiO 3 is

a potential candidate for high-T, superconductivity [71, which could be used to build

highly efficient computers and ultra-sensitive quantum sensors. These applications

are increasingly in the realm of possibility given recent advances in molecular beam

epitaxy and pulsed-laser deposition, which have made it possible to grow high quality

transition metal oxide heterostructures [3].

The availability of epitaxial NdNiO 3 samples also presents an opportunity for

imaging the antiferromagnetic order of NdNiO 3 near the phase transition point [21].

Resonant (elastic) soft X-ray scattering (RSXS) can be used to study spatial modula-

tions of the spin and orbital magnetic degrees of freedom of a material [12]. RSXS is

a unique combination of X-ray spectroscopy and scattering that provides a powerful

element- and site-specific probe of collective orders in solids, as achieved by tuning

the wavelength of the X-ray beam to a high-energy electronic resonance. In the case

of NdNiO3, the Ni L3 (~ 861 eV) and the Nd M4 (- 1 keV) edges are in the soft

X-ray regime (200-2000 eV) [2], which is accesible in many modern synchrotron facili-

ties. The sensitivity of RSXS combined with the wide availability of latest-generation

highly-coherent soft X-ray sources makes RSXS an ideal technique to probe the nu-

cleation of antiferromagnetic domains near the MI transition in NdNiO 3 . However,

RSXS has not yet been systematically used to image nanoscale behaviors of strongly-

correlated quantum materials with high spatial resolution. While scanning nanofocus

RSXS can be used to probe electronic orders, it cannot retrieve the phase of the

order parameter or achieve resolution in the 20-30 nm range, which is necessary to

resolve the fine details of nanoscale electronic inhomogeneities in strongly-interacting

quantum solids. Thus, RSXS techniques must be endowed with imaging capabilities

to capture the full nanoscale structure of the antiferromagnetic domains of NdNiO 3.

Achieving nanoscale resolution with X-ray imaging techniques is a major scientific

challenge. The resolving power of traditional visible light microscopes is diffraction-

limited to a resolution of ~ 200 nm. X-rays can theoretically resolve smaller objects,
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as the resolution of a microscope scales like the wavelength of the photons used by

the microscope. However, optics for shorter wavelengths are harder to design and

produce, and the spatial resolution of traditional X-ray imaging techniques is limited

to - 100 nm due to aberrations naturally present in optical equipment. Electron mi-

croscopes are a popular alternative to light microscopes due to their strong resolving

power (~ 0.2 nm), though they demonstrate poor performance in penetrating materi-

als beyond a few micrometers, and cannot be used to probe magnetic ordering. X-rays

are able to penetrate materials at greater depths than electrons and probe magnetic

behavior, while providing higher resolution than diffraction-limited traditional light

microscopes.

Coherent X-ray diffractive imaging (CDI) is a relatively young imaging technique

that obviates the need for lenses, so that its resolution is in principle only limited

by the wavelength of the diffracted waves. A typical setup involves a coherent beam

focused onto a specimen, which is either fixed or translated to take a raster scan of

diffraction patterns [29]. The Fraunhofer (far-field) or Fresnel (near-field) diffraction

pattern is then measured by a detector. Because photon detectors are only sensitive

to the intensity of the electromagnetic field, all information about the phase of the

exit wave is lost. If the beam energy is tuned to a electronic resonance, as in RSXS,

the phase and amplitude of the exit wave contains key microscopic information about

the antiferromagnetic order parameter such as domain size, shape, phase, and distri-

bution. Thus, phase retrieval algorithms are needed to recover the phase of the exit

wave. Phase retrieval algorithms rely on an iterated series of projections which im-

pose constraints arising from the experimental geometry. Using these phase retrieval

algorithms, CDI and RSXS techniques can be used for the first time to directly image

the antiferromagnetic domains of NdNiO 3 near the transition temperature.

In this thesis, I will present preliminary ptychographic reconstructions of an epi-

taxial NdNiO 3 sample grown on a lanthanum aluminate-strontium aluminium tanta-

late (LSAT; (LaAlO 3 )o.3 (Sr2 TaAlO 6 )o. 7) substrate. Ptychography is a specific method

of the family of CDI techniques, which utilizees a raster scan of diffraction patterns

instead of a single diffraction pattern. My reconstructions are based on ptychographic
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scans of the sample across the critical temperature (100-250 K) performed at the soft

X-ray diffractometer of the Coherent Soft X-ray Scattering (CSX) beamline at the

National Synchrotron Light Source (NSLS) II at Brookhaven National Laboratory.

I reconstructed the image of our sample using phase retrieval algorithms from the

custom-made software package CDTools, which I helped design and implement. My

final sucessful reconstructions display the basic featucres of the antiferromagnetic do-

mains, paving the way for future reconstructions of quantum materials. Finally, I

suggest future improvements to CDTools to improve the reconstruction quality, and

enumerate experimental inaccuracies currently limiting the quality of the reconstruc-

tions.
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Chapter 2

Background

2.1 Theory of Diffraction

In this Section, I will describe the basic principles of diffraction necessary for dis-

cussing the experimental techniques in Chapter 3. I first introduce the Huygens-

Fresnel principle, which describes the propagation of an electromagnetic field diffract-

ing from an aperture under scalar theory, following Goodman [13], Born [4], and

Guillemin [14]. I then derive two approximations to the Huygens-Fresnel principle,

the Fresnel and Fraunhofer approximations, which are particularly common in exper-

imental geometries.

2.1.1 The Huygens-Fresnel Principle

The Huygens-Fresnel Principle posits that "Every point on a wavefront is a source of

wavelets that spread out at the same speed as the wave itself, and the new wavefront is

a line tangent to all of the wavelets" [9]. This description provides an intuitive visual

explanation for many optical effects, including refraction and diffraction. Diffraction

refers to the deviation of light from passing an obstacle, or aperture, which cannot be

attributed to reflection or refraction. The mathematical derivation and extensions of

the Huygens-Fresnel Principle also provide a basis for the theory of diffraction.

To derive the Huygens-Fresnel Principle, we begin with Maxwell's equations for
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light propagating through a dielectric in the absence of free charges and currents. In

SI units, they are

OB OE
VxE=-p VxB=e

- E5=0 V - pB=0,

where p is the magnetic permeability, and E is the electric permittivity.

We can obtain the canonical scalar "wave equation" of light by assuming the wave

propagates in a linear, isotropic, homogeneous, and nondispersive dielectric medium.

Under these assumptions, E and p are constant and we can apply the vector identity

V x (V x A) = V( A -) 2A to Maxwell's equations to receive

2 n 2 (92U22
c 2 &2t

where u is any scalar component of the electric or magnetic field, n = , and co is

the vacuum permittivity.

A general solution to the scalar wave equation can be written as

u(-, t) = Re[U(r) exp(-iwt)],

where w is the angular frequency of the wave and U(r) = A(r-) exp(-iO(,r)). Using

this ansatz, the wave equation can be rewritten as a constraint on U,

2+ (w) 2 ]U = 0. (2.1)

This is the Helmholtz equation describing light propagating in a vacuum or homoge-

neous dielectric.

When light is diffracted, the electric and magnetic fields are modified where the

light interacts with the edges of an aperture. Because the electric and magnetic

fields are coupled at the boundary of the aperture, the Helmholtz equations of scalar

theory are technically no longer valid. However, experiments indicate scalar theory

18



is accurate if the diffracting aperture is large compared to a wavelength, and the

diffracting fields are observed far from the aperture [13]. We consider just such

situations: the wavelengths we work with (A ~ 1.5 nm) are much smaller than the

dimensions of the object we are imaging (~ 10 x 10 pm2 ) and the distance from the

object to the detector (- 340mm). Therefore, for our purposes, diffraction can be

treated as a scalar phenomenon to good approximation.

Proceeding with scalar theory, we consider a diffracted electromagnetic field u(?, t)

seen by an observer resting at io surrounded by a closed surface S. Our aim is to

determine U, the unknown part of the u(r). We invoke a special case of the divergence

theorem,

JJj(U 2G - GV2 U)dv = Jj(UVG - GVU) -h ,ds (2.2)

where i(r) is the outward normal at every point on S, V is the volume enclosed by S,

and U, G : 3 C are functions with continuous and single-valued first and second

derivatives [4]. A convenient choice of G is a spherical wave about P0 ,

G (f -exp (II)

li|~

where r' is a vector from P to a given point P. Note that G satisfies the Helmholtz

equation (2.1) everywhere but P. Because G diverges at P, we apply the divergence

theorem to the surface S' = S + S, where SE is a small spherical surface of radius

c < 1 surrounding the origin (see Figure 2-1) [13].

Substituting G into the second term of Equation (2.2) and using the fact that G

and U satisfy Equation (2.1), we see that the left hand side of Equation (2.2) vanishes,

yielding the constraint

JJ(U2G - GV2 U)dv = 0 (2.3)

-- s (UVG - GVU) - h ds + Jj(UtG - G U) - fids = 0. (2.4)
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Figure 2-1: The surfaces of integration defined to determine the field at Po.

Substituting G into Equation (2.4) and taking E -+ 0, we find

lim Jj(UVG - GVU) - f ds = 47rU(Po) (2.5)E-+O f,f

and therefore

1 -. Up( ) - exp(U(P) = - VU ) - UV C ft ds. (2.6)

Equation (2.6) is the mathematical statement of the Huygens-Fresnel Principle, relat-

ing the field at an arbitrary point P to the boundary values of the wave on a closed

surface [13]. We now explore two special cases of the Huygens-Fresnel Principle, Fres-

nel and Fraunhofer diffraction. These extensions of Equation (2.6) are the backbone

for the experimental techniques introduced in Section 3.1.

2.1.2 Rayleigh-Sommerfeld Diffraction

We begin by casting Equation (2.6) in a form more amenable to standard experimental

geometries. Figure 2-2 displays a typical setup for diffraction experiments. Let S2

be a surface of fixed Ir= R, and let Si be the surface connected to S2 immediately

behind the screen. Then (2.6) becomes

20



y

P

z

Figure 2-2: A typical setup for diffrac-
tion through an aperture.

Figure 2-3: An optical setup with a
screen and detector in rectangular co-
ordinates.

If we let Q be the solid angle subtended by S2, our expression becomes

U(Po)= fUG-UG -fds+ JjGR2 [VUU-U .ft dw.

Now, if R[VU - U"] -+ 0 as R -* oo, because |GRI is uniformly bounded on S2,

our expression is of the simple form

U(Po) = I [UG - UVG f t ds. (2.7)

One can show that this condition, known as the Sommerfeld radiation condition, is

satisfied when U vanishes more quickly than G at large R and there are no incoming

waves [131. This approximation is usually justified in experiment, so the following

simplifications assume the Sommerfeld radiation condition.

First, we modify equation (2.7) by assuming that the contributions to U(P) only

come from the aperture, E. This reduces our expression to

U(Po) = -J[VUG - UVG -ids. (2.8)
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Although our derivation thus far has relied on a specific form for G, in fact it is valid

for any choice of G satisfying the Helmholtz equation. We now take

exp (iwl ) exp (iw$"'j)G(P) =

where e extends from a point P opposite PO to point P on E (see Figure 2-3).

Further, we may assume rl > A, yielding

VG. -~ 52iwn cos(9) exp(i )
C Ir

where 0 is the angle between i and ft By substituting this expression into (2.8) and

simplifying the result, we find

U(o [f exp(iwn )

U (PO) =- U(P) C cos(0)ds, (2.9)

or, in the rectangular coordinate system displayed in Figure 2-2,

z U( T)exp ( ) )~'U(r-') = -Jj U((, r) p 2  dd, (2.10)
iA I riC

where e = (x, y) and I ii= V/z2 + (x - )2+ (y - q)2)

This expression is the Rayleigh-Sommerfeld diffraction equation describing the

field at P in terms of the surface integral over all points P in E. The field at each

point P can be interpreted as a sum of contributions from spherical waves originating

at each point in E, in line with the description of the Huygens-Fresnel principle

presented at the beginning of this chapter. Further, (2.10) can be used to solve

more complicated geometries, such as a screen with multiple apertures, due to the

linear superposition principle of electromagnetic fields. The Fresnel and Fraunhofer

approximations can be easily derived from this equation.
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2.1.3 Fresnel Diffraction

We can vastly simplify Equation (2.10) by assuming that x, y < z. This occurs when

the distance between observation, or detector, plane and the object plane is sufficiently

large compared to the spread of the diffracted waves. Under these circumstances, we

can Taylor expand |r, yielding

I 

r 2 2 ((X3_ )4 (y q)4
Ir2 z 2 z )z Y 0 3 +_

Substituting this expression in the exponents and treating factors of 1r1 in the de-

nominator as z, we receive

(xp2x) I'f /i
U(i;') = iAZ ]] U( , q) exp -[(x - )2 + (y - I)2)) d~d, (2.11)

By instead integrating over the entire domain (while still assuming the integrand is

zero outside of E), we can interpret the Fresnel, or near-field, approximation for the

diffracted field as simply the convolution of the field at the aperture (called the exit

wave) and ePL-'1) exp (X 2 + y2). Alternatively, we can refactor and write the

Fresnel approximation as

Ui)=exp (i 2,z) i(x2 y2) '0irW+2

Uz =e zU(, JJ)eT e--g M+Ynd~dq. (2.12)

From the above expression, we can interpret the near-field wave as proportional to

the Fourier transform of the product of the diffracted wave and a complex quadratic

phase factor.

The angular spectrum method is a technique to relate the diffracted detector-plane

wave to the object plane wave when the illuminating source is monochromatic. This

is particularly useful for applying the Fresnel approximation to experiments using in

synchrotron facilities, where the sources are typically monochromatic. The angular

spectrum method states that the near-field propagated wavefront is given by

J --1 (eiz((27r/A)2._(27rx )2_-(27rk)2)1/2
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where A is the wavelength of the material and F denotes the Fourier transform.

Thus, near-field propagations can be implemented efficiently on a computer using the

fast-Fourier transform algorithm if the source is monochromatic.

2.1.4 Fraunhofer Diffraction

A stronger approximation is the Fraunhofer, or far-field approximation. Notice that

if

z >> ((2+ 172)1A

the complex phase factor in Equation (2.12) is approximately unity over the area

of the aperture. Under these circumstances, the far-field wave is simply the Fourier

transform of exit wave up to a multiplicative factor, i.e.,

exp ( T~)i~rxx2 o
U(ff) = exA e pi) flx2 2 [[U( i, ) e- (x+"d d. (2.13)

This expression is among the simplest relationships between the exit and far-field

diffracted wave. However, for high frequency illumination sources such as X-rays, w

is large (~ 10" Hz), making the choice of z, , and 7 important for the validity of

the far-field approximation. In the experiments described in Section 3.3, for example,

z ~ 0.1 M, - - 10 5 m, and w ~ 1018 Hz, so we can safely use the Fraunhofer

approximation. As noted in Section 3.1, diffraction experiments are typically designed

so that either the Fresnel or Fraunhofer approximation can be used.

Finally, we note that X-ray detectors are sensitive only to the intensity, or squared

magnitude, of U(i'). Therefore, all information about the phase of the exit wave is

lost during data collection, so U(, TI) cannot be simply obtained by direct Fourier

inversion of (2.12) or (2.13). To obtain the phase of U(f) and thus information about

the object, iterative algorithms must be applied to the diffraction data. These "phase

retrieval" algorithms are the subject of Section 3.1.
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2.2 Rare Earth Perovskite Nickelates

This Section will explore the basic structural, electric, and magnetic properties of

rare earth perovskite nickelates. We focus on neodymium nickel oxide (NdNiO 3 ), the

subject of X-ray scattering experiments in Chapter 3. Rare earth perovskite nickelates

(RNiO 3 , where R is a trivalent rare earth element) host a wide variety of phases whose

transition temperatures can be tuned by doping the material, or applying stress or

external electric and magnetic fields. This tunability makes rare earth nickelates

promising candidates for technological applications involving switches such as field-

effect transistors (FETs). However, to fully harness the functionality of the rich phase

diagram of perovskite nickelates, better understanding of the fundamental, nanoscale

spatial organization of these collective phases of matter is essential.

2.2.1 Structure and Phase Diagram

The perovskite structure describes elements of the form ABO 3 , where A and B are

cations and A is the larger cation. Depending on the identities of A and B, perovskites

can exhibit a wide variety of interesting behaviors, including superconductivity, colos-

sal magnetoresistance, and spin-dependent transport [5]. These behaviors are linked

to the structural changes that result from changing the elemental constituents A and

B.

The basic cubic perovskite structure is displayed in Figure 2-4. The unit cell is

centered around the A-site cation. The A-site cation is surrounded by eight face-

centered cubic sub-cells corresponding to B06 octahedra. We define the angle 9

as the B-O-B bond angle, which characterizes structural deviations from the cubic

perovskite structure. 9 can be measured either in-plane and out-of-plane. We denote

these angles as Obasa and Oapical, respectively [5]. The ideal cubic perovskite has basal

and apical angles of 1800.

The identities of A and B can drive distortions from the cubic perovskite struc-

ture and modify the basal and apical angles. These distortions generally involve tilts

or rotations of the B06 octahedra. The two most common distortions are the or-
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Cubic Perovskite Orthorhombic Perovskite

B-site cation

Oxygen ion

A-site cation

Figure 2-4: Cubic perovskite oxide ABO 3 structure (left) and orthorhombic per-

ovskite oxide structure. The apical B-O-B bond angle 0, which characterizes distor-

tions from the cubic structure, is labeled. The left and right images are adopted from

Fabri et al. (2014) 1111 and Chen et al. (2014) [8], respectively.

thorhombic structure, which corresponds to the Pbmn space group (see Figure 2-4)

and the rhombohedral structure, which corresponds to the R3c space group [5]. The

Goldschmidt tolerance factor, t = A+rp where r1 is the radius of atom I, pro-

vides a metric to predict the stability of these structures and the occurrence of lattice

distortions. For NdNiO 3 , t ~ 0.915, which is slightly below the ideal value of t = 1

corresponding to the cubic structure. Compounds with 0.9 < t < 1 often exhibit

either a cubic or rhombohedral structure, whereas compounds with t < 0.9 typically

adopt an orthorhombic or rhombohedral structure [5].

Figure 2-5 shows the phase diagram for several rare earth nickelates as a function

of temperature and tolerance factor. The lattice structure (tolerance factor and bond

angle) is intimately tied to the phase of perovskite nickelates. The paramagnetic

metal phase of rare earth perovskite nickelates has orthorhombic structure, with the

exception of LaNiO 3 , which is rhombohedral [5]. The paramagnetic insulator and

antiferromagnetic insulator phasess, on the other hand, reside in the P21/n spaces

group.

The unique electronic phase diagram of perovskite nickelates arises from the rich

physics of the 3d electrons on the nickel sites. In nickel atoms, there are five degenerate

3d orbitals, as shown in Figure 2-6. In a crystalline environment, the d-orbitals from
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the nickel atoms can overlap directly across nickel sites, or indirectly through the

oxygen 2p orbitals. This interaction with the local environment partially breaks the

degeneracy of the 3d orbitals, as the 3d orbitals pointing towards the oxygen atoms

(dx2_y2, d_2) are pushed up in energy due to the Coulomb repulsion between their

electronic clouds and the O-2p orbitals [5]. The structural properties thus heavily

influence the charge, orbital, and spin degrees of freedom through the overlap of the

d wave and p wave sites.
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Figure 2-5: Phase diagram for perovskite nickelate oxides RNiO 3 , courtesy of Fabri

et al. (2014) [111.

dxz dyz dXy dX 2 -Y2 dz 2

Figure 2-6: 3d orbital structure in B06 octahedra, courtesy of Catalano et al.

(2018) [5].
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2.2.2 Metal-Insulator Transition

Every perovskite nickelate (with the exception of La) exhibits a sharp MI transition

at varying temperatures, which is concurrent with a N6el transition. As can be seen

in Figure 2-5, the MI transition temperature is strongly dependent on the Ni-O-

Ni bond angle [24]. However, the full mechanism controlling the MI transition is

strongly dependent on the structure of the material as well as and strong Coulombic

interactions between electrons. In this Section, we summarize the basic theory behind

MI transitions in perovskite oxides and the current open theoretical questions.

Perovskite nickelates have a partially filled uppermost band, originating from the

d orbitals. As a result, conventional band theory predicts them to be metals. Their

insulating state must therefore derive from physics beyond basic the band theory of

noninteracting bands: it must account for interactions between electrons.

One class of materials which exhibits insulating states due to interparticle inter-

actions are the paradigmatic Mott-Hubbard insulators.1 The intuitive picture of such

solids consists of electrons living on a lattice of sites given by the locations of the

transition metal ions. The electrons hop between different sites on the lattice with an

amplitude t that determines the bandwidth (4t) in the noninteracting limit. However,

the electrons also subject to an energy cost U when two electrons occupy the same

orbital state on a given site due to two-body Coulomb repulsion. Assuming there

are as many electrons in the band as there are sites in the lattice (i.e. at half-filling,

since the electrons have two spin states), if the Coulomb repulsion is larger than the

hopping energy (which promotes delocalization of the wavefunction), every electron

becomes trapped on its own lattice site. The motion of electrons through the lattice

is suppressed as a consequence of the repulsive Coulomb interactions. In terms of

bands, this means that as U grows larger (or as t grows smaller), the single d-band

expected from basic band theory splits into two effective single-particle bands, the

lower of which is filled. In this situation, any electronic excitation must incur an

'So named because Mott [27] and Hubbard [15] are largely credited for the description of such
states. The basic, rough idea of repulsive electron interactions underlying an insulating state is
older; see [28].
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energy cost of U, so the gap between these bands is ~ U. This description only

accounts for a single band, but it turns out that generalized models with multiple

bands exhibit similar physics [5].

A related, but slightly more subtle category of interaction-driven insulators that

commonly occur in transition metal oxides are charge-transfer insulators. Note that

the Mott-Hubbard picture outlined above assumes that conduction occurs by hopping

directly between neighboring d orbitals. As Zaanen, Sawatzky, and Allen (ZSA) [34]

pointed out, this is not the case in some materials. In particular, in some transition

metal oxides, the p-band of the oxygen (ligand) ions is close to the transition metal

d-band, and electrons can hop from the p band to a d orbital. If the p-band is closer

to the upper Hubbard band (UHB) than is the lower Hubbard band (LHB), then an

excitation from the ligand p-band to the UHB requires less energy than an excitation

between the halves of the split d-band. This state is thus still an insulator, but one

characterized by an insulating gap A on the order of the p to d excitation energy,

rather than the Coulomb energy U. Thus, when the d-band width t is small enough,

the metal is a Mott-Hubbard insulator for U < A and a charge-transfer insulator for

U>,A.

The perovskite nickelates, however, display an even more subtle type of interaction-

driven insulation; they are examples of negative charge-transfer insulators [5]. Such

materials have a low or even negative value of A, and are thus predicted to conduct

by the ZSA argument. In these systems, however, strong hybridization between the p-

and d- orbitals lowers the energy of a dn+lL-like state (that is, one oxygen p electron

excited to the d band), bringing it down from the continuum to be a bound state.

Taking this into account, the lowest energy charge excitation in the system becomes

a hole hopping between neighboring copies of this bound state. This scenario also

leads to a finite energy gap, so the material insulates [26].

Besides their sharp MI transition, rare earth nickelate perovskites host several ad-

ditional electronic properties of interest. The changes in structure that occur during

the MI transition are accompanied by vast changes in optoelectronic properties. Po-

tential applications for nickelate perovskites in optoelectronics derive from their long
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charge carrier diffusion length, high defect tolerance, and large electron mobilities [18].

Nickelates were also found to exhibit large magnetoresistance in experimental stud-

ies [5], though the effect is weaker than that observed in manganites. Additionally,

theoretical studies suggest rare earth nickelates may be type-II multiferroics in the

antiferromagnetic insulator phase, with coupled antiferromagnetitic and ferroelectric

order parameters. The presence of a multiferroic antiferromagnetic phase could pave

the way for additional applications, especially because such phase can exist at rela-

tively high temperatures.

2.3 Resonant Soft X-ray Scattering

Scattering experiments can yield valuable information about the crystal structure of

a material, as well as its charge, spin, and orbital orders. It is increasingly impor-

tant to be able to probe these properties simultaneously, as many emergent phenom-

ena in solid-state physics involve the coupling between several degrees of freedom.

Because the MI transition in NdNiO 3 involves a simultaneous Nel transition and

paramagnetic-antiferromagnetic phase transition, measuring the interplay of these de-

grees of freedom at the critical point may elucidate the fundamental physics involved

in the MI transition. Electrons, neutrons, and X-rays are most commonly used in

scattering experiments to measure the structure of solids. Here, we briefly summarize

diffraction techniques, with a focus on resonant elastic soft X-ray scattering (RSXS).

X-ray scattering and electron diffraction experiments are conventionally used to

measure the positions of atoms. Both X-rays and electrons interact with the electrons

in a solid with an atomic scattering cross-section strength that scales like Z2 , where

Z is the atomic number. In the case of X-rays, the radiation-matter interaction

Hamiltonian is proportional, in first order, to e/m, reflecting the fact that photons

couple most strongly to the electronic clouds and only at a very minor level, with

nuclear charges. Because most electrons are localized around the nucleus of each

atom, X-ray and electron scattering experiments can probe the average position of

atoms, especially those with large atomic number. The penetration depth of electrons
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is much less than that of X-rays, making them ideal for analyzing the structure

of thin specimens rather than bulk materials. High-energy (~ 100 keV) electrons

interact more weakly with the material, but have a relatively higher penetration

depth than low-energy (< 10 keV) electrons, which typically interact more strongly

with the material. X-ray scattering experiments, however, are robust in probing both

thin and thick samples.

Because the interaction strength of electrons and photons with a solid scales like

Z2 , these techniques have difficulty imaging lighter atoms with Z < 8. Neutron

diffraction, however, is ideal for imaging light atoms because its interaction strength

is only determined by the interaction with the nucleus, rather than its surrounding

electrons. Elastic magnetic neutron scattering can also be used to probe the magnetic

orders in a material as the intrinsic spin of neutrons interacts strongly with the local

magnetic moment of an atom. However, because neutrons interact with the total

magnetic density, neutron scattering experiments are unable to distinguish between

orbital and spin magnetic orders.

To distinguish between the orbital and spin magnetic orders, we must turn to X-

rays once again. Non-resonant magnetic X-ray scattering is a technique which relies

on relativistic effects producing a direct coupling between the photon field operators

and the electronic spin (rather than the usual coupling to the electronic charge),

however, the magnetic scattering cross section is proportional to (hw/moc2 )2 (where

mo is the rest mass of an electron), and is therefore extremely weak in the X-ray

region (hw 1 lkeV). This allows charge and magnetic orders to be distinguished

(recall that the X-ray charge interaction strength is proportional to Z2 ). Further,

the spin and orbital order cross sections has a known dependence on the photon

polarization, allowing them to be distinguished. That said, non-resonant magnetic

X-ray scattering is often undetectable in most materials due to the fact that the

magnetic cross section is so small.

Resonant (elastic) X-ray scattering (RSXS) is an alternative, promising technique

to study the charge and magnetic orders of a solid. RSXS combines aspects of X-ray

absorption spectroscopy (resonance) and X-ray diffraction (particle-in/particle-out
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Figure 2-7: Diagram of energy transitions during resonant soft X-ray scattering.
Diagram inspired by Fink et al. (2013).

process with momentum exchange with the sample). X-ray absorption spectroscopy

involves measuring the absorption of photons from a material as a function of photon

energy. A strong response is measured when the frequency of the photons is resonant

with a transition between real electronic orbital levels in an atom. X-ray diffraction

maps the spatial modulations of the scattered wave (i.e., the relationship between

the incident and outgoing wavevectors) to properties of the material. In RSXS, the

scattered waves are measured near a resonant absorption edge of the material. The

real transitions from core levels to unoccupied states that occur during absorption

depends strongly on the spin, charge and orbital configuration of the atom(s) involved

in the resonant scattering process, yielding details about the electronic configuration

of the sample. Because the photon energy can be tuned to match the absorption edge

of a given element, we can measure element-specific spatial modulations of the charge,

orbital, and spin degrees of freedom. Further, the cross section of the interaction is

typically large as it occurs at resonance.

Soft X-rays (200-2000 eV) are particularly suited for studying 3d-transition metals

because their excitations typically correspond to this energy range. If one wishes

to study the valence orbitals of 3d-transition metals, for example, they could access

these states through the dipole transitions from the 2pto 3d states respectively. These
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transitions occur in the soft X-ray range. Additionally, the spin, charge, and orbital

orderings typically have periodicities on the order of the wavelengths of soft X-rays,

making these features resolvable in the soft X-ray regime.

We briefly motivate the fundamentals physics behind RSXS. During RSXS, an

incoming beam of soft X-ray photons is incident on the material. The wavelength of

these photons is tuned to correspond to a specific atomic transition between a core

electron and an unoccupied valence shell close to the Fermi level [12]. Then, with a

given probability, a photon will excite an electron to a valence state. After a brief

time, the electron will return to its original state and emit a new (scattered) photon

of the same frequency (see Figure 2-7). Denote the intermediate state as 1I) and the

ground state as IG). Because |I) depends strongly on the properties of the valence

shell, the identity of 1I) can yield valuable information about the spin, charge, and

orbital degrees of freedom in the sample. As we will see, the transition probability

for the excitation of the system from IG) to JI) can be evaluated using second-order

perturbation theory techniques.

First, we introduce a common notation to describe the change in amplitude and

phase the photon will undergo when interacting with the sample. Define the scattering

length fa, or form factor, as

Tn=f + f~f + Af' n f

Where n indexes the scattering site (generally, this corresponds to an atom in the unit

cell). fnT, fr, and Afn = Af' + iAf, represents the change in amplitude and phase

of the scattered photon (compared to the incident one) due to the various possible

interaction terms: non-resonant charge, or Thomson (fnT), non-resonant magnetic

(fY ), and resonant (Afn) scattering. fn is defined such that an incoming wave

n = e will produce a scattered wave 4'c = as Irl grows large. Therefore, the

amplitude of the scattered wave with scattered wavevector k' and incident wavevector

k is intimately related to the lattice structure of the material and fn. In particular,

when the intensity of the scattered wave is much weaker than the intensity of the
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incident wave, the total scattered intensity in the direction parallel to wavevector k'

is given by

I(Q) oc fn(h, e, e')e(2+r) 
2

nm X I 2, (2.14)
= : fn (hw, e, e')e "r)2 d r)2

n m

where Q = '- k, w is the frequency of the beam, Rm is a vector identifying the origin

of unit cell m, and Frn is the position of scatterer n. e and e' are vectors representing

the polarization of the incoming and outgoing waves, respectively. By the Laue

condition (and assuming a perfect crystal), as the number of scatterers approaches

infinity, the second term in (2.14) goes to EZas, 6(G - Q), where B* is the set of

all vectors forming the reciprocal lattice. Thus, reflection is only observed if Q is

a reciprocal lattice vector, so the incoming beam must be oriented and wavelength

chosen such that Q corresponds to a reciprocal lattice vector. In this way, Q can

be selected to pick out a given reciprocal lattice vector associated with a charge,

magnetic, or structural property of the material. Then, the scattering length relates

the phase and amplitude of the outgoing wave to microscopic properties of the selected

Q. This is known as the kinematic approximation, and it provides an intuitive picture

of the principles of RSXS when the intensity of the scattered wave is weak. If the

kinematic approximation does not hold, multiple scattering events can occurs and

the dynamical theory of diffraction must be used to determine the relationship of

the scattered intensity and f,. We refer the reader to Fink et al. (2013) [12 for

references to discussions of alternative methods when the kinematic approximation

breaks down. Meanwhile, we discuss the nature of the form factor in greater detail

and experimental techniques for RSXS.

More concretely, the form of each term of fr, can be derived given basic assump-

tions about the material. Here, we focus on the resonant scattering term Afr, which

is most relevant to the experiment described in Chapter 3. A detailed derivation from
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Sakurai's Advanced Quantum Mechanics [311 shows that Afn = e' - Afja - 6, where

Afn = k2  (GIDII)(IDIG)(2.15)
EI-EG- hw-iI/2'

where IG) is the ground state, EG is its energy, and the sum is taken over all excited

states 1I) which have energies E and lifetimes 1/r. Here D = e E ri is the dipole

operator.

We can constraint the form of Af depending on the symmetry of the system. For

example, a system with complete spherical symmetry must satisfy

Af = R(0)1 3 x 3 ,

with 13x3 the 3 x 3 identity matrix and R(0) some scalar function independent of

polarization. Any other choice for Af would give a scalar Af that was not isotropic

in 6 and e. Similar, if less obvious simplifications are possible in systems with lower-

order symmetry. For example, it turns out that in a system with Oh symmetry and

a local magnetic moment m = m(x, y, z), Af must take the form

0 -z y

Af= R()13x3+ R z 0 -x,

\-y X 0

where R(0) and R(1 ) are scalar functions independent of the polarizations 6 and e'.

In a specific experiment, we can measure Af by measuring scattered intensities

at different beam polarizations. From the results, and the relation Af = e' - Af - 6,

we can back out the tensor Af. Having constrained the form of this tensor from

symmetry considerations, we can then determine the scalar functions R(O), R(, etc.

These functions depend strongly on the resonant intermediate states in the sum (2.15),

and thus encode information about the spin, charge, and orbital behavior of the

material.

A typical experimental geometry for a general RSXS experiment is shown in Fig-
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Figure 2-8: Example geometry of an RSXS experiment. The incoming and outgoing

polarizations are given by er, e, and e', e', respectively. Here, 7r denotes polariza-
tion perpendicular to the sample plane, and - denotes polarization parallel to the

sample plane. Image courtesy of J.E. Hamann-Borrero.

ure 2-8. In the Figure, an incident beam with incoming polarizations e, and e, is

incident on a sample. Here e, represents a polarization vector lying in the scattering

plane, and e, represents a polarization vector perpendicular to the scattering plane.

The scattering plane is spanned by the unit vectors 1 and '2 , which lie along the

sample. The outgoing polarizations are then given by e',, and e',, which can be

measured using an analyzer crystal which splits the different polarizations into two

detectors.
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Chapter 3

Methods

Materials that exhibit metal-insulator (MI) phase transitions, such as rare earth nicke-

lates and perovskite manganites, have attracted considerable attention in recent years

due to their promising technological applications. However, many aspects of the MI

in transition metal oxides materials are not well understood. The X-ray scattering

techniques introduced in this Section in principle offer a new avenue to directly image

the antiferromagnetic order of NdNiO 3 near the phase transition to probe its spatial

behavior at the nanoscale (20-100 nm).

Imaging materials down to the 10 nm limit is an ongoing scientific challenge. X-ray

scattering is a promising imaging technique, as X-rays are able to penetrate organic

and inorganic matter at greater depths than electron microscopes, with shorter wave-

lengths (and thus higher resolution) than visible light microscopes. Further, X-ray

scattering techniques have seen a recent resurgence due to the development of highly

brilliant X-ray sources in the 1990s, including synchrotrons, X-ray free electron lasers

(XFELs), and high harmonic generation (HHG) sources [25]. These sources extend

the capabilities of previous X-ray sources. For example, XFELs have a higher bril-

liance than storage ring X-ray sources of nine orders of magnitude, and are capable

of generating ultrashort (femtosecond) pulses [25].

Still, the spatial resolution of traditional X-ray imaging techniques is limited to

100 nm due to unavoidable aberrations of X-ray optics. Fresnel zone plate lenses are

among the most commonly used lenses, yet their spatial resolution is limited by the
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width of the outermost zone [29]. Although X-ray microscopes with up to - 10 nm

spatial resolution have been demonstrated, this level of performance is extremely

challenging and still far from theoretically ideal wavelength limited diffraction [25].

Among the most promising X-ray scattering techniques requiring a refocusing lens

is scanning transmission X-ray microscopy (STXM). In STXM, the probe is scanned

across the specimen and the transmitted intensity is measured at each spatial location,

generating a two-dimensional absorption contrast map of the sample. However, the

resolution is limited by the spot size of the beam, the coherence of the source, and

the quality of the refocusing lenses [29].

Lensless imaging techniques can be used to circumvent this problem. Coherent

X-ray diffractive imaging (CDI) is a novel lensless imaging technique that obviates the

need for a refocusing lens in X-ray scattering. In CDI, the object is illuminated with

with a coherent X-ray source and the scattered wave is collecting on an area detector.

Because only the intensity of the scattered wave is measured by the detector, the

amplitude and phase of the wave must be recovered using advanced phase retrieval

algorithms. I will describe the different CDI techniques in the following Section, and

enumerate several phase-retrieval algorithms in Section 3.1.2. Using these techniques,

the resolution is in principle only limited by the wavelength of the diffracted waves.

3.1 Experimental Techniques

3.1.1 Lensless Imaging

A typical coherent diffractive imaging setup involves a coherent beam focused onto

a specimen with no focusing optics. In standard (plane-wave) CDI, the sample is

fixed and illuminated by a plane wave. Then, the far-field (Fraunhofer) or near-field

(Fresnel) diffraction pattern is recorded by an area detector. The detector measures

the intensity of the diffracted wave incident on each pixel. I will denote the exit

wavefront in the sample plane as O(x, y) = (f), where the sample normal is defined

to be the i direction and x and y are translations measured in the object plane. Then,

38



using Equation 2.13, the measured wave in the far-field limit is proportional to

((flX n ny 2

Az Az))

In the near-field limit, the detector signal is given by

_F ( , y ) in ((!)2+(nx)2)) 2

Typically, we assume vacuum conditions and take n = 1. To measure y(x, y) and

thus characterize the intensity and phase of the exit wave, we must then employ phase

retrieval algorithms which iteratively reconstruct a simulated exit wave using one of

these constraints, depending on the experimental geometry.

In order to successfully reconstruct a simulated exit wave, the oversampling con-

dition must be satisfied. The oversampling condition is a core principle of signal

processing that ensures that the measured diffraction patterns contains enough in-

formation to reconstruct the exit wave. Because the detector records the diffracted

intensities at discrete pixel locations, the simulated detector-plane wavefunction may

be subject to aliasing. Aliasing occurs when the detector signal is band-limited and

not sampled at a high enough frequency, and results in distortions and artifacts. To be

sufficiently oversampled, the sampling rate the must exceed the Nyquist frequency, or

twice the bandwidth of the signal. In theory, a signal can be perfectly reconstructed if

sampled at or above the Nyquist frequency. Because the sampling rate of the detector

is fixed, often one ensures the object is properly oversampled by either restricting the

size of the object or using a finite probe spot.

There are several variants of CDI which extend the range of measurable geometries

and sample sizes. Figure 2-2 displays four of the most common techniques. Diagram

A displays a typical plane-wave CDI geometry with an aperture to constrain the probe

spot. The order-sorting aperture is necessary to satisfy the oversampling constraint

by limiting the probe spot size. The Bragg CDI setup, which records the diffraction

pattern near a Bragg peak of a crystalline sample, is shown in Diagram B. Bragg CDI

is particularly useful for polycrystalline or powder samples [291, where a transmission
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Figure 3-1: A: A typical plane-wave CDI geometry with an aperture to constrain the
probe spot. B: The Bragg CDI setup records the diffraction pattern near a Bragg
peak of a crystalline sample. C: A ptychography setup, which can be performed as
either a transmission or reflection experiment. D: Fresnel CDI, where the sample
is placed at the focus of a Fresnel zone plate and the Fresnel diffraction pattern is
measured. E: Reflection CDI setup. Image courtesy of Miao et al. (2015) [25].

experiment would be infeasible. Diagram C displays a typical ptychography setup,

which can be performed as either a transmission or reflection experiment. Ptychog-

raphy is often used to image larger samples where a plane-wave CDI approach would

not sufficiently oversample the object. During transmission ptychography, diffraction

pattern scans are taken at regular, known translations of the object [32]. Ptycho-

graphic phase retrieval algorithms then use all of the measured diffraction patterns to

independently reconstruct both the probe wavefunction and the object wavefunction

at near-wavelength spatial resolution (~ 1.3A) [29]. Diagram D shows Fresnel CDI,

where the sample is placed at the focal spot of a Fresnel zone plate and the Fresnel

diffraction pattern is measured [25]. Diagram E shows the reflection equivalent of

plane-wave CDI, which is particularly useful for samples grown epitaxially on a sub-

strate. Note that each of the aforementioned techniques can be extended to image

the three-dimensional structure of a sample by recording the diffraction patterns at

various tilt angles of the sample.

Phase retrieval algorithms are then needed to recover the phase of the exit wave

and, from that, the inner structure of the sample, which are summarized in Diagram
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F. These algorithms, discussed in the following Section, rely on an iterated series of

projections which impose constraints arising from the experimental geometry.

3.1.2 Phase Retrieval Algorithms

I will now introduce several phase retrieval algorithms which may be used to recon-

struct the image of a sample in standard CDI geometries. In the absence of noise and

other experimental errors, the reconstructed exit wave contains a unique amplitude

and phase which satisfies all the experimental constraints imposed by the diffraction

data. Two of the most common constraints, the near-field and far-field propagations,

were already introduced in Equations 2.13 and 2.12. From now on, I will refer to

the far-field (Fraunhofer) condition as the modulus constraint, because the measured

diffraction pattern is required to be the modulus-squared of the Fourier transform of

the exit wave. The far-field and near-field propagations can be efficiently implemented

on a computer with the discrete fast-Fourier transform (FFT) algorithm, which runs

in O(N 2 log N) time in two dimensions, where N is the length of the array.

Another relevant constraint is the support constraint: given an exit wave $ (x, y),

we may require that

V(X, y) = 0, (X, y) V S

for some surface S representing the surface area of our sample. Thus, the support

constraint effectively enforces that the electric field outside our sample in the object

plane is zero. When the location and shape of the sample is known, the support con-

straint can be used directly; otherwise, the support can be retrieved using algorithms

such as Shrinkwrap 1221.

One can then encode the simulated exit wave as a N x N array, where N is

the number of detector pixels along any axis. This choice is arbitrarily chosen for

convenience: in reality, we could choose any size of array to represent the exit wave,

provided that the oversampling condition is still met. Often, it is preferable to modify

the dimensions of the exit wave array. For example, we might encode our exit wave

array as a 2m x 2 M array for some M E Z+, as the FFT algorithm runs significantly
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faster when the array dimensions are a power of two. In ptychographic experiments,

it is often possible to increase the resolution by constructing the probe array to be

larger than the diffraction pattern arrays, because ptychographic experiments are

often more than sufficiently oversampled [19].

Phase retrieval is then the problem of finding the phase and amplitude of the

exit wave that simultaneously satisfies experimental constraints, such as the support

and modulus constraint. We can mandate that the exit wave holds either of these

constraints by projecting the exit wave to an updated wave satisfying the constraints.

However, each projection must be performed individually, and there are no known

methods for imposing both constraints simultaneously [10]. For example, it is easy to

construct objects having the correct Fourier modulus, or a given support, yet there are

no known methods for directly constructing an object with both properties. However,

we can nevertheless attempt to build the desired construction by iteratively imposing

these constraints using projections as elementary algorithmic operations.

Plane-wave CDI, Bragg CDI, Reflection CDI, and Fresnel CDI are all techniques

where a single diffraction pattern is measured by a detector. To retrieve the amplitude

and phase of the sample exit wave, we must employ phase retrieval algorithms for

"single-shot" CDI, involving only a single diffraction pattern. We may reconstruct

the exit wave at the sample plane, O(r), by iteratively imposing the modulus and

support constraints. The difference map algorithm is among the most commonly

used algorithms for CDI experiments [33]. In the difference map algorithm, we first

form an initial guess for the exit wave, 0#(). Then, for each iteration, we update the

simulated wavefunction using the update function

@'(r) = 4'(iY) +/{wr1[(1 +/-1)w 2 (()) -#1()] -1r2[(1 -i31)r1(#(r))+#~-l@()]},

where wr 1 , r 2 represent the modulus and support constraints (in any order). Typically,

we take /3 = 1, though in theory convergence can be achieved with any small 1, either

positive or negative. Note that taking / = -1 is equivalent to interchanging the two

projections.
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Instead of measuring a single diffraction pattern, as in the aforementioned CDI

techniques, we can take a regularly spaced raster scan of diffraction patterns, each

with translation r8(j), where j indexes each pattern. This experimental technique is

known as ptychography. In ptychography, it is relatively straightforward to ensure

that the oversampling condition is met by controlling the translation between scans.

Among the most well-known phase retrieval algorithms for ptychography is the ex-

tended ptychographic iterative engine (ePIE), originally described in Maiden et al.

(2009) [20]. ePIE aims to reconstruct the probe wavefunction, P(r), and the object

wavefunction, O(f). We assume that the exit wave in the sample plane for the jth

diffraction pattern, denoted 4j (r, is given by the product of the translated probe

wavefunction and the object wavefunction, namely

(f) = Oj(r)Pj (V -- s(j)),

where r'(j) is a vector pointing to the location of the probe at the s(j)th scan, j is

the iteration number, and s(j) : j -+ k, where k indexes a random probe translation.

The simulated exit wave #b is then propagated to the far-field by taking the Fourier

transform:

Thd() = T( bj(r))

Next, the modulus constraint is applied by replacing the modulus of Tj(d) with the

square root of the intensity of the measured diffraction pattern. Mathematically, this

means we define

-F(O (0))
W ) = '(j) (),

|T(Oj (r))|'

as well as the backwards propagated, corrected exit wave

(r) = qF--t( (d)).

From these quantities, one can define updates to the probe and object wave func-
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tions, given by

Oj(r)
PF+ 1 (i - s(J)) = P3(- (J)) + ' o((i 2 ( ) --

| ()max

and

02+1( ) = Oj M~ + 0 r r. 2 M9 M - Of (0)-
|Pj(r - rsw))|a

To motivate these equations, one can consider the probe update, and note that the

logic follows identically for the object update. The probe update step is nearly identi-

cal to performing a weighted average with weight # between the original probe guess

Pj (r- r(j)), and a pseudo-updated probe guess with an imposed modulus constraint.

Note that because 4j (f) = Oj(f)P(r' -,(j)), the probe update step can be rewritten

as

P+1(W - , (A) Pj(W - , (A) + 2 (,i -O )
I I( V) max (3.1)

=Pj( - ,() + ( 1 )I2  - ,(A - Pj(

The last line shows a strong resemblance to a weighted average if Oj (T)max is replaced

with Oj (r). However, using Oj (r)max instead maximizes the update where the object is

large, which usually increases the rate and probability with which the reconstruction

converges. For one iteration to complete, this entire update sequence is repeated

for all given possible translations s(j) in a randomized order. This process is then

repeated for many iterations until convergence is achieved.

ePIE is one of many phase retrieval algorithms that can be used in scattering

experiments. rPIE, the rapid ptychographic iterative engine, introduces an additional

parameter a which can be tuned to control the speed at which low illumination versus

high illumination areas in the object wavefunction proceed [20]. In rPIE, the object

update step is then given by

= O(~ -P I(i? -rP(J))-

Oi+1(r) = Oj( ) + 0 P7 - 2 -, 2(AE)~f ff
ajJj(I - I (j)) 1max + (1 - a)Pj1(I - s(j))(r
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Typically, an a-value of slightly below 1 (such as 0.95) receives the best conver-

gence [20]. mPIE, or momentum ptychographic iterative engine, uses a momen-

tum update analogously to how momentum updates accelerate training of weights

in a neural network. The momentum update is applied to the reconstructed probe

every ~ 5-10 updates for maximal convergence 120]. Machine learning techniques

have been increasingly used in phase retrieval in the past few years; for example, an

automatic-differentiation-based approach to phase retrieval was recently successfully

implemented using the Adam optimizer 1161. Our group's phase retrieval library,

described in the following Section, makes use of several of these phase retrieval algo-

rithms.

3.2 CDTools Code

In this section, I will describe the package CDTools, a custom-made Python library

for solving phase retrieval problems in several different geometries. CDTools was

implemented by Abe Levitan and myself, and a previous iteration of the library was

partially implemented by another undergraduate student, Kenny Duran. CDTools

currently supports ptychography experiments, though it is being updated to support

general CDI experiments as well. The ptychography implementation in CDToolsis

backed by multiple phase retrieval algorithms, and optimized with a PyTorch back-

end to provide high performance GPU compatibility.

The control-flow of CDTools is designed to allow users to easily control relevant

algorithmic parameters and combine algorithms. Algorithms are run using generating

functions for a set number of iterations, and by default return the mean-squared-

error loss of the reconstructed probe and object at that iteration. For ePIE, the

mean-squared-error is given by

2

Z., I.F(P(i'- u8())OWw()) - 18(_j)(i)
N

where N is the number of diffraction patterns. In general, performing a simple re-
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construction would require running code such as:

import CDTools

filename = '/home/maddie/Reconstructions/110549_p-dewibbled.cxi'

# Import a dataset from a cxi file using automated data loading

with h5py.File(filename,'r') as f:

dataset = CDTools.datasets.Ptycho_2DDataset.fromcxi(f)

# Initialize a simple ptychography model

model = CDTools.models.SimplePtycho.fromdataset (dataset)

# Run the reconstruction

for i, loss in enumerate(model.ePIE(200, dataset, beta = 0.95)):

print(i, loss)

In this example, a Ptycho_2DDataset object is first initialized a the CXI file, a file

type specifically designed for X-ray scattering experiments. The contents of the CXI file

includes details about the experimental geometry, which are automatically loaded into the

dataset object. Then, a ptychography model is formed from the dataset to include geome-

try information relevant to the reconstruction, including how to convert between real- and

pixel-space translations. The initialization method also forms an initial probe and object

guess dependent on the loaded diffraction patterns. The initial probe guess defaults to a

SHARP_st yle-probe, which sets the mean of all the diffraction patterns as an initial guess

for the Fourier space distribution of the probe. It sets all of the phases to zero, which is a

reasonable approximation for many simple beams (such as a Fresnel zone plate) close to the

focal spot of the beam. Then, the program runs an ePIE reconstruction on the data for 200

iterations with / = 0.95.

CDTools uses a modular structure that allows the user to call algorithms as method.

This structure was originally suggested by Abe Levitan. Users can enter any relevant re-

construction parameters, including the number of iterations and the ordered sequence of
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algorithms to use, by calling the algorithms as generating functions in the order they will

be used. An example user script to run a transmission ptychography reconstruction with

ePIE, rPIE, and automatic differentiation in a single reconstruction can be found in Ap-

pendix B. This structure offers a simpler and more flexible framework than many existing

phase retrieval libraries, which require manually loading in information about the experi-

mental geometry. CDTools can fulfill the same functionality in ~ 15 lines of code, without

sacrificing the ability to fine-tune the reconstruction parameters.

Finally, I added several additional features to improve user-friendliness. I designed an

easy-to use plotting feature which sets axis labels to match the experimental geometry. In

the previously implemented library XPRT, I also implemented a live-plotting feature which

allowed users to view the reconstructed object, probe and relevant error metrics as the

reconstruction takes place. I am currently implementing this feature in CDTools. Live-

plotting is an important feature to include because it allows the user to debug and fine-tune

their algorithms more efficiently. I also built CXI (Coherent X-Ray Imaging) file viewing,

loading, and saving features, which were then updated by Abe. The CXI file format is

standard in the X-ray scattering community, so these features enable reconstruction files to

be compatible with the vast majority of data users will interact with. Finally, I am currently

implementing detailed documentation in Sphinx, so that future users can use the library

with relative ease.

3.2.1 Example Reconstructions with Synthetic Data

I will now perform a representative example reconstruction on simulated diffraction patterns

to demonstrate the capabilities of CDTools. I generated the object amplitude and phase

from two separate images, as shown in Figure 3-2. Figure 3-2 also shows the synthetic probe

amplitude and phase wavefunction. A SimplePtycho object was then initialized with

the pixel translations and synthetic diffraction patterns generated with the idealized data

(i.e., using the original images with no artificial noise added). The reconstruction begins

with an initial probe and object wavefunction "guess". I initialized the object guess to an

array of all ones, which corresponds to the probe propagating through free space without

interference from the material. This object guess is reasonable to begin with because it

contains the correct order of magnitude (the amplitude will only be reduced when passing
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Figure 3-2: The true object amplitude (top left), object phase (top right), probe am-

plitude (bottom left), and probe phase (bottom right) for a synthetic reconstruction.
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through the material) and the phase does not contain sharp jumps, which can sometimes

reduce the convergence of ePIE [201. I initialized the probe guess to a simple Gaussian

beam with an incorrect width, magnitude, and phase. This probe guess could in theory

be improved by using a SHARP-style-probe, which I will use in the reconstructions in

Section 4.1. However, my synthetic reconstructions indicate that ePIE is highly robust,

even with a "bad" initial probe guess, given that the diffraction patterns and translations

represent ideal, noiseless data.

I then ran 50 iterations of ePIE with 1 using these initial guesses. The recon-

structed object and probe (amplitude and phase) is shown in Figure 3-3. Even without

the SHARP-style-probe initial probe guess, the reconstructions have converged nearly

perfectly after 50 iterations. Upon inspection, only the reconstructed object phase shows

noise, whereas the reconstructed object amplitude is virtually indistinguishable from the

original. After 50 iterations, it is clear that convergence has been achieved to high accuracy,

with a mean-squared error of 1.56. To show the progress of the reconstruction, images of

the reconstruction after 10 iterations are also included in Figure 3-3.

I also tested the performance of ePIE on same images with simulated experimental errors

added to the simulated diffraction patterns. To generate the dataset, I added nanopositioner

inaccuracies, probe intensity fluctuations, and background noise. Nanopositioner inaccura-

cies were generated by shifting each idealized x- and y- translation position by a random

number generated from a Gaussian distribution with zero mean and a standard deviation

of 1/2, then rounding the result. Probe intensity fluctuations were generated by scaling

the simulated diffraction pattern by a random number drawn from a Gaussian distribution

with a mean of 1 and standard deviation of 1/20. Finally, background noise was added by

adding a randomly generated number with a mean of 2 and a standard deviation of 1 to

each pixel. ePIE had worse performance on this dataset. Instead of converging to a single

mean-squared-error, the reconstructions fluctuated between a mean-squared-error of 1.84-

2.00 after 50 iterations. Figure 3-4 shows the reconstruction quality after 50 iterations. ePIE

successfully retrieves the general features of the object and probe amplitudes and phases,

through the results are visibly noisy.
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Figure 3-3: Reconstructed object amplitude (first row), object phase (second row),
probe amplitude (third row), probe phase (fourth row) after 10 and 50 iterations of
ePJE, respectively.
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3.3 Data Collection

In this Section, I will describe the basic setup and operating principles of the Coherent Soft

X-ray Scattering (CSX) beamline of the National Synchrotron Light Source (NSLS) II at

Brookhaven National Laboratory. Then, I will enumerate the procedure for collecting Bragg

ptychographic data on an epitaxially grown NdNiO 3 sample during the October 17-21, 2018

beamtime.

3.3.1 Apparatus

The CSX beamline at NSLS II is a high-photon flux (1013 photons per second) coherent

beamline that produces soft X-rays with energies from 0.25 keV to 2 keV. It is typically used

for resonant and magnetic X-ray scattering and imaging experiments, including CDI and pty-

chography, coherent based microscopy, phase contrast microscopy, Fourier transform holog-

raphy, STXM, and X-ray photon correlation spectroscopy (XPCS) [1]. The energy range

offered by the CSX beamline covers the L edges of transition metal oxides, which correspond

to the excitation of the 2p electron to unfilled 3d orbitals. In the case of NdNiO 3 , the anti-

ferromagnetic structure gives rise to a magnetic diffraction peak QBragg (1, 1, 1pc [17],

which is resonantly active at the Ni L 3 edge. This makes the CSX beamline an ideal in-

strument for imaging the antiferromagnetic domains of NdNiO 3 near the phase transition

temperature.

The CSX X-ray beam is created by a pair of identical elliptically polarizing undulator

(EPU49) sources. The undulators are a component of the larger synchrotron storage ring at

NSLS II [1]. Undulators consist of two rows of magnets, each arranged in a periodic array

where adjacent magnets point in alternating directions. A relativistic electron beam is then

passed between the rows of magnets, which causes the electrons to wiggle with a charac-

teristic trajectory determined by the gap size of the undulator, or the separation between

magnets. The bandwidth of the gap size thus enables radiation to be produced with a given

wavelength that depends on the magnetic field strength, which in turn is controlled by the

size of the gap between the two rows of magnet poles. At the CSX beamline, the undulators

are designed to produce soft X-ray photons, which are then routed to an experimental end-

station at the far side of the beamline. The wavelength is then more precisely selected using

a monochromater to have a small bandwidth centered at the Ni L 3 resonance. However,
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the wavelength often fluctuates during ptychography experiments, causing variations in the

RSXS signal which have to be accounted for within the ptychography reconstruction engine.

This experimental error is further discussed in Chapter 4, as it currently limits the quality

of my NdNiO 3 reconstructions.

The CSX beamline endstation is a scattering chamber called TARDIS, which is shown in

Figure 3-5. TARDIS is equipped with a liquid He flow cryostat that can reduce the sample

temperature to below 10 K. The detector, obtained through a collaboratio with Lawrence

Berkeley National Laboratory, is a Berkeley Fast CCD which can acquire diffraction patterns

at a refresh rate of up to 500 Hz. The entry port of the X-rays into the scattering chamber

is equipped with a pinhole slit that is used to select the coherent portion of the X-ray beam,

with 10, 20,50 pm or 2 mm diameter. The sample is then typically placed ~1 m downstream

from the pinhole slit, which produces a beam footprint of ~ 100-200 Am at the sample plane.

Full specifications for the CSX beamline are given in Table 3.1.

The polarization of the beam can be tuned to be circular, elliptical, or linear. This

is particularly valuable for RSXS experiments, where the relationship between the incident

polarization and the outgoing polarization is intrinsically tied to the scattering matrix, Afn.

The current experiment utilizes linearly polarized light in the U and 7r directions. A

strong dichroism between these incident polarizations is indicative of magnetic ordering,

because the o--o scattering channel is prohibited in magnetic scattering. Because the un-

dulator polarization can be tuned without altering the experimental geometry, data can be

collected using multiple polarizations at the same scan locations. Then, by identifying areas

with lower intensity in the 7r channel as opposed to the a channel, the antiferromagnetic

domains can be identified. Phase slips in the reconstructed exit wave are also characteristic

of the edges of antiferromagnetic domains as prescribed by the complex magnetic scattering

amplitude. However, atomic displacements also expected to create a phase shift in the exit

wave, so the two effects must be disentangled using alternative methods.

During the beamtime, ptychographic scans were collected of a NdNiO 3 film grown on a

LSAT substrate. The NdNiO 3 film was grown in (111), orientation, such that the NdNiO 3

sample was unstrained. The samples were prepared such that the scattering plane (i.e., the

plane formed by the incident and transmitted/reflected beam) was spanned by the crystal

vectors in the [111] and [-1101 vectors (pseudocubic notation). All samples had a lateral size

of 2 x 5 mm2 . Diffraction patterns were taken at temperatures between 100-250 K so that
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CSX Beamline
Source Type
Photon Flux
Energy Range
Wavelength Range
Resolving Power
Spot Size

(23-ID-1) at NSLS II
EPU49 (Dual Sources)
103 photons/sec
200-2700 eV
0.6-4.6 nm
2000-3000 E/AE
0.5-30 pm

Table 3.1: Beamline specifications for the CSX beamline at NSLS II.

Figure 3-5: The Coherent Soft X-ray Scattering beamline at NSLS II (middle), the

TARDIS scattering chamber (left), and me in front of NSLS II (right). Images cour-

tesy of Riccardo Comin and Abe Levitan.
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Figure 3-6: Representative Bragg ptychography diffraction patterns for an

NdNiO 3 film from the CSX beamline. The units are the log of the measured

value.

10

8

6

4

2

epitaxial
intensity

the antiferromagnetic domains could be imaged through the phase transition temperature.

A 5 pm pinhole was placed in front of the sample to define a regular probe size. Fiducial

masks were deposited on the sample surface for sample positioning purpose.

A series of diffraction patterns were then taken both in the transmission ptychogra-

phy and Bragg ptychography geometries at temperatures between 100 K and 297K. Piezo-
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actuated nanopositioners were used to translate the X-ray beam while the sample position

was kept fixed. Diffraction patterns were collected in a regular grid or spiral trajectory with

varying step sizes, typically on the order of 500 nm, to ensure more than 90% of overlap be-

tween adjacent measurement. Figure 3-6 shows two randomly selected diffraction patterns

plotted on a logarithmic scale from a NdNiO 3 sample.

Initial reconstructions were performed after each scan using the two predecessors of

CDTools, OMGPRL and XPRT. The first reconstructions were performed in OMGPRL, though

the speed of the reconstructions was low because the library was implemented in TensorFlow,

which suffered slow performance on the CPU. During the beamtime, I implemented the pack-

age XPRT, which contained the same functionality as OMGPRL but utilized PyTorch instead

of TensorFlow. This greatly improved the speed of the reconstructions during the lat-

ter half of the beamtime. Afterwards, I performed more detailed reconstructions using the

group's Nvidia GPU. Performing reconstructions on the GPU sped up each iteration by

a factor of > 10, as the GPU utilized the parallelized implementation of the fast-Fourier

transform in PyTorch. The initial results of these reconstructions are given in Chapter 4.
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Chapter 4

Results

4.1 NdNiO 3 Reconstructions

In this Chapter, I present preliminary reconstructions of the NdNiO 3 film using data from

the beam time discussed in Chapter 3. I reconstructed a Bragg ptychography spiral scan to

test the capabilities of basic phase retrieval algorithms on actual data. My reconstruction,

displayed in Figure 4-1, was achieved using 500 iterations of ePIE with 3 = 1.0. Other values

of 3 were also used to generate reconstructions, and convergence was generally achievable

with 0.9 < 3 < 1.1, with the best results at 3 = 1. The intensity of the object wavefunction

corresponds to the darkness of the reconstruction, whereas the phase corresponds to the

coloration of the image. The darkened corner in the lower right is a Fiducial mask placed

on the material as a reference for the scan location. Irregularly spaced domains with a

green phase and darker intensity are separated by lower intensity, bluer domains. The

boundary of these domains corresponds to the boundary of the antiferromagnetic domains.

As mentioned previously, the phase changes also encode the edges of the antiferromagnetic

domains, though the effect is potentially combined with effects due to atomic displacements.

There are several factors limiting the quality of these preliminary reconstructions, mostly

due to the lack of robustness of the phase retrieval algorithm in the presence of naturally

occuring statistical errors from the experimental apparatus. The major factor limiting the

reconstructions from an algorithmic point of view was the sensitivity of ePIE to the initial

probe and object guesses given imperfect experimental data. On many scans, if the initial

probe guess was sufficiently far from the actual probe, the algorithm could not reach con-
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Figure 4-1: Reconstructed image of a NdNiO 3 thin film using 500 iterations of ePIE

with 3 = 1.0. The intensity of the object wavefunction corresponds to the darkness

of the reconstruction, whereas the phase corresponds to the coloration.

vergence. This was partially mitigated by implementing the SHARP-style-probe, which

formulates an initial probe guess based off of the experimental data instead of, for example,

guessing a simple Gaussian beam. However, even with using the SHARPstyle-probe as

an initial guess, convergence could not be achieved on some runs. Variants of ePIE, such as

rPIE, mPIE, shrinkwrap, and automatic differentiation [221, can be tailored to the data to

achieve better convergence, but they are not explored in this thesis.

Experimental factors also limited the quality of our reconstructions. Both the wavelength

and intensity of the beam was unstable over time, and this effect which was particularly

pronounced during longer ptychographic scans. An incorrect wavelength creates a systematic

error between the calculated propagated exit wave and the actual propagated exit wave,

because the pixel-space to real-space conversion to encode the reconstructed probe and

object is dependent on A. Modulations in the probe intensity between diffraction patterns

also introduces a systematic error because the probe wavefunction is changing as a function

of time, which is not accounted for in any of the the implemented phase retrieval algorithms

in CDToo1 s. Additionally, the detector images have time-varying background noise, making

it difficult to fit a background parameter as part of the reconstruction. This effect can easily

be seen in Figure 3-6.

Perhaps the largest source of experimental error was inaccuracies in the recorded probe

location and the actual probe location as defined by the nanopositioners. This source of
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error causes a discrepancy between the predicted scan location and the actual scan location,

and appears to be intrinsic to the CSX beamline. However, Abe Levitan recently used a

position annealing algorithm (see 135]) to simultaneously reconstruct the true positions of

the as well as the probe and object wavefunction. His results showed significant systematic

errors resulting from the measured nanopositioner locations. An implementation of position

annealing automatic differentiation for CDTools is already well under way, and a position

annealing version of ePIE will be implemented in the future. Future experiments will aim

to reduce these experimental errors and improve on the robustness of the algorithms.

4.2 Discussion

A complete understanding of nanoscale spatial textures of strongly correlated electronic

phases of matter is imperative to harnessing the technological functionalities of perovskite

nickelates. Combining lensless imaging techniques with the resonance specific techniques in

RSXS raises the possibility of probing the electronic orders arising from charge, spin, orbital,

and lattice degrees of freedom while simultaneously imaging the nanoscale organization

of these states of matter. In turn, the reconstructions could yield invaluable information

about the nanoscale structure of the competing phases at the critical point, and thus the

nature of the strongly correlated electronic interactions underlying these phases. This thesis

documents the group's first efforts to probe the nanoscale behavior of spin ordering in a

material using ptychographic and RSXS techniques. Though my initial reconstructions

display only the basic features of the antiferromagnetic domains of NdNiO 3 near the MI

transition, the group has already produced more advanced reconstructions by algorithmically

accounting for errors due to nanopositioner inaccuracies and background noise. The phase

retrieval package CDTools will serve as a tool and medium for these improvements. These

efforts promise to advance the group's capabilities to image and understand quantum states

of matter at nanoscale resolution.
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Appendix A

Example ePIE Code

def ePIE(self, iterations, dataset, beta = 1.0):

"""Runs an ePIE reconstruction as described in 'Maiden et al. (2017)

<https://www.osapublishing.org/optica/abstract.cfm?uri=optica-4-7-736>'_.

Optional parameters are:

:arg ''iterations'': Controls the number of iterations run, defaults to 1.

:arg ''beta'': Algorithmic parameter described in Maiden's implementation of ePIE. Defaults to 1.0.

:arg ''probe'': Initial probe wavefunction.

:arg ''object'': Initial object wavefunction.

probe-shape = self.probe.shape

if self.mask is not None:

mask = self.mask[...,None]

else:

mask=None

def probe-update(exit-wave, exit wave-corrected, probe, object, translation):

new-probe = probe + tools.cmath.cmult (beta * tools.cmath.cconj(object[translation])/ \

(self.probe norm*t.max(tools.cmath.cabssq(object))), exitwave_corrected-exit-wave)

return new-probe

def object-update(exit wave, exit wavecorrected, probe, object, translation):

new-object = object.clone()

new-object[translation] = object[translation] + tools.cmath.cmult (beta *

tools.cmath.cconj (probe)/ (self.probe-norm*t.max(tools.cmath.cabssq(probe))),

exitwavecorrected-exit wave)

return new-object

# Don't update gradient as to not interfere with automatic differentiation algorithm
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with t.nogrado:

# Initialize data loader

data-loader = torchdata.DataLoader(dataset, shuffle=True)

for it in range(iterations):

loss = []

for (i, [translations]), [patterns] in dataloader:

# Data loader will produce a randomized translation and diffraction pattern

# Store old versions for probe and object update steps

probe = self.probe.data.clone()

object self.obj.data.clone()

# Calculate exit wave from product of probe and object at a given translation

exit-wave = self.interaction(i, translations)

# Propagate result in to the farfield detector plane

propagated-exit wave = self.forward-propagator(exit-wave)

exitwavecorrected = propagated-exit-wave.clone()

# Apply modulus projection

exitwavecorrected[self.detector_slice] = \ tools.projectors.modulus( \

propagatedexitwave.clone() [self.detectorslice], patterns, mask = mask)

# Back propagate to object plane

exitwavecorrected = self.backwardpropagator(exit-wave corrected)

# Calculate rounded pixel translation

pix-trans tools.interactions.translationsto-pixel(self.probebasis,

translations)

pixtrans -= self.mintranslation

pix-trans = t.round(pixtrans).to(dtype=t.int32).cpu().numpy()

object-slice = np.s_[pixtrans[O]:

pix-trans[0]+probeshape[0],

pix-trans [1]:

pix-trans[1]+probeshape[1]]

# Apply probe and object updates

self.probe.data = probe update(exit wave, exitwave_corrected, probe, \

object, object-slice)

self.obj.data = object update(exit-wave, exitwave_corrected, probe, \

object, objectslice)
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# Calculate mean squared error for the seleted diffraction pattern

loss.append (self. loss (self .measurement (self. forwardcpropagator( \

self.interaction(i, translations))), patterns))

yield it, t.mean(t.Tensor(loss)).cpu(.numpy()
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Appendix B

Example Reconstruction Code

from __future__ import division, print.function, absolute-import

import CDTools

from CDTools.tools import cmath

from CDTools.tools.plotting import *

import h5py

import torch as t

import numpy as np

from matplotlib import pyplot as plt

# Select CXI file to perform reconstruction on

filename = '/home/maddie/Reconstructions/110549_p-dewibbled.cxi'

# Load CXI contents in to a dataset automatically

with h5py.File(filename,'r') as f:

dataset = CDTools.datasets.Ptycho_2DDataset.fromcxi(f)

# Create a SimplePtycho reconstruction object using experimental details from the dataset

model = CDTools.models.SimplePtycho.from dataset (dataset)

# Choose between running the reconstruction on the CPU/GPU. Uncomment these to use on the CPU

# default is CPU with 32-bit floats

model.to(device='cuda')

#dataset.to(device='cuda')

dataset.getas(device='cuda')

# Run 200 iterations of ePIE

for i, loss in enumerate(model.ePIE(200, dataset, beta = -1)):

print(i, loss)
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# Run 200 iterations of rPIE

for i, loss in enumerate(model.ePIE(200, dataset, beta = 1.05, alpha = 0.95)):

print(i, loss)

# Run 200 iterations of automatic differentiation

for i, loss in enumerate (model. Adam-optimize (20 0, dataset))

print(i, loss)

# Plot the results

model.inspect()

plt . show ()
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