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Abstract 

Transition metal oxides (TMOs) have attracted considerable interest due to the intriguing 

interactions between spin, charge, and lattice degrees of freedom. The delicate balance between 

these interactions can be altered by doping, symmetry breaking, and other external stimuli such as 

pressure, electric field, and magnetic field. The Ruddlesden-Popper (RP) family of ruthenates, 

Srn+1RunO3n+1, is a prototype of TMOs with stacking octahedra along the c axis, and the intra- and 

inter-octahedral structures are known to be crucial to both electronic and magnetic properties. In 

this dissertation, we focus on studying the effects of chemical doping and broken symmetry at the 

surface of bilayered Sr3(RuxMn1-x)2O7 (n = 2), especially emphasizing the correlation of emergent 

surface electronic-magnetic properties with the lattice structure.   

Bulk Sr3Ru2O7 is paramagnetic and metallic with octahedra rotating around the c-axis. As 

Ru is partially replaced by Mn, Sr3(Ru1-xMnx)2O7  undergoes a metal-insulator transition (MIT) 

and an antiferromagnetic (AFM) phase transition coupled with x, leading to an AFM-insulating 

ground state. Creation of the surface breaks the bulk translational symmetry, leading to further 

perturbations of the system. 

In this work, we complete the single-crystal X-ray diffraction study of Sr3(Ru1-xMnx)2O7  

samples at low temperatures (28 K) and construct a surface phase diagram by using a combination 

of surface-sensitive characterization methods. Quantitative analysis of low-energy electron 

diffraction intensity versus voltage (LEED I-V) measurements are used to investigate the variation 

of the surface lattice. As x increases, the surface octahedral rotation angle decreases and is 

accompanied by a change in the bond lengths of surface octahedron. The temperature and magnetic 

field dependence of the scanning tunneling spectroscopy (STS) spectra of Sr3(Ru1-xMnx)2O7 (x = 

0, 0.08, 0.16, and 0.23) indicate that the surface is metallic and nonmagnetic. We also use high-
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resolution electron energy loss spectroscopy (HREELS) to indirectly verify the surface 

conductivity by the asymmetric Fano line shape of A1g(2) phonon mode. 

Based on our detailed experimental investigations, we found that the surface of Sr3(Ru1-

xMnx)2O7 has strikingly different properties from the bulk phase. This discovery allows us to gain 

insight into the relationship between surface structure and electronic/magnetic properties of 

Sr3(Ru1-xMnx)2O7 and provides an ideal platform for exploring the hidden bulk phases. 
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Chapter 1. Introduction 

1.1 Correlated Electron Systems 

 In the last few decades, modern condensed matter physics has made great experimental 

efforts to explore the extraordinary physical properties of correlated electron systems and to 

explain the origin of their driving mechanisms theoretically. In these correlated electron systems 

(CEMs), electrons are no longer treated in dependently, but rather as a correlated behavior. The 

affected electronic interactions include Coulomb interactions and electron-phonon interactions 

that prevent electrons from jumping from one site to another [1,2]. Correlated materials exhibit 

complex and unique behaviors by tuning different parameters (e.g., composition, temperature, 

magnetic field, and pressure) [3-5]. As shown in Figure 1.1, there exists close coupling between 

the lattice, charges, orbitals, and spins in CEMs and external stimuli that disturb the balance of this 

coupling can induce novel physical properties. 

The surface of correlated electronic materials is in many ways a new material, and the 

collective behavior observed in such materials arises from strong correlations between electrons. 

This phenomenon cannot be explained through classical treatment of the electronic properties, 

which cannot be explained by independent electronic properties, making it very difficult to develop 

any microscopic theory for these materials. Partially filled d-electron correlated transition metal 

oxides (TMOs) are a typical CEM system. TMOs contain many novel phenomena such as high 

temperature superconductivity, giant magnetoresistance, charge and spin density waves, quantum 

phase transitions, and different types of metal-insulator transitions, among others [6]. For example, 

in the case of chalcogenide transition metal oxides (chemical formula ABO3), the A-site ions are 

rare earth or alkaline earth ions, and the B-site ions are transition metal elements [7]. Their rich 

physical properties are closely related to the lattice structure, A and B site elements. Therefore, it 
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is possible to introduce structural changes in the material by introducing chemical intercalation. 

An example is the doping with Ca on Ru sites of single layer Sr2RuO4, where the octahedral 

rotation dramatically affects the electronic band and orbital occupancy, and thus the physical 

properties [8]. 

Figure 1.1.Strong nonlinear coupling between lattice, charge, and spin in 
CEMs. 

 
From doping atomic sites containing elements with different valence states, such as Ca2+ 

doped into La3+ site of La1-xCaxMnO3, the additional holes change the bandwidth and band filling 

while maintaining the orthorhombic structure in the bulk of the crystal [9]. On these materials, one 

can perturb the system with an external source and measure the response of the system. The 

complex nature of the emergent phenomena allows one to control the structure of the material in 

distinct ways to tune a particular property of the material.  

Creating a surface breaks the translational symmetry and thus induces a perturbation in the 

system [10]. Due to the nature of the CEMs, this perturbation can dramatically affect competing 

ground states and create new emergent phenomena. If a material has a layered structure, then we 

can create a surface by cleaving the sample and use it to explore the surface properties in the 

material [11-13].  
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1.2 Ruddlesden-Popper Ruthenates 

The ruthenium oxides of the Ruddlesden-Popper (RP) series, Srn+1RunO3n+1 (n = 1, 2, 

3, ...∞), are a very important class of compounds that are extremely sensitive to impurities due to 

the flexibility and reactivity of the delocalized Ru 4d orbital. Structurally, RP ruthenates form 

alternating layers of Sr-O and Ru-O planes, as shown in Figure 1.2. The crystal structure of layered 

RP ruthenates has n stacks of RuO6 octahedra within the unit cell with shared oxygen along the c-

direction [14]. Due to a relatively large separation between each Sr-O layer, they are weakly bound 

by van der Waals forces, and prone to cleave under external force. With the evolution of n, the 

octahedra in the ab plane have a half unit cell lateral shift. Like other CEMs, the phase diagrams 

of RP ruthenates are very complex and depend on n and octahedral distortions. The structural 

symmetry decreases as RuO6 octahedra distort from a perfect cubic perovskite. The deviation from 

perfect cubic structure is assessed by a Goldschmidt tolerance factor t as a function of the  A, B 

site ion radii rA, and rB [15]. For SrRuO3 (n = ∞), t = 1 indicates an ideal cubic structure. while t ≠ 

1 indicates the octahedral distortion, such as in Figure 1.3, Sr2RuO4 (n = 1) is isostructural to the 

high-Tc compound La2-xBaxCuO4, having a layered perovskite structure with one RuO2 plane per 

unit, and a p-wave superconductor with a spin-triplet [16]. On the other hand, SrRuO3 (n = ∞) is 

an itinerant ferromagnet with three-dimensional behavior [17].  

The magnetism in Srn+1RunO3n+1 evolves with n and the bilayered Sr3Ru2O7 (n = 2) 

intermediates between n = 1 and ∞, exhibiting a competition between ferromagnetic (FM) and 

antiferromagnetic (AFM) instabilities as well as quantum metamagnetic transitions [4,18,19].  The 

different compounds of RP ruthenates show distinct changes in physical properties and ground 

state behavior with n. Due to the difference in the Goldschmidt tolerance factor t of each TMOs, 

structural changes lead to distortions in the M-O-M bond angles and thus determine the conduction 
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band width W. As the system dimension decreases, especially in two-dimensional systems, the 

effect of structural distortions on W appears to be more drastic. A comparison between Sr and Ca 

compounds (Sr, Ca)n+1RunO3n+1 (n = 1, 2) is shown in Figure 1.3. Both Ca2RuO4 and Ca3Ru2O7 

undergo metal-nonmetallic transitions with antiferromagnetic behavior, and the transition 

temperature decreases with n. While for Sr2RuO4 and Sr3Ru2O7, both compounds remain metallic 

over the entire temperature range and display ferromagnetic behavior. Thus, structural changes 

triggered by the covalent doping of Ca2+ with Sr2+ at the A-site can produce a rich bulk phase 

diagram [19,20]. 

Figure 1.2. Crystal structures of the Ruddlesden-Popper ruthenates Srn+1RunO3n+1 
(n = 1, 2, 3, ...∞) with RuO6 octahedra stacking along the c direction.  

 
The lattice dynamics of Sr2RuO4 (n = 1) have been investigated by inelastic neutron 

scattering, as shown in Figure 1.4. The 𝛴! and 𝛴" phonon modes are associated with the rotational 

mode of RuO6 around an axis parallel to the c-axis and the tilting mode of the axis in the ab-plane, 
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respectively. Unlike the 𝛴" mode, which is flat throughout the Brillouin zone, the 𝛴! mode shows 

softening at the zone boundary along the blue line, where its phonon energy is significantly reduced 

in the second half of the Brillouin zone. Due to the interaction between the optical and acoustic 

phonon branches, along the blue line is the direction for the  measured dispersion of the 𝛴! 

softened phonons. This softening behavior corresponds to a structural instability of the rotational 

distortion of the RuO6 octahedron [21]. The partial replacement of Sr site in Sr2RuO4 (n = 1) with 

Ca results in the observation of structural changes and the appearance of the softened 𝛴" mode 

[22]. These structural transitions are closely coupled with magnetic and physical properties, as 

shown in the rich phase diagrams in Figure 1.5. The structure of Ca2-xSrxRuO4 in Figure 1.5a 

undergoes a first-order phase transition from the space group I4/mmm to I41/acd and Pbca to S-

Pbca phase as the concentration of Sr changes. Figure 1.5b contains a x coupled AFM to 

paramagnetic transition and a MIT transition from the unconventional superconductivity. These 

changes in the physical properties are accompanied by an increase in the tilt angle and an increase  

Figure 1.3. Summary of different phase diagrams for Sr- and Ca-based ruthenates 
(n =1, 2). The physical properties of both ruthenates show dimensionality 
dependence: Ca2RuO4 and Ca3Ru2O7 undergo metal-nonmetallic transitions with 
antiferromagnetic behavior while Sr2RuO4 and Sr3Ru2O7 compounds remain 
metallic and display ferromagnetic behavior. Transition temperatures vary with 
n. Figure adapted from Ref. [19]. 
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 in the length of the in-plane bonds, which strongly reduce the bandwidth and, in turn, explains the 

non-metallic behavior [23,24]. Moreover, the crystal field generated by the rotation of the RuO6 

octahedron lifts the band degeneracy changing the band structure with two electron-like pieces and 

one hole-like piece. The bulk band splitting is evidenced through high-resolution ARPES 

measurements [25,26]. Thus, it is determined that the structural changes in RuO6 are closely related 

to the magnetic and electronic properties of the system, and minor chemical doping can 

dramatically alter the physical properties of RP ruthenates. In addition to the splitting of energy 

levels by the octahedral crystal field, the distortion of the octahedra (Jahn-Teller effect) further  

degenerates the orbitals [27,28]. For example, the atomic orbitals associated with each energy level 

in the manganese oxide system shown in Figure 1.6. The crystal field splits the Mn d levels into a 

Figure 1.4. Measured 𝛴 phonon dispersion along [110] for Sr2RuO4 with three 
different phonon modes 𝛴#, 𝛴!, and 𝛴". Unlike octahedral tilt associated with the  
𝛴" mode in (0.5 0.5) what has only a slight drop or remains flat until the zone 
boundary. The RuO6 octahedral rotational 𝛴!  phonon mode has a steep 
dispersion along the direction of the blue line in the figure at the zone boundary. 
This represents a typical structural instability of perovskites [21]. 
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higher two-fold eg level and a lower three-fold t2g level. When the octahedra elongate or compress 

along the z-axis, the distortion of an octahedron in the xy plane is much larger than the distortion 

in the z-axis direction. So, the eg splits into 𝑑$!%&! , 𝑑!'!%(! , and t2g splits into 

𝑑$& , 𝑑'$ , and	𝑑'&	which lifts the eg degeneracy and reduces the overall system energy.  

 

Figure 1.5. Structural and electronic/magnetic phase diagrams of Ca2-xSrxRuO4 
resulting from partial replacement of Ca by Sr. (a) Structural phase diagram of 
Ca2-xSrxRuO4 shows the octahedral distortion of the Ru-O-Ru bond angle with x. 
The structure undergoes a transition from I4/mmm, I41/acd to Pbca, accompanied 
by a superconducting state, and a metal-insulator transition and magnetic 
transition labeled by Ts and TN, respectively. (b) The Ca2-xSrxRuO4 
electronic/magnetic phase diagram. There are several different regions of 
superconducting, antiferromagnetic metal/insulator regions and paramagnetic 
metal/insulator with x = 0.5 as a critical point. The structure and physical 
properties are coupled in Ca2-xSrxRuO4 [23,24,29]. 
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Figure 1.6. Schematic of the 3d levels of Mn split subsequently by the crystal 
field and Jahn-Teller distortion lift the five-fold band degeneracy. This figure is 
adapted from Ref. [30].  

 
1.2.1 Structural and Physical Properties of Bulk Sr3Ru2O7 

 
More pertinent to my dissertation research is the double-layered Sr3Ru2O7 (n = 2), where 

the additional RuO6 layer leads to a rather different electronic and magnetic properties in Sr2RuO4. 

The classification of the bilayered Sr3Ru2O7 structure has long been controversial. A tetragonal 

structure with space group I4/mmm was first proposed in 1990 [14]. Later, Shaked et al. reported 

an orthorhombic structure with space group Bbcb (#68) from neutron diffraction studies at room 

temperature, where the bulk's RuO6 octahedron has an intrinsic ~ 6. 8)	rotation around the c-axis 

[31] [32].The superlattice reflection (SLR) in Figure 1.7a shows that the Bbcb group has a larger 

superlattice, and the resulting unit lattice has parameters 𝑎*+, = 𝑏*+, = 𝑎√2		while 𝑐*+, = 𝑐 . 

Then, Huang proposed that Sr3Ru2O7 crystallizes in the Pban symmetry group with a half unit cell 

side shift between the two RuO6 stacking sequences, as shown in Figure 1.7b [33]. 
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Figure 1.7. Bulk structural distortions in Sr3Ru2O7 with different crystalized 
symmetries: (a) Bbcb symmetry group: Supercell with a lattice parameter 𝒂𝐬𝐮𝐩 =
√𝟐𝐚 [31]. (b) Pban symmetry group: two blocks of distorted double-layered RuO6 
stacking with two neighboring RuO6 octahedra sharing an oxygen atom in between 
with two-fold vertical symmetry [33].  
 
The electronic properties of Sr3Ru2O7 in the microscopic view can be understood by 

considering the lifting of the band degeneracy by the rotation of the bilayered RuO6 octahedra.  

The Fermi surface for Sr3Ru2O7 is shown in Figure 1.8. The band has 𝛼#, 𝛼0, 𝛽, 𝛾#, 𝛾0	and	𝛿 sheets 

cross Fermi energy, where 𝛿 belongs to the usually unoccupied eg orbitals. 𝛾#	and	𝛽 are a mixture 

of 	𝑑$&,&'	and 𝑑$& orbitals. From the band dispersion analysis, it is found that the 𝛾0	sheet has a 

significant 𝑑$&  contribution, close to the van Hove singularity, with an enhanced quasiparticle 

mass on 𝛾0, and its presence favors the magnetic instability of Sr3Ru2O7 [34-36].   

Macroscopically, Sr3Ru2O7 is a paramagnetic metal, and magnetic instability dominates its 

physical properties [37]. Among them, two magnetic exchange mechanisms can strongly affect 

the overall magnetic properties in transition metal oxides: double exchange and super exchange. 

Both of which depend strongly on the change of bond lengths and bond angles of RuO6 octahedra 

[38]. As shown in Figure 1.9a, applying a magnetic field of in-plane size ~5.5 T or out-of-plane 
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~7.7 T, the magnetization increases super linearly as a characteristic of its metamagnetic behavior 

[39]. Another peak of lower intensity ~5.8T dM/dH diagram below 1.7K was subsequently 

observed by Ohmichi et al. in Figure 1.9b [40].  

Sr3Ru2O7 also exhibits metamagnetic quantum critical point (QCP) behavior in the 

presence of an applied magnetic field, as shown in Figure 1.9c [4]. The QCP can be reached by 

magnetic fields, applied pressure, and chemical composition [41], and observed with "V-shaped" 

quantum critical region of Fermi liquid and non-Fermi liquid behaviors in the resistivity mapping 

in Figure 1.9c. 

 

 
Figure 1.8. Fermi surface topologies and simulations of Sr3Ru2O7. (a) 
experimentally obtained Fermi surface by ARPES. (b) Identification of the sheets 
on the Fermi surface. (c) The Linear Discriminant Analysis (LDA) calculated 
Fermi surface matches well with the experimental observations. (d) Illustration 
of RuO6 octahedra rotation, the enlarged unit cell is marked with a black square, 
and the tetragonal lattice is marked with a dashed green square. The nearest Ru-
Ru length and unit cell length are labeled. This figure is adapted from Ref. [36]. 
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Figure 1.9. The double layered Sr3Ru2O7 exhibits a metamagnetic (i.e., magnetic 
field tuned) quantum critical point (QCP). (a) Low-temperature magnetization 
measurements for Sr3Ru2O7. (a) metamagnetic transition is characterized by 
rapidly increased magnetization in M(H) plot with applied in-plane field ~5.5 T 
and out-of-plane ~ 7.7 T (inset). (b) A second metamagnetism transition is 
observed at higher filed (5.8 T), below is dM/dH plot with a clear second peak at 
the right side of the major 5.5 T peak. Figure adapted from Ref. [39,40]. (c) Field 
and temperature revolution of 𝜶  from expression 𝝆 = 𝝆𝐫𝐞𝐬 + 𝑨𝑻𝜶  near the 
metamagnetic transition region. 𝜶 = 𝟏 persists in the lower field α = 2 recovered 
at both low and high fields, and α < 2 only exists in a narrow field window [4].  

 
1.2.2 Properties of Sr3(Ru1-xMnx)2O7 

 
Mn doping provides a controlled way to explore the intrinsic magnetic and electronic 

instability of Sr3Ru2O7. Mathieu et al. found that in Sr3(Ru1-xMnx)2O7, the RuO6 octahedral rotation 

decreases with increasing x [42]. Density functional theory (DFT) calculations also confirm that 

octahedral variations are responsible for the different magnetic and electronic properties of bulk 

Sr3Ru2O7 [43]. As x increases, there are magnetic and metal to insulator (MIT) transitions coupled 

to the octahedral rotation, and the two transitions gradually separate, suggesting a mixed Mott and 

Slater typed MIT [44]. The MIT also coincides with the onset of the AF island around Mn, rather 

than forming a long-range AFM correlation [42,45]. While the E-type AFM ground state is formed 

in the intermediate doping range of 0.12 < x < 0.16, the TM reaches a maximum at the optimum 

doped sample xc = 0.16 (TM = 81 K) [46]. Partial bulk phase diagram is shown in Figure 1.10a. 

Figure 1.10b shows that this AFM ordering has a two-dimensional behavior of the zigzag chain in 
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the ab plane with a noticeable spin gap (~ 4 meV) . As seen in Figure 1.10c, the in-plane magnetic 

correlation length increases with increasing Mn (x). The correlation length is 200 Å for x = 0.06 

and 800 Å for x = 0.12. This anisotropic behavior of ξao and ξbo breaks the magnetic symmetry and 

forms a (2 × 1) magnetic unit cell [44]. Therefore, it is possible to see the correlation between the 

surface lattice structure and its magnetic properties. 

1.3 Results from Prior Surface Studies on Sr3(Ru1-xMnx)2O7 

  Creating a surface causes a perturbation of the local density of states (LDOS). The 

formation of a surface breaks the translational symmetry and thus causes a perturbation in the 

system. Nobel laureate Wolfgang Pauli said, "God created the bulk, but the devil invented the 

surface." Electron correlations on surfaces are affected by cleavage planes and defects [48,49]. 

One example is the LDOS on the top few layers are affected by the reconstructed Si(111) surface 

[50,51]. So, the creation of surfaces disturbs the balance in CEMs, thus providing a different way 

to tune the system. The creation of surfaces drives the coupling of different degrees of freedom, 

resulting in different phase diagrams. The possible surface structural transitions include surface 

 
Figure 1.10. (a) Partial bulk phase diagram of Sr3(Ru1-xMnx)2O7 (0≤	x ≤	0.25) 
showing structure-coupled magnetic/electronic properties [47]. The color bar in 
the bottom indicates different metallicity. (b) E-type AFM for 
Sr3(Ru0.84Mn0.16)2O7 with quai-2D zigzag chains  marked on the top layer. (c) 
Magnetic correlation lengths obtained from elastic neutron scattering vs. 
temperature for x = 0.06 and 0.12 along the a, b direction. Figures are reproduced 
from Refs. [44,46].  
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segregation, surface melting, and surface reconstruction [52-54]. Also, the temperature of the 

structural transition, metal-insulator transition, and magnetic transition at the surface may be 

different from that of the bulk [55,56].  

Our previous study found that the surface structure of Sr3(Ru1-xMnx)2O7 is fundamentally 

different from that of the bulk in the low-Mn region [11]. For the parent compound Sr3Ru2O7, its 

surface has a unique octahedral tilt, as shown in Figure 1.11. For the surface octahedral rotation, 

the unit cell is marked as  √2 × √2𝑅45° relative to the bulk tet-(1×1). The LEED image in Figure 

1.11a shows two perpendicular glide lines marked by red arrows. The surface octahedron also tilts 

along the edges. Without changing the primitive unit cell, the surface structure symmetry is broken 

to C2v. The appearance of the fractional are represented by green circles in Figure 1.11b, and along 

these spots a glide line is broken [57]. For the quantitative analysis of the Sr3Ru2O7 surface 

structure, it is shown that the surface octahedron has a high RuO6 rotation angle at ≅ 11° ± 3°, 

and the tilt is around 2.6° ± 0.8° at 86 K. The surface phase is summarized in Figure 1.12, and the 

tilt of the surface is considered to decrease with x by analysis of the intensity of the fractional spots 

in LEED image. The surface octahedral tilt favors the insulating phase at low doping regions [43]. 

In contrast, the surface conduction is better when the octahedra rotated at a higher angle. The 

surface metallicity shows tendencies opposite to the bulk’s behavior from bulk from fitting the 

HREELS spectra with Fano q parameter. The surface is insulating while the bulk is metallic [58]. 

However, these surface measurements are far from complete. The LEED I-V analysis was 

performed only on undoped Sr3Ru2O7 surfaces, and the detailed Sr3(Ru1-xMnx)2O7 surface structure 

at higher Mn concentrations is not known. The low temperature and the surface properties 

corresponding to the bulk AFM insulating phase are also investigated. 



 14 

Figure 1.11. LEED diffraction patterns of different surface structures for single-
layered Sr2RuO4 and bilayered Sr3Ru2O7. (a) Octahedral rotation in Sr2RuO4 
creates two perpendicular glide lines marked with two red arrows at 80 K. (b) 
Room temperature LEED pattern of Sr3Ru2O7 shows one broken glide line as a 
result of surface-induced tilt. The fraction spots sensitive to the surface-induced 
tilt appear in the green circle, indicating the glide line symmetry along this 
direction is broken on the surface. Figure adapted from [56,58]. 
 

Figure 1.12. Comparison of the bulk and surface phase diagrams on Sr3(Ru1-

xMnx)2O7 (0 ≤ x ≤ 0.25) at 86 K. (a) Bulk phase diagram for Sr3(Ru1-xMnx)2O7 
(0 < x < 0.25). (b) Surface phase diagram for Sr3(Ru1-xMnx)2O7 (0 ≤ x ≤ 0.25) at 
86 K. Figure is reproduced from Refs. [11,47]. 
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1.4 Focus of This Dissertation 

Previous data on the surface structure and properties of Sr3(Ru1-xMnx)2O7 are far from 

complete, and the structure of the bulk at low temperatures is not conclusive. Therefore, the 

primary focus of this dissertation is to provide a complete phase diagram of the Sr3(Ru1-xMnx)2O7 

surface at low temperatures and in large Mn-doped regions. The Sr3(Ru1-xMnx)2O7 structure 

evolves with the Mn impurities. In Chapter 3, we will review the single-crystal X-ray diffraction 

refinement of Sr3(Ru1-xMnx)2O7 (x = 0.08, 0.16, 0.23, and 1) to understand the bulk structural 

changes at room and low temperatures with varying x. The magnetic transition appearing in bulk 

may be accompanied by a change in its structure. The surface may undergo a metal-insulator 

transition or a magnetic transition at a temperature that differs from bulk. In the bulk AFM 

insulating phase, the surface may also change. Therefore, in Chapter 4, we first characterize the 

sample surface symmetries evolved with x at 77 K. Quantify the detailed surface structure through 

LEED I-V calculations. The surface lattice dynamics with x is determined by the phonon peak 

shape and the energies from the collected HREELS spectra. The response of the surface to the bulk 

AFM is explored through measurements of the structure and physical properties of the surface at 

Sr3(Ru0.84Mn0.16)2O7 with temperature dependence. 
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Chapter 2. Experimental Techniques 

Several bulk and surface characterization techniques are used in this thesis. Various 

temperature dependent single-crystal X-ray diffraction (SXRD) is collected for the bulk structural 

determination, and refined bulk structure is obtained at various temperatures. Reciprocal-space  

surface symmetry and structure refinement are done with low energy electron diffraction (LEED) 

measurements. Real-space surface electronic structure and local symmetry are probed with 

scanning tunneling microscopy/spectroscopy (STM/S). The surface plasmons, lattice vibrations 

(phonons), and inter/intraband electronic transition, information in the scattered electrons, are 

probed through HREELS techniques. In this Chapter, we will provide the working principle of 

each technique and the experimental setup.  

2.1 Single Crystal X-ray Diffraction (SXRD) 

Structural characterization is a prerequisite to understanding the physical properties of any 

crystalline material. X-ray diffraction (XRD) is a powerful method generating detailed structural 

information on the atomic scale. The availability of conventional in-house commercial X-ray 

sources with higher intensity leads to rapid crystallography study [59]. Sample preparation for the 

XRD experiments can be in either finely ground powder or single crystal form. The crystal 

structure determinations from both forms yield comparable results. The powder form is more 

beneficial for organic molecules or amorphous solids.  

Single crystal XRD provides detailed geometric details for the determination and 

refinement of the crystal structure, including bond lengths and angles. After the structural model 

refinement is complete, the residual density map is probed. A small fragment of the Sr3(Ru1-

xMnx)2O7 crystal, with approximate dimensions 0.3mm ×	0.3mm ×	0.3mm, was used for the 

measurement. We collected the Sr3(Ru1-xMnx)2O7 data on a Bruker D8 QUEST diffractometer with 
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a Mo Kα radiation (λ = 0.7107Å) and scattered intensities were measured with a PHOTON II 

detector. An Oxford helium cryo stream controller is equipped. The diffractometer is shown in 

Figure 2.1.  Measurements were taken at 300K and 28K with a 5K/minute cooling/warming rate 

for each sample. Waiting time of 30 minutes is applied before each data collection for temperature 

stabilization after reaching the designated temperature set point. In order to estimate the quality of 

the sample, a set of XRD images (frames) is collected, and then, the XRD frame corresponding to 

the diffraction data is used to judge the crystal quality. The Bruker SAINT software integrates all 

frames and yields nearly 2000 reflections; the total measured reflections merged to independent 

reflections with Rint. The sample exposure time was ~2 hours for each measurement with θ range 

between 2 and 35 degrees. After data collection, absorption effects were corrected with a multiscan 

method. The SHELX package is used for analysis and refinement of the final crystal structure from 

approximately 250 reflections in the WinGX program [60,61]. The brief flowchart of the SHELX 

algorithm with main functions and applications of subroutines is drawn in Figure 2.1b [61].  

The program, XPREP, is used to check various possible macro-symmetric operation 

elements, such as the screw axis, glide plane, etc., and determine the crystal space group. Cell 

geometry and space group of the merged diffraction data set was stored in momo-new.hkl; momo-

new.ins is the operational command and expected atom type file for SHELX. Since the missing 

phase information in the scattered X-ray intensities, the phase angle problem is solved by Rietveld 

refinement to convert intensities to model the structure [62,63]. The final evaluation of the 

agreement between the experimental and theoretical structural models comes from the R factor. 

Whether the refinement is physically meaningful should be checked with a preliminary judgment 

of chemical rationality of the structural model (e.g., specific values of the bond length and angles). 
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All target parameters are refined and converged [64,65]. Finally, a missing symmetry test is 

checked with the embedded ADDSYM test in PLATON [66].  

Figure 2.1 (a) Bruker D8 Quest X-ray crystallography system operating at liquid 
helium temperature. (b) Brief algorithm of SHELXS program solving single-
crystal structures by single-crystal X-ray diffraction, the Figure is adapted from 
Ref. [61].   
 

2.2 Low-Energy Electron Diffraction (LEED) 

2.2.1 Diffraction Pattern Analysis 
 

For the surface characterization, all surface preparation and experiments were done in an 

ultra-high vacuum (UHV) system to ensure a contamination-free surface during the experiment 

[67]. Our combined LEED-HREELS system runs under the normal pressure of ~1.0×10-10 Torr, 

as shown in Figure 2.2. There is a preparation chamber on the left side of the main LEED-HREELS 

chamber; sample loading/unloading, sputter/annealing, and other surface treatments are done in 

the preparation chamber. The main chamber has a vertical manipulator with an omicron LEED 

installed on the top part, and HREELS is shielded in the bottom cylindrical chamber. Samples are 

cooled by a liquid nitrogen cryostat; a thermal diode is mounted on the sample stage for precise 
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temperature measurements, and a custom double-layered oxygen-free copper thermal shield is 

designed for LEED measurements at 20K. LEED is surface-sensitive and used to determine the 

lattice symmetry and surface atomic positions. Our Omicron LEED has four grids of which grids 

1 and 4 are grounded, and the remaining two grids have voltages slightly less than that of the 

incident beam voltages and are used to filter out electrons with energy loss.  

Figure 2.2. Photo of our sample preparation and LEED-HREELS  chamber. 
 

LEED has been widely used to solve complex structural results. Electron diffraction was 

first observed on nickel single crystals at Bell Labs [68]. The theory of electron diffraction is 

attributed to de Broglie, and the wavelength of an electron is related to its momentum, similar to a 

photon: 

                       													𝜆 = !
"
= !

#$
= !

√&#'
                                                 (2.1). 
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Where E is for the collimated low energy electron beam (20-600eV), and h is Planck constant. 

With this equation handy, the electron has a wavelength of 1Å with a 150.4eV kinetic energy:	

                                                               𝜆6LÅN = O#78."
:(6<)

                                                            (2.2). 

In addition, e, m are the charge and mass of the electrons. Based on the constructive diffraction 

condition:	

            			𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                   (2.3), 

Figure 2.3. Universal curve of the energy-dependent inelastic mean free path of 
electrons. In this case, the purple rectangle marks the IMFPs in the low electron 
kinetic energy region, where it can be seen that the LEED has an electron 
penetration depth of about 6-10 Å . The figure is adapted from the literature [69]. 
 

at the same electron energy (λ is the same), for the same order of diffraction n, sinθ is proportional 

to 1/d, meaning the smaller lattice constant, the greater angle of diffraction. For different λ, sinθ ∼	

1/√𝐸 for the same crystal, thus smaller energy, greater diffraction angle. The diffraction pattern is 

symmetric for positive and negative n when only the first layer is considered.  
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The penetration depth of the incident electrons for the sample is related to their kinetic 

energy of the electrons. As shown in Figure 2.3 the inelastic mean free path (IMFP) of the low 

kinetic energy electrons of LEED is about 5 to 10 Å in their energy range, and this penetration 

depth is equal to the length of the bilayer octahedra of surface ruthenium, such that the bulk atoms 

do not contribute to the LEED mode. X-ray and electron diffractions have similar diffraction 

principles, but LEED is often used for the surface two-dimensional symmetry operations due to 

lower electron energy and limited penetration depth. A LEED diffraction pattern in the 2D 

reciprocal space is a cut of the diffraction Ewald sphere. The Ewald sphere has a radius of the 

incoming electron wave vector and built-in 3D reciprocal space.  By analyzing 2D patterns, the 

surface orientation and lattice symmetry are determined immediately. The two-dimensional 

surface lattice symmetry can be determined from the diffraction patterns showing on LEED 

florescent screen. The scattered electron obeys the energy and momentum conservation and can 

be written in the reciprocal lattice vector G:  

𝐸> = 𝐸𝑠                   (2.4), 

      𝑄 = 𝐾> − 𝐾* = 𝐺?#?0                  (2.5). 

The coherent length of LEED electrons is about 100 ~ 200 	Å [70], 	where the ΔE and beam 

divergence limit the electron coherence. This length marks a circle with this radius where electrons 

are coherently scattered, and diffraction patterns are superimposed. Hence, the resultant patterns 

can be a mixture of different domains, ordered and disordered regions. For example, the 1×2 

surface phase observed by LEED may be a mixture of different domains of 1×2 and 2×1 

superlattices. Figure 2.4 shows an example from Ca1.5Sr0.5RuO4 (001) [71] and IrTe2 [72], where 

the surface has a sharp (1×1) pattern and two glide lines marked by the white arrows. The observed 

pattern in Figure 2.4a has a p4gm symmetry in contrast to the p2gg plane; Figure 2.4 b shows IrTe2 
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surface has a mixture of  8×1 and 6×1 phase. An overall view of the pattern symmetries on Ca2-

xSrxRuO4 was given in Figure 2.5. If the surface octahedra are not distorted in Ca1.5Sr0.5RuO4 (001), 

the bulk truncated surface unit cell can be represented by the Figure 2.5a. The simulated diffraction 

pattern in Figure 2.5b shows diffraction patterns of all integer spots. When there is a surface 

reconstruction induced by octahedral rotation like in Sr3(Mn0.16Ru0.84)2O7, the reconstructed 

surface unit cell is shifted with one square of the original unit vector and generate a 

(√2	× √2)	𝑅45° unit cell like in Figure 2.5c in which two glide line symmetries (translational 

reflection symmetry) are marked with two blue dashed lines. The resulting structure factor has a 

𝜋 phase mismatch, and fractional spots extinguish along the glide line direction as marked in the 

white arrow in Figure 2.5d. Furthermore, adding in the octahedral tilt distortion in Figure 2.5e,  

 different atomic heights are compared to the surface in blue (below the surface without octahedral 

tilt) and orange (above the surface without octahedral tilt). Only one glide line symmetry remains 

which is along the broken symmetry line. The top and bottom atoms are at different positions, and 

 
Figure 2.4. LEED diffraction patterns showing (a) un-reconstructed surface of 
Ca1.5Sr0.5RuO4 with two glide line symmetry. (b)Coexistence of 6 × 1 and 8 × 1 
phase on the surface of IrTe2 . 
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the fractional spots re-appeared in the diffraction pattern along the broken symmetry direction as 

seen in Figure 2.5e. Electron incidence angle also needs to be determined with the method 

described in [73]. We collected the LEED data in an approximated normal incident angle, the 

electron incident angle normal to the surface is determined with Newton’s method for two chosen 

diffraction spots. For this, we use Jacobian matrix, J, with the procedure running for ith iteration 

until Δθ and ∆φ are less than a defined value.  

 

                                          (2.6). 

For an approximated experimental determination of normal incidence conditions, we tracked the 

real-time intensity-voltage curves for the symmetry equivalent spots. When the plots are in a good 

agreement, the normal incidence condition is met. Otherwise, we adjust the sample positions and 

repeat the procedure. 
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Figure 2.5. Illustration of the surface unit cell of Ca2-xSrxRuO4 (001) surface and 
corresponding simulated diffraction patterns. (a-b) Bulk truncated square surface 
lattice marked by the red square, and diffraction patterns show all integer spots. 
(c-d) For surface octahedra rotational distortion, the reconstructed surface unit 
cell is marked with an enlarged red square. Two perpendicular glide line 
symmetries are marked with the dashed white line. Along the line, fractional 
spots are distinguished. (e-f) For surface octahedra with rotation. One glide line 
is broken because of  rotation and tilt, and the broken symmetry is reflected with 
emergent fractional spots along the missing glide line direction. This figure is 
adapted from Ref. [74]. 
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2.2.2 Intensity vs. Voltage (I-V) Analysis 
 

LEED diffraction patterns contain information of the surface atomic movements relative 

to the bulk and can quantitatively obtain the surface structure on an atomic scale. Van Hove has 

developed a detailed LEED I-V analysis on most simple surfaces [75], and both structural and non-

structural parameters (e.g., Debye temperatures) are used in the surface structure modeling. During 

the LEED analysis's optimization process, the trial structures are created based on the deviations 

in atomic positions and compared with the experimentally collected I-V data. An indirect trial-

and-error search procedure is employed for the optimized structure. The refined structure 

reliability is calculated with Pendry Rp factor by comparing the experimental and theoretical I-V 

curves [76]. Estimation in crystal potential can be a complicated process since a 

variety of shapes and sizes of the different atomic orbitals overlapped on the surface. Furthermore, 

we used muffin-tin (MT) potential approximation to estimate the crystal potential with a flat 

interstitial potential connecting each spherical well potential. The majority of transition metal 

oxides were solved successfully with the MT model [71]. For the one-dimensional kinematic 

approximation, the incident electrons scatter only on the very top layer. The incident electron plane 

wave 	𝐴> = 𝐴8𝑒%>@"$  is transmitted along the x-direction and weakly scattered (kinematic 

approximation) once from a semi-infinite row of identical atoms with equal interlayer spacing d. 

However, the actual resultant scattered beams we collected are the summation of all reflected 

beams from every atomic layer j plus the travel back of the next layer j+1 transmitted beam,  

																		𝐴* = 𝐴8_ RT0Ae>@0B#C
DE8 𝑒%>@$ = 𝐴8

>√#%G!

#%G!H"$!%
𝑒%>@$                                (2.7), 

where T, and R are the electronic transmission and reflection coefficients. An electron traveling 

between the atomic layers of layered materials, it will experience an inner potential: 𝑉8 = 𝑉I( +
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𝑖𝑉I>  induced by the interstitial charge density as a part of the MT potentials. The change in 

momentum of the reflected electron can be expressed by the following equation: 

𝑘 = O0J(:%K&)
L!

= 2𝜋O:%K'(%>K'"
#78[HK]

                   (2.8). 

The inner potential's real and imaginary components are held constant, and larger real Vor can shift 

the peak position to higher energy. The imaginary part Voi is used to denote electron attenuations 

where higher Voi increase the peak width. Typical starting values are Vor ~ 16 V, and 

a simple phenomenological model is proposed for Voi that reproduces its relation to the “Universal 

Curve” of the electron mean free path. In this case, the SATLEED code subroutine was 

modified to incorporate the phenomenological model, assuming a constant Voi = -5 V for most 

TMOs’ surfaces. Also, we used an energy-dependent Slater-like exchange term Vxc to account for 

the exchange and correlation effects between the incident electron and the surrounding electron 

sea on the sample surface. The exchange-correlation potential Vxc  is defined as  

𝑉$O = e ∑(Q,())
∑(@*,(+)

f 𝑢$O(𝑟*)                                         (2.9), 

which is a function of the distance 𝑟* between the electrons at each scattering center, local electron 

density 𝜌, and added to the inner potential as an energy-dependent term:  

𝑉I(𝐸) = VIO + 𝑉$O(𝐸)                                        (2.10).                     

We try to understand the energy-dependent MT inner potential in our calculations. Figure 

2.6 provides an illustrative example of the computed MT potential for a 1D model in which such 

energy dependence has a pronounced effect on the shape and position of the calculated I-V curve. 
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The term shows an improved solution when simulating the actual MT potential, with the red 

energy-dependent and exchange-effect-derived 𝑉I(𝐸) showing no anomalous contraction unlike 

what is seen in the blue curve 𝑉I. 

Figure 2.6. Comparison of the energy-dependent 𝑉I(𝐸)  marked in red and 
𝑉I	marked in blue of the one-dimensional model.  

In our Optimized Muffin-Tin (OMT) model proposed by Rundgren [77], the MT spheres 

of atomic species have a muffin tin radius 	𝑟JRS  and connected by energy-dependent flat 

potential	𝑉I(𝐸). The MT total potential consists of two parts: superposition of the overlapped free-

atom densities and the charge outside the muffin-tin. Within the radius of the atomic sphere 𝑟(JR <

𝑟 < 𝑅, the MT potential can be written:  

   𝑉I((𝐸) = ∑ 𝜔>T
>E# n L𝑉RH>(𝑟) + 𝑉$O>(𝐸, 𝑟)N4𝜋𝑟0𝑑𝑟.

U

(
                    (2.11), 

𝑉RH> is the fast electron potential as a supplement term to the exchange	𝑉$O>(𝐸, 𝑟). So, at the muffin 

tin boundary, an energy-dependent potential step is created. The size of the 𝑟(JR  is 
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an adjustable parameter to minimize this potential step for calculating the corresponding phase 

shifts in this optimized MT approach. Such an example of phase shifts for Mn is 

provided in Figure 2.7 without any resonance feature.  The incorporation of the energy-dependent 

inner potential has a noticeable improvement on the Rp values in the structural refinement results 

for the TMOs compared with that using the constant Vo [71]. 

Figure 2.7. Calculated phase shifts the optimized MT potential method. 
 

Calculating the LEED spectra is quite complicated. We must find the t-matrix storing the 

scattering amplitude for each element, the layer-diffraction matrix, and the multiple reflections 

occurring between the layers. Multiple scattering events occur in the interlayer and are calculated 

with the Renormalized Forward Scattering (RFS) method [78,79]. As shown in Figure 2.8,  this 

RFS schematic conceptualization assumes that there is one reflection from each layer for the first-

order perturbation and three reflections of the incident beam in the interlayer. This approach 

applies to our case when defining several composite layers, as shown in Figure 2.9, for the double 

layered Sr3(Ru1-xMnx)2O7. The interlayer spacing between each composite layer is more extensive  
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Figure 2.8. Schematic representation of the RFS method for the multiple 
scattering events in the interlayers. Figure adapted from Ref.[20].   
 

 

Figure 2.9. Schematic structure of the Sr3(Ru1-xMnx)2O7 used in the RFS method 
calculation. The doubled layered structure network is split into several composite 
layers. The layers are numbered consecutively from surface layers into the 
substrate layers.  
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than 1Å for the RFS method to converge. For our Sr3(Ru1-xMnx)2O7 samples, the calculation 

requires an additional Average T-matrix Approximation (ATA) method since the Mn sits in the 

same host Ru site [80]. The ATA approach is obtained via the mean-field approximation of the  

relative cation concentrations where the Ru and Mn are assumed identical. Finding the global 

optimal solution of the surface structure is done by comparing the difference between the 

theoretical and experimental I-V curves. We used the Differential Evolution (DE) algorithm for 

testing the tracing process, where the final structure (global minimum Rp) can be obtained by 

iteratively updating the value of Pendry factor Rp. The methodology for modeling the structure of 

the reference surface is further explained in the results section. The relative peak positions 

significantly influence Rp values, contributing to the equal weight of the small peaks and the large 

peaks [79]. These values Rp were calculated by taking into account several functions: the L 

function is the IV spectra intensity 𝐼(𝐸)	derivatives, and the Y function depends on the imaginary 

part Voi of the inner potential:  

𝐿 = #
V(:)

BV(:)
B:

                    (2.12) 

	𝑌 = W
#XK'"

! W!
       (2.13), 

𝑌H$,  and 𝑌SLH  represent the Y functions calculated from the experimental and theoretical I-V 

curves, respectively. We then calculate the Rp, 

𝑅, =
∫ Z[,-.%[/0,\

!
B:

∫ ([,-.! X[/0,
! )	B:

          (2.14), 

the total Rp is obtained based on the weighted individual beams N, which depend on the selected 

energy range 	ΔE   to ensure all the inequivalent beams are equally weighted. 

The larger number of beams and energy range typically  yields the most reliable refined structure: 
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      (2.15). 

A complete dynamical calculation is needed to obtain the best trial structure, and 

uncertainty in the LEED-IV analysis is written as the variance of the entire energy range function. 

Voi and the minimum determined  

     𝑅^	J>cGIS_? ∶ 	𝜎 = (𝑅^	J>cGIS_? )		Od|K'"|
a:

        (2.16). 

2.4 High-Resolution Electron Energy Loss Spectroscopy (HREELS) 

HREELS is used to investigate the surface lattice dynamics by analyzing inelastically 

scattered electrons. The overall measured energy loss ranges from 2meV to about 1eV.  From the 

LEED experiment, we could observe background intensity from both disordered crystal surfaces 

and inelastically scattered electrons where the scattered electrons and the wave vectors are notably 

different. The inelastically scattered electrons contain information regarding quasiparticle 

excitations on the surface. Thus, the HREELS can be widely utilized to investigate lattice 

vibrations (phonons), surface plasma, and interband electronic transitions on the surface.   

The working mechanism is that an emission system injects a monoenergetic beam of 

electrons with energy Ei and momentum ki incident on the sample surface at an angle θi. The 

electron can be inelastically backscattered into the vacuum with energy Es, momentum ks and at 

an angle θs. The general energy conservation law can be re-written to reflect the inelastic 

conditions: , where ℏω = ΔE is the energy of the surface excitation and 

q// is the momentum transfer parallel to the surface satisfying the momentum conservation law: 

   𝑘*∥ = 𝑘>∥ − 𝑞∥ ± 𝐺L,@                                         (2.17).  

( ) ( ) / /( ) s s i iE k E k qw= -!
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G(h,k) is a two-dimensional reciprocal lattice vector parallel to the surface, and the excitation energy 

is usually in the range of tens of millivolts in correspondence to the incident monochromatic 

electron beam with meV energy resolution. 

The description of HREELS theory and the apparatus design philosophy is presented in 

[81,82]. Typically, if the incident and scattered electrons are restricted in a plane, we only measure 

the momentum transfer parallel to the surface. The equation for such a transfer parallel to the 

surface can be simplify written as: 

																												𝑞∥ =
g0J,

ℏ
(|𝐸>𝑠𝑖𝑛𝜃> − |𝐸> − ℏ𝜔i𝑠𝑖𝑛𝜃*) ± 𝐺L@                 (2.18). 

The two angles θi and θs with respect to the surface normal here are for the incident and scattering, 

respectively. Thus, we could set a specific momentum transfer by varying incident energy and 

angle, and we usually rotate the analyzer to change the scattering angle in an one-degree increment.  

The scattered low energy electrons are categorized into two different regimes: dipole scattering 

and impact scattering [83]. Dipole scattering is a forward scattering event, and it occurs when the 

vibration is excited by the electric field of the incoming incident electrons when the scattered beam 

is very near to the specular direction (θi = θs).  The dipole scattering process results in a quasi-

isotropic distribution of the scattered electrons and occurs near the surface by the surface excitation 

dipole field, as illustrated in Figure 2.10a, the scattering cross-section is a function of dipole field 

at the surface, incoming and scattered electron velocities, the cross-section is about the square root 

of the incident energy. By treating this situation with a semi-classical dialectical theory, a selection 

rule is deduced where vibrations with a dipole moment normal to the surface can be excited. Only 

active infrared modes along the z-direction can be observed. We simulated the scattering cross-

section versus the specular geometry deviation in Figure 2.10b with the equation for an electron 

transit from the  ψi to ψs state.  
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	                           (2.18). 

 
The elastic peak has highest intensity at the specular direction (θs = θi) and has a higher incoming 

electron energy. The cross-section becomes flat and negligible after 4 degrees angle deviation from 

the specular direction. The impact scattering is inelastic from the direct interaction of incident 

electrons with ion cores, which is a short range indicates isotropic scattering.  Electrons are 

scattered further away from the specular direction, and the scattering cross-section increases with 

the beam electron energy. Symmetry considerations also result in specific selection rules: if the 

scattering plane coincides with a mirror plane of the surface, all modes with atomic displacements 

perpendicular to the mirror plane will not be excited. The odd modes are polarized entirely in the 

surface plane. Different vibrational modes can be excited by turning the analyzer to a non-specular 

direction, where the dipole regime disappears and the impact scattering is increasing. 

Figure 2.10. Dipole scattering process in HREELS. (a) Illustration of dipole 
scattering: dipole regime was limited to the specular direction, and electron was 
scattered by induced surface dipole field. (b) The scattering crossection is a 
function of incoming energy. The large inelastically scattered peak intensity in 
the vicinity of specular, and the peak intensity is proportional to the incoming 
electron energy. 
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Our LK5000 HREELS is a state-of-the-art spectrometer, and it is currently equipped with 

a multichannel electron energy analyzer with a guaranteed detector current  ID ≥ 10pA at 1.0 meV 

resolution under optimal condition as shown in Figure 2.11. Two consecutive electronic 

monochromators (coarse and fine) assemblies in HREELS are used to tune the electron beam's 

monochromaticity which are combined with a non-circular symmetric lens design (guide the 

electron trajectory path). After the sample surface reflects the electron beam, it goes through a fine 

analyzer first and then analyzed based on its energy loss. The fine analyzer also works just like the 

fine monochromators, and the weak energy loss signal is magnified by a channel electron 

multiplier operated at high voltage ( > 1800V). The collected data is a counting rate with arbitrary 

units vs. energy loss spectrum with meV. A Lorentzian function standardly fits the loss peaks in 

the acquired spectrum. The peak center is the energy loss value, which is also the quasiparticle 

excitation energy, and the peak linewidth reflects the quasiparticle lifetime. If it is coupled with 

any other excitation, the linewidth will increase appreciably. Thus, these peaks could be phonons, 

plasmons, intra/interband transitions, and so on, depending on the energy and linewidth in different 

systems.  

The MCA of ELS5000 has a maximum 70° off direct beam rotation angle to measure 

different momentum transfers on the sample surface. The quasiparticle excitation energy is 

measured when the analyzer is associated with a momentum transfer calculated from equation 2.18. 

There are various examples of HREELS dispersion measurements everywhere: Ref. [81] gives a 

simple physical picture to explain the negative surface-plasmon dispersion in which the energy 

loss peak is lower at higher q∥. Ref. [82] measures phonon dispersion. We measure surface phonons 

in a specular direction (thus, in the dipole scattering regime). The resulting spectrum has overtone 

peaks from the scattering process including a multi-scattering with surface phonons. EELS was 
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used to extract qualitative information regarding the surface metallicity with low energy excitation 

of electron-hole pairs across the Fermi energy. The intensity profiles of the optical phonons with 

scattering angles are plotted, and the surface metallicity can be derived from the peak asymmetry.  

Figure 2.11. (a) Photograph of our LK5000 EELS, including the electron 
monochromator, guide lens and sample chamber in the middle. (b) Multichannel 
electron energy analyzer model EA5000MCA. 
 

2.5 Scanning Tunneling Microscopy/Spectroscopy (STM/STS) 

The Scanning Tunneling Microscopy (STM) was invented in 1981 at the IBM Zurich 

Research Laboratories in Switzerland, and its development brought Gerd Binning and Heinrich 

Rohrer the Nobel Prize in Physics in 1986 [84]. STM shows the surface topography with individual 

atomic resolution based on quantum tunneling. STM works well on conducting materials and can 

be extended to semiconducting TMO surfaces. With the STM tip sitting on a piezoelectric material,  

particles may tunnel through the potential barrier or tunnel through the vacuum between the STM 

tip and surface at a convenient operating voltage (2meV-2V) under the constant current mode of 

operation. The vertical tip movement is controlled by a feedback loop and recorded as a location 

(x,y). A schematic of the working principle of STM is shown in Figure 2.12. The tunneling current 

through an apparent barrier height (ABH) φ and tip-sample distance s is given in: 

    											𝐽G 	 ∝ 𝑒%o√p*                                                                   (2.19), 
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where m is the free electron mass, and the ABH is related to the work function, which is the 

minimum energy required to excite the bulk electron to the vacuum. The current decay constant A 

is related to the applied voltage through the following relation [85]: 

            𝐴 = 	|(4𝑚/ℏ)/√𝑉		          (2.20). 

Figure 2.12. Schematic of STM (a) Tunneling process with barrier width s and 
barrier height ϕ. ψ was the decaying wave function. (b) Schematic view of the 
tunneling process with a voltage V applied between the tip and surface in a 
piezoelectric drive. This figure is adapted from Ref. [86]. 

 
The constant-current mode is commonly used in probing surface topography. The surface is 

mapped with a height profile of the tip-sample distance as a surface location function (x, y). The 

total height is based on the negative exponential relation to the tunneling current JT and related to 

LDOS integration over an energy range near the Fermi surface. For real-world measurements, the 

tip has a finite structure, and a specific electron density of the waves is induced on the sample 

surfaces by defects. Therefore, we assume that the LDOS integral of this surface is constant and 

depends on the bias voltage.  
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The surface topography is bias-dependent. Bias-voltages is carefully selected to obtain a 

good image contrast. The bias voltage choice is essential when the surface has a relatively flat 

LDOS, which is not the case for most ruthenate surfaces. Both the atomic height and LDOS 

difference can influence the height profile greatly. When the surface has a different electronic 

structure, the STM topography is bias-dependent, and hence the topographic ∆z maps the LDOS 

integration near the Fermi surface. In Figure 2.13, Sr3Ru2O7 is an example that shows the surface 

topography is bias dependent. Figure 2.13a shows the expanded surface cell due to the rotation of 

the surface octahedron, where the top surface electronic structures at +100 mV and +7 mV for 1×1 

and (√2	× √2)	𝑅45°   are marked as yellow dashed lines accordingly in Figure 2.13b, c, 

respectively 

We are interested in Scanning Tunneling Spectroscopy (STS) AS WHELL. STS collects 

the dI/dV with tip scanning over the sample surface with a fixed tunneling current. For small 

tunneling bias voltage, the surface density of states is treated as the local density of states (LDOS). 

At the Fermi level, tunneling current I ∝ ∑ 𝐿𝐷𝑂𝑆(𝑠, 𝐸):*
:5E:*%HK , thus the  differential tunneling 

conductance dI/dV provides a valid measurement of the sample LDOS with the following 

expression: 

  	BV
	BK

∝ 	𝜌S(0)𝜌*(𝑒𝑉)𝑇(𝑒𝑉, 𝑒𝑉, 𝑑, 𝜙),                                                    (2.21). 

Where V is the small bias voltage between tip and sample (otherwise, the tunneling condition 

breaks down), and 𝜌(𝐸) is the LDOS near the surface. T is a transfer matrix that depends on the 

energy of the states involved. The tunneling conductance dI/dV(V) reflects LDOS with 

structureless tip DOS (i.e., absence of tip).  The Lock-in technique generates a sine voltage wave 

in the collecting process, and the I/V signal is amplified and differentiated to output the dI/dV 

signal. dI/dV is also bias voltage dependent. To obtain an undistorted STS curve, we then 
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normalize the dI/dV curve by dividing the I/V curve. We can do STS mapping g(r(x,y), V) on large 

sample surfaces with dI/dV recorded for every pixel. Typically, STS mapping is visualized for 

surface band dispersion with the evolving wave vector interference.  

Figure 2.13. Sr3Ru2O7 surface unit cell and bias-voltage dependence of STM 
images illustrating (a) the bulk truncated 1×1 surface unit cell (red solid square) 
and the surface octahedral rotated unit cell (orange dashed square). (b) The 1×1 
unit cell with four bright top Sr sites is marked by red circles at a sample bias 
voltage of +100 mV. (c) Pure electron reconstruction of the (√2	× √2)	𝑅45° 
surface is observed at a low bias voltage of +7 mV. The corresponding cell is in a 
yellow dashed square. This figure is adapted from Ref. [87]. 
 
Fourier-Transformation (FT) of STM images and conductance is a valuable tool 

transforming the real-space information containing a long-range wave-like modulation to patterns 

of spots in reciprocal space like in Figure 2.14, which shows the STM/S for the 

Sr3(Mn0.05Ru0.95)2O7 surface. The STM topography in Figure 2.14a shows a square lattice, and Mn 

dopant is marked with blue dots. Real-space conductance mapping (Figure 2.14b) reveals the 

electronic distribution. In contrast, its FT-image in Figure 2.14c shows quasiparticle interference 

(QPI). There are two associated wave vectors: the AFM-related QAFM and charge ordering-related 

Q* which are marked in red. Similarly, the FT-STM topographic image visualizes the two-

dimensional Fermi surface and contains structural and electronic structure information. 
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Figure 2.14: Constant-current STM/STS and FT- images on Sr3(Ru0.95Mn0.05)2O7 
at 13 K.  (a) STM topography on the (001) surface with Vs = 200mV, Is = 500pA. 
A large atomic flat surface is observed with dark regions of defects and Mn 
dopants marked with blue dots.  (b) conductance mapping in real space, where 
the electron distribution on the sample surface is visualized in different colors. 
(c) FT image of g(r,V) has non-dispersive features where the QP shows two 
peaks, QAFM and Q*. All FT have C4v symmetry. This figure adapted from Ref. 
[88]. 

 

Our variable temperature STM/STS was collected with a homemade one with reproducible 

atomic resolution at CNMS ORNL. The entire STM of CNMS is placed in an isolated acoustic 

chamber, and in addition mechanical vibrations are isolated by placing the system on an optical 

table with air legs. Minimum thermal drift is achieved (temperature fluctuation is 0.05 K/h), with 

an outer shell of the apparatus is filled with liquid nitrogen. The lowest operation temperature is 4 

K. This STM also has a 0 to 9 T applied magnetic field capacity. In order to achieve a defect free 

surface,  all sample cleaving is done at 77 K, and the samples are subsequently cooled to 4 K. 

Various sample-tip bias voltages are tested to get a clear atomically resolved image. To obtain 

clear atomically resolved surface images of Sr3(Ru1-xMnx)2O7 samples, we chose a large bias 

voltage range of -1.5V to 1.5V, where the tunneling current is in the pA range. The tungsten tip is 

polished on a newly sputtered and annealed Au(111) surface. Lock-in frequency is optimized to 
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reduce the system noise. The lock-in frequency is chosen in the range of half-integer times 

electrical base frequency. This instrument was proposed, designed, and constructed by Professor 

Plummer and Jin when they were at ORNL. 
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Chapter 3. Bulk Structural Characterization of Sr3(Ru1-xMnx)2O7  

3.1 Bulk Crystal Structures of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23 and 1) 

The double-layered Sr3(Ru1-xMnx)2O7 is a complex system and offers a significant 

advantage for studying structure-property correlations. Its layered structure also provides an 

opportunity to measure the surface properties in order to probe any hidden bulk phase.  The 

properties of Sr3Ru2O7 can be manipulated by doping Mn on the Ru site. Sr3(Ru1-xMnx)2O7 is an 

AFM insulator in the region x < 0.05. The structural and magnetization measurements show 

evidence of the local structural change driven magnetic and metal-insulator (MIT) transitions. TMIT 

pushed to higher temperatures with x . The initial aim of our experimental work was to investigate 

the structural properties of Sr3(Ru1-xMnx)2O7 as a function of x at low temperatures. Furthermore, 

the bulk structural change is accompanied with the emergence of long-range AFM ordering. 

Correlation between the lattice structure, unit cell volume, and the magnetic transition is  studied. 

The process of characterizing these crystals allow us to understand in more detail the roles of 

temperature and Mn dopant in the local structural change of Sr3(Ru1-xMnx)2O7. 

We performed Single Crystal X-ray Diffraction measurements at temperatures from 298 K 

to 28 K through a helium cryo-jet on Sr3(Ru1-xMnx)2O7 single crystals, which have all been 

assigned to the same tetragonal space group. The Rietveld method is used to fit diffraction patterns 

that minimize the difference between the experimental data and a model based on the profile 

information, crystallographic parameters, and atom positions discussed in Chapter 2.  The atomic 

position and the occupancy equatorial oxygen atoms O3 are left to be a refinement parameter. A 

unit cell structure of Sr3(Ru1-xMnx)2O7 is shown in Figure 3.1 with Ru (4mm), Mn (4mm), Sr1 

(4/mmm), Sr2 (4mm), O1 (4mm), O2 (4/mmm), O3 (4mm) [89]. The Ru/Mn ratios in the crystals were 

obtained using energy dispersive X-ray analysis (EDAX) measurements. 
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Figure 3.1. The crystal structure of Sr3(Ru1-xMnx)2O7 . The red, yellow, and gray 
balls represent the O atom, the Sr atom and the (Ru/Mn) atom in the middle of 
the octahedron, respectively. 

 

The precession image obtained from the collected X-ray diffraction was used to assess the 

crystal quality. An example of one of the precession images collected on four Sr3(Ru1-xMnx)2O7  

samples (x = 0, 0.08, 0.16, and 0.23) with different frames is shown in Figure 3.2a. The iso intensity 

contour map of electron residual in reciprocal space is included in Figure 3.2b, and the color 

represents the diffraction peak intensities normalized to the maximum peak intensity. The contour 

map is symmetric, indicating that the crystals are of a single phase. The precession images are 

calculated from low-temperature single-crystal X-ray diffraction data at 28 K, 

and the corresponding image plot is shown in Figure 3.3 for direct comparison. The diffraction 

spots intensity, image contrast, and resolution were all enhanced at low temperatures. The 

possibility of twinning in our single crystals was also considered, which is a known problem in 

tetragonal and orthorhombic systems. By comparing the intensities of equivalent peaks, no clear  
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Figure 3.2. (a) Precession images from collected XRD data for four Sr3(Ru1-

xMnx)2O7  (x = 0, 0.08, 0.16 and 0.23) samples at 77 K in the (hk0) plane. The X-
ray is directly parallel to the in-plane axis of the I4/mmm unit cell marked in the 
white circle (b) One iso intensity contour map of the Sr3(Ru0.84Mn0.16)2O7 
electron-density residual structure with a resolution of 0.08 e-/Å3. 

 
sign of twinning was observed from the above precession images. Attempts were made to solve 

this structure with a tetragonal model, as previously suggested [90]. The details of bulk refinement 

parameters are given in Table 3.1, where both R1 and R2 are reflection-based parameters and 

computed the difference between real and theoretical models. The quality of the fit to the data is 

also limited due to nearly 2000 reflections and data collected at different temperatures, and all  

converges with final R1 (< 0.02), R2 (<  0.1), and a final difference map of < 2 eÅ-3. The R-factors 

for this refinement suggest our sample structure can be fitted adequately with the tetragonal 

structure.  
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Figure 3.3. Temperature dependence precession images in the reciprocal space 
from the diffraction data collected at 77 K and 28 K for Sr3(Ru0.84Mn0.16)2O7.  

Refinement of the structure of the Sr3(Ru1-xMnx)2O7  samples revealed the lattice 

parameters at 28K for different Mn (x) : a = b = 3.9031(6)Å, c = 20.663Å for x = 0.08. a = b = 

3.9107(6)Å, c = 20.613(4) Å for x = 0.16. For x = 0.2, a = b = 3.9010(6)Å, c = 20.385Å. In this 

case, the out of the plane lattice parameter c shows a contraction while in-plane lattice constants a 

and b monotonically increase for x < xc and then decrease beyond the turning point xc = 0.16. The 

lattice parameters, fitting details, and temperature dependence of the lattice parameters for the 

Sr3(Ru1-xMnx)2O7 (x = 0.08, 0.16, and 0.23) samples obtained by structural refinement are given in 

Tables 3.2 - 3.4, respectively. Selected interatomic distances or the bond lengths are provided in 

Tables 3.5 – 3.7. The refinement also includes anisotropic thermal parameters, which further 

improves refinement. As the temperature is reduced, the diffraction peaks appear at positions 

corresponding to the same  I4/mmm space group for xc = 0.16. We can see that no structural phase 

transitions occur upon cooling well below the magnetic transition temperature. The refined 

structure agrees with the neutron structural studies at ORNL using Lamour rotation where the 

lattice parameters a = b [44,90]. Starting from the lighter doped Sr3(Ru0.92Mn0.08)2O7, O atoms split 

into three Wyckoff positions with 2b for O1, 4e for O2 and 8g for O3. For x = 0.16, the O3 Wyckoff 
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position changes from 8g to 16n when cooled down from 298 K to 90 K as seen in the Sr3Ru2O7 

I4/mmm model [31], then further to 28(2) K, both Ueq and O3 Wyckoff position remained 

unchanged compared to their 298 K values. The refined Wyckoff positions for the partially 

occupied O3 site is quite different, which may have caused some of the challenges we experienced 

in refining the positions.   

Table 3.1. Single crystal refinement parameters for Sr3(Ru1-xMnx)2O7 system at 77 K. 

Refined Formula x = 0.08 x = 0.16 x = 0.23 

F.W. (g/mol)  569.39 562.01 557.39 

Space group I4/mmm ; I4/mmm ; I4/mmm ; 

𝑎	(Å) 
 

3.9031(6) 3.9107(6) 3.9010(6) 

𝑐	(Å) 20.663(4) 20.613(4) 20.385(4) 

V	(Å3) 314.78(11) 315.25(11) 313.40(11) 

Z 
 

2 2 2 

Extinction Coefficient 0.0123(10) 0.081(9) 0.065(9) 

θ range (º) 3.945 - 34.940 1.976 - 34.878 3.999-35.036 

Measured reflections 1747 2174 1913 

Independent reflections 246 255 255 

Parameters 20 20 26 

b𝑅![𝐹" > 2𝜎(𝐹")] 0.0186 0.0193 0.0270 

c𝑤𝑅"(𝐹") 
 

0.0474 0.0409 0.1118 

𝛥𝜌#$%(𝑒Å&') 0.977 0.972 7.657 

𝛥𝜌#()(𝑒Å&') -1.544 -1.091 -3.525 

a𝑅()* = [𝛴	|	𝐹+" − 𝐹,"(mean)	|	/	(𝑛 − 𝑝)	]!/" 
b𝑅! = 𝛴	|	|	𝐹+	| − |	𝐹,	|	|	/	𝛴	|	𝐹+	| 
c𝑤𝑅" = [	𝛴	[	𝑤(	𝐹+	" − 𝐹,"	)"/	𝛴	[	𝑤(	𝐹+"	)"	]	]1/2 

d𝑆 = [	𝛴	[	𝑤(	𝐹+	" − 𝐹,"	)"/	𝛴	(𝑛 − 𝑝)]1/2 
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Table 3.2. Atomic coordinates and equivalent isotropic displacement parameters of 
Sr3(Ru0.92Mn0.08)2O7. 

Atom Wyckoff position  x y z Occ.a Ueq (Å")b 

T = 298(2) K        

Sr1 2b 0 0 1/2 1.000 0.0090(4) 

Sr2 4e 0 0 0.31520 (5) 1.000 0.0083(4) 

Mn1 4e 0 0 0.09740 (3) 0.091(10) 0.0038(4) 

Ru1 4e 0 0 0.09740 (1) 0.909 (10) 0.0038(4) 

O1 2a 0 0 0 1.000 0.0124(19) 

O2 4e 0 0 0.19500(3) 1.000 0.0112(13) 

O3 16n 0 1/2 0.09640(2) 0.500 0.013(4) 

       

T = 90(2) K1       

Sr1 2b 1/2 1/2 0 1.000 0.0053(5) 

Sr2 4e 1/2 1/2 0.18 (6) 1.000 0.0053(4) 

Mn1 4e 0 0 0.09746 (4) 0.080(1) 0.0034(5) 

Ru1 4e 0 0 0.09746 (4) 0.092(1) 0.0034(5) 

O1 2a 0 0 0 1.000 0.0080(2) 

O2 4e 0 0 0.19500 (4) 1.000 0.0080(2) 

O3 16n 1/2 0 0.09600 (2) 1.000 0.0080(2) 

       

T = 28(2) K       

Sr1 2b 1/2 1/2 0 1.000 0.0032(2) 

Sr2 4e 1/2 1/2 0.1871 (2) 1.000 0.0027(2) 

Mn1 4e 0 0 0.0982 (2) 0.083(1) 0.0020(2) 

Ru1 4e 0 0 0.0982  (2) 0.092(1) 0.0020(2) 

O1 2a 0 0 0 1.000 0.0047(9) 

O2 4e 0 1/2 0.19520 (2) 1.000 0.0061(7) 

O3 8g 0 1/2 0.09640 (2) 1.000 0.0026(1) 

an Occupancy of atoms  
b	𝑈/0 is defined as one-third of the orthogonalized Uij tensor.  
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Table 3.3. Atomic coordinates and equivalent isotropic displacement parameters of 
Sr3(Ru0.84Mn0.16)2O7. 

Atom Wyckoff position  x y z Occ.a Ueq (Å")b 

T = 298(2) K        

Sr1 2b 1/2 1/2 0 1.000 0.0086 (6) 

Sr2 4e 1/2 1/2 0.18507 (8) 1.000 0.0080 (5) 

Mn1 4e 0 0 0.09741 (6) 0.165 (13) 0.0040 (6) 

Ru1 4e 0 0 0.09741 (6) 0.835 (13) 0.0040 (6) 

O1 2a 0 0 0 1.000 0.012 (3) 

O2 4e 0 0 0.1960 (5) 1.000 0.011 (2) 

O3 8g 1/2 1/2 0.0969 (3) 0.500 0.0191 
(17) 

       

T = 90(2) K1       

Sr1 2b 1/2 1/2 0 1.000 0.0059 (6) 

Sr2 4e 1/2 1/2 0.18508 (8) 1.000 0.0054 (6) 

Mn1 4e 0 0 0.09726 (6) 0.157 (16) 0.0036 (6) 

Ru1 4e 0 0 0.09726 (6) 0.843 (16) 0.0036 (6) 

O1 2a 0 0 0 1.000 0.010 (3) 

O2 4e 0 0 0.1951 (6) 1.000 0.011 (2) 

O3 16n 1/2 0 0.0510 (6) 0.5 0.006 (5) 

       

T = 28(2) K       

Sr1 2b 1/2 1/2 0 1.000 0.0047 (3) 

Sr2 4e 1/2 1/2 0.1853 (5) 1.000 0.0040 (3) 

Mn1 4e 0 0 0.0974 (4) 0.16 (2) 0.0024 (3) 

Ru1 4e 0 0 0.0974 (4) 0.84 (2) 0.0024 (3) 

O1 2a 0 0 0 1.000 0.008 (2) 

O2 4e 0 0 0.19540 (4) 1.000 0.006 (1) 

O3 8g 0 1/2 0.09670 (3) 1.000 0.021 (2) 

a Occupancy of atoms  
b	𝑈/0 is defined as one-third of the orthogonalized Uij tensor 
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Table 3.4. Atomic coordinates and equivalent isotropic displacement parameters of 
Sr3(Ru0.76Mn0.23)2O7. 

Atom Wyckoff position  x y z Occ.a Ueq (Å")b 

T = 298(2) K        

Sr1 2b 0 0 1/2 1.000 0.0090(4) 

Sr2 4e 0 0 0.31520 (6) 1.000 0.0083(4) 

Mn1 4e 0 0 0.09740 (2) 0.091(10) 0.0038(4) 

Ru1 4e 0 0 0.09740 (2) 0.909 (10) 0.0038(4) 

O1 2a 0 0 0 1.000 0.0124(19) 

O2 4e 0 0 0.19500 (4) 1.000 0.0112(13) 

O3 8g 0 1/2 0.09640 (2) 0.500 0.013(4) 

       

T = 90(2) K1       

Sr1 2b 1/2 1/2 0 1.000 0.0053(5) 

Sr2 4e 1/2 1/2 0.18607 (6) 1.000 0.0053(4) 

Mn1 4e 0 0 0.09733 (4) 0.080(1) 0.0034(5) 

Ru1 4e 0 0 0.09733 (4) 0.092(1) 0.0034(5) 

O1 2a 0 0 0 1.000 0.0080(2) 

O2 4e 0 0 0.19500 (4) 1.000 0.0080(2) 

O3 8g 1/2 0.064(2) 0.09600 (2) 1.000 0.0080(2) 

       

T = 28(2) K       

Sr1 2b 1/2 1/2 0 1.000 0.0049 (6) 

Sr2 4e 1/2 1/2 0.18710 (2) 1.000 0.0078 (7) 

Mn1 4e 0 0 0.09820 (1) 0.021 (3) 0.0053 (6) 

Ru1 4e 0 0 0.09820 (1) 0.079 (3) 0.0053 (6) 

O1 2a 0 0 0 0.088 (9) 0.0050 (6) 

O2 4e 0 0 0.19560 (10) 0.090 (8) 0.0016 (6) 

O3 8g 0 1/2 0.09660 (6) 0.085 (5) 0.0013 (4) 
a Occupancy of atoms  
b	𝑈/0 is defined as one-third of the orthogonalized Uij tensor.  
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of oxygen due to the shift in these positions. Previous work has identified a structural phase 

transition with the Mn concentration x, mainly in the octahedral rotation angle, which is believed 

to be from a lower orthorhombic symmetry phase to the I4/mmm unit cell [90]. This study at 77 K 

has also revealed a similar evolution of the octahedral rotation which disappeared at all 

temperatures beyond the critical concentration. This change has also been attributed to the orbital 

ordering from a recent resonant X-ray diffraction study [92].The distance from outer apical oxygen 

to the octahedral center or Ru/Mn-O2 bond lengths remains unchanged upon cooling for x = 0.08 

and 0.16. In contrast, for x = 0.23, the inner apical oxygen to the octahedral center  Ru/Mn-O1 

bond length increases from 1.983(3)Å at 298 K to 2.002(3)Å at 28 K while the Ru/Mn-O2 bond 

Table 3.5.  Refined Bond Lengths (Å) and Angle of Sr3(Ru0.92Mn0.08)2O7. 

 298 (2) K 90 (2) K1 28 (2) K 

Bond Lengths     

Sr1 - O1 2.7507 (14) 2.73792 (14) 2.760 (5) 

Sr1 – O3 2.635 (15) 2.613 (6) 2.789 (3) 

Sr2 – O2 2.445 (11) 2.7446 (7) 2.767 (6) 

Sr2 – O3 2.534 (3) 2.891 (6) 2.685 (3) 

Ru1 – O1 2.0195 (11) 2.0263 (10) 2.012 (6) 

Ru1 – O2 2.040 (10) 2.046 (9) 2.022 (5) 

Ru1 – O3 1.9490 (2) 1.9553 (10) 1.952 (4) 

    

Bond Angles    

O1 - Ru1 – O3 89.39 (19) 89.70 (15) 89.44 (10) 

O2 - Ru1 – O3 90.61 (19) 90.30 (15) 90.96 (10) 

    

Rotation    

(Ru/Mn)O6 
rotation 

6.7(6) 8.1(2) 6.6 (2) 

1 Table generated from reference [91].  
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length (1.987(9)Å at 298 K to 1.990(3)Å at 28K). The Ru/Mn-O3 bond length (from 1.956(3) Å 

at 298 K to 1.961(4)Å at 28K) experiences little change. The bond angle difference in O1-Ru/Mn-

O3 and O2-Ru/Mn-O3 indicates a slight symmetrical buckling.  

Table 3.6.  Refined Bond Lengths (Å) and Angle (o) of Sr3(Ru0.84Mn0.16)2O7. 

 298 (2) K 90 (2) K1 28 (2) K 

Bond Lengths     

Sr1 - O1 2.765 (4) 2.7570 (2) 2.765 (5) 

Sr1 – O3 2.784 (5) 2.641 (17) 2.792 (5) 

Sr2 – O2 2.433 (11) 2.7646 (9) 2.773 (8) 

Sr2 – O3 2.661 (5) 2.811 (19) 2.738 (3) 

Ru1 – O1 1.9926 (12) 1.9915 (13) 2.007 (10) 

Ru1 – O2 2.016 (11) 2.004 (12) 2.020 (9) 

Ru1 – O3 1.9554 (11) 1.960 (2) 1.955 (4) 

    

Bond Angles    

O1 - Ru1 – O3 89.7 (2) 89.6 (3) 89.59 (19) 

O2 - Ru1 – O3 90.3 (2) 90.4 (3) 90.41 (19) 

    

Rotation    

(Ru/Mn)O6 
rotation 

0 5.8 (7) 0.55 (0.5) 

1
Table generated from reference [47]. 

Refinement results of the Sr3(Ru1-xMnx)2O7  samples from the X-ray diffraction data are 

plotted in Figure 3.4. The lattice parameter a reaches maximum at the critical point xc. Room 

temperature structural refinements of the two end compounds of Sr3Ru2O7 and Sr3Mn2O7 are added 

for better discrimination of structure change [91,93]. Even though the unit cell volume of 

Sr3Mn2O7 is also significantly reduced, the c/a ratio increased to the value near xc, as seen in Figure 

3.4a-d. Figure 3.4e-g shows the refined bond lengths from the octahedral center Ru/Mn to the three 
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oxygen sites. These bond lengths at 298 K and 28 K are more or less the same with monotonic 

decreasing trends with x. It is also clear that across the bulk magnetic transition temperature, the 

octahedral distortion at x = 0.16 changes more or less steeply at 298 K as shown in Figure 3.4h 

with the calculated δJT = [Ru/Mn-O1 + Ru/Mn-O(2)]/2 ×Ru-O(3)] parameter. The results 

we obtained from the single crystal XRD reveal dynamic structural variation with the Mn (x) 

concentration. For the critical compound xc, we obtained the magnitude of the octahedral rotation 

from the O1-Ru/Mn-O3 bond angles of the adjacent octahedra. The rotation angles are close to 0 

degrees at 298 K and 28 K compared to 5.8 (7) degrees at 90 (2) K. For the bond lengths, we 

observed little change throughout the bulk TM. 

Table 3.7  Refined Bond Lengths (Å) and Angle (o) of Sr3(Ru0.8Mn0.23)2O7 

 

 298 (2) K 90 (2) K 28 (2) K 

Bond Lengths     

Sr1 - O1 2.765 (3) 2.761 (7) 2.773 (5) 

Sr1 – O3 2.771 (7) 2.762 (3) 2.779 (9) 

Sr2 – O2 2.773 (3) 2.444 (8) 2.778 (14) 

Sr2 – O3 2.658 (6) 2.664 (3) 2.693 (9) 

Ru1 – O1 1.983 (3) 1.985 (7) 2.002 (3) 

Ru1 – O2 1.987 (9) 1.987 (8) 1.990 (3) 

Ru1 – O3 1.956 (3) 1.953 (5) 1.950 (4) 

    

Bond Angles    

O1 - Ru1 – O3 89.4 (3) 89.10 (15) 89.10 (4) 

O2 - Ru1 – O3 90.6 (3) 90.90 (15) 90.95 (4) 

    

Rotation    

(Ru/Mn)O6 
rotation 

0 0 0 
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Figure 3.4. Mn concentration dependence of lattice parameters, volume, c/a, 
bonding lengths, and Jahn-Teller distortion (𝛿JT) at 298 K (black squares) and 28 
K (red squares). (a) – (d) Tetragonal lattice parameter a, c, V, and the ratio c/a of 
Sr3(Ru1-xMnx)2O7 respectively. (e) – (g) Refined bond lengths of  Ru/Mn- O(1), 
Ru/Mn – O(2), and Ru/Mn – O3 respectively. (h) The calculated 𝛿 JT room 
temperature refinement data of the two end compounds, Sr3Ru2O7 and Sr3Mn2O7, 
are added for comparison [91,93]. 
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3.2 Comparison with Neutron Scattering Experiment  

Another option for obtaining crystalline structural information is neutron scattering. Since 

interaction between neutrons and nuclei is independent of the number of electrons, the diffraction 

signal of neutrons from one element has the same order of magnitude as that of the other elements. 

In the X-ray diffraction measurements, the scattering of X-ray by atoms involves interaction with 

electrons. Thus, X-ray scattering factor is related to the number of electrons in atoms. Due to the 

spatial delocalization of electron density, the X-ray scattering factor decreases with the increase of 

the scattering vector. The scattering vector is defined as Q = 4πsinθ/λ, where θ and λ are the 

diffraction angle and the wavelength. Thus, the contribution from the light elements (such as H, 

O) can be challenging to distinguish in the presence of heavier elements. Moreover, since the 

different oxidation states of a given element have different numbers of electrons, the scattering 

contribution of the redox-active transition metal will also vary according to the charge state. 

However, neutron scattering in neutron diffraction (ND) measurement involves interaction with 

the nucleus, and the neutron scattering length varies irregularly with atomic number and isotope, 

which is not related to Q. The differential scattering cross-section is also proportional to the square 

of the scattering lengths: 

                                                       B6!

Bj7B:7		
= 𝑁 @7

@"	
q
"r
𝑆(𝑄,𝜔)           (3.1). 

This equation suggests that in a specific energy window 𝑑𝐸, the incident neutron is scattered with 

a solid angle 𝑑𝛺. With the presence of atomic isotopes, it generates a spatial fluctuation in its 

scattering length. It contributes an incoherent factor to the overall scattering cross-section where 

neutrons can distinguish the neighboring elements (close Z) and pick up the atomic isotopes. 

The rest is the significant coherent contribution from single atomic species that interferes with the 

scattered waves. Therefore, the XRD refinement results highly depend on the X-ray scattering 
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factor of atoms in the structure model and the Q range. Generally, the structural model uses a factor 

of free neutral or ion. However, the scattering factor of free atoms will significantly deviate from 

the actual scattering of atoms in the lattice since charge transfer could occur between atoms, so the 

actual charge density on the atoms will deviate from their formal charges [25,94].  

The variability of the neutron scattering length can help distinguish between low atomic 

numbers and similar atomic number species. A lower symmetry is usually adopted in modeling 

the neutron scattering data as superlattice, weaker peaks, and lighter-mass peaks [25]. The Q 

independence of the scattering length makes ND more suitable than XRD for determining atomic 

displacement parameters. This section takes Ba2CoO4 and Sr3(Ru1-xMnx)2O7 as examples to 

illustrate the sensitivity and limit of X-ray and neutron powder diffraction when solving the bulk 

structures of transition metal oxides.  

The actual scattering coefficients of atoms are estimated using a linear combination of 

the scattering coefficients. Considering that the Mn scattering coefficient in the actual structure 

is smaller than O and Sr, the coherent scattering lengths 𝑏D  are  -3.73 fm for Mn, 5.803 fm for O, 

7.03 fm for Ru, and 7.02 fm for Sr [95]. The change of the scattering coefficient Mn has little 

effect on the refining effect, thus it is assumed that the scattering coefficient for Mn is constant. 

In terms of X-ray scattering, the concept of atomic scattering factor fj is similar to that of bj, but fj 

is proportional to the Z number [96]. The peak positions and amplitudes contain the structural 

information, where the peak intensity is a function of hkl data and related to the sample angle θ, 

the unit cell volume V, and the beam of wavelength λ with the following equation:  

𝐼 = os4|t)(L@?)|!

<! luv 0m
                                         (3.2). 
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This difference is more pronounced when it comes to the energy-dispersive measurements, where 

the difference between the two techniques is more notable. Neutrons have a reasonably large 

wavelength, resulting in anisotropic neutron scattering amplitude as the scatter angle increased. 

In comparison, X-ray scattering has a lower peak amplitude with luvm
s

 due to the interference 

effects for X-ray scattering by each atom [97]. Thus, the resolution for XRD is worse. 

 Once we have the diffraction data and all the diffraction peaks are identified with known 

phases, the overall peak profiles are fitted with a full-pattern Rietveld refinement [63]. The 

refinement yields different values depending on the constrained structural parameters, resulting 

in false results if the constrained parameters are not fully characterized in another method. For 

example, the nominal stoichiometric ratio may deviate from the actual stoichiometric ratio, and 

compositional heterogeneity may result in a stoichiometric distribution of individual crystallites. 

To solve the structure for doped transition metal oxides Sr3(Ru1-xMnx)2O7, the refinement cannot 

converge with lower Pban and Bbcb orthorhombic space group models. Diffraction aberration due 

to absorption also occurs in both ND and XRD measurements, but our XRD refinement of the 

absorption coefficient produced a smaller value (< 0.1), indicating that the absorption here has 

little effect on the result. 

The structural refinement results of Ba2CoO4 show the same situation. Even though the 

previous neutron and X-ray diffraction measurements adopted the same monoclinic space group 

P21/n model [98,99], as shown in Table 3.8, X-ray diffraction analysis yields a 1.675	Å3 larger unit 

cell volume at room temperature and larger refined lattice constants a, b, and c compared to the 

neutron measurement. Such discrepant findings are due to the  X-ray scattering factors of Ba, Co, 

and O, and its low penetration power as a function of the increased atomic number affects the 

collected peak intensities causing a less accurate refinement result from the X-ray measurement. 
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We now return to the comparison of the refined lattice parameters for Sr3(Ru1-xMnx)2O7. In Figure 

3. 5 XRD and neutron diffraction (ND) results of lattice parameters at 298 K and 23 K are shown. 

Temperature makes little impact on the refinement results of the lattice parameter and unit cell 

volumes. The lattice parameters determined from our single-crystal X-ray diffraction marked in 

blue agree well with previous results marked in red at 298K [89]. Figure 3.5a shows that the in-

plane lattice parameter determined from neutron diffraction (ND) is notably smaller. This 

difference is particularly evident (~ 0.036 Å) at xc = 0.16, where the in-plane lattice parameter a at 

298 K and 23 K from neutron measurements are marked in yellow and black respectively. The a 

and c lattice parameters are reduced with Mn doping from the ND measurement in Figure 3.5a and 

b. The findings measured with the single-crystal XRD where a first increases and reaches a 

maximum at xc ~ 0.16  and then decrease with x is shown in Figure 3.5a and b. The calculated unit 

cell volume is reduced with increasing Mn x in both measurements in Figure 3.5c.  

Table 3.8. : Difference in the lattice constants a, b, and c of Ba2CoO4 using X-ray and neutron 
scattering.  

Lattice Constants Neutron 
Diffraction 5 K1 

Neutron Diffraction 
ext. to RT 

X-ray RT2 Difference2 

a(Å) 5.884 
 

5.905 

 

5.9176 

 

0.0126 

 
b(Å) 7.541 

 

7.614 

 

7.6192 

 

0.0052 

 
c(Å) 10.343 

 

10.371 

 

10.379 

 

0.008 

 
Unit Cell 

Volume(Å3) 
458.93 

 

466.29 

 

467.96 

 

1.675 

 
Angle 𝑎	𝑎𝑛𝑑	𝑏	(o) 90.524  91.734 1.210 

12 
Table generated from reference [98,99]. 
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Overall, the Rietveld refining of X‐ray and neutron diffraction measurements can obtain 

the precise structural information for Sr3(Ru1-xMnx)2O7. While the setup for neutron measurements 

is more advanced and complicated than the in-house X-ray measurements, neutron diffraction is 

an excellent method for the structure determination of light atom positions with few electrons. For 

the Rietveld refinement of XRD data, the linear combination of the X-ray scattering factors for 

atoms results in changes in the refined structural parameter values. Comparing the refinement 

results from  XRD, ND suggests that although there is a substantial difference in absolute value; 

however, both techniques can capture the trend of structural parameter evolution with changes in 

temperature and doping level x. More advanced electron density models are needed for XRD to 

obtain comparable refined bond lengths to the neutron diffraction [100,101]. We should be aware 

of the limitations and sensitivity of the X-ray diffraction method. Simultaneously using both 

techniques could result in the best structural model for Sr3(Ru1-xMnx)2O7 characterization. 

Figure 3.5. The Mn concentration dependence of (a-b) lattice parameters and (c) 
calculated volume from X-ray and neutron diffractions (ND) at 298 K and 23 K. 
The SXRD data from Ref. [90] and ND data from Refs. [31] [44] is added for 
comparison.  
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Chapter 4. Surface Structural Analysis and Lattice Dynamics of Sr3(Ru1-

xMnx)2O7  

In this Chapter, surface studies reveal how breaking the bulk translational symmetry 

changes the surface structure and lattice dynamics of Sr3(Ru1-xMnx)2O7. Early-stage surface 

structure studies showed that the LEED patterns of Sr3Ru2O7 have broken glide line symmetry at 

both room temperature and low temperatures, confirming the presence of lattice tilt distortion on 

the surface [11]. This broken glideline reduces the symmetry of the LEED pattern to a lower C2v 

than that of C4v from a rotational-only surface. Detailed calculations show that creating a surface 

yields an enhanced ∼10.5° rotation of the surface RuO6 and a ∼2.6° octahedral tilt [11].  The tilt 

of surface RuO6 octahedra drives the surface metallicity of Sr3Ru2O7 to be less than that of the 

bulk, while the disappearance of the tilt promotes the surface metallicity of Sr3(Ru0.84Mn0.16)2O7. 

The above examples show that the surface broken symmetry disturbs the balance between 

structural, electronic, and magnetic degrees of freedom, which leads to the emergence of novel 

properties. The need to further investigate the changes in the surface structure is obvious: LEED 

I-V analysis of the detailed surface structure of Sr3(Ru1-xMnx)2O7 at low temperatures (below bulk 

TM) and varying x is necessary to understand the intricate coupling observed in the bulk phases. 

And the , the new surface phases to establish their unusual structure-property relations in the 

system.  

In this study, we use LEED to probe the symmetry of the surface structure and LEED I-V 

calculations to quantify the surface octahedral rotation and tilt of Sr3(Ru1-xMnx)2O7. Highly 

surface-sensitive HREELS were then used to explore the electronic and lattice dynamics at the 

crystal surface, by measuring the surface electron-phonon coupling as a function of Mn doping in 

the temperature range of 77 K - 20 K. The combined results of these surface-sensitive tools confirm 
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that there are differences in the surface and bulk structures of Sr3(Ru1-xMnx)2O7 that affect its 

metallicity. 

4.1 LEED I-V Analysis of  Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23, and 1) 

4.1.1  LEED Measurements of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23 and 1)  
 

The RuO6 octahedra in Sr3(Ru1-xMnx)2O7 bulk have an intrinsic rotation around the c-axis. 

For freshly cleaved Sr3(Ru1-xMnx)2O7 (001) surfaces, octahedra with opposite chirality on the 

surface result in the same bulk truncated structure. The evolution of the Sr3(Ru1-xMnx)2O7 surface 

structure with x and the corresponding LEED patterns are illustrated in Figure 4.1. Figure 4.1a 

demonstrates surface (Ru/Mn)O6 octahedral rotation with the black box connecting four surface 

octahedra with the same rotation direction while the middle octahedron has an opposite rotation. 

Thus, the surface has the same orthorhombic structure as the bulk and the surface lattice constant 

is equal to √2 multiplied by the lattice constant obtained by refining the tetragonal lattice structure 

used in Chapter 3 (asurface = a tet × √2). Figure 4.1b is the side view of bilayered octahedra, where 

it tilts along the octahedral edge direction in upward and downward directions as marked with the 

arrow. The vertical position of the top oxygen atom is lowered and the glide plane parallel to the 

tilt direction is broken. For surface (Ru/Mn)O6 octahedral rotation only, the corresponding LEED 

pattern has two perpendicular glide lines as shown in Figure 4.1c (labeled with two perpendicular 

dashed lines). To conveniently label the LEED diffraction spots, we use a tet-(1 × 1) unit cell 

where the integer points (0, 1) and (1, 0) are marked. The surface and tet -(1 × 1) unit cells are 

marked with black and orange squares, respectively. Figure 4.1d shows the reappearance of the 

fractional (±3/2, ±3/2) spots along one glide line parallel to the surface (Ru/Mn)O6 octahedral tilt 

direction. Hence, the fractional spots in the LEED pattern (with respect to tet-(1 × 1)) are tilt 

sensitive. In order to improve the accuracy of our LEED I-V calculation, we choose as many spots 
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as possible. With surface octahedral tilt, the symmetry of the planar group is reduced to that of the 

pg planar group. So, in Figure 4.1e-f the temperature dependence of the LEED patterns for 

Sr3(Ru0.77Mn0.23)2O7 (001) and Sr3(Ru0.92Mn0.08)2O7 (001) at 77 K with 188eV beam voltage, the 

missing fractional diffraction spot reappears along the glide line and is circled in green for 

Sr3(Ru0.92Mn0.08)2O7 (001) surface. 

 

Figure  4.1. Evolution of Sr3(Ru1-xMnx)2O7 (001) surfaces structures and 
corresponding LEED images. (a) Surface octahedral rotation along c-axis with 
different chirality. (b) Illustration of the surface octahedral tilt up and down along 
the edge direction as marked with black arrows. The angles are labeled with 𝜃# 
and 𝜃0. (c) LEED diffraction pattern labeling based on a tet-(1 × 1) unit cell, 
where the two mutually perpendicular smooth lines are marked with dashed lines. 
(d) For the tilt of the surface octahedron, the fractional spots (±3/2, ±3/2)  along 
one of the glide lines reappear and break the glide line in this direction. (e-f) are 
the corresponding LEED patterns for Sr3(Ru0.77Mn0.23)2O7 (001) and 
Sr3(Ru0.92Mn0.08)2O7 (001) surfaces at 77 K with 188eV beam voltage. The green 
circles mark the reappearance of the fractional point in the middle of the two 
integer points (-1, 2) and (-2, 1). 
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For the LEED I-V analysis, we collected the intensities of the diffraction spots spaced along two 

glide lines, such as (3/2, 3/2), (5/2, 5/2), which are more sensitive to rotation and tilt. Prior to the 

analysis, the LEED I-V data were smoothed using the Savitzky-Golay method and a third-order 

polynomial. Each I-V curve is the sum of up to four equivalence points. For example, the integer 

spot (1, 3) is obtained by averaging the symmetrized points (1, 3), (1, -3), (-3,-1) and (3,-1). Surface 

atoms are also allowed to relax while maintaining the observed lattice symmetry and serving as  

 

Figure  4.2. LEED diffraction patterns on the surface of freshly cleaved Sr3(Ru1-

xMnx)2O7 (001) collected at 220 eV beam energy vary with x at 77 K. (a-e) x = 0, 
0.08, 0.16, 0.2 and 1. The intensities were scanned perpendicular to a glideline 
in the direction marked inside the colored dashed rectangular box. The intensities 
of the integer (-2, 1), (-1, 2) and (-3/2, 3/2) diffraction spots were normalized.  

the main constraint for atomic relaxation. Figure 4.2 shows the x dependence LEED patterns for 

the cleaved Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23, and 1) (001) surface at a fixed beam energy 
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of 220 eV. To verify whether the x = 0.08 surface has an octahedral tilt, we compared its LEED 

pattern (Figure 4.2b) with the observed C2v lattice symmetry of Sr3Ru2O7. Along differently 

colored dashed rectangles in the LEED image, if the diffraction spot (-3/2, 3/2) appears between 

the (-1, 2) and (-2, 1), it indicates a broken glide line along this direction. The LEED images were 

rotated for a better view. From the line profile of the diffraction spots intensities is plotted in Figure 

4.3, we found that after normalizing the integer diffraction spots to the highest peak intensity, the 

presence of (-3/2, 3/2) spot on the freshly cleaved (001) surface in any of our cooling and heating 

cycles for x = 0, 0.08 samples, at any applied beam voltage, which demonstrates that the surface  

 

Figure 4.3. : Line scan of the LEED diffraction pattern of Sr3(Ru1-xMnx)2O7 (001) 
at 77 K. The surface C4v and C2v lattice symmetry is assigned according to the 
appearance of the intermediate (-3/2, 3/2) spot and its intensity. The intensity of 
the (-3/2, 3/2) spot drops to zero due to the absence of surface tilt. 

symmetry is reduced to C2v due to the presence of a surface octahedral tilt. Also, we observe that 

the decrease in the (0, 3) peak at x = 0.08 represents a decrease in the magnitude of its surface 

octahedral tilt compared to x = 0. For x ≥ xc, the disappearance of the (-3/2, 3/2) spot on the surface 

for x = 0.16, 0.23, and 1.0 shown in Figures 4.2c-e, indicates that the surface octahedra are not 
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tilted and that the lattice structure shows C4v symmetry. Figure 4.4 a-b shows the LEED patterns 

obtained for the same xc surface at 77 K and up to 25 K which is used to study the response of the 

Figure 4.4. LEED diffraction pattern of Sr3(Ru0.84Mn0.16)2O7 (001) surface at (a) 
77K, 220eV beam energy (b) 25K, 210eV beam energy. (c) Line profile of the 
diffraction spots along the orange box. The disappearance of the (0, 3) spot 
indicates that the octahedral surface is not tilted at both temperatures. 

 surface lattice structure to the bulk AFM phase. In Figure 4.3.c, we also did a line intensity profile 

for the tilt-sensitive (-3/2, 3/2) spot along the direction of the dashed orange rectangular box 

marked in each LEED pattern and found that the xc surface has a C4v symmetry at both temperatures. 

We also observed tilt domains from this experiment. Figure 4.5 shows three LEED pattern images 

taken at 77 K from Sr3(Ru0.92Mn0.08)2O7  surface. The three pictures show that multiple terraces 

and the tilt domains co-exist on the surfaces for sample moving laterally to different positions in a 

direction perpendicular to the incident electron beam. Figure 4.5a. shows a clear multiple tilt 

domain on the cleaved sample surface, where both glide lines have been destroyed with factional 

spots as marked with the green circle resulting in higher pm plane group symmetry. The sample is 

then panned by 0.5 mm, as shown in Figure 4.5b. We observe a single tilted domain with only one 

glide line with the red circles marking extinct (3/2, 3/2) spot. When the sample is further moved 

to another position, the LEED pattern has a single tilted domain as shown in Fig. 4.5c, but the glide 

lines appear to be rotated by 90∘ from the original direction, and the pg symmetry is restored. 
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Since the diameter of the LEED incident electron beam is about 1 mm and the lateral translation 

of the sample between images a and c is 2 mm, the tilted domains of the sample surface have 

different tilt directions with a size in the range  of several square millimeters. 

 

Figure  4.5. LEED patterns with the tilt domains for Sr3(Ru0.92Mn0.08)2O7 at 77 K. 
The tilt-sensitive spots are marked by green circles. The appearance of tilt-
sensitive the spots along the glides is drawn with the red circles (a) at 190 eV 
with no glide planes, (b) after the position change at 216 eV which shows one 
glide line symmetry along the red circles (c) the tilt axis shows a 90-degree 
rotation with a further lateral 1mm movement. The LEED pattern has one glide 
line symmetry at 250 eV.  

Subsequent cleavage of individual samples also showed the observed rotation of the tilt 

axis, and the cleavage of the sample was favorable at the boundary of the tilt domain. Since the 

LEED pattern for x = 0.08 shows a similar tilt to the surface for x = 0, a reference structure was 

generated using the x = 0 data obtained in the previous section for LEED IV calculation. For x ≥ 

xc, due to the similarity of the overall structure at different x and temperatures, we used the bulk 

structure for xc at 77 K as the reference structure. Experimental I-V spectra of a set of unequal 

beams over a similar energy range (60-600 eV) were collected for different samples. These unequal 

beams were then averaged to reduce the error that arises when implementing data collection. 
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4.1.2 Surface Model Construction and Structural Refinemnt of Sr3(Ru1-xMnx)2O7 (x = 0, 
0.08, 0.16, 0.23 and 1) 
 

We used a customized SATLEED package for a detailed analysis of the surface structure 

for Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23 and 1) samples [102]. The experimental IV curves 

were collected in 1 eV increments in the energy range, where we could obtain clear LEED images 

while satisfying the normal incidence condition. Figure 4.6 shows how the normal incidence 

condition can be confirmed by comparing the intensities of the symmetric diffraction points. 

Figure 4.6a. shows the Sr3Ru2O7 surface at 77 K, where the symmetrical (3, 0), (2, 2) beams are 

marked with yellow and blue circles, respectively. To meet the experimental conditions, the 

difference between each beam must be kept within Rp < 0.3. Figure 4.6b and c shows the 

comparison of the calculated Rp differences between the selected (3, 0), (-3, 0) and (2, 2), (-2, 2) 

individual beams. Ten different sets of I-V curves were collected and analyzed for different 

samples at different temperatures. Ten symmetrical equivalent integer and fractional beams were 

recorded and averaged to generate the IV data for experiment, and all beams were normalized to 

the sample current I0. The collected beams were smoothed with a weighted 5-point adjacency 

averaging method in order to obtain a low statistical Rp error:	var(R,) = R,xuv|8Voi/∆E over the 

total energy range of 2754 eV to 4134 eV [76].  

The initial reference surface model of Sr3(Ru1-xMnx)2O7  surface was split into two parts as 

discussed in the previous section, with xc as the turning point. The surface modeling process is 

shown in Figure 4.7. Figure 4.7a shows the modeling of the surface slab containing five composite 

layers sitting on top of the bulk structure, with the cleaved surface at the top, and above the surface  

is the vacuum. The interlayer distances between each surface layer are optimized to allow the phase 

shift to converge. The surface unit cell with octahedral rotation is shown in Figure 4.7b, where two 
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different O1 atoms are labeled as O1_1 and O1_2. The bulk data show that (Ru/Mn)O6 octahedra 

can be considered as rigid objects. Without breaking the surface symmetry observed in the LEED  

Figure 4.6. Example of the LEED I-V collections for Sr3Ru2O7 (290eV) at 300K. 
(a) Symmetrized (3,0) and (2,2) beams were marked with yellow and blue circles. 
(b-c) Experimental comparison between two symmetrized points (3,0), (-3,0) and 
(2,2), (-2,-2) respectively. Individual Rp listed for checking the normal incidence 
condition.  
 

pattern, the pg plane set allows distortions to be made to the surface octahedra. The symmetry 

generator allows us to determine the fitting parameters for the 24 atoms of the surface layer, and 

several atoms can be combined. For example, the Ru/Mn atom in the center of the octahedron can 

be moved vertically on the O1 substrate without breaking the observed pattern. Furthermore, the 

length of the Ru/Mn-O2 bond from the center of the octahedron to the top and bottom oxygen 

atoms can have different values. We tested different combinations of fitting parameters and found 

that the final Rp did not change for different surface rotations.Therefore, we always assume the 

same direction of rotation for the surface octahedron. Vertical displacements of the surface atoms 

significantly improve the final results (Rp decreases by 0.03). Furthermore, allowing the tilt of O1 

to be different from the tilt of O2 does not improve the final results, and therefore two tilt angles 

with 𝜃1=	𝜃2 are used as optimization parameters. The fitting parameters used in this optimization 
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method define the tilt and rotation of the surface octahedron. Figure 4.8 illustrates the fitting 

parameters for individual atoms of the surface bilayer octahedron. Due to rotation, the  

Figure  4.7. Reference surface structure for the initial LEED I-V calculations (a) 
model with five surface layers above the bulk layer, with interlayer distances 
optimized for convergent phase shifts. (a) Top view of the surface bilayer 
octahedron. There are two different O1 atoms on top: O1_1 and O1_2.  

 

lateral shift of the surface oxygen atoms in the a- and b-axis coordinates is estimated as 𝛥𝑥# = 

tan(𝜙#)/4. Similarly, 𝛥𝑥0 = tan(𝜙0)/4  is for the lateral shift of the oxygen in the second half bilayer 

octahedron. For x < xc, the tilt of the octahedron shifts the oxygen atoms, O1 and O3, vertically 

along the c-axis by 𝛥ℎ	= tan(𝜃)/10. The 𝛥𝑡$ and 𝛥𝑡& estimates (x, y) coordinate shifts of O1 and 

O3 where 𝛥𝑡$ = 𝛥ℎ	 × 	3.8 , 𝛥𝑡&3	 = 𝛥𝑡$ 	× 	tan	(𝜙#)  in the first layer and 𝛥𝑡&!	 = 𝛥𝑡$ 	×

	tan	(𝜙0) in the second layer. The positive rotation angles 𝜙# and 𝜙0 with positive indicate the 

exact octahedral rotation directions. The two tilt angles 𝜃# and 𝜃0 are the same, but the signs are  

opposite because the bilayered octahedra share one common oxygen atom. Therefore, the rotation 

and tilt angle can be determined from refinement with the global minimum Rp. Figure 4.9. and 

Table 4.1 label and list the initial positions of the different atoms in each of the five layers of the 



 68 

surface in units of surface cells. The lattice constants of the surface cells are determined by 

multiplying a constant √2 from the lattice constants of the bulk tetragonal unit cell as shown in 

Table 4.2 so that the actual Cartesian coordinates (x, y, z) of the atoms in each layer of the surface 

are achieved by multiplying them by lattice parameters. 

 

 

 

 

 

 

 

Figure  4.8. View of the surface bilayered octahedra with different rotation angles 
𝜙# , 𝜙0  and two tilt angles 𝜃#	and		𝜃0	. The vertical shift of oxygen atoms is 
estimated with 𝛥ℎ. 𝛥𝑡$ and 𝛥𝑡& estimate the (x, y) coordinate shifts of O1 and 
O3 from the octahedral rotation.  
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Figure 4.9. : Positions of different atoms in each surface layer. Each equivalent 
atomic site position is estimated with 𝛥ℎ, 𝛥𝑡$ and 𝛥𝑡& as a function of the 
surface octahedral rotation and tilt.  
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Table 4.1: Atomic coordinates for a total of 5 planes and 24 atoms in the top surface octahedra 
with the symmetry consideration. All fit parameters are given in unit length, and the actual 
Cartesian coordinates (x, y, z) are from multiplying by the lattice parameter.  

#  Atom x  y  z  

1  Sr2_1 0 0 0 

2 Sr2_2 0.5 0.5 0 

3 O1_1 -𝛥𝑡1 0.5-𝛥𝑡2! 0 

4 O1_2 0.5 + 	𝛥𝑡1 -𝛥𝑡2! 0 

5 O3_1 0.25 + 	𝛥𝑥!	 0.25+ 𝛥𝑥! 0.1-	𝛥ℎ 

6 O3_2 0.25 -	𝛥𝑥! 0.75 +	𝛥𝑥! 0.1-	𝛥ℎ 

7 Ru/Mn 0 0.5 0.1 

8 Ru/Mn 0.5 0 0.1 

9 O3_3 0.75+ 	𝛥𝑥! 0.25 -	𝛥𝑥! 0.1+	𝛥ℎ 

10 O3_4 0.75-	𝛥𝑥! 0.75-	𝛥𝑥! 0.1+	𝛥ℎ 

11 O2_1 𝛥𝑡1              0.5+	𝛥𝑡2! 0.2 

12 O2_2   0.5-	𝛥𝑡1 𝛥𝑡2" 0.2 

13 Sr1 0 0 0.2 

14 Sr1 0.5 0.5 0.2 

15 O3_5 0.75-	𝛥𝑥" 0.75-	𝛥𝑥" 0.4 -	𝛥ℎ 

16 O3_6 0.75 + 	𝛥𝑥" 0.25 -	𝛥𝑥" 0.4 -	𝛥ℎ 

17 Ru/Mn 0.5 0 0.4 

18 Ru/Mn 0 0.5 0.4 

19 O3_7 0.25 -	𝛥𝑥" 0.75 +	𝛥𝑥" 0.4 +	𝛥ℎ 

20 O3_8 0.25 + 	𝛥𝑥" 0.25 + 	𝛥𝑥" 0.4 +	𝛥ℎ 

21 O1_3 0.5 + 	𝛥𝑡1 -𝛥𝑡2" 0.5  

22 O1_4 -𝛥𝑡1 0.5-𝛥𝑡2" 0.5 

23 Sr2_3 0.5 0.5 0.5 

24 Sr2_4 0 0 0.5 
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Table 4.2 : Lattice parameters of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23 and 1) surface unit 
cells.  
 
 
 
 
 
 
 
 
 

 

Phase calculations based on a given surface or bulk slab are performed by implementing a 

modified symmetrized auto-tensor SATLEED package [71]. This method uses the optimized 

muffin-tin (OMT) potential for the excited states of the surface plate proposed by Rundgren [77] 

to eliminate the quasi-standing waves and resonant behavior near the atomic radius. The electron 

density of the neighboring atoms is determined iteratively and superimposed to the next closest 

atomic unit to reach a predetermined electron density limit. For calculating the doped samples, we 

used the t-matrix approximation by modifying the subroutine in the program [77]. The phase shifts 

of the surface slabs calculated by the OMT method are shown in Figure. 4.10., where neutral and 

uniformly charged atoms have no significant effect on the phase shift. The internal potential Vo = 

Vo(E) = Vor(E) + iVoi(E) of the complex oxide surface contains two parts of the energy-dependent 

real part Vor(E) and imaginary part Voi(E) with the relationship: 

                                   𝑉I((𝐸) = �
const,																							for	𝐸 < 𝐸O

𝐴8 +
o3

g:Xo!
	,																															for	𝐸 > 𝐸O 																					

           (4.1). 

 

 

x a (Å) b (Å) c (Å) 

0 5.474 5.474 20.798 

0.08 5.519 5.519 20.663 

0.16 5.523 5.523 20.613 

0.23 5.516 5.516 20.385 

1.0 5.401 5.401 20.15 



 72 

 

 

Figure  4.10. Plots of the calculated phase shift for 7 atoms using OMT method 
in Sr3(Ru1-xMnx)2O7. No significant change in the phase shift was observed for 
the same elements (Sr1 vs Sr2, and O1, O2, O3). 
 

Through the phase shift calculations, we obtain the cutoff energy Ec =11.2V, A0 = - 0.12, 

A1 = - 46.62, and A2 = 21.30, where the cutoff energy and coefficients are used in the subroutine 

for the modified electron beam energy calculations. We used a differential evolution (DE) 

algorithm for the optimization of the surface structure solution. The DE algorithm achieves global 

minimum optimization by searching an ample space using a simple Python package [103]. The 

parameter used for the search is the R-factor, which is used to find the minimum difference 
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between the model structure and the experimental I-V. The maximum value of the relaxation of 

each atom under the symmetry constraint was set to < 0.05 Å, and the robustness of this solution 

is typically tested by varying one of the fitting parameters to check the deviation from the global 

minimum Rp visually. The whole searching process consists of the following steps. (1) The rotation 

angle ∅#  of the top bilayer is first optimized while fixing the second layer ∅0 . Due to the 

penetration depth limit of LEED, it is expected o be more sensitive in finding Rp(∅1minimum). (2) 

Using ∅1 = ∅1minimum, the rotation angle ∅2 of the second layer was optimized. Different rotation 

directions and amplitudes were tested, and Rp (∅1minimum,∅2minimum) was obtained. (3) An additional 

step was performed for x < xc, and the tilt angle θ was optimized with (∅1minimum, ∅2minimum). (4) 

The vertical atomic displacements were performed under the allowed coordinates as discussed in 

the previous section. (5) The final step is the optimization of the surface Debye temperature θD for 

each element. Due to the low accuracy of the determination of θD, steps (1)-(4) are first repeated 

until the DE terminates with a reasonable level of convergence in the resulting Rp.  

The uncertainty associated with the atomic motion is determined by the divergence of the 

structure in the range (Rpmin - var(Rp), Rpmin + var(Rp)) as shown in Figure 4.11. The lowest global 

minimum of Rp is marked with a red cross, and the deviation from this structure in the range 

determined by var(Rp) is marked with a dashed line to resolve the associated uncertainty. Figure 

4.12 shows a comparative plot of selected experimentally and theoretically generated IV curves 

corresponding to the surface structural refinement results for Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 

0.2 and 1) samples at 77 K with ten different individual curves for each sample listed separately. 

The refined surface structural parameters and the total Rp values are listed in Table 4.3. The 

selected bulk bond lengths are listed for comparison. The optimized parameters of 
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Sr3(Ru0.84Mn0.16)2O7(001) surface structure at two temperatures, 77 K and 25 K, are listed in Table 

4.4, and its optimized surface Debye temperature for different elements is shown in Table 4.5.  

Figure  4.11. Determination of relative uncertainties in the top layer surface 
octahedral rotation by the var(R,) for Sr3(Ru0.84Mn0.16)2O7  (001) at 77 K. The 
global optimization was achieved for  ∅# = (9 ±	5) o marked by minimum Rp in 
the red cross.  The corresponding uncertainty was then obtained from the black 
dashed line in the bounds shown in the plot (RPmin -	var(R,), Rpmin +	var(R,) 

 

Figure 4.12. Selective comparison of averaged experimental (black) and 
theoretically generated IV curves (red) for (a) Sr3Ru2O7(001). (b) 
Sr3(Ru0.92Mn0.08)2O7 (001). (c) Sr3(Ru0.84Mn0.16)2O7 (001). (d) Sr3(Ru0.80Mn0.23)2O7 
(001).(e) Sr3Mn2O7 (001) surfaces at 77 K.  

(fig. cont'd.). 
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(fig. cont'd.). 
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Table 4.3. Refined Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23, and 1) (001) surface structures at 77 
K. The atomic displacement (Å) was compared to the bulk truncated structure from SXRD 
refinement, and the motion was constrained along (001) direction. The bulk Ru/Mn – O2, Ru/Mn 
– O1, Ru/Mn – O2, and octahedral rotation and tilt angles are listed for comparison.   

Parameter Sr3Ru2O7 Sr3(Ru0.92Mn0.08)2O7 Sr3(Ru0.84Mn0.16)2O7 Sr3(Ru0.8Mn0.23)2O7 Sr3Mn2O7 

Displacement 
(Å) 

     

ΔZ1(O2) (0.05±0.04) (0.07±0.04) (0.04±0.02) (0.02±0.03) (0.06±0.07) 

ΔZ2(Sr2) (0.03±0.04) (0.04±0.04) (0.01±0.03) (0.04±0.02) (0.04±0.03) 

ΔZ3(Ru/Mn) (0.03±0.02) (0.03±0.02) (-0.01±0.03) (-0.02±0.04) (0.00±0.01) 

ΔZ4(O3) (0.04±0.02) (0.03±0.02) (-0.06±0.04) (-0.07±0.04) (-0.01±0.02) 

ΔZ5(O1) (0.04±0.05) (0.03±0.02) (0.01±0.04) (0.03±0.02) (0.03±0.02) 

ΔZ6(Sr1) (0.02±0.03) (0.04±0.03) (0.01±0.02) (0.02±0.03) (0.03±0.03) 

Bond 
length(Å)  

     

Ru/Mn – O2 (2.10±0.05) 

Bulk: 2.05 

(2.00±0.03) 

Bulk: 2.02 

(2.0±0.1) 

Bulk: 2.01 

(2.0±0.1) 

Bulk: 1.99 

(1.90±0.03) 

Bulk: 1.91 

Ru/Mn – O3 (1.95±0.03) 

Bulk: 1.96 

(1.95±0.07) 

Bulk: 1.95 

(1.98±0.06) 

Bulk: 1.97 

(1.95±0.03) 

Bulk: 1.96 

(1.89±0.06) 

Bulk: 1.91 

Ru/Mn – O1 (2.04±0.06) 

Bulk: 2.03 

(2.01±0.03) 

Bulk: 2.01 

(2.04±0.04) 

Bulk: 2.02 

(2.03±0.08) 

Bulk: 1.99 

(1.97±0.05) 

Bulk: 1.95 

Angle (∘)      

(Ru/Mn)O6 
rotation  ϕ! 

(12±5) 

Bulk:8.0 

(10±4) 

Bulk:7.3 

(8±4) 

Bulk:5.8 

(5±3) 

Bulk: 0.0 

(1±2) 

Bulk: 0.0 

(Ru/Mn)O6 
rotation  ϕ" 

(10±3.0) (9.0±4) (8±4.0) (4.0±3.0) (0.0±1.0) 

(Ru/Mn)O6 
tilt θ 

(2.5±1.0) (1.0±0.8) 0 0 0 

Rp 0.27 ± 0.03 0.25 ± 0.04 0.28 ± 0.05 0.26 ± 0.04 0.29 ± 0.06 
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Table 4.4. Optimized surface Debye temperature for the elements in of Sr3(Ru0.84Mn0.16)2O7  at a 
specular angle. 𝜃yfrom XRD (K) are determined from mean square displacements from bulk XRD 
refinement. The surface Debye temperature was much smaller than the bulk values.  
 

Elements Atomic Weight (amu) 𝜃3 from XRD (K) 𝜃3 (K) from LEED 
77K  

𝜃3 (K) from LEED 
20K  

O 15.990 600 360(80) 270(85) 

Mn 54.901 420 220(45) 150(55) 

Sr 87.620 258 130(55) 120(40) 

Ru 101.070 420 320(75) 240(60) 

 
Table 4.5. Temperature dependence of the optimized structure of Sr3(Ru0.84Mn0.16)2O7  (001) 
surface at 77 K and 25 K. Bulk values for the octahedra rotation and Ru-O distances are presented 
for comparison. 

Fitting parameter 77 K 25 K 

Displacement (Å)   

ΔZ1(O2) (0.04±0.02) (0.08±0.05) 

ΔZ2(Sr2) (0.01±0.03) (0.05±0.04) 

ΔZ3(Ru/Mn) (-0.01±0.03) (-0.05±0.03) 

ΔZ4(O3) (-0.06±0.04) (-0.04±0.02) 

ΔZ5(O1) (0.01 ±0.04) (0.03 ±0.04) 

ΔZ6(Sr1) (0.01±0.02) (0.01±0.03) 

Bond length(Å)    

Ru/Mn – O2 (1.99±0.05) 

Bulk: 2.01 

(1.92±0.08) 

Bulk: 2.02 

Ru/Mn – O3 (1.98±0.07) 

Bulk: 1.97 

(1.98±0.05) 

Bulk: 1.96 

Ru/Mn – O1 (2.04±0.07) 

Bulk: 2.02 

(2.07±0.07) 

Bulk: 2.01 

Angle (∘)   

(Ru/Mn)O6 rotation  ϕ! (9.0±4.0) 

Bulk:5.8 

(6±4) 

Bulk: 0.55 

(Ru/Mn)O6 rotation  ϕ" (8±4) (5±4) 

(Ru/Mn)O6 tilt θ 0 0 

Rp 0.28 ± 0.05 0.28 ± 0.04 



 79 

The above experimental results demonstrated that the cleaved Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 

0.16, 0.23, and 1) (001) surfaces have different lattice symmetries, and the C4v symmetry of the 

surface is reduced to C2v when the sample surface octahedra are tilted. The xc surface shows no 

change in the lattice symmetry for the variable temperature experiments from 77 K to 25 K. We 

also performed an independent LEED IV analysis for each collected experimental IV data. The 

structure of the surface octahedra is shown in Figure 4.13. The top surface octahedra are 

compressed asymmetrically. The top O2 and Sr2 planes have the largest inward motion and the 

Ru/Mn-O1 bond length is smaller than the Ru/M-O2 bond length as shown in Figure 4.13a-d. The 

Ru/Mn-O2 and Ru/Mn-O3 bond lengths and octahedral volumes are largest on the xc surface. The 

Jahn-Teller distortion δJT calculated from the bond lengths is also the smallest on the xc surface 

(Figure 4.13e). In Figure 4.13f, the rotation of the surface (Ru/Mn)O6 octahedra is always a few 

degrees larger than its bulk value and decreases gradually with x. For the end compound, the 

reference structure for x = 1.0 is the bulk truncated tetragonal structure with no sign of (Ru/Mn)O6 

rotation. This trend of decreasing rotation angle has similarities with the bulk structure. In Tables 

4.3- 4.4, when the surface octahedron tilt is present, the tilt angle of the x = 0.08 surface octahedra 

decreases to ~1.0° compared to the 2.5° tilt angle of the x = 0 surface and disappears at the xc 

surface. For the sample surface of xc, there seems to be a thermal contraction of the surface layer 

as the system cools. While the surface structural parameters change in the bulk MIT, the 

(Ru/Mn)O6 rotation does not significantly change. The xc surface structure at 25 K has a static 

nature, and the Ru/Mn-O2, Ru/Mn-O3 bond lengths at 25 K are similar to the values at 77 K. 

Hence, the octahedra do not flatten significantly, and the bandwidth and orbital occupancy should 

also not change. The surface thus retains its metallicity at 25 K for xc. Even these small structural 

differences between the bulk and surface can profoundly affect the electronic properties. This 
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surface atomic motion produces IR-activated bulk Raman modes at the surface. The lattice 

dynamics at the sample surface will be discussed next. 

 

Figure 4.13.  Different bond lengths, volume, Jahn-Teller distortion (δJT) and 
rotation angle for Sr3(Ru1-xMnx)2O7 (001) surface octahedra refined using LEED I-
V at 77 K. (a) Ru/Mn-O1, (b)Ru/Mn-O2, and (c)Ru/Mn-O3 bond lengths. (d) 
Volume of the surface octahedron. (e) δJT calculated from the bond lengths. (f) 
Rotation angle of the surface octahedron.   
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4.2 HREELS Analysis of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23, and 1)  

Although LEED images at different temperatures show no change in the symmetry of the 

Sr3(Ru1-xMnx)2O7 sample surface over the temperature range measured by HREELS (77 K - 25 K), 

the surface atoms have different displacements. Similar to the surface of single-layered Sr2RuO4, 

the induced strain on the surface freezes the phonons at the boundary, causing the RuO6 octahedron 

to rotate, changing the overall phonon spectrum and leading to an increase in phonon energy [104]. 

We can assume that the phonon modes on the surface of Sr3(Ru1-xMnx)2O7 are also influenced by 

its surface structure. 

To probe the electronic and lattice dynamics at the crystal surface, HREELS directly 

detects the dielectric response at the surface by quasi-particle excitations (e.g., phonons and 

protons, and intra-band transitions in Drude metals) [105]. Before HREELS measurements, we 

take LEED images to ensure the quality of the cleaved surface and the absence of significant 

surface defects. Another challenge we met is the charging between the sample and silver epoxy 

interface, which we surmounted by brushing the Electrodag 1415M solution of graphite to 

maintain low resistance such that the incident electron beam at 7 - 20 eV is not exposed to epoxy. 

After quantitative LEED-IV structure analysis of the Sr3(Ru1-xMnx)2O7 surface was performed in 

the previous section, the HREELS measurements were all collected in a specular arrangement with 

an incidence angle of 70° and an instrumental resolution of ~2 meV. There are five dipole-active 

optical phonons obtained from the Sr2RuO4 surface: A2u(1), A2u(2), A2u(3), A1g(1), and A1g(2) 

which are shown in Figure 4.14s [106]. The surface phonons have significantly higher energies 

than the corresponding modes in the bulk. Sr3(Ru1-xMnx)2O7 has similar phonon modes, but due to 

the observed large terraces and tilt domains on the cleaved surface,  there is a wide range of incident 



 82 

electron angles that degrade the inelastic spectrum. Thus, only the most vital A1g(2) oxygen 

stretching mode is evident.  

Figure  4.14. Surface dipole active optic phonon modes for a single-layered 
K2NiF4 structure. The movement of atoms is illustrated by green arrows [106].  

 

Figure 4.15. illustrates the loss spectra of the xc surface at 77 K with the strongest A1g(2) 

mode around ~75meV which is larger than the corresponding bulk phonon energy (~71.5 meV) 

[106]. In Figure 4.15a., we fit the left side of the elastic peak centered at 0 meV using a Gaussian 

function and then remove the elastic peak and background from the raw data. As shown in Figure 

4.15b., three of the visible peaks are labeled as 𝜔#~30 meV, 𝜔0~50	meV, and 𝜔!~75	meV and 

correspond to A2u(3), A2u(2), and A1g(2) phonon modes. The background consists of the elastic 

peak, Drude tail, and Shirley background [58]. Since the Drude tail can also make the spectral 

peaks asymmetric, the inelastic spectrum in the region around the phonon is the convolution of the 

Drude tail and the A1g(2) phonon. After subtracting the Drude tail, the single A1g(2) surface phonon 

peak is fitted with a multi-Lorentz function as shown in Figure 4.15c. Since neither of the other 

two phonons has a good enough signal-to-noise ratio for line analysis, and the change of the surface 
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conductivity of Sr3(Ru1-xMnx)2O7  with x is obtained analytically from the A1g(2) surface phonon 

with its Fano lineshape [107-109]. 

The asymmetry of the 𝜔!  peak shows the surface metallicity due to the interference 

between the discrete resonance and the continuum background [110]. Discrete resonances here 

refer to phonon excitations, while electron-hole paired excitations are the continuum background 

in the HREELS experiment. The Fano parameter q is used to fit the Fano line shape of the 𝜔! peak 

using the following function: 𝐼(𝜔) = V8(zX{)!

#Xz!
+ 𝐴8 . The phonon energy ω0 and the intrinsic 

linewidth Γ are obtained from the relation 𝜀 = (𝜔 −	𝜔8)𝛤. Therefore, if there is more DOS near 

the Fermi level, it leads to more excitations, and therefore, the fitting parameter q becomes smaller. 

The smaller q corresponds to a more asymmetric lineshape of the A1g(2) surface phonon peak and 

is a direct measure of the surface metallicity. Figure 4.16. shows the HREELS spectra of Sr3(Ru1-

xMnx)2O7 (x = 0, 0.08, 0.16 and 0.23) (001) surfaces at 77 K. All data are normalized to the elastic 

peak as shown in Figure 4.16a. , and we observe that the intensity of the A1g(2) phonon remains 

constant for all measured surfaces, with the linewidth remaining at ~15 meV. The variation of the 

q parameter with x is demonstrated in Figure 4.16b, where the spectrum of the xc sample surface 

has the most asymmetric peak shape and the smallest q value (~ 4.2). By comparing the magnitude 

of the values of q obtained from the fitting, the xc surface has the best conductivity, followed by x 

= 0.23 (q = 7.5), x = 0.08 (q = 12.5), and x = 0 (q = 20.1).  Also, the A1g(2) phonon energy is 

significantly shifted upward on the xc surface, reaching ~ 76 meV, which is 6 meV higher than that 

observed on Sr3Ru2O7. This upward shift of the surface phonon energy can be understood by the 

observed contraction of the Ru/Mn-O2 bond length between xc and x = 0. For the end compound 

Sr3Mn2O7, the HREELS spectrum is shown in Figure 4.17. The  results indicate an insulating 

surface phase where only the elastic peak is visible. Thus, a relationship between surface structural  
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Figure  4.15. Illustration of the fitting process for the HREELS on xc sample at 
77 K. (a) Full HREELS spectra with a symmetric Gaussian function fitted elastic 
peak on the left side marked with a solid green line. A clear	𝜔! peak is observed 
~	75meV. (b) Zoomed-in image of (a). The three different phonon modes are 
marked, where 	𝜔#	and	𝜔0 correspond to the vibration and bending modes of Sr 
atoms along c-axis, respectively. Limited instrument resolution left the	𝜔!  of 
primary interest. (c) A multi-Lorentzian function was used to fit the above three 
peaks, and the 	𝜔!  peak is fitted by the Fano lineshape. All three peaks are 
marked separately. The resultant fitting curve is shown across the dotted data 
points. The Drude spectral weight on the right side of the elastic peak and the 
Shirley background on the high energy side are subtracted.  
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and physical properties can be inferred from this, where the metal to poor metal transition is 

coupled to the tilt angle phase. Considering that the tilt angle is zero above xc, the surface is more 

metallic and coupled to the rotation angle. 

Figure 4.16. HREELS spectra on Sr3(Ru1-xMnx)2O7  surfaces at 77 K with an 
incident electron energy of 7.0 eV as a function of the Mn doping. (a) Zoomed-
in image of the raw HREELS spectra with the elastic peak and all phonon peaks. 
(b)  Fano q parameter for x = 0, 0.08, 0.16 and 0.23.  

 

The phonon dynamics of the sample surface as a response to the insulating phase of the 

bulk AFM is investigated by temperature dependence HREELS measurements on the xc surface. 

As shown in Figure 4.18, q value on xc surface is labeled as a function of temperature. The phonon 

intensity remains constant during the cooling cycle. At 20K, there is a ~ 2 meV shift in phonon 

energy without a change of the phonon intensity. When the bulk enters the AFM insulating phase 

below 80K, the vibration of the apical oxygens changes according to LEED I-V analysis, 

corresponding to the elongation of the (Ru/Mn)-O2 bond length contributing to the downward shift 

of the phonon energy. However, the transfer of phonon energy is small, and we obtain relatively 

large uncertainties from LEED I-V ~ 0.06 Å. Thus, we conclude that xc surface has a stable metallic 



 86 

phase. Further STS measurements are necessary to investigate the presence of insulating gaps on 

the surface. 

Figure 4.17. Specular HREELS spectrum of Sr3Mn2O7 surface at 77 K 
demonstrating insulating surface behavior with obvious surface charging effect. 
The inset is 10 times zoomed-in image of the marked loss energy area. 

 

 

Figure 4.18. Temperature dependence of HREELS spectra of xc surface. (a) Full 
HREELS spectra at 80 K, 60 K, and 20 K. (b) A fit the A1g(2) phonon peak after 
subtraction of the background and other peaks. The dashed line is added as a 
guide to the shift of phonon energy, and the Fano q parameter is included.  
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Chapter 5. Surface Electronic Properties of Sr3(Ru1-xMnx)2O7  

5.1  STM Topographies of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23, and 1)  

 In Chapter 4, we studied the effect of chemical doping on the surface lattice structures of 

single-crystal Sr3(Ru1-xMnx)2O7 through LEED measurements. We found that in addition to the 

rotational deformation of the octahedra seen in the bulk, there is a unique tilt deformation at the 

surface. Thus, the symmetry decreases from C4v in the bulk to C2v at the surface. For RP ruthenates, 

First principle calculations show that the structure of the RuO6 octahedra determines the electronic 

structure near the Fermi energy [111]. Any change in the latter will affect the physical properties 

of the system (for both bulk and surface) [112]. Because of the tilt of the RuO6 octahedron at the 

surface, it lowers the RuO2 sheet which will affect its electronic structures [113]. In the absence of 

atomic surface reconstruction, the surface appears electronically ordered such that the surface DOS 

may contain features not present in the bulk [87]. 

An important question remains: what is the effect of chemical doping on the electronic 

structure and local density of states (LDOS) of the Sr3(Ru1-xMnx)2O7 surface? In this section, we 

study the electronic structure through STM and the effect of Mn on the LDOS disturbances such 

as local electronic inhomogeneities. The electronic/magnetic properties of Sr3(Ru1-xMnx)2O7 are 

also expected to change dramatically due to the evolution of the surface structure with Mn. Similar 

to the single layered Ca2-xSrxRuO4, the physical properties of Sr2RuO4 are also coupled with the 

RuO6 structure [43,114]. The ferromagnetic (FM) metallic state is favored by the RuO6 octahedral 

rotation. While octahedral tilt stabilizes the antiferromagnetic (AFM) insulating ground state. The 

STM topography of the cleaved surface of Sr3Ti2O7 at 400 mK also demonstrates the feasibility of 

verifying the surface electronic structure [115]. With 3d Mn replacing 4d Ru, the Coulomb 

correlation is enhanced, and a long-range antiferromagnetic ordering appears in the bulk. The 
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response of the surface properties to the metal-to-insulator phase transition and magnetic transition 

of bulk at low temperatures is worth investigating. We chose xc, corresponding to the highest bulk 

magnetic transition temperature, to study the changes in surface properties by continuous cooling 

and applied magnetic fields. 

To achieve atomic resolution on the Sr3(Ru1-xMnx)2O7  surface, we use the etched Pt/Ir tip 

described in Chapter 2 and scan on a clean Au or Cu surface until reasonable resolution is achieved 

in the STS profile. Since the tunneling current is chemically insensitive, it is impossible to 

distinguish the corresponding atomic sites on the image. STM is only charge sensitive and not a 

structural tool to determine the lattice. To facilitate comparison of the surface electronic structures 

probed by STM, the bulk truncated (√2 × √2) R45° superstructure is marked with dashed squares 

in Figure 5.1a. The corresponding STM image is marked with the same colors as shown in Figure 

5.1b. This structure is interpreted as a purely electronic effect at a given bias voltage of +7 mV. 

The metamagnetic phase transition occurring in Sr3Ru2O7 is also demonstrated by the STS spectral 

weight transfer with the applied magnetic field [87]. The electronic and lattice structures of the 

Sr3Ru2O7 surface in real and reciprocal space are shown in Figure. 5.1c and d. In addition to using 

spin-polarized STM, it is also possible to detect spin degrees of freedom indirectly by coupling 

them to charge and lattice, e.g., indirectly detecting spin information by combining non-spin 

sensitive surface techniques [57]. 
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Figure 5.1. STM topography and the lattice structure of the Sr3Ru2O7 (001) 
surface. (a) Surface structure of Sr3Ru2O7 in the ab plane where Ru, Sr, and O 
atoms are labeled. The (√2	× √2)	𝑅45°superstructure is shown as a dashed 
square, and the tetragonal unit cell is marked in a solid red square. (b) STM image 
of the Sr3Ru2O7 surface with Vs = + 7mV. The atomic spacing is checked with 
the consistent values of the lattice constants. Figure adapted from Ref. [87]. (c-
d) (√2	× √2)	𝑅45° superstructure in the real and reciprocal space. The 
tetragonal unit cell is described with the vector a, b, and the superstructure are 
marked with as and bs.  

5.1.1  Surface tilt-induced C2v symmetry on  Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23, and 1) 
 

Sr3(Ru1-xMnx)2O7 has a layered structure, it is cleaved at the weak bonds between 

octahedral bilayers, thus exposing a pristine Sr-O terminated layer. A large and flat cleaved 

Sr3Ru2O7 surface with terraces (Vs  = -1.0 V, Is = 100 pA) at 77 K is shown in Figure 5.2a, and the 

step height measured along the line drawn in the image is about one-half of the lattice constant as 

shown in Figure 5.2b. The step heights are of one-half the bulk tetragonal unit cell, indicating that 
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the terraces are parallel to the plane intersecting the center of the bilayered octahedra, and the 

cleaved surface is indeed Sr-O terminated. STM topography for x = 0, and 0.08. The corresponding 

fast Fourier transform (FFT) image are shown in Figure 5.3, where the bright sites correspond to 

the surface Sr atoms and the dark spots are the (Ru/Mn) sites in the second layer. The two Sr atoms 

in the figure are identical at the applied bias. The (√2 × √2) R45° surface superstructure is 

obtained by connecting the four sites with one Sr in the center. The value of the adjacent Sr-Sr 

spacing is 5.7 Å × 5.7 Å, which matches the lattice constant of the surface unit cell.  

Figure 5.2. (a) Large 100 nm × 100 nm STM image showing a clean large surface 
with terrace/step morphology on the fresh cleaved Sr3Ru2O7 (001) surface (Vs = 
-1.0 V, Is = 100 pA) at 77 K (b) Height profile across the terraces of STM image 
across the line. The terrace is approximately one-half of the c value. 

We observe similar STM images on the surface of the sample for x = 0 (Vs = -1.0 V, Is = 

90 pA) and x = 0.08 (Vs = 1.0 V, Is = 80 pA) for 77K at different sample bias voltages as shown in 

Figure 5.3. For convenience, the fractional points with different intensities in the inset FFT image 

are marked in red and green, where two adjacent points have different intensities and two points 

on the diagonal have similar intensities. Fourier transform of the STM topography is important. 

The integer points represent the expected pattern of the bulk tet-(1×1) structure and the four integer 

spots have the identical intensities, while the fractional spots inside the circled points represent the 
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(√2 × √2) R45° unit cell in the reciprocal space. If the surface has only octahedral rotation, the 

intensities of the four fractional spots in the FFT images are the same. The difference in intensity 

of the fractional spots in Figure 5.3 a and b is due to the tilted octahedron and is marked with a 

gradient color on the (Ru/Mn)O6 octahedron in Figure 5.3c. This indicates that the electronic 

symmetry is broken at the surface of these two samples. 

Figure 5.3. STM and the corresponding FFT image for Sr3(Ru1-xMnx)2O7 (a) x = 
0.0 (Vs = -1.0 V, Is = 90 pA) and (b) x = 0.08 (Vs = 1.0 V, Is = 80 pA). The 
fractional spots in the inset FFT images are corresponding to the (√2	×
√2)	𝑅45°superstructure. Red and green circles mark the fractional spots with 
different intensities. The two spots in the diagonal line have similar intensities, 
and the neighboring fractional spots have different intensities. (c) Illustration of 
the surface (Mn/Ru)O6 octahedral rotation and tilt. The center and corner 
octahedra have the opposite rotation direction, and the tilt direction is marked 
with the red arrow. The tilted plane is seen on the gradient color on (Mn/Ru)O6 
octahedra. 

We can quantify the degree of surface octahedral tilt deformation by analyzing the intensity 

of the fractional and integer points in the corresponding FFT images. Assuming that the surface 

electronic symmetry is the same as the lattice, i.e., one of the glide lines is broken by the tilt, this 

should also be reflected in the FFT image of the STM image in reciprocal space. As illustrated in 

Figure 5.4a, the reduction of the surface electronic symmetry to C2v is obtained by superimposing  
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octahedral rotation and tilt. Where four Sr positions are the same from rotation, and octahedral tilt  

leads to two different surface Ru environments [43]. Figure 5.4b shows STM image at 5 K for 

Sr3Ru2O7 (Vs = -0.8 V). A magnified image of the region in the blue square is shown in Figure 

5.4c, where the marked white dashed squares connect  four Sr sites. The nearby Ru/Mn sites are 

marked with dashed and solid circles, where a clear difference in intensity between them can be 

seen. For x = 0.08, we analyzed the FFT image of the corresponding STM images (Vs = -0.82V) 

in Figure 5.4d. A zoomed-in view of the blue region in the STM image is shown in Figure 5.4e, 

 

Figure 5.4. Illustration of the C2v symmetry on the STM and the corresponding 
FFT image at 77 K. (a) The surface C2v symmetry is an addition of  four identical 
Ru/Mn sites and different Ru/Mn sites from octahedral tilt. The different colors 
represent the intensities of the different sites. (b) STM image of  Sr3Ru2O7 at 5 K 
( Vs  = - 0.8V, Is = - 70 pA). (c) Enlarged image of the blue box in the STM image 
of  Sr3Ru2O7 , where the adjacent sites have distinctly different intensities. (d) 
STM image for x = 0.08 ( Vs  = - 0.2V, Is = - 50 pA ). (e) Zoomed-in image of the 
region marked by the blue box in the image, where the fractional points 
calculated from the FFT image are marked by different colors. (f) The table lists 
the intensities of the four fractional points in the FFT image, verifying the 
asymmetry of the neighboring points. 
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where the intensity of the fractional sites in FFT images are different and are marked with different 

colors. The table of fractional point intensities in Figure 5.4f shows that the fractional point 

intensities of the two adjacent Ru/Mn dots differ by a factor of about 5, representing a clear C2v 

symmetry on the surface at x = 0.08. These findings echo the results of the lattice structure of 

LEED in Chapter 4. 

By varying the bias voltage, the tunneling current between the tip and the sample surface 

changes the Fermi level with respect to the tungsten tip and similarly changes the displacement of 

the surface atoms [116]. As shown in Figure 5.5, the (√2 × √2) R45° superstructure of the surface 

can be observed in the corresponding FFT images for both x = 0 and 0.08 at different bias voltages  

of 77 K. Since the two surface RuO6 octahedra are electronically equivalent, the O, Sr atoms, and 

Ru atoms at the top of the surface octahedra are indistinguishable. Thus the fraction we observe is 

 
Figure 5.5. Sample bias voltage dependence of STM topography (8 nm × 8 nm) 
and the corresponding FFT image for Sr3(Ru1-xMnx)2O7 at 77 K. For x = 0, (a)  Vs  
= 0.2 V, Is = 70 pA, (b) Vs  = 0.4 V, Is = 70 pA, and (c) Vs  = 0.8 V, Is = 70 pA. 
For x = 0.08, (d) Vs  = -1.0 V, Is  = 50 pA, (e) Vs  = -0.8 V, Is = 50 pA, and (f) Vs  
= -0.3 V, Is = 50 pA. 
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due to the Ru/MnO2 of the sublayer. Also in the FFT images, the disappearance of the 

corresponding fractional points in Fig. 5.5a and e is due to the tip effect. The surface octahedral 

rotation does not vanish because we observe the fractional points under different biases, and the 

enlarged STM image also does not reveal a change in the electronic symmetry. 

5.1.2  Rotation Induced C4v Symmetry on Sr3(Ru1-xMnx)2O7 (x = 0.16 and 0.23) (001)  
Surfaces 
 

For x ≥ 0.16, the surface octahedral tilt vanishes and results in a C4v lattice symmetry. The 

tilt should lead to electron anisotropy in the plane, i.e., different electron transport properties 

parallel and perpendicular to the tilted surface. However, for the octahedral rotation only case, the 

two RuO6 octahedra rotate in cw/ccw directions with identical electronic environments. As shown 

in Figure 5.6, the STM topology and FFT image at 77 K for xc correspond to the pure octahedral 

rotation case where the four fractional spots of the same intensity are marked with red circles in 

the FFT image. The real space magnified STM image also has the same intensity for the adjacent 

Ru/Mn dark spots. Similar STM images at different bias voltages are shown in Figure 5.6b-d. 

Positive and negative bias voltages do not cause changes in the STM images in the constant current 

mode, indicating the C4v symmetry of the xc surface electronic structure, as expected from its lattice 

structure. 

Figure 5.7 shows the STM images for x = 0.23 surface. One of the larger sized (20 nm × 

12 nm) STM images includes dark areas of Mn dopant and defects of the cleaved sample surface 

at 77 K. The surface cells are marked with black squares, each Sr point is assigned a numerical 

number, and we first measure the intensities of four integer points (1, 2, 3, 4) on the corresponding 

black-and-white FFT images on the right side. After determining that their intensities are close (in 

order to exclude the tip effect), the intensities of four fractional points assigned (a, b, c and d) can 

be used to represent the electronic symmetry of the surface. As listed in Table 5.1, we note that 
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the difference between the intensity of the integer tet-(1×1) point and the four fractional spots is 

unsignificant (~3%). All sample surfaces in Figure 5.7b-d show a C4v symmetry at different sample 

bias voltages. However, the freshly cleaved surface at x = 1.0 is insulated and the large area STM 

image (100 nm × 100 nm) is shown in Figure 5.8, indicating a charging effect on its surface.  

Figure 5.6. STM topography (10 nm  × 10 nm) and the corresponding FFT images 
for xc under different bias voltages at 77 K: (a)  Vs = -10 mV, Is = 80 pA, (b) Vs 
= 10 mV, Is = 80 pA, (c) Vs = -100 mV, Is = 80 pA, and (d) Vs = 100 mV, Is = 80 
pA. The fractional spots with the same intensities are marked with solid red 
squares. The STM image illustrates C4v symmetry with the same Sr sites and the 
Ru/Mn sites.   
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Figure 5.7. Constant-current STM topography at 77 K for x = 0.23: (a) STM 
image with bias voltage Vs = -0.5V and set current Is = 90 pA. Shown on the right 
is the FFT image corresponding to the left STM image, where there are four 
fractional spots of close intensities, labeled as a, b, c, and d. (b-d) Sample bias 
voltage dependent STM images and corresponding FFTs (inset) for x = 0.23  with 
(b) Vs = -0.8V, (c) Vs = -1.0V, and (d) Vs = -0.9V with a tunneling current of Is = 
90 pA. 

 

 

 

Table 5.1. Comparison of the integrated spots intensities measured from the 
Figure 5.7a.: four integer spots and four fractional spots intensities. The sites 1-
4 and a-d all obtain close values in the intensity indicating a C4v symmetry on the 
FFT image. 

Integer spots # Integrated Intensities Fractional spot# Integrated Intensities 

1 979450 a 273023 

2 966513 b 282056 

3 964317 c 275006 

4 976833 d 274804 
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Figure 5.8. Large STM image (100 nm × 100 nm) of the fresh cleaved x 
=1.0 surface at 77 K (Vs = -0.7V, Is = 10pA). 

For Sr3(Ru1-xMnx)2O7, the responses of the surface electrons to the bulk insulating AFM 

phase can be identified from the changes in the STM images when cooled down to 5K. The STM 

images are shown in Figure 5.9. The STM measurements show that the ( √2  × √2 ) 

R45°superstructure exists at high and low bias voltages and that there is no change when cooled 

though the bulk AFM ordering temperature (~ 80 K).The distribution Mn on the Sr3(Ru1-xMnx)2O7 

surface also significantly affects its surface properties, and inhomogeneous surface impurities may 

cause an inhomogeneous electronic environment on the surface. Therefore, we performed a 

statistical analysis of the STM images as shown in Figure 5.10. The Mn is randomly distributed 

on the surface without any indication of short-range clustering. Mn sites are visible on the STM 

large image at 32 nm × 32 nm with bias voltage Vs = 50 mV. For the counting process at  xc  surface, 

and Mn sites are marked with color dots inside the red squares on the magnified image. We can 

observe that the distribution of Mn on the surface is approximately uniform at the marked 16 nm 

× 16 nm area. The calculated radial  
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Figure 5.9. Constant-current STM results for x = 0.16 on the same cleaved sample 
surface at 5 K. (a) A large area (12 nm × 9 nm) STM image for a bias voltage Vs 
= - 0.5V, setpoint current Is = 90 pA. The inset is the corresponding FFT image 
where the tet-(1 × 1) integer spots are marked in yellow, and the red circles mark 
the fractional spots with the relative intensities. (b) (8 nm × 8 nm) STM image 
for a bias voltage Vs = -0.1V. (c) (9 nm × 6 nm) STM image for a bias voltage Vs 
= -0.15V. The C4v symmetry has been observed on all the surfaces with different 
sample bias voltages.  

distribution ratio (RDR) curve shown in Figure 5.10c represents a function of the Mn-Mn distance 

within a unit 16 nm × 16 nm area, while the RDR value is the ratio of the observed histogram to 

the histogram of a random model with the same number of doping values [117]. For the xc, the 

Mn-Mn pairs on the surface of counts plotted indicate that Mn is randomly distributed without any 

sign of short-range clustering. For RDR values close to 0, it indicates the short-range clustering 

model of Mn on the surface. Similar RDR values close to 1 were found by the statistical counts of 

the surface Mn dopants for all samples. From this, it can be said that no Mn was found on the 

surface of the samples without clustering. 
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The surface dopant distribution indicates that the electronic environment is homogeneous 

and is not influenced by other sites. The coefficients of the RDR model have a subtle relationship 

with the actual surface octahedron model, which is defined as: 	

                                                   ∑ 𝑓c
>E8 (𝑀∗, 𝑀)/∑ 𝑓(𝑀}, 𝑀)c

>E8                                 (5.1), 

where the direction of the surface octahedral rotation M is defined by a binary value 0 or 1 for 

counterclockwise or clockwise rotation directions, and the value of M* is distinguished by the  

rotation of the nearest neighbor to M varies between 0 and 1. Avalue below 1 indicates a lack of 

dependence of the rotation direction between the two nearest locations. Thus, we observed no 

dependence between ccw rotations and cw rotations of Mn sites on the surfaces of the different 

samples. Our experimental results effectively show that the cleaved (001) surface has the correct 

Sr-O termination on the topmost surface layer and no mixed phase.  

5.2  STS Measurements on Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, and 0.23)  

The main emphasis in this section is on STS measurements of Sr3(Ru1-xMnx)2O7 surfaces, 

exploring the evolution of the electronic properties with Mn doping. STS measurements of surface 

conductivity for x = 0, 0.08, 0.16, and 0.23 provide a good understanding of the surface 

Figure 5.10. (a) STM topography (32 nm × 32 nm) for Sr3(Ru0.84Mn0.16)2O7 at 77 
K with Vs = 50mV, Is = 80 pA.(b) The Mn dopants inside the red 16nm ×16nm 
square are marked with different colors. (c)The radial distribution ratio of the Mn 
dopants is near 1, which indicates an even distribution.  
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conductivity. The xc sample surface at low temperatures and high magnetic fields (~9 T) in 

response to the bulk AFM phase was also carefully investigated. STS measurements on the 

Sr3Ru2O7 crystal surface in the presence of an applied magnetic field parallel to the c-axis from B 

= 0 to 11 T [87]. Figure 5.11. shows the 'dip-in-dip' feature around the Fermi energy. The surface 

conductance dI/dV is presented in Figure 5.11a, with a transformation of the spectral weight of the 

two small peaks around -3 mV and +4 mV with the application of an external magnetic field up to 

11 Tesla. The same dip characteristics around the Fermi energy can be seen for other ruthenate 

surfaces, such as Sr2RuO4 and Sr4Ru3O10 [118]. The spectral width of these observed peaks 

becomes wider due to the full-width half-maximum (FWHM) resolution in the measurement and 

the choice of bias voltage. 

5.2.1  Surface Conductance of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, and 0.23)  
 

The collected dI/dV curve is proportional to the surface density of states. By assuming that 

the density of states at the tip is structureless, we use current imaging-tunneling spectroscopy 

(CITS) to collect a small area differential conductance curve. The obtained dI/dV curves are an 

average of more than 30 STS curves of the regions on and off the Mn site. The measurements were 

performed on samples that had been cleaved twice, and we measured the STS curves at different 

locations on the sample surface explicitly with different tunneling around the Fermi energy, as 

shown in Figure 5.12. We found that the dI/dV signal at the Fermi energy in the curves recorded 

on and off Mn sites at Is =100 pA did not change, and the Mn site has a higher DOS at +0.8V which 

is the suitable bias voltage to clearly map surface Mn dopant. In contrast, in Figure 5.12b, the 

dI/dV or density of states at the Mn-doped sites is above the average value and is a flat region at  
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about 0.8 V, which explains in the STM topography, the Mn sites are not mapped until a higher 

bias voltage Vs = 0.85 V. The magnified image is shown in Figure. 5.12c, where zero-bias anomaly 

(ZBA) is seen in all spectra on the surface of the different ruthenates. 

 

 

 

In Figure 5.13, the electronic properties of the surface vary considerably from compound 

to compound. It is clear that both x = 0 and x = 0.16 sample surfaces are metallic at a bias voltage 

Figure 5.11. STS measurement on Sr3Ru2O7 surface at 560 mK (a) at T = 560 
mK, B = 0 T with the bias modulation Vmod = 500 uVrms, fmod = 717 Hz. (b) 
Magnetic field dependence of the STS curve on Sr3Ru2O7 with Vmod = 500 uVrms, 
fmod = 717 Hz with the tip sitting on the Sr site marked with a red cross in the 
inset (Figure adapted from Ref. [87]). (c) Similar suppression of the surface 
conductance around the Fermi level or the ‘ dip in dip’ features in Sr2RuO4  and 
Sr4Ru3O10 from Ref. [119].  

Figure 5.12. STM topography and spatially resolved-STS studies on/off the Mn 
sites (a) STM image for x = 0.08 with Vs = 0.85 V, Is = 100 pA at 77 K. (b) Three 
dI/dV maps in the different surface areas: on/ off the Mn sites or the averaged 
curve from CITS. (c) Zoomed-in dI/dV spectroscopy around the Fermi energy 
Vmod = 500 uVrms, fmod = 300 Hz. 
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of Vs = 0.50 V at 77K. Along the dotted line of the Fermi energy, we find that the surface of the xc 

sample has the best conduction. It is worth noting here that there are pseudo-gaps on the surfaces 

of all samples and that the density of electronic states at the Fermi energy is finite. Also, surface 

Mn dopant can lubricate the surface DOS and contribute to the observed intrinsic broadening of 

the zero-bias anomaly (ZBA), leading to the observation of the pseudo-gaps [120]. The 

reproducibility of the measurements at different locations on the sample surface is achieved and 

not dependent on different locations on the sample surface. Therefore, for such temperature 

dependent experiments, the tip has to be moved slightly out  

Figure 5.13. STS curves for x = 0.08, 0.16 and 0.23 at 77 K (Vs = - 0.8 V Is = 100 
pA). xc has the highest DOS at the Fermi energy. 

of the way due to thermal drift, resulting in a slight change in location that does not affect the final 

data collected. Figure 5.14 shows an image of the STM on the sample surface and a comparison 

plot of the density of states for x = 0 and 0.16. As shown in Figure 5.14b, the surface STM curve 

shows an increase in the density of states at the Fermi energy for x = 0.16 compared to x = 0.  
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Figure 5.14. STM topography and STS of x = 0.0 and x = 0.16 surface at 5 K. (a) 
A 4 nm× 10 nm STM topography of x = 0 and x = 0.16 surface obtained with Vs 
 = 0.5 V and Is = 90 pA. (b) Averaged dI/dV curves with the line marked the 
Fermi level. 

 
5.2.2  Field/Temperature-Dependent Measurements on Sr3(Ru0.84Mn0.16)2O7 
 

We previously found that Sr3(Ru0.84Mn0.16)2O7 surface octahedral structure merely changed 

with surface atomic rearrangement in the bulk AFM phase. If the surface is the same as the bulk, 

the surface electronic properties might be affected as a function of temperature and applied 

magnetic field. Figure 5.15 shows the STM images and the averaged STS curves of 

Sr3(Ru0.84Mn0.16)2O7 measured at 5 K and 77 K with a bias voltage Vs = 0.5. Figure 5.15a shows 

the surface morphology of the xc surface at different temperatures. The conventional thermal 

broadening can explain the corresponding dI/dV curves in Figure 5.15b due to the thermal effect 

of the tip and the surface. Comparing the values of differential conductance at the Fermi level, the 

xc possesses finite DOS, so at low temperatures, its surface is also metallic, unlike the bulk 

insulating phase.  
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Figure 5.15. Temperature-dependent (a) STM topography and (b) STS curves for 
Sr3(Ru0.84Mn0.16)2O7 surface at 77K and 5K (Vs = 0.5 V). The inset represents the 
dI/dV curve ranging from -0.3V to 0.3V. 

To exclude the response of surface magnetism to long-range bulk antiferromagnetic 

ordering, we applied an external magnetic field of 9T at 5K, as shown in Figure 5.16,  we found 

no evidence of mixing of ordered and disordered surface regions, and the image resolution was 

nearly identical in the presence and absence of the magnetic field. No significant change in the 

conductivity spectrum is seen in Figure. 5.16b, which indicates that the surface is nonmagnetic.  

In summary, we investigated the bias dependence of STM images and FFT symmetries, 

and the surface electronic properties of Sr3(Ru1-xMnx)2O7 vary with the surface structure coupled 

to the tilt and rotation of the surface octahedra. By measuring different intensities of the fractional 

points in the corresponding FFT images of each sample, we also qualitatively analyzed the tilt 

angle gradually decrease from x = 0 to x = 0.08, which is consistent with the results from our LEED 

measurements. Our statistical analysis also showed that the Mn on the surface of all samples is 

randomly distributed and is a homogeneous system at the microscopic level but may be 

inhomogeneous at the macroscopic level. We performed different tests at various locations and 
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different cleaved surfaces for the same samples. Through measured dI/dV curves, we found that 

the doping of Mn on the surface results in better conduction at Fermi energy, with the surface of 

xc having the best conductivity (maximum DOS). The conductivity of the surface is coupled to the 

surface structure, where xc surface has the largest octahedral rotation angle and no octahedral tilt. 

Unlike the bulk AFM insulating phase, studies under low temperature and high magnetic field 

revealed a metallic and nonmagnetic xc surface. While these findings complemented prior results 

on the Sr3(Ru1-xMnx)2O7 surface electronic properties, further theoretical exploration is needed to 

understand surface magnetism fully.  

Figure 5.16. (a) STM topography and (b) STS curves for xc surface with B = 0T 
and 9T (Vs = 0.5V and Is = 100pA) at 5 K. The inset represents the dI/dV curves 
ranging from -0.3V to 0.3V. 
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Chapter 6. Discussion and Summary 

The work in this dissertation deepens the understanding of the complexity of Mn-doped 

Sr3Ru2O7 through the investigation of surface and bulk structure-property relationships of Sr3(Ru1-

xMnx)2O7 (x = 0.0, 0.08, 0.16, 0.23, and 1) from the perspective of the crystal structure. The surface 

phase diagrams of the surface of Sr3(Ru1-xMnx)2O7 were constructed, revealing the enrichment 

phenomena in different regions as shown in Figure 6.1. 

From the low-temperature XRD refinement of the Sr3(Ru1-xMnx)2O7 bulk structure, and we 

found that Sr3(Ru1-xMnx)2O7 underwent a series of structural changes, including the Jahn-Teller 

distortion in the ab-plane and the rotation of the RuO6 octahedron along the c axis. These structural 

changes affect the occupancy of the orbital energy levels [121-123]. The out-of-plane lattice 

parameter c and the octahedral volume decrease monotonically with Mn substitution, and the in-

plane lattice parameter a increases and then decreases from x = 0 to x = 0.16. The Rietveld 

refinement shows the variation of bond lengths and bond angles, and we find that the Jahn-Teller 

distortion of octahedra decreases almost linearly with x. Because of the tetragonal symmetry of 

I4/mmm,  the bond length of Ru/Mn-O3 remains almost constant. It should be noted that the lattice 

parameters obtained from the neutron scattering experiments differ from the X-ray diffraction 

measurements. Due to the low penetration of X-ray diffraction, weak peaks are missing in the peak 

pattern, and the application of lower symmetry in the refinement often causes differences in the 

structural characterization. 

Creating a surface breaks the bulk symmetry and the rotation of the octahedron does not 

fully relieve the strain, thus the surface octahedron has an additional tilt, which in turn leads to the 

observation of different physical properties. The surface phase diagram of Sr3(Ru1-xMnx)2O7 at 77K 

is shown in Figure 6.1. where we obtained the rotation and tilt angles of the surface octahedra by 
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using LEED I-V analysis. The double-layered octahedra allow for complex relationships. 

Therefore, different surface structure models are tested, from which we obtained the optimal 

solution when the bilayered octahedra rotated in different directions. The rotation of the surface 

octahedron (purple squares) decreases as x increases, and the tilt of the octahedron (yellow squares) 

also decreases and vanishes at xc for x < xc. As the surface RuO6 octahedral rotation decreases with 

Mn doping, the suppressed rotational  distortion reduces the coupling between orbitals [124,125]. 

The refined in-plane Ru/Mn-O3 bond length also reaches a maximum at xc. The surface Fermi 

energy LDOS of Sr3(Ru1-xMnx)2O7 (x = 0, 0.08, 0.16, 0.23) (circle) matches the inverse Fano q-

parameter curve (triangle) obtained by fitting the A1g(2) phonon. A surface metal-insulator phase 

transition occurs at the surface in the high doping region between xc and x = 1. 

Figure  6.1. :The surface phase diagram of Sr3(Ru1-xMnx)2O7 at 77K contains the 
magnitude of the Fano parameter q, the tilt and rotation angle, the in-plane Ru/Mn-
O3 bond length and the value of the surface dI/dV at Fermi energy versus x. The 
color bars on the right side indicate the different degrees of metallicity. 

Additional important findings, including STM/STS studies described in Chapter 5 illustrate 

the consistency of the surface electronic and lattice structures, with no spatial reconstruction of the 
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local electronic states found at different bias voltages. The amount of Mn dopants on the surface 

is less compared to the bulk value and the Mn dopants do not change the LDOS of the surface. 

Across a wide range of Ru substitutions, the STS spectra of Sr3(Ru1-xMnx)2O7 are characterized by 

zero-bias anomalies (ZBA), i.e., a V-shaped gap near the Fermi energy [126]. A similar situation 

occurs on the surfaces of Sr2RuO4, Sr3Ru2O7, and Sr4Ru3O10 [87,118,119]. Unlike the electron 

inhomogeneity induced by doping observed in the Mott system [127,128], it is unlikely that this 

situation explains the ZBA seen in our data since no induced charge ordering is observed, and STS 

remains unchanged upon applying an external magnetic field for xc at 5.2 K. The xc surface is 

nonmagnetic and ruled out the possibility of ZBA is due to AFM fluctuations [128]. Probing the 

surface properties of Mn dopants tailored to Sr3(Ru1-xMnx)2O7  provides insights into the physics 

of the bulk-surface relationships in general.  
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