
 
 

ABSTRACT 

 
GORDON, ELIJAH EZEKIEL. Analysis of the Properties of Magnetic Solids by Density 

Functional Theory (DFT) Calculations (Under the direction of Dr. Myung Whangbo). 

 
On the basis of density functional theory (DFT) electronic structure calculations the spin 

exchange interactions, magnetic structures and/or other magnetic properties of several magnetic 

compounds were examined. These systems include Sr3Fe2O5Cu2Q2 (Q = S, Se), Fe2X3 (X = 

HPO3, SeO3), BaYFeO4, RInO3 (R = Gd, Tb, Dy), Sr3NiPtO6, Sr3NiIrO6, and Sr3CuPtO6. Our 

study on Sr3Fe2O5Cu2Q2 has been published in the Journal of Magnetism and Magnetic 

Materials. Our study on Fe2X3 has been published in the Journal of Physical Chemistry C. Our 

study on Sr3NiPtO6 and Sr3NiIrO6 has been published in Accounts of Chemical Research. Our 

study on Sr3CuPtO6 has been published in Physical Review B. Our studies on BaYFeO4 and 

RInO3 (R = Gd, Tb, Dy) are currently being written up for publication. 
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CHAPTER 1 

General Introduction 

 

1.1. Introduction 

Most of the interesting magnetic properties exhibited by magnetic solids are determined 

by the interactions between magnetic ions (e.g., transition-metal and rare-earth ions with 

unpaired electrons within the system), namely, spin exchange interactions, while other magnetic 

properties can be the result of local phenomena (e.g., spin-orbit coupling, local spin direction 

preference).
1,2

 These properties are directly related to the types of ions (e.g., Cu
2+

 vs Fe
2+

) that 

exist within these solids and the type of structure created by the combination of these various 

ions. Throughout this thesis, both topics are eventually discussed as we look to explain the 

magnetic properties, observed through experimental magnetic data, within each given magnetic 

solid by identifying the major spin exchange interactions or other local phenomenon responsible 

for its magnetic properties, the structural factors that lead to these observations, and attempt to 

explain the experimental magnetic data on the basis of DFT calculations. This chapter lays the 

groundwork for this thesis by giving a brief overview on what magnetic orbitals are, the 

experimental determination of various magnetic properties, quantitative and qualitative 

approaches that allow one to determine the spin exchange interactions of different unique 

systems, problems arising when modeling magnetic systems, and how computations were 

performed to examine the interesting properties exhibited by various magnetic solids of interest. 

This document is organized and written in a manner to provide some background on what 

can potentially be solved with relation to a magnetic solids structure-property relationship, with 

five distinct examples to use as templates. Chapter 1 briefly summarizes several concepts needed 



2 

to discuss the magnetic properties in various systems. In Chapter 2, we calculate the spin 

exchange interactions and, in doing so, determine the low energy magnetic structures of 

Sr3Fe2O5Cu2Q2 (Q = S, Se).
3
 In Chapter 3, we explain and computationally reproduce the 

experimental differences shown between the spin exchange interactions in Fe2X3 (X = HPO3, 

SeO3).
4
 In Chapter 4, we investigate the interesting transition of the magnetic structure of 

BaYFeO4 from a spin density wave (SDW) to a cycloidal magnetic structure through spin 

exchange calculations.
5
 In Chapter 5, we determine the spin exchange interactions and other 

magnetic properties of RInO3 (R = Gd
3+

, Tb
3+

, Dy
3+

) through the use of spin-orbit coupling 

(SOC) calculations.
6
 In Chapter 6, we analyze the factors affecting the preferred spin orientations 

of magnetic ions by examining Sr3NiPtO6, Sr3NiIrO6 and Sr3CuPtO6.
7,8

 Finally, in Chapter 7, we 

briefly summarize the important findings of this thesis. 

 

1.2. Magnetic orbitals  

 In a magnetic solid containing transition-metal, or rare-earth, magnetic ions, MLn 

polyhedra (typically, n = 4 - 6) are formed with M and surrounding main group ligands L.
1
 

Within a magnetic solid, it is the magnetic orbitals of M (the d-states of the MLn that are singly 

occupied) that govern the magnetic properties exhibited throughout the species. To illustrate the 

description of a magnetic orbital more clearly, let us examine (FeO6)
10-

 in the perfect octahedron 

local environment. In (FeO6)
10-

, Fe is in the Fe
2+

 oxidation state, since L in this case is O
2-

, and 

therefore contains six d-electrons in its valence 3d-orbital shell (Fe
2+

, d
6
). With the local z-axis 

(highest rotational axis) given as along one of the bonds, our d-orbital splitting leads to t2g and eg 

sets
 
(Fig. 1.1).

2
 We have three possible spin occupancies within this scenario, a low spin state (S 

= 0, d
6
), an intermediate spin state (S = 1, d

6
), and a high spin state (S = 2, d

6
), where S is the 
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total spin of the complex (S = number of unpaired electrons divided by 2). Given the three 

possibilities, we expect to find magnetic properties within the systems that contain the 

intermediate and high spin states of (FeO6)
10- 

as these systems contain unpaired electrons, while 

we do not expect to find magnetic properties within systems that contain the low spin state of 

(FeO6)
10-

. These unpaired electron-containing orbitals, or magnetic orbitals, interact through 

various mechanisms, leading to interesting magnetic properties. We look to describe these 

mechanisms and their effects on various systems throughout this work. 

 

Figure 1.1. Depiction of the FeO6 species, and it’s d-orbital splitting into the t2g and eg sets. (blue 

= Fe, red = O). The three possible spin states obtained when Fe
2+

 occupies this local geometry. 

Many factors can affect which spin state is preferred (e.g., temperature, bond lengths). 
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1.3. Determination of magnetic behaviors 

 Theoretically identifying which solids contain magnetic ions allows us to generate 

interesting questions, such as how we experimentally differentiate between a magnetic solid and 

a nonmagnetic solid, what behaviors are possible within these magnetic solids, and what 

experiments are able to tease out these different behaviors. As discussed earlier, magnetic solids 

contain species with unpaired electrons. These unpaired electrons can orient themselves in many 

ways, leading to a magnetic energy level spectrum (as some alignments are energetically 

preferable than others). Since the populations of these energy levels are governed by 

Boltzmann’s distribution, low lying magnetic energy levels become more populated at lower 

temperatures, resulting in spins aligning purposely with one another (i.e., magnetic ground state). 

Two well-known ways spins can purposely align with one another are ||, ferromagnetic (FM), 

and anti ||, antiferromagnetic (AFM), to one another. Conversely, at high temperatures, these 

unpaired electrons begin aligning randomly, with respect to one another, as the excited states of 

the magnetic energy level spectrum become more populated (i.e., paramagnetic or PM state). 

The temperature at which these spins begin to purposely align ferromagnetically or 

antiferromagnetically is called the Curie (TC) and Neel (TN) temperatures, respectively (Fig. 1.2). 

We will discuss several experiments that are generally used to probe these types of behaviors 

present in magnetic solids. 

These unpaired electrons, having intrinsic spin, create a magnetic field and these fields 

create a vector, called the magnetic moment, μ . Magnetic susceptibility experiments, at a 

constant weak magnetic field, can give information about the material’s total spin, which is 

related to one’s μ , as well as the type of interactions that occur throughout the system. To 

investigate μ , one can apply a different magnetic field (H) on it as, in order to minimize energy, 
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μ  will begin to align along H. The result of this interaction, at a given temperature and for a 

weak H, is known as the magnetization (M, μ per unit volume) and is defined as 

M = χH                   (1) 

where χ is the magnetic susceptibility.
9
 Generally, χ > 0 for paramagnets (non-interacting 

unpaired electron systems) and χ < 0 for diamagnets (nonmagnetic systems). The relationship 

between χ and temperature is typically linear at high temperatures (i.e., in the PM region) and 

deviates (i.e., the formation of interesting magnetic properties) at lower temperatures (Fig. 1.2). 

At a given magnetic field, the Curie-Weiss law states that χ, of paramagnets, and T are related in 

the following manner 

cw

C
χ = 

T -θ
                      (2) 

or as  

cwθ1 1
= T -

χ C C
                 (3) 

where C is the Curie constant, and θcw is the Curie-Weiss temperature. Deviations from this 

equation allow us to understand what types of interactions are occurring (AFM - θcw < 0; FM - 

θcw > 0; PM - θcw = 0). The effective spin (μeff) of the system is related to χ and is given as 

eff mμ 2.828 χ T 2 S(S+1)                            (4) 

where χm is the molar susceptibility and S is the total spin on each magnetic ion. If modeled 

correctly, the θcw can be determined theoretically. If all important spin exchange interactions are 

accounted for, in the mean-field approximation θcw is given as
10
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cw i i

iB

S(S+1)
θ = z J

3k
                 (5) 

where zi is the number of spin exchange interactions Ji connected to each spin site.  

 

 

Figure 1.2. Plots of χ vs T and 1/χ vs T. For χ vs T plots, significant increases or decreases in χ 

(at TC and TN respectively) is evidence that a FM or AFM transition, respectively, has occurred. 

Multiple transitions can exist within a given magnetic system. For 1/χ vs T plots, high 

temperature data are often extrapolated from the PM region down to 1/χ = 0. Dominating AFM 

interactions lead to θcw < 0, dominating FM interactions lead to θcw > 0, and PM interactions lead 

to θcw = 0. Plots reproduced from References 2 and 11. 

 

 Isothermal magnetization, M vs H, experiments are used to determine the total moment 

of the system as well as the type of interactions present within systems of interest. At low 

temperatures, unpaired electrons can align along an applied magnetic field. As this magnetic 

field is increased, M, and by relation the magnetic moment, becomes saturated. Therefore, at 

high enough applied magnetic fields the fully saturated magnetic moment of the system can be 
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achieved and known. An example of this experiment involves TbInO3 (Fig. 1.3), in which the 

saturated moment was found to be 6.9 μB with an applied magnetic field of 65 T at 0.55 K.
12

 

Additionally, M as a function of H exhibits a hysteresis loop if the system is ferromagnetic, at 

temperatures below TC,.  

 

Figure 1.3. (a) Isothermal magnetization experiment done on TbInO3 at various temperatures 

(0.55, 3.98, and 12.10 K). As the temperature is decreased, the level at which the magnetic 

moment is saturated increases as it is easier for the magnetic ions to align with H. As H is 

increased, the magnetic moment is increased. (b) Hysteresis loop obtained for a ferromagnetic 

system below its TC.
2,12 

 

Heat capacity experiments (C vs T) can help one determine abrupt long-range magnetic 

ordering. C increases slowly as temperature increases until leveling off at a certain temperature. 

As a solid goes from disorder to order, upon lowering temperature, the total entropy of the 

system decreases. When this transition occurs quickly (e.g., abrupt magnetic long-range 

ordering) at a particular temperature rather than over a range of temperature, the heat capacity 
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sharply increases. An example of this occurring is in Fe2(HPO3)3 where long-range magnetic 

order sets in at 19.7 K, evidenced by the λ anomaly at said temperature (Fig. 1.4).
13 

 

Figure 1.4. Molar specific heat of Fe2(HPO3)3 as a function of temperature. The anomaly at 

around 19.7 K signify long-range magnetic order.
13 

 

 Finally, elastic neutron scattering, or neutron diffraction, is an excellent technique for 

determining the crystal and magnetic structure of solids at low temperatures. Purposely shot 

neutrons interact with the nucleus of studied systems and their generated diffraction patterns are 

determined by the type of nucleus exhibited by the materials. Additionally, these neutrons, 

having an intrinsic spin, can interact with the unpaired electrons within magnetic solids. These 

combinations of factors allow for the extraction of important information, such as the atom 

positions, total moment, and moment directions within investigated systems. A method 

developed to predict these moment directions will be discussed in Chapter 6. For example, 

neutron diffraction experiments allowed for clarification of the magnetic structure of LiCuVO4 

down to 0.2 K (Fig. 1.5).
14 

Along with answering what states these systems converge into, we 
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must attempt to understand why these systems settle into these magnetic structures, 

quantitatively and qualitatively. 

 

Figure 1.5. Magnetic structure of LiCuVO4, with only Cu
2+

 ions shown.
14

 The magnetic 

structure at 0.2 K shows Cu
2+

 spins spiraling along the b direction. 

 

1.4. Energy-mapping analysis 

 Computationally and theoretically quantifying spin exchanges is necessary to understand 

its effect on the resulting magnetic structure, as well as predicting the magnetic behaviors of new 

systems. Energy-mapping analysis can be used to extract these spin exchange interaction 

between magnetic ions.
1,15,16,17

 Suppose that we have a spin dimer made up of two ions, with one 

unpaired spin each, and consisting of magnetic orbitals ϕ1 and ϕ2, at sites 1 and 2 respectively. 

The energy of this system in terms of the spin exchange J between the sites, due to spin, is 

described by the spin Hamiltonian:  

21spin SSJˆ

                  (6) 

where 2) 1,  (i Si 


 refers to the spin on site i. The spin exchange J is related to the energy 

difference between the singlet and triplet states as  
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J    (T)E     (S)EΔE spinspinspin                      (7) 

The electronic Hamiltonian for the spin dimer case is given by: 

12

elec
r

1
(2)ĥ(1)ĥΗ̂                             (8) 

where ĥ(i) refers to the one-electron energy term (i.e., the kinetic energy plus electron-nucleus 

attraction) for electron i, and the term 1/r12 refers to the electron repulsion between electrons 1 

and 2. The energy difference, ΔEelec, between the singlet and triplet states is then described as 

2

elec elec elec 12

11 12

( e)
ΔE E (S) E (T) 2K

J J


   


                        (9) 

where Δe is the energy split between ϕ1 and ϕ2, J11 is the Coulomb repulsion for the case when 

two electrons reside in ϕ1, while K12 and J12 are respectively the exchange and the coulomb 

repulsion integrals between ϕ1 and ϕ2. By energy-mapping, i.e., ΔEspin = ΔEelec, we obtain 

2

12

11 12

( e)
 J 2K

J J


 


                                    (10) 

Consequently, one can separate J into two components J = JF + JAF, where JF and JAF are the FM 

and AFM components, respectively. With U
eff

 = J11 – J12 (K12 > 0, U
eff

 > 0), we obtain 

eff

2

AF

12F

U

e)(
J 

2KJ 






                          (11) 

The exchange integral K12 (hence the magnitude of JF) increases with increasing overlap density 

ϕ1ϕ2, while the energy split Δe (hence the magnitude of JAF) increases with increasing overlap 

integral 21  .  
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Energy-mapping between Ĥelec and Ĥspin can be similarly carried out on the high-

symmetry (HS) and broken-symmetry (BS) state by DFT calculations. For the spin dimer, the HS 

state has || spins (e.g., ), and the BS state has anti || spins (e.g., ). In terms of spin 

Hamiltonian, the energy difference between the HS and BS dimer states is given by 

spin spin spinΔE E (BS)-E (HS) J/2                               (12) 

In terms of DFT calculations, the energy difference between the HS and BS states, ΔEDFT, is 

readily calculated 

DFT DFT DFTΔE E (BS)-E (HS)                    (13) 

Thus, by the energy mapping, i.e., DFTspin ΔEEΔ  , we obtain  

DFTE2J                  (14) 

To determine one spin exchange interaction by energy-mapping analysis, two different spin 

states are needed, as shown above. This technique can be applied, however, to systems with N 

different spin exchanges.  Therefore, in general, we need N+1 different (linearly independent) 

ordered spin states are needed to determine N different spin exchange interactions. By 

generalizing the spin Hamiltonian Ĥspin we obtain 





ji

jiijspin SSJΗ̂


                          (15) 

One can readily carry out DFT calculations for N+1 states. Therefore, one can map the N+1 

relative energies obtained from the spin Hamiltonian to those obtained from the DFT 

calculations to quantify N different spin exchange constants. This method will be used to obtain 

the spin exchange found within Chapters 2-5. 
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1.5. Qualitative aspects of spin exchange interactions 

 As discussed previously, magnetic solids contain MLn polyhedra (typically, n = 4 - 6), 

and the magnetic orbitals of M (d-states of the MLn that are singly occupied) govern the spin 

exchange interactions, as well as other magnetic properties, within a given system. 

Consequently, there are geometrically two main types of spin exchange interactions that can 

occur, M-L-M and M-L···L-M. The spin exchange interaction strength is dictated by the 

structure of the M-L-M and M-L···L-M interactions, specifically, the orientations of magnetic 

orbitals that interact through their ligand species.
1,2

 Let us examine LiCuVO4 in order to better 

describe how these types of interactions can dictate the character (i.e., FM or AFM) of different 

spin exchanges.
1,14,18,19

 

 In LiCuVO4, there exists three spin exchange interactions occurring between Cu
2+

 (S = ½, 

d
9
) ions (Fig. 1.6), one of the M-L-M type (JNN), and two of the M-L···L-M type (JNNN and Jinter). 

The magnetic orbital of (CuO4)
6-

 has σ
*
-antibonding character (x

2
-y

2
 orbital of Cu

2+
 combined 

out-of-phase with the p-orbitals of the four O
2-

 ligands). In JNN (Fig. 1.7a), the two interacting p-

orbitals (in adjacent CuO4 magnetic orbitals) at the O
2-

 ion positions of each Cu-O-Cu bridge are 

nearly orthogonal. This leads to nearly zero overlap integral but a nonzero overlap density 

between adjacent magnetic orbitals. Since JAF is proportional to the overlap integral and JF is 

proportional to the overlap density between magnetic orbitals, we find JAF is approximately zero 

while JF is nonzero, leading to a FM interaction. However, (Fig. 1.7b) the O p-orbitals, in JNNN, 

of the O···O contacts have near zero overlap density and a nonzero overlap integral, which, 

based on factors governing JF and JAF, lead to JNNN being AFM. Since the overlap integral is 

nonzero, an interaction occurs between these magnetic orbitals, leading to the bonding and anti-

bonding combinations Ψ+ and Ψ-, respectively (Fig. 1.7c). These two phases are not degenerate  
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Figure 1.6. The three spin exchange interactions JNN, JNNN, and Jinter in LiCuVO4. Teal spheres 

represent V
5+

 ions, grey spheres the Cu
2+

 ions, and white spheres the O
2-

 ions.
1
 

 

and have an energy separation of Δe (cause of JAF being nonzero in JNNN). This similar kind of 

through-space (TS) interaction occurs in Jinter. However, through-bond (TB) interactions that 

occur through the O···V
5+

···O bridge in Jinter induces a modification of the initial energy split 

caused by the TS interaction.
20

 As depicted in Figure 1.8, symmetry allows the empty dᴨ orbital 

of V
5+

 to interact with Ψ-, lowering its energy. The energy split Δe between Ψ+ and Ψ- arising 

from the TS interaction is reduced by the TB interaction because the latter lowers the Ψ- level. 

As a result, Jinter has less AFM character than JNNN as Δe, and, consequently, JAF is reduced. This 

mechanism involving the modification of Δe plays a significant role in altering the spin 

exchanges between isostructural species in Chapter 3. 

 

1.6. Spin frustration 

 Complex magnetic ion arrangements can lead to interesting spin structures, including 

systems exhibiting spin frustration.
19,21

 Spin frustration occurs when multiple different collinear 
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Figure 1.7. Orbital interaction associated with (a) JNN and (b) JNNN. (c) The in-phase and out-of-

phase combinations of two magnetic orbitals leading to the energy split Δe, and therefore, AFM 

character in JNNN due to JAF.
1
 

 

Figure 1.8. (a) The empty dπ-orbital of V
5+

 interacting in-phase with the O p-orbitals of Ψ- 

through the O…V
5+

…O bridge. The empty dπ-orbital of V
5+

, by symmetry, cannot interact with 

Ψ+. (b) The energy split Δe between Ψ+ and Ψ- induced by the TS interaction on the left, and that 

induced by the TS and TB interactions on the right.
1
 

 

spin arrangements have the same energy.
2
 In cases where this frustration exists, new and 

interesting magnetic structures can form. In order to illustrate this point, let us examine an 

isolated equilateral triangle with three identical magnetic ions (Fig. 1.9a). When the nearest 
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neighbor spin exchange, JNN, is FM, the lowest energy magnetic structure is obtained when all 

spins align ferromagnetically. However, the observation of one magnetic ground state within this 

geometry disappears if JNN is AFM, as a triply degenerate state results from the impossibility of 

all nearest-neighbor pairs of spins interacting antiferromagnetically. The energy of the three spin 

system is given by in terms of the spin Hamiltonian, 

311332232112 SSJSSJSSJE             (16)  

By removing the assumption that the spins must align collinearly and since J12 = J23 = J13, the 

spins cant in an attempt to lower E. This leads to a compromised spin arrangement (Fig. 1.9b) of 

θ = 120.
2
 Doing so allows E to be minimized as, with J < 0, E = JS

2
 for the three collinear 

arrangements and E = 1.5JS
2
 for the noncollinear compromised spin arrangement. More complex 

geometric structures can result in systems with complex magnetic spin lattices.
22,23

 For example, 

LiCuVO4, as discussed earlier, has FM nearest neighbor (JNN) interactions and AFM next nearest 

neighbor (JNNN) interactions (|| b-axis). As a result of not fully recognizing energy lowering 

through collinear arrangements, this system undergoes spin canting (Fig 1.5).
14

 This result helps 

minimize energy by allowing AFM JNNN while simultaneous incorporating some FM component 

in JNN. In Chapter 4, frustration caused by AFM spin exchanges within a complex geometric 

structure lead to an interesting magnetic structure. 

 

1.7. Band gap problem 

 Currently, the electronic structures of many molecules and crystalline solids are probed 

computationally by DFT. DFT calculations on crystalline solids can be carried out using the non- 

spin-polarized DFT, spin-polarized DFT, and the DFT plus on-site repulsion (DFT+U
eff

) 

methods. Non-spin-polarized DFT calculations treat up-spin and down-spin states of a given 
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Figure 1.9. (a) Low energy magnetic states when JNN is FM or AFM within an equilateral 

triangle arrangement of three identical magnetic ions. (b) The lowest energy structure when an 

equilateral triangle exhibits AFM spin exchange interactions between each spin (120° between 

magnetic ions). 

 

level as degenerate. This method presents a problem for magnetic insulators because it can 

predict them to be metals (Fig. 1.10a). This deficiency is mostly alleviated in the spin-polarized 

DFT method, in which the up-spin and down-spin states of a given level are allowed to have 

different spatial orbitals, so that the up-spin and down-spin bands differ in energies. For 

magnetic ions with strongly localized electrons, the energy split provided by this method is 

sufficient enough to generate a magnetic insulating state (Fig. 1.10c).
1 

When the spin-polarized 

DFT method is insufficient, leading to a magnetic metal state (Fig. 1.10b), the DFT+U
eff

 method 

is employed.
24

 This method further splits the energy between up-spin and down-spin states of 

strongly-localized orbitals by the effective on-site repulsion U
eff

 (Fig. 1.11).  

At the current level of DFT, we cannot predict whether a given system will be a 

nonmagnetic metal, a magnetic metal, or a magnetic insulator. However, once the system under 
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question is determined experimentally to be a magnetic insulator, we can supply various U
eff

 

variables that allow us to obtain magnetic insulating states. A natural question arising from this 

technique is what values of U
eff

 is sufficient to use within any given magnetic system. The U
eff

 

specific for a given system can be determined.
25

 However, in our work, U
eff

 is treated as an 

empirical parameter and a range of U
eff

 is constructed in order to examine trends in calculated 

quantities (e.g., band gap, Curie-Weiss temperature, etc.). In general, on moving from left to 

right within a given period of the periodic table, the U
eff

 value for transition-metals is expected to 

increase due to the contraction of the d-orbitals (similarly, we expect the U
eff

 value for rare-earth 

ions to increase going from left to right). On moving from top to bottom within a family of the 

periodic table, the U
eff

 value for transition-metals is expected to decrease because the diffuseness 

of the d-orbitals increases. 

 

Figure 1.10. The three states represent (a) a nonmagnetic metal, (b) a magnetic metal, and (c) a 

magnetic insulator.
1 

 

1.8. Computational aspects 

 Spin-polarized DFT calculations were carried out for various magnetic species by 

employing the projector augmented wave method encoded in the Vienna Ab Initio Simulation 
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Package (VASP)
26,27,28

 with the generalized gradient approximation (GGA) of Perdew, Burke 

and Ernzerhof
29

 for the exchange-correlation functionals with computing resources obtained 

from the National Energy Research Scientific Computing (NERSC) Center and the High 

Performance Computing (HPC) Center at NCSU. The threshold of self-consistent-field energy is 

set to 10
-6

 eV. The plane wave cutoff energy and Brillouin zone sampling vary depending on the 

number of atoms and size of supercell used in each calculation. The DFT+U
eff

 method
24

 was 

applied with U
eff

 = U - J to properly describe the electron correlation within d and f orbitals. 

Given U
eff

 as an empirical parameter, it is necessary to employ several U
eff

 values. The DFT+U
eff

 

method plus spin-orbit coupling (DFT+U
eff

+SOC)
30

 was mainly used to determine the preferred 

spin orientation of various magnetic ions. 

 

Figure 1.11. U
eff

 lowers the energy of the occupied states by U
eff

/2 while raising the energy of 

the unoccupied states by U
eff

/2.
24
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CHAPTER 2 

This chapter is based on the article published in the Journal of Magnetism and Magnetic 

Materials 

J. Magn. Magn. Mater. 2017, 444, 147-153. 

The Magnetic Structure and Spin Exchange Interactions in the Layered 

Oxychalcogenides Sr3Fe2O5Cu2Q2 (Q = S, Se)
1 

 

2.1 Introduction 

 Layered oxychalcogenides are of interests due to readily adjustable properties made so by 

their chemically modifiable specific layers.
1,2

 This can be important to those that study magnetic 

systems as one can easily change the magnetic properties by substituting these easily tunable 

layers. Previous papers show Sr3Fe2O5Cu2S2 as an example of the above stated phenomenon, as 

(Cu2S2) layers were substituted with (Cu2Se2), (Ag2S2) and (Ag2Se2) layers.
3,4

 With respect to 

Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2, powder neutron diffraction experiments show moments 

arranged in a G-Type AFM arrangement (antiferromagnetically-coupled in three ⊥ directions) 

within the ab-plane. It was also determined that TN for Sr3Fe2O5Cu2S2 range from 485-512K and 

the TN for Sr3Fe2O5Cu2Se2 is 490 K.
1,4

 Immediate questions that arise from these data points are 

what spin exchanges are responsible for this G-type AFM arrangement and how do these spin 

exchanges change, albeit very little, when substituting S for Se. In this study, we look at these 

two systems, Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2, and aim to answer these questions by 

understanding their magnetic properties through the use of energy-mapping analysis. 

Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 crystallize in the tetragonal space group I4/mmm 

(Space Group # 139), and their structures are isostructural. As shown in Figure 2.1a, 
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Sr3Fe2O5Cu2Q2 (Q = S, Se) has two distinct layers, a diamagnetic layer (layer 1) consisting of 

Cu2Q2, where Cu exists as Cu
+
 (S = 0, d

10
), and a paramagnetic layer (layer 2) consisting of 

Sr3Fe2O5, where Fe exists as high-spin Fe
3+

 (S = 5/2, d
5
). In layer 1, edge-sharing CuQ4 

tetrahedral units create a net running || to the ab-plane. In the layer of interest, layer 2, corner-

sharing FeO5 square pyramid units create two sets of nets (connected through equatorial O) that 

run || to the ab-plane. These two nets are linked though the FeO5 apical O, creating many Fe2O9 

“dumb-bell” units which gives the appearance of “pseudo-cubes”, with respect to Fe positions 

(Fig. 2.1b). Sr is located directly in the middle of these “pseudo-cubes”, while additional Sr lie 

directly above and below these “caged” Sr. These layers stack on top of each along the c-axis. 

On the basis of DFT calculations and energy-mapping analysis, our data agrees with 

experimental data. These calculations suggest that the magnetic structures of Sr3Fe2O5Cu2S2 and 

Sr3Fe2O5Cu2Se2 are governed by two strong AFM interactions, leading to G-type AFM Sr3Fe2O5 

layers, these AFM interactions are slightly stronger in Sr3Fe2O5Cu2S2 than for Sr3Fe2O5Cu2Se2, 

leading to slightly higher TN in Sr3Fe2O5Cu2S2 than in Sr3Fe2O5Cu2Se2 and the spins prefer being 

aligned along the ab-plane. 

 

2.2 Computational Details 

There are four spin exchange (J1-J4) corresponding to the four Fe-Fe distances of interest 

in each system (Fig. 2.1b). The geometric parameters associated with the four Fe-Fe distances 

are shown in Table 2.1. To extract these values, five ordered spin states were constructed within 

a (2a, 2b, 1c) supercell (Fig. 2.2). Spin-polarized DFT calculations were carried out in the 

Vienna Ab Initio Simulation Package (VASP)
5
 by employing the projector augmented wave 

method encoded with the generalized gradient approximation (GGA) of Perdew, Burke and 
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Ernzerhof
6
 for the exchange-correlation functionals with computing resources obtained from the 

National Energy Research Scientific Computing (NERSC) Center and the High Performance 

Computing (HPC) Center at NCSU. The DFT+U
eff

 (U
eff

 = 4, and 5 eV) method
7
 was applied to 

properly describe the strong electron correlation within the Fe d-orbitals. The threshold of self-

consistent-field energy was set to 10
-6

 eV. The plane wave cutoff energy was set at 520 eV and 

the Brillouin zone was sampled with a k-point set of 3x3x1. Additionally, when determining the 

preferred spin direction, in which the DFT+U
eff

+SOC (U
eff

 = 4 eV) method
8
 was deemed 

appropriate, unit cell calculations was done with its Brillouin zone sampled with a k-point set of 

6x6x1. 

 

Figure 2.1. (a) Structure of the phases Sr3Fe2O5Cu2Q2 (Q = S, Se). (b) The four spin exchanges 

J1-J4 of the Sr3Fe2O5 layer in Sr3Fe2O5Cu2Q2 (Q = S, Se). (gold = Fe, red = O, yellow = Q, blue = 

Cu, green = Sr). 
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Table 2.1. The structural parameters describing the four spin exchange paths J1-J4 in 

Sr3Fe2O5Cu2Q2 (Q = S, Se). 

Q 

Spin 

Exchange 

Interaction 

Fe···Fe 

(Å) 

Fe-O O-Fe 

(Å) 

O···O 

(Å) 
 Fe-O-Fe 

(°) 

S 

J1 3.912 1.967, 1.967 N/A 167.7 

J2 3.779 1.889, 1.889 N/A 180.0 

J3 5.532 1.967, 1.967 2.766 N/A 

J4 5.439 1.967, 1.889 2.870 N/A 

Se 

J1 3.958 1.996, 1.996 N/A 165.1 

J2 3.739 1.870, 1.870 N/A 180.0 

J3 5.597 1.996, 1.996 2.799 N/A 

J4 5.445 1.996, 1.870 2.906 N/A 

 

2.3 Results and Discussion 

In terms of the Heisenberg spin Hamiltonian  





ji

jiijspin SSJΗ̂


                 (1) 

where Jij (J1-J4) is the spin exchange constant associated with the spins iS and jS at sites i and j, 

the total spin exchange energies per supercell of the five ordered spin states are given by 

2

FM 1 2 3 4 Fe

2

AF1 1 2 3 4 Fe

2

AF2 1 2 3 4 Fe

2

AF3 1 2 3 4 Fe

2

AF4 1 2 3 4 Fe

E ( 32J 8J 32J 32J )S

E ( 32J 8J 32J 32J )S

E ( 32J 8J 32J 32J )S

E ( 32J 8J 32J 32J )S

E ( 0J 8J 32J 0J )S

    

    

    

    

    

                         (2) 
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where SFe is equal to number of unpaired electrons on Fe
3+

 divided by 2, i.e., SFe = 5/2. The 

relative energies of the five ordered spin states obtained from the DFT+U
eff

 calculations are 

summarized in Table 2.2. Energy-mapping analysis
9
 produces values J1-J4 listed in Table 2.3. 

We will discuss the consequences of the spin exchanges on the magnetic structure at U
eff

 = 5 eV 

for Sr3Fe2O5Cu2Q2 (Q = S, Se). Although J1-J4 are not the same at different U
eff

 values, the 

relative strengths are similar and, therefore, lead to similar conclusions. All four spin exchanges 

are AFM, which can lead to frustration as two AFM triangles, (J1, J1, J3) and (J1, J2, J4), exist.  

 

Figure 2.2. The five ordered states constructed in order to extract the four spin exchange 

interactions (only Fe shown). Open spheres represent up-spin Fe while shaded spheres represent 

down-spin Fe. The red, brown, green, and blue “bonds” correspond to the spin exchanges J1, J2, 

J3 and J4 respectively. 
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Table 2.2. The relative energies (meV/8 f.u.) of the five ordered spin states of Sr3Fe2O5Cu2Q2 (Q 

= S, Se). 

Ordered Spin 

State 

U
eff

 = 4 eV U
eff

 = 5 eV 

Q = S Q = Se Q = S Q = Se 

FM 0.00 0.00 0.00 0.00 

AF1 -5210.72 -4895.08 -4422.83 -4162.78 

AF2 -3631.97 -3339.49 -3028.23 -2790.21 

AF3 -2074.30 -2014.86 -1782.20 -1734.86 

AF4 -3837.46 -3630.95 -3250.43 -3084.26 

 

Since J3 (-4.3 and -3.9 for Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 respectively) and J4 (-5.6 and -5.3 

for Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 respectively) values are at least a magnitude smaller than 

J1 (-82.2 and -75.7 for Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 respectively) and J2 (-184.3 and -

180.2 for Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 respectively), J3 and J4 can be ignored, leading to 

non-frustrated AFM interactions within each Sr3Fe2O5 layer along the a, b, and c-axis, or each 

Sr3Fe2O5 layer displays a G-type AFM structure. The spin exchanges J1 and J2 are slightly 

stronger in Sr3Fe2O5Cu2S2 than in Sr3Fe2O5Cu2Se2, agreeing with experimental data that shows 

TN being slightly larger in Sr3Fe2O5Cu2S2 than in Sr3Fe2O5Cu2Se2 (a range between 485-512 K 

vs 490 K). According to calculations done on the FM state shown in Table 2.4, spins aligned ⊥ 

c-axis (i.e., || ab-plane) is lower in energy than those aligned || c-axis, leading to the conclusion 

that these spins prefer to align ⊥ c-axis, in agreement with experiment. 

 

2.4 Conclusion 

 Our data suggests that the magnetic structures of Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 are 

governed by strong AFM interactions, specifically J1 and J2, leading to G-type AFM Sr3Fe2O5 
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layers. J1 and J2 are slightly stronger in Sr3Fe2O5Cu2S2 than for Sr3Fe2O5Cu2Se2, which is 

consistent with experimental data showing Sr3Fe2O5Cu2S2 having a slightly higher TN than 

Sr3Fe2O5Cu2Se2. Our DFT+U
eff

+SOC calculations show spins at lower energy when aligned in 

the ab-plane, or ⊥ to the c-axis, which is consistent with experimental data. 

 

Table 2.3. The values of J1/kB-J4/kB (in K) calculated for Sr3Fe2O5Cu2Q2 (Q = S, Se). 

Spin Exchange 

Interaction 

U
eff

 = 4 eV U
eff

 = 5 eV 

Q = S Q = Se Q = S Q = Se 

J1/kB -98.14 -90.19 -82.20 -75.66 

J2/kB -211.88 -207.09 -184.25 -180.23 

J3/kB -5.65 -5.10 -4.29 -3.93 

J4/kB -7.19 -6.67 -5.62 -5.25 

 

Table 2.4. The relative energies (meV/2 f.u.) of the FM state spins aligned ⊥ c-axis and || c-axis 

at U
eff

 = 4 eV for Sr3Fe2O5Cu2Q2 (Q = S, Se). 

Spin Direction Q = S Q = Se 

⊥ c-axis -0.25 -0.33 

|| c-axis 0.00 0.00 
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CHAPTER 3 

This chapter is based on the article published in the Journal of Physical Chemistry C 

J. Phys. Chem. C, 2016, 120, 1650. 

An Analysis of the Magnetic Properties of Fe2X3 (X = HPO3, SeO3)
1
 

 

3.1 Introduction  

The probing of isostructural compounds with differing magnetic properties is our interest 

as it allows for the teasing of minute features that have significant effects on the total magnetic 

structure. Fe2X3 (X = HPO3, SeO3) is the ideal set of structures that allow for this sort of 

experiment as, although magnetic susceptibility data suggests that both systems can be modeled 

as isolated AFM dimers, the AFM dimer interaction is larger (magnitude) in Fe2(SeO3)3 than in 

Fe2(HPO3)3 by a factor of approximately three (-20.18 vs -7.71 K/kB for Fe2(SeO3)3 than in 

Fe2(HPO3)3 respectively).
1
 This consequently leads to different Curie-Weiss temperature (θcw) 

values (-197.6 vs -56.5 K for Fe2(SeO3)3 than in Fe2(HPO3)3 respectively) and the need for one to 

account for these drastic changes in magnetic properties. 

The oxides Fe2X3 (X = HPO3, SeO3) crystallize in the hexagonal space group P63/m 

(Space Group # 176), and their structures are isostructural if we regard the P-H bond of HPO3 

and the Se lone pair of SeO3 as similar.
1,3,4

 These compounds consists of Fe2O9 dimers (made up 

of two face-sharing FeO6 octahedra) that run along the c-axis, and these dimers are 

interconnected throughout by the (HPO3)
2-

 anions in Fe2(HPO3)3, and by (SeO3)
2-

 anions in 

Fe2(SeO3)3 (Fig. 3.1) at each O position. Thus, these compounds have Fe-O-Fe as well as Fe-

O···O-Fe spin exchange pathways (Fig. 3.1f). 
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An obvious first choice as the isolated magnetic dimer is the Fe2O9 dimers. These 

interactions, however, are very similar structurally and governed by similar pathways (Fe-O-Fe). 

The next possible choice is the Fe-O···O-Fe spin exchanges that go through the X (X = HPO3, 

SeO3) ions, as these M-O···O-M interactions are primarily governed by varying factors involved 

with the Fe-O distances and the O···O pathway. In general, the strength of such spin exchange 

interactions (super-super exchange) increases with shortening O···O contact distance, due to 

increasing substantial magnetic orbital overlap.
2
 However, these O···O contact distances are 

longer in Fe2(SeO3)3 than in Fe2(HPO3)3. These ideas lead to an interesting mystery that can be 

addressed through energy-mapping analysis. In general, we look to explain/understand the 

magnetic properties of Fe2(SeO3)3 and Fe2(HPO3)3 and establish how a longer O···O distance, if 

this is the spin exchange responsible for differing magnetic properties, with similar magnetic 

ions (Fe
3+

) can lead to stronger spin exchange interactions. To resolve the generated problems 

from these observations, DFT+U
eff

 calculations were performed on both compounds. These 

calculations suggest the spin exchange interaction occurring between two Fe2O9 dimers (|| c-axis, 

later named J2) is the strongest spin exchange interaction (i.e., responsible for AFM dimer 

behavior), this interaction is four times stronger in Fe2(SeO3)3 than in Fe2(HPO3)3, in agreement 

with experiments that suggest that it is roughly three times stronger and the difference in this 

spin exchange strength can be explained by stronger through-bond interactions in Fe2(SeO3)3 

caused by the empty d-orbital in Se, despite longer O···O distances.  

 

3.2 Computational Details 

 We consider the four spin exchange interactions J1-J4 shown in Figure 3.1f. The 

geometrical parameters associated with these exchange paths are summarized in Table 3.1. Spin-
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polarized DFT calculations were carried out in the Vienna Ab Initio Simulation Package 

(VASP)
5
 by employing the projector augmented wave method encoded with the generalized 

gradient approximation (GGA) of Perdew, Burke and Ernzerhof
6
 for the exchange-correlation 

functionals with computing resources obtained from the National Energy Research Scientific 

Computing (NERSC) Center and the High Performance Computing (HPC) Center at NCSU. The 

threshold of self-consistent-field energy was set to 10
-6

 eV. To evaluate the values of these four 

spin exchange interactions, five ordered spin states were constructed using a (a, b, 2c) supercell 

as shown in Figure 3.2. In extracting J1-J4, we use the energy-mapping method
2
 on the basis of 

DFT+U
eff

 calculations
7
 with U

eff
 = 4, 5 eV (the plane wave cutoff energy of 520 eV, and 3x3x2 

k-points for the irreducible Brillouin zone). 

 

Figure 3.1. (gold = Fe, red = O, white = H, grey = P, green = Se for a-e and brown = Fe, peach = 

O for f). Projection views showing the crystal structures of Fe2(HPO3)3 and Fe2(SeO3)3, where 

the Fe2O9 dimers are “linked” together by SeO3 units in Fe2(SeO3)3, shown in (a) and (b), and by 

HPO3 units in Fe2(HPO3)3, shown in (c) and (d). The Fe2O9 dimers run along the c-axis as 

indicated in (e). (f) Spin exchange paths, J1-J4, of Fe2X3 (X = HPO3, SeO3). 
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Table 3.1. The structural parameters describing the four spin exchange paths J1-J4 in Fe2X3 (X = 

SeO3, HPO3). 

X 

Spin 

Exchange 

Interaction 

Fe···Fe 

(Å) 
Fe-O (Å) 

O···O 

(Å) 
 Fe-O-Fe 

(°) 

HPO3 

J1 2.980 2.095, 2.095 N/A 90.65 

J2 4.390 1.919, 1.919 2.536 N/A 

J3 4.683 2.095, 1.919 2.517 N/A 

J4 5.917 2.095, 1.919 2.517 N/A 

SeO3 

J1 2.987 2.109, 2.109 N/A 90.17 

J2 4.339 1.921, 1.921 2.627 N/A 

J3 4.595 2.109, 1.921 2.643 N/A 

J4 5.837 2.109, 1.921 2.643 N/A 

 

 

Figure 3.2. The five ordered states constructed in order to extract the four spin exchange 

interactions. The red connections between Fe sites represent the spin exchange interaction J1. 

 

3.3. Results and Discussion 

In terms of the Heisenberg spin Hamiltonian 





ji

jiijspin SSJΗ̂


                (1) 

where Jij (J1-J4) is the spin exchange constant associated with the spins iS and jS at sites i and j, 

the total spin exchange energies per supercell of the five ordered spin states are given by 
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2

FM 1 2 3 4 Fe

2

AF1 1 2 3 4 Fe

2

AF2 1 2 3 4 Fe

2

AF3 1 2 3 4 Fe

2

AF4 1 2 3 4 Fe

E ( 4J 4J 12J 24J )S

E ( 2J 2J 6J 12J )S

E ( 4J 4J 12J 24J )S

E ( 4J 4J 0J 0J )S

E ( 2J 2J 6J 12J )S

    

    

    

    

    

                (2) 

where SFe is equal to number of unpaired electrons on Fe
3+

 divided by 2, i.e., SFe = 5/2. The 

relative energies of the five ordered spin states obtained through DFT+U
eff

 calculations are 

shown in Table 3.2. Energy-mapping analysis
2
 leads to the values of J1-J4 listed in Table 3.3. In 

the mean-field theory,
8
 the Curie-Weiss temperature, θcw, is related to the spin exchange 

parameters as 

)6J3JJ(J
3

1)S(S
θ 4321CW 


                    (3) 

The calculated θcw values are also listed on Table 3.3. 

 

Table 3.2. Relative energies (meV/8 f.u.) of the five ordered states of Fe2X3 (X = HPO3, SeO3). 

Ordered 

Spin States 

Fe2(HPO3)3 Fe2(SeO3)3 

U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV 

FM 0.00 0.00 0.00 0.00 

AF1 -120.62 -94.89 -223.20 -181.73 

AF2 -86.82 -68.02 -229.75 -189.14 

AF3 -105.72 -84.08 -236.42 -196.13 

AF4 -87.01 -68.34 -195.87 -160.27 

 

According to Table 3.3, all calculated spin exchange interactions are AFM. The strongest 

interaction, the inter Fe2O9 dimer spin exchange J2, is much greater than the intra Fe2O9 dimer 

spin exchange J1 in Fe2(HPO3)3 and Fe2(SeO3)3 (-9.59 vs -2.43 and -33.39 vs -3.36 at U
eff

 = 5 eV 

for Fe2(HPO3)3 and Fe2(SeO3)3 respectively) All spin exchanges are larger, in magnitude, in  
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Table 3.3. The values of J1-J4 and θcw (in K) extracted for Fe2X3 (X = HPO3, SeO3). 

Spin Exchange 

Interaction 

Fe2(HPO3)3 Fe2(SeO3)3 

U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV 

J1/kB -3.41 -2.43 -4.79 -3.36 

J2/kB -12.02 -9.59 -39.33 -33.39 

J3/kB -1.57 -1.25 -3.06 -2.38 

J4/kB -3.39 -2.68 -3.64 -2.85 

θcw -118.0 -92.9 -219.2 -177.8 

 

Fe2(SeO3)3 than in Fe2(HPO3)3. J1, J3 and J4 values are slightly greater in Fe2(SeO3)3 than in 

Fe2(HPO 3)3 (-3.36, -2.38, and -2.85 vs -2.43, -1.25, and -2.68 at U
eff

 = 5 eV for Fe2(SeO3)3 and 

Fe2(HPO3)3 respectively), while J2 is roughly four times greater in Fe2(SeO3)3 than in Fe2(HPO3)3 

(-33.39 vs -9.59 at U
eff

 = 5 eV for Fe2(SeO3)3 and Fe2(HPO3)3 respectively). The calculated J2 

ratio (3.48 at U
eff

 = 5 eV vs experimental value 2.62), J2,X = SeO3/J2,X = HPO3, and θcw (-92.9 and      

-177.8 K at U
eff

 = 5 eV vs experimental values -56.5 and -197.6 K for Fe2(HPO3)3 and 

Fe2(SeO3)3 respectively) is in fair agreement with the experiment J2 ratio (2.62) and θcw. Energy-

mapping analysis helped determine that the magnetic dimer is not given by the intra-dimer 

exchange J1, but rather by the inter-dimer exchange J2 and the Fe-O···O-Fe exchange J2 is 

stronger for Fe2(SeO3)3 than for Fe2(HPO3)3, although the O···O contact distance is longer for 

Fe2(SeO3)3.  

 We now examine if the above observation regarding J2,X = SeO3/J2,X = HPO3 originates and 

can be explained from the viewpoint of the through-space (TS) and through-bond (TB) effects. 

Orbitals can participate in TB effects if the symmetry and energies of the interacting orbitals are 

appropriate. In the Fe2X3 cases, the dπ-orbitals of the P or Se would allow for such a case in J2 

(Fig. 3.3c). If empty Se d-orbitals participates in the TB interaction through the O···Se
4+

···O 

bridge, the occupied states below the Fermi level should have some Se d-orbital contribution. If 

the empty P 3d-orbitals do not participate in the TB interaction through the O···P
5+

···O bridge, 
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the occupied states below the Fermi level should have no P d-orbital contribution. These 

expectations are confirmed by the plots of the projected density of states (PDOS) calculated for 

Fe2(SeO3)3 and Fe2(HPO3)3, shown in Figure 3.4, as the Se d-orbital has contribution below the 

Fermi level, while the P d-orbital does not. These interactions effect the spin exchange by 

changing Δe. As Δe increases or decreases, JAF likewise increases or decreases and hence, 

modification of the spin exchange occurs. As discussed in Section 1.5,
9
 the alteration of a spin 

exchange can occur by TB effects, eventually leading to, in this case, an increase in magnitude to 

the spin exchange J2 within Fe2(SeO3)3, and not Fe2(HPO3)3, despite the longer O···O contact 

distances. 

 

Figure 3.3. Effects of the TS and TB interactions in a Fe-O···A
n+

···O-Fe exchange path (a) A 

consequence of strong TS and weak TB interactions (Fe2(HPO3)3). (b) A consequence of weak 

TS and strong TB interactions (Fe2(SeO3)3). (c) Interaction of the dπ-orbital of A
n+

 with the 2p-

orbitals of the oxygen atoms present in the magnetic orbitals of Fe
3+

. 

(a) (b) 

(c) 
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Figure 3.4. The PDOS of (a) P orbitals overlaid on top of the total DOS in Fe2(HPO3)3 and (b) 

Se orbitals overlaid on top of the total DOS in Fe2(SeO3)3. 

 

3.4. Conclusion 

Our data suggests that the dimer model is well-reproduced with J2 as the spin exchange. 

Our results agree with experimental data suggesting that the dimer spin exchange in Fe2(SeO3)3 

is roughly three times stronger than in Fe2(HPO3)3, although the O···O distance is larger in 

Fe2(SeO3)3 than in Fe2(HPO3)3. θcw is also well-reproduced by the calculated spin exchanges. 

Finally, although initial through-space interaction analysis would suggest J2 being roughly equal 

or being slightly greater in Fe2(HPO3) than in Fe2(SeO3)3, through-bond interactions are needed 

to explain the experimental data as the AFM character of J2 is increased by the interacting virtual 

d-orbitals of Se. 
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CHAPTER 4 

This chapter is currently being written for publication purposes 

Understanding the Magnetic Structure of BaYFeO4: Spin Density 

Wave to Cycloidal Transition 

 

4.1 Introduction 

The synthesis or discovery of novel systems that settle into unique magnetic structures 

are interesting as they may produce unusual magnetic properties. One such system, BaYFeO4, is 

one of the first examples where both octahedra and square pyramid central atom sites are 

occupied by magnetically active ions, both cases being high spin Fe
3+

 (S = 5/2, d
5
).

1
 In this 

system, paramagnetic behavior was not observed for BaYFeO4 up to 390 K
1
, suggesting the 

presence of magnetic order caused by strong spin exchange interactions. An incommensurate 

cycloid magnetic structure, which lead to interesting spin-driven multiferroic behavior, is present 

at low temperature after the initial occurrence of a spin-density wave (SDW).
2,3

 In a cycloidal 

magnetic structure, moments belonging to similar magnetic ions (Fe
3+

 in this case) are the same, 

with relative orientations differing. In a SDW, the moments belonging to similar magnetic ions 

change in magnitude depending on their position within the crystal lattice. These magnitudes 

vary sinusoidally and may even vanish at particular locations within the crystal lattice. This type 

of transition, SDW (first appearing at 48 K; k-vector = 0, 0, 0.333 at 38 K) to a cycloidal 

magnetic structure (first appearing at 36 K, k-vector = 0, 0, 0.361 at 6 K) evidenced by magnetic 

susceptibility data, is observed in other systems as well.
2,4,5,6,7

 In general, since incommensurate 

magnetic structures are notoriously difficult to predict, it is important to begin understanding 
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why these systems relax into these interesting arrangements and how one might go about 

accurately predicting which systems will converge into these magnetic structures. This study 

aims to address these issues.  

BaYFeO4 crystallizes in the orthorhombic space group Pnma (Space Group # 62).
1,2,3

 The 

structure is composed of alternating corner-sharing FeO6 octahedra and FeO5 square pyramids, 

where Fe exists as high spin Fe
3+

 (S = 5/2, d
5
) (Fig. 4.1a). These corner sharing units form 

folded-ladders running || b-axis (Fig. 4.1b). There are two ladders types, ladder A which has the 

FeO5 axial Fe-O bond || (a-c)-axis and ladder B which has the FeO5 axial Fe-O bond || (a+c)-axis 

(Fig. 4.1c). The cycloidal and SDW magnetic state consists of AFM interactions between all 

corner-sharing FeO6 octahedra and FeO5 square pyramids within both ladder A and ladder B 

(Fig. 4.2). The cycloidal and SDW states differ in that the Fe spins rotate, noncollinearly, within 

the bc-plane for the former and align || b-axis for the latter. This noncollinear rotation between 

ladders occurs along the c-direction. The angle at which this turning occurs, for the cycloidal 

state, between ladder A to ladder A and ladder B to ladder B (adjacent) is approximately 128.8° 

and the angle between ladder A and ladder B (adjacent) is approximately 64.4° (FeO6 octahedra 

of one ladder and FeO6 octahedra of another ladder between like ladders; FeO5 square pyramids 

of one ladder and FeO5 square pyramids of another ladder between different ladders). 

Clear goals for this study include calculating the spin exchange interactions of BaYFeO4 

and using these calculated these spin exchange interactions to determine/understand its magnetic 

ground state. On the basis of DFT calculations, we were able to determine that the magnetic 

ground state is mainly due to large AFM spin exchanges between corner-sharing Fe polyhedron 

units (within folded-ladder chains) that can overcome lowly frustrated AFM triangles, spin-

canting between ladders due to complex interladder spin exchange arrangements and Fe spins 
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preferring the b and c axes over the a axis (i.e., a-axis being the higher energy crystallographic 

axis) leading to preferences in rotation within the bc-plane. We also speculate that SDWs can be 

followed by cycloidal structures as a result of the relaxation of the system upon temperature 

decreases. 

 

Figure 4.1. (a) The structure of BaYFeO4 (green = Ba, dark teal = Y, brown = Fe, and red = O). 

(b) Chains of FeO6 octahedra and FeO5 square pyramids corner share and form folded-ladders 

chains running || b-axis. (c) These folded-ladders align in two directions; (ladder A) FeO5 square 

pyramids axial bond || (a-c)-axis; (ladder B) FeO5 square pyramids axial bond || (a+c)-axis. 

 

4.2 Computational Details 

 We use energy-mapping analysis to help determine the spin exchange interactions within 

BaYFeO4 at three distinct temperatures: 280, 38 and 6 K.
8
 The following details correspond to 

the methods used in each distinct temperature phase. There are ten spin exchanges (J1-J10) 
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corresponding to the ten Fe-Fe distances of interest in BaYFeO4 (Fig. 4.3). The geometric 

parameters associated with these distances are shown in Table 4.1. To extract these values, we 

constructed 11 ordered spin states within a (a, 2b, 2c) supercell (Fig. 4.4). One more ordered spin 

state was constructed, shown in Figure 4.5, to confirm the preferred spin direction of a low 

energy spin state (based on spin exchange interaction prediction of the new energy). Spin-

polarized DFT calculations were carried out in the Vienna Ab Initio Simulation Package 

(VASP)
9
 by employing the projector augmented wave method encoded with the generalized 

gradient approximation (GGA) of Perdew, Burke and Ernzerhof
10

 for the exchange-correlation 

functionals with computing resources obtained from the National Energy Research Scientific 

Computing (NERSC) Center and the High Performance Computing (HPC) Center at NCSU. The 

plane wave cutoff energy was set at 500 eV and the irreducible Brillouin zone was sampled with 

2x2x1 k-points. The threshold of self-consistent-field energy was set to 10
-6

 eV. Due to the 

contracted nature Fe 3d-orbital, the DFT+U
eff

 and DFT+U
eff

+SOC
11,12

 method was applied with 

a U
eff

 of 4 and 5 eV to properly describe the systems on-site electron-electron repulsion. The spin 

exchange values were extracted with the DFT+U
eff

 method while the preferred spin direction was 

determined by using the DFT+U
eff

+SOC method. 

 

4.3. Results and Discussion 

In terms of the Heisenberg spin Hamiltonian 





ji

jiijspin SSJΗ̂


                (1) 

where Jij (J1-J10) is the spin exchange constant associated with the spins iS and jS at sites i and j, 

the total spin exchange energies per supercell of the 11 ordered spin states are given by 
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Figure 4.2. (a) In each folded-ladder chain, the nearest-neighbor Fe
 

spins are 

antiferromagnetically coupled (up-spin is shaded, down-spin is unshaded) and (b) these spins 

rotate in the bc-plane. Only the Fe spins forming the interchain exchange paths J9 are shown. The 

angle between two adjacent spin sites along J9 is . 
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Table 4.1. The geometrical parameters describing the 10 spin exchange paths J1-J10 in BaYFeO4 

in the 280, 38 and 6 K structures. SPYD and OCT refers to the square pyramidal FeO5 and the 

octahedral FeO6, respectively. 

Spin Exchange 

Interactions 
Interaction Type 

Fe-Fe Distance (Å) 

280 K 38 K 6 K 

J1 Intra, SPYD-OCT 3.789 3.779 3.771 

J2 Intra, SPYD-OCT 4.055 4.044 4.024 

J3 Inter, SPYD-OCT 5.948 5.932 5.990 

J4 Inter, SPYD-OCT 4.830 4.817 4.859 

J5 Inter, SPYD-SPYD 5.329 5.315 5.296 

J6 Intra, OCT-OCT 5.762 5.746 5.726 

J7 Intra, SPYD-SPYD 5.695 5.678 5.698 

J8 Intra, OCT-OCT 5.695 5.678 5.698 

J9 Inter, OCT-OCT 6.072 6.056 6.090 

J10 Inter, SPYD-SPYD 6.526 6.509 6.579 

  

where SFe is equal to number of unpaired electrons on Fe
3+

 divided by 2, i.e., SFe = 5/2. The 

relative energies of the 11 ordered spin states obtained from the DFT+U
eff

 calculations are 

summarized in Table 4.2. Energy-mapping analysis, with the use of the values in Table 4.2, 

leads to the values J1-J10 listed in Table 4.3. All spin exchanges, apart from J9 for T = 6 K phase, 

are AFM. J1 and J2 are approximately one magnitude greater than the next largest interaction J5 

(At U
eff

 = 4 eV: -153.05 and -86.10 vs -9.91 for T = 280 K; -155.92 and -87.59 vs -10.09 for T = 

38 K; -150.74 and -85.44 vs -7.94 for T = 6 K). Large J1 and J2 AFM values have several 

consequences. They help explain the lack of a paramagnetic region detection below 390 K. 

Additionally, they help explain that although many opportunities arise for intraladder frustration 

stemming from multiple AFM triangles (e.g., the J1, J2, J6 AFM triangle), the collinear AFM 
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arrangement between corner-sharing Fe
3+

 polyhedron units within the folded-ladder chains is 

favored over potential noncollinear arrangements (Fig. 4.2a). This analysis allows us to regard 

J5-J8 values as negligible, with regards to folded-ladder chain, and unnecessary in understanding 

the magnetic structure.  

Since we now understand how each chain acts independently, we look to understand the 

consequence of the interchain interactions. An analysis of this is difficult as we have multiple 

frustrated triangles (i.e., J3, J4, J10 triangle; J1, J3, J9 triangle; and J2, J4, J9 triangle) at six different 

interaction points which can lead to the complex spin canting (Fig. 4.3c, Fig. 4.6). With the 

assumptions that our spin exchanges are determined correctly and θ defined by the change in 

angle between J9 interactions, energy (E) can be defined and minimized with respect to θ in 

following manner: 
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The above equation leads to θ = 67.3 and 75.0° at U
eff

 = 4 and 5 eV respectively, for the T = 6 K 

structure, which is agreement with the experimental θ (θ = 64.4).  

It is reported that the spins rotate in the bc-plane. One possible reason is these two axes 

are lower in energy than the a-axis. To address this possibility, DFT+U
eff

+SOC calculations were 

performed on a low energy magnetic structure (Fig. 4.4). According to these calculations for all 

temperatures, shown in Table 4.4, || b and ||c-axis are the two lowest energy crystallographic 

axes, lending credence to the idea that the spins would prefer to rotate in the bc-plane, rather than 
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the ab or ac-plane. This is also in agreement with experiment data that states that the SDW state 

prefers || b-axis alignment. 

 

Figure 4.3. Schematic description of the 10 spin exchange paths of BaYFeO4 (a) A Fe4O18 

tetramer unit made up of corner-sharing FeO6 octahedra (Fe - blue sphere) and FeO5 square 

pyramids (Fe - red sphere). (b) A folded-ladder chain of formula Fe4O16 running || b-direction. 

This chain results from Fe4O18 tetramers sharing oxygen corners. For simplicity, each Fe4O18 

tetramer is represented by a Fe4 tetramer. (c) A projection view of how the folded-ladder chains 

are packed in BaYFeO4, in which the folded-ladder chains occur in orientations A and B. The 

numbers 1 – 10 in (b) and (c) represent the spin exchange paths J1 – J10, respectively. 
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Figure 4.4. The 11 ordered spin states used to calculate J1-J10. 
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Table 4.2. The relative energies (meV/32 f.u.) of the 11 ordered spin states of BaYFeO4. 

Ordered Spin 

States 

280 K 38 K 6 K 

U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF1 -752.03 -636.97 -766.00 -648.30 -744.78 -628.97 

AF2 -770.70 -652.13 -785.02 -663.73 -759.23 -640.71 

AF3 -1144.63 -969.05 -1165.92 -986.34 -1127.90 -952.35 

AF4 -1433.14 -1218.23 -1459.80 -1240.00 -1428.17 -1210.03 

AF5 -1642.82 -1380.53 -1672.93 -1404.32 -1627.40 -1364.66 

AF6 -1733.64 -1451.29 -1765.08 -1475.94 -1716.19 -1433.63 

AF7 -2922.76 -2483.93 -2979.54 -2530.73 -2892.52 -2446.87 

AF8 -3363.45 -2849.21 -3426.74 -2900.67 -3332.19 -2812.91 

AF9 -752.92 -637.68 -766.93 -649.04 -745.56 -629.60 

AF10 -1566.36 -1321.93 -1595.73 -1345.58 -1550.31 -1304.31 

 

Table 4.3. The values of J1-J10 and θcw (in K) calculated for BaYFeO4. 

Spin Exchange 

Interactions 

280 K 38 K 6 K 

U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV 

J1/kB -153.05 -131.50 -155.92 -133.93 -150.74 -129.17 

J2/kB -86.10 -73.04 -87.59 -74.24 -85.44 -72.39 

J3/kB -0.41 -0.33 -0.43 -0.34 -0.36 -0.30 

J4/kB -0.94 -0.27 -1.05 -0.33 -2.55 -1.34 

J5/kB -9.91 -7.86 -10.09 -8.00 -7.94 -6.26 

J6/kB -3.00 -1.99 -3.10 -2.05 -5.15 -3.48 

J7/kB -2.65 -2.12 -2.69 -2.15 -2.54 -2.02 

J8/kB -3.09 -2.12 -3.18 -2.17 -3.89 -2.65 

J9/kB -0.48 -0.61 -0.47 -0.62 0.84 0.29 

J10/kB -2.73 -2.06 -2.83 -2.12 -3.22 -2.43 
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Figure 4.5. Low energy AFM state used to determine the magnetic anisotropy in BaYFeO4. 

 

Figure 4.6. A perspective view of the interchain spin exchange paths J3, J4, J9 and J10. These 

interactions cause weak frustration, causing the Fe spins to cant. 

 

We will now expand on why it is possible that cycloidial magnetic states come after 

SDW magnetic states. Firstly, a cycloidal state is chiral, and a cycloid of one chirality is identical 

in energy with that of its opposite chirality, at high temperatures (Fig. 4.7a). Two types of SDWs 

are possible, transversal and longitudinal. Transversal SDWs (e.g., BaYFeO4) occur when the 
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components of the moments along the propagation direction are canceled out while those ⊥ to 

the propagation direction are reinforced with their magnitudes varying sinusoidally along the 

propagation direction (Fig. 4.7b). Longitudinal SDWs (e.g., TbMnO3) occur when the 

components of the moments ⊥ to the propagation direction are canceled out while those along 

the propagation direction are reinforced with their magnitudes varying sinusoidally along the 

propagation direction (Fig. 4.7c).  In short, when equally populated, we suggest two cycloidal 

states of opposite chirality create these situations, leading to a SDW magnetic structure. The 

apparent puzzling picture of a SDW, namely, that the moments of the magnetic ions change their 

magnitudes as a function of their lattice positions, is a direct consequence of equally populating 

the two cycloidal states of opposite chirality in which the magnitudes of the moments are the 

same for all magnetic ions. Upon lowering the temperature, a magnetic system with a SDW state 

can adopt a cycloidal magnetic structure because its crystal lattice will relax, allowing for 

symmetry breaking that energetically favors one of the two cycloidal states. On lowering the 

temperature, therefore, it is possible that a SDW state is followed by a cycloidal state. This is the 

case for BaYFeO4
2
 and TbMnO3

4 
as well as other magnetic systems such as DyMnO3,

5
 AgFeO2,

6
 

and MnWO4.
7 

 

Table 4.4. The relative energies (meV/32 f.u.) of the low energy spin state in figure 4.4. 

Crystallographic 

Axis 

280 K 38 K 6 K 

U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 4 eV U
eff

 = 5 eV 

a 5.13 4.21 5.42 4.01 4.76 4.42 

b 0.00 0.00 0.00 0.00 0.00 0.00 

c 1.18 1.01 1.62 0.42 1.00 1.06 

θmin 85.71° 92.02° 85.06° 91.49° 67.31° 75.04° 
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Figure 4.7. Noncollinear magnetic superstructures typically observed for a magnetic system with 

weak spin frustration: (a) A cycloid. (b) Two cycloids of opposite chirality with moments in the 

bc-plane, leading to a transversal SDW propagating along the c direction. (c) Two cycloids of 

opposite chirality with moments in the bc-plane, leading to a longitudinal SDW shown 

propagating along the c direction. 

 

4.4. Conclusion 

It can be difficult to thoroughly explain why some materials settle into an 

incommensurate magnetic structure and doing so presents a unique and interesting challenge. On 

the basis of DFT calculations, we were able to do such a thing and explain the magnetic 

properties of BaYFeO4 through energy-mapping analysis and simple energy minimizing through 

a proposed angle rotation (θ). Our DFT+U
eff

 and DFT+U
eff

+SOC calculations show dominant J1 

and J2 intraladder interactions, producing non-frustrated AFM interactions between corner-

sharing Fe polyhedron units that run || b-axis within each folded-ladder chain, complex 

interladder spin exchange interaction arrangements (i.e., J3, J4, J9 and J10) that cause spin canting 

between chains (labeled θ), and Fe spins aligned || b and c axes as lower in energy than Fe spins 

aligned || a-axis, leading to energy minimization when the Fe spins rotate in the bc-plane (the 
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lowest energy plane). Finally, we propose the idea that a SDW state is a superposition of two 

cycloidal states of opposite chirality. Upon lowering temperature, crystal lattice relaxation can 

allow the energetic preference of one cycloidal state over the other. As such, we predict that 

cycloidal structures can follow known SDWs upon the lowering the temperature.   
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CHAPTER 5 

This chapter is currently being written for publication purposes 

DFT Analysis of Nonequivalent Spin Exchanges Effect on the Low-

Temperature Magnetic Properties of RInO3 (R = Gd, Tb, Dy)  

 

5.1. Introduction 

Energy-mapping analysis is a simple tool used to extract magnetic information from 

various 3d transition-metal solid-state systems.
1
 This approach should be expanded to more 

complex systems (e.g., rare-earth containing magnetic solids, 4d and 5d transition-metal 

magnetic solids, etc.). A series of magnetic solids RInO3 (R = Gd, Tb, Dy) make an excellent test 

case as these systems are isostructural systems, have readily available experimental data
2,3,4

 that 

calculations can be compared to, are substantially different in some details (e.g., orbital 

moments) that computations should be able to tease out, and contain relatively heavy atoms (i.e., 

Gd, Tb and Dy) that are typically more difficult to model. 

RInO3 (R = Gd, Tb, Dy), crystallizes in the hexagonal space group P63cm (Space Group 

# 185).
2,3,4,5

 R
3+

 and In
5+

 ions exist roughly in ab-plane, creating nets (connected through R-O 

and In-O bonds) that stack || the c-axis (Fig. 5.1). O
2-

 ions bond to both R and In, creating RO6 

axially compressed octahedra (three-fold rotation with differing top and bottom R-O bonds) and 

InO5 trigonal bipyramid units (non-ideal). Each axially compressed RO6 unit is “capped” || to the 

c-axis with O
2-

 ions. RInO3 has two nonequivalent rare-earth sites, R(1) and R(2), in a 2:1 ratio 

and the type of O
2-

 ion “capping” depends on the R site type (R(1) capped from below and R(2) 

capped from above with respect to the c-axis). The R(1)
3+

 ions make honeycomb layers, with the 
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R(2)
3+

 ions occupying the center of each hexagon of R(1)
3+

 ions (Fig. 5.1c).  The magnetic 

susceptibilities of GdInO3, TbInO3 and DyInO3
 
follow the Curie-Weiss law with a negative 

Curie-Weiss temperatures, cw, suggesting that the dominant spin exchanges are most likely 

AFM.
3,6

 By symmetry, the hexagonal spin lattice of RInO3 has two different intralayer spin 

exchanges J1 and J2 and therefore, depending on the relative strengths of J1 and J2, the magnetic 

properties of RInO3 at low temperature can deviate from those expected for the ideal hexagonal 

spin lattice, where J1=J2 (Fig. 5.1c). GdInO3 has been found to undergo an AFM ordering, with a 

sharp increase in the specific heat and decrease in the inverse magnetic susceptibility below 1.8 

K.
6
 Magnetization measurements for RInO3 at 0.55 K up to 65 T show the total moments T of 

6.9 and 8.1 μB for the Tb
3+

 and Dy
3+

 ions, respectively.
4
 Thus, the Tb

3+
 and Dy

3+
 ions have the 

orbital moments L of 0.9 and 3.1 μB, respectively, given their spin moments S of 6 and 5 B, 

respectively. Though smaller than expected for free ions, the observed orbital moments of Tb
3+

 

and Dy
3+

 ions are still substantial (i.e., 0.9 vs. 3 μB for Tb
3+

, and 3.1 vs. 5 μB for Dy
3+

). With 

these results in mind, it is of interest to replicate these observations (e.g., θcw, orbital moments, 

AFM dominant spin exchanges, etc.) and determine if these findings are related to differing 

nonequivalent spin exchanges (i.e., J1 and J2) within these hexagonal layers. 

In this work, we find reasonable agreement with experiments on θcw and very reasonable 

spin exchange values for GdInO3 when performing DFT+U
eff

 calculations. This is not the case 

for TbInO3 and DyInO3. By incorporating the SOC perturbation (i.e., DFT+U
eff

+SOC 

calculations), we were able to obtain reasonable agreement with experimental θcw and orbital 

moment values for GdInO3, TbInO3 and DyInO3.  We also find reasonable spin exchange values 

for these systems, as well, when performing DFT+U
eff

+SOC calculations. The low temperature 

magnetic properties of GdInO3 are governed by the relative strengths of J1 and J2. These 
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properties are possibly found in TbInO3 but not DyInO3 due to the differences in their relative J1 

and J2 strengths. These findings suggest that SOC perturbation may be necessary to properly 

model systems with high orbital moments (i.e., SOC perturbation is unnecessary for GdInO3 

calculations but necessary for both TbInO3 and DyInO3 calculations). 

 

Figure 5.1. (red = R(1) ions, pink = R(2) ions, blue = In ions, black = O ions). The following 

describes the structure of RInO3 (R = Gd, Tb and Dy). R exist roughly in ab-plane and is 

separated by In
 
layers. These layers stack || the c-axis, InO5 trigonal bipyramid units (a) and 

creating RO6 axially compressed octahedra (three-fold axis with different top and bottom R-O 

bonds) (b).  (c) A hexagonal layer is created from R(1)
3+

 and R(2)
3+

 ions within the ab-plane, 

leading to two intralayer spin exchanges, J1 and J2 (1 and 2 respectively). (d) Two adjacent layers 

of R(1)
3+

 and R(2)
3+

 ions create two interlayer spin exchanges, J3 and J4 (3 and 4 respectively). 
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Table 5.1. The structural parameters describing the four spin exchange interactions extracted for 

RInO3 (R = Gd, Tb and Dy). 

R 
Spin Exchange 

Interaction 
R···R (Å) R-O···O-R (Å) Angle (°) 

Gd 

J1 3.697 
(1) 2.438, 2.236 

(2) 2.550, 2.245 

(1) 104.47 

(2) 100.72 

J2 3.667 
(1) 2.236, 2.236 

(2) 2.245, 2.245 

(1) 110.16 

(2) 109.48 

J3 6.160 2.266, 3.894 180.0 

J4 6.160 2.578, 3.582 180.0 

Tb 

J1 3.686 
(1) 2.437, 2.330 

(2) 2.372, 2.287 

(1) 101.25 

(2) 104.54 

J2 3.647 
(1) 2.330, 2.330 

(2) 2.287, 2.287 

(1) 103.00 

(2) 105.71 

J3 6.151 2.547, 3.603 180.0 

J4 6.151 2.941, 3.660 180.0 

Dy 

J1 3.671 
(1) 2.505, 2.348 

(2) 2.266, 2.257 

(1) 98.25 

(2) 108.53 

J2 3.634 
(1) 2.348, 2.348 

(2) 2.257, 2.257 

(1) 101.40 

(2) 107.27 

J3 6.136 2.531, 3.605 180.0 

J4 6.136 2.419, 3.717 180.0 

 

5.2. Computational Details 

 To help determine the spin exchange interactions within RInO3 (R = Gd, Tb and Dy), 

energy-mapping analysis was used.
1,7

 There are four spin exchange, J1-J4, corresponding to the 

four R-R distances of interest in each system (Fig. 5.1).  The geometric parameters associated 

with these four R-R distances are shown in Table 5.1. To extract these values, we constructed 

five ordered spin states within the unit cell (Fig. 5.2). Two additional ordered spin states were 

constructed to confirm the reliability of the extracted spin exchanges (Fig. 5.3). Spin-polarized 

DFT calculations were carried out in the Vienna Ab Initio Simulation Package (VASP) by 

employing the projector augmented wave method encoded with the generalized gradient 

approximation (GGA) of Perdew, Burke and Ernzerhof for the exchange-correlation functionals 
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with computing resources obtained from the National Energy Research Scientific Computing 

(NERSC) Center and the High Performance Computing (HPC) Center at NCSU.  The plane 

wave cutoff energy was set at 520 eV and the irreducible Brillouin zone was sampled with 3x3x2 

k-points.  The threshold of self-consistent-field energy was set to 10
-6

 eV. Due to Gd, Tb, and Dy
 

contracted 4f-orbital, the DFT+U
eff

 and DFT+U
eff

+SOC
8,9

 method and was applied with a U
eff

 of 

5, 6, and 7 eV. All SOC calculations were done with spins || c-axis.  

 

5.3. Results and Discussion 

In terms of the Heisenberg spin Hamiltonian 

 



ji

jiij ŜŜJΗ̂                                 (1) 

for DFT+U
eff

 and 

 ij i j

i j

ˆ ˆΗ̂ J Q Q


                       (2) 

for DFT+U
eff

+SOC, where Jij (J1-J4) is the spin exchange constant associated with spin sites i and 

j, the total spin exchange energies per supercell of the five ordered spin states are given by 

2

FM 1 2 3 4 R

2

AF1 1 2 3 4 R

2

AF2 1 2 3 4 R

2

AF3 1 2 3 4 R

2

AF4 1 2 3 4 R

E ( 12J 6J 2J 4J )S

E ( 0J 6J 2J 4J )S

E ( 6J 0J 2J 0J )S

E ( 12J 6J 2J 4J )S

E ( 0J 6J 2J 4J )S

    

    

    

    

    

                                                                (3) 

for DFT+U
eff

 and  
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2

FM 1 2 3 4 R

2

AF1 1 2 3 4 R

2

AF2 1 2 3 4 R

2

AF3 1 2 3 4 R

2

AF4 1 2 3 4 R

E ( 12J 6J 2J 4J )Q

E ( 0J 6J 2J 4J )Q

E ( 6J 0J 2J 0J )Q

E ( 12J 6J 2J 4J )Q

E ( 0J 6J 2J 4J )Q

    

    

    

    

    

                                                                (4) 

for DFT+U
eff

+SOC, where SR (DFT+U
eff

) is equal to number of unpaired electrons on Gd
3+

, 

Tb
3+

, and Dy
3+

 divided by 2 (7/2, 6/2, and 5/2 for Gd
3+

, Tb
3+

, and Dy
3+

 respectively) and QR 

(DFT+U
eff

+SOC) is equal to S or J (J = S + Lexp; 7/2 + 0, 6/2 + 1, 5/2 + 3 for Gd
3+

, Tb
3+

, and 

Dy
3+

 respectively). 

 

Table 5.2. The spin moments and orbital moments (μB/atom) obtained from DFT+U
eff

 and 

DFT+U
eff

+SOC calculations using the FM state of RInO3 (R = Gd, Tb and Dy). 

R Site 

DFT+U
eff

 DFT+U
eff

+SOC 

U
eff

 = 5 

eV 

U
eff

 = 6 

eV 

U
eff

 = 7 

eV 

U
eff

 = 5 

eV 

U
eff

 = 6 

eV 

U
eff

 = 7 

eV 

μS μL μS μL μS μL μS μL μS μL μS μL 

Gd 
Gd(1) 7.05 - 7.10 - 7.15 - 7.01 0.03 7.05 0.03 7.10 0.03 

Gd(2) 7.02 - 7.04 - 7.06 - 6.97 0.03 6.99 0.03 7.02 0.03 

Tb 
Tb(1) 6.07 - 6.13 - 6.20 - 6.01 0.97 6.07 0.99 6.16 1.00 

Tb(2) 6.03 - 6.07 - 6.11 - 5.98 0.97 6.02 0.98 6.07 0.99 

Dy 
Dy(1) 5.05 - 5.10 - 5.15 - 4.98 2.68 5.02 2.71 5.08 2.75 

Dy(2) 5.03 - 5.07 - 5.11 - 4.95 2.67 4.99 2.70 5.04 2.74 

 

Our DFT+U
eff

 and DFT+U
eff

+SOC calculations for the fully ferromagnetic states (FM) of 

RInO3 (R = Gd, Tb and Dy) confirm experimental unpaired electron values (Table 5.2). 

According to the DFT+U
eff

+SOC calculations, the two different rare-earth ions, R(1) and R(2), 
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have nearly the same S and L values. L  0 is expected for the Gd
3+

 (f
7
) while the L values of 

Tb
3+

 and Dy
3+

 are +1 and +2.7 B, respectively, which is in agreement with experimental values. 

By analyzing the PDOS plots calculated for GdInO3, TbInO3, and DyInO3, one might determine 

what orbital occupancies lead to these values (Fig. 5.4). The PDOS plots of GdInO3 show the up-

spin Lz states of 3, 2, 1 and 0 states of Gd
3+

(f
7
) as fully occupied while the corresponding 

down-spin Lz states are fully unoccupied, leading to L  0 as expected. The PDOS plots of 

TbInO3 show the seven up-spin Lz states (i.e., 3, 2, 1 and 0) of Tb
3+

(f
8
) as fully occupied, as 

expected, with one down-spin f-electron occupying an orbital described as a linear combination 

of Lz = +3 and 0 states, leading to L  +1 B. The PDOS plots of DyInO3 show the up-spin Lz 

states of 3, 2, 1 and 0 states of Dy
3+

(f
9
) as fully occupied, as expected, with two down-spin f-

electrons occupying orbitals described as linear combinations of the Lz = +3, +2 and 0 states, 

leading to L  +2.7 B for Dy
3+

(f
9
). Further analysis needs to be done to explain why these state 

occupancies are more preferable than other state occupancies and how these orbital moment 

values are obtained from these linear combinations. 

 

Figure 5.2. The five ordered states used to extract the four spin exchange constants in RInO3 (R 

= Gd, Tb and Dy). The red, blue, green, and purple cylinders represent the exchange paths J1, J2, 

J3, and J4 respectively. 
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Table 5.3. The relative energies (given in meV/6 f.u.) of the five ordered spin states of RInO3 (R 

= Gd, Tb and Dy) using DFT+U
eff

 calculations and DFT+U
eff

+SOC calculations. 

R 

Ordered 

Spin 

State 

DFT+U
eff

 DFT+U
eff

+SOC 

U
eff

 = 5 

eV 

U
eff

 = 6 

eV 

U
eff

 = 7 

eV 

U
eff

 = 5 

eV  

U
eff

 = 6 

eV 

U
eff

 = 7 

eV 

Gd 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF1 -2.93 -3.74 -5.44 -2.57 -3.38 -5.05 

AF2 -5.10 -7.27 -10.83 -4.73 -6.86 -10.35 

AF3 -5.95 -7.59 -10.98 -5.24 -6.86 -10.21 

AF4 -2.96 -3.83 -5.64 -2.61 -3.46 -3.98 

Tb 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF1 -57.05 -0.94 -3.48 -1.83 -3.09 -6.14 

AF2 -30.36 7.48 59.60 -2.40 -4.28 -8.35 

AF3 -69.81 -2.42 69.50 -3.70 -6.30 -12.37 

AF4 -30.18 12.49 59.70 -1.91 -3.27 -6.40 

Dy 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF1 -175.03 -157.41 -277.93 -1.90 -3.17 -5.43 

AF2 -41.25 -17.85 12.40 -2.11 -3.76 -5.73 

AF3 -191.35 -216.42 -209.67 -3.81 -6.27 -10.50 

AF4 -236.32 24.45 -169.98 -2.12 -3.38 -5.85 
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Table 5.4. The extracted spin exchange interactions (K) of RInO3 (R = Gd, Tb and Dy) using 

DFT+U
eff

 calculations. 

R 
Spin Exchange 

Interaction 

DFT+U
eff

 

U
eff

 = 5 eV U
eff

 = 6 eV U
eff

 = 7 eV 

Gd 

J1/Kb -0.235 -0.299 -0.433 

J2/Kb -0.580 -0.854 -1.272 

J3/Kb 0.012 0.013 0.013 

J4/Kb 0.002 -0.004 -0.018 

Tb 

J1/Kb -3.749 -0.130 3.732 

J2/Kb 1.476 0.207 14.602 

J3/Kb -7.136 0.087 -12.318 

J4/Kb 0.761 2.207 4.021 

Dy 

J1/Kb -14.798 -16.736 -16.214 

J2/Kb 48.339 5.914 83.669 

J3/Kb -36.821 -22.827 -80.318 

J4/Kb -32.629 30.777 -15.113 

 

 

Figure 5.3. The two ordered states constructed to test if J1-J4 can predict new ordered spin state 

energies for RInO3 (R = Gd, Tb and Dy). 
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Table 5.5. The extracted spin exchange interactions (K) of RInO3 (R = Gd, Tb and Dy) using 

DFT+U
eff

+SOC calculations. 

R 
Spin Exchange 

Interaction 

U
eff

 = 5 eV U
eff

 = 6 eV U
eff

 = 7 eV 

S J S J S J 

Gd 

J1/kB -0.207 - -0.271 - -0.403 - 

J2/kB -0.548 - -0.818 - -1.327 - 

J3/kB 0.012 - 0.012 - 0.012 - 

J4/kB 0.002 - -0.003 - 0.133 - 

Tb 

J1/kB -0.199 -0.112 -0.338 -0.190 -0.664 -0.374 

J2/kB -0.315 -0.177 -0.580 -0.326 -1.117 -0.628 

J3/kB 0.007 0.004 0.018 0.010 0.016 0.009 

J4/kB -0.009 -0.005 -0.019 -0.011 -0.035 -0.020 

Dy 

J1/kB -0.295 -0.061 -0.485 -0.100 -0.812 -0.168 

J2/kB -0.326 -0.067 -0.630 -0.130 -0.810 -0.167 

J3/kB 0.004 0.001 -0.015 -0.003 -0.084 -0.017 

J4/kB -0.050 -0.010 -0.056 -0.011 -0.139 -0.029 
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Figure 5.4. PDOS plots of the Lz components ±3, ±2, ±1, and 0 calculated for the f-states of the 

R(1)
3+

 and R(2)
3+

 ions in the ferromagnetic state of RInO3 (R = Gd, Tb, Dy) by DFT+U
eff

+SOC 

calculations with U
eff

 = 7 eV. 
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By mapping the relative energies of the five ordered spin states given in Table 5.3, onto 

their corresponding equations, we are able to obtain J1-J4. DFT+U
eff

 results are shown in Table 

5.4 and DFT+U
eff

+SOC results are shown in Table 5.5. DFT+U
eff

 and DFT+U
eff

+SOC 

calculations reveal significant discrepancies between calculated spin exchange values for TbInO3 

and DyInO3. Using S at U
eff

 = 7 eV for TbInO3 yields 3.73, 14.60, -12.32, and 4.02 for J1-J4 from 

our DFT+U
eff

 calculations and -0.66, -1.12, 0.02, and -0.04 for J1-J4 from our DFT+U
eff

+SOC 

calculations. Using S at U
eff

 = 7 eV for DyInO3 yields -16.21, 83.67, -80.32, and -15.11 for J1-J4 

from our DFT+U
eff

 calculations and -0.81, -0.81, -0.08, and -0.14 for J1-J4 from our 

DFT+U
eff

+SOC calculations. Conversely, minor differences are found when using S at U
eff

 = 7 

eV for GdInO3, as it yields -0.43, -1.27, 0.01, and -0.02 for J1-J4 from our DFT+U
eff

 calculations 

and -0.40, -1.33, 0.01, and 0.13 for J1-J4 from our DFT+U
eff

+SOC calculations. This data 

suggests DFT+U
eff

+SOC would better model these systems as small spin exchange values are 

expected (low orbital overlap and orbital overlap density between magnetic f-type orbitals) for 

these systems. Two additional states were created to gather more evidence in determining which 

result models these systems more accurately (Fig. 5.3). The total spin exchange energies per unit 

cell of the two new ordered spin states are given by 

2

AF5 1 2 3 4 R

2

AF6 1 2 3 4 R

E ( 0J 6J 2J 4J )S

E ( 6J 0J 2J 0J )S

    

    
                                        (5) 

for DFT+U
eff

 and  

2

AF5 1 2 3 4

2

AF6 1 2 3 4

E ( 0J 6J 2J 4J )Q

E ( 6J 0J 2J 0J )Q

    

    
                                                                              (6)     

for DFT+U
eff

+SOC. The results of this analysis are given in Table 5.6. As expected, spin 

exchange values determined through DFT+U
eff

 calculations for GdInO3 predict the two new 

ordered spin states well while TbInO3 and DyInO3 spin exchange values do a poor job of 
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predicting the energies of these two new states. Contrasting that result, spin exchange values 

determined through DFT+U
eff

+SOC calculations do an excellent job of predicting the two new 

ordered spins states for all systems. This gives further confirmation that DFT+U
eff

+SOC models 

these systems well while DFT+U
eff

 does a poor job of modeling TbInO3 and DyInO3 well. 

 

Table 5.6. The relative energies (meV/6 f.u.) of the two new ordered spin states of RInO3 (R = 

Gd, Tb and Dy) using DFT+U
eff

 and DFT+U
eff

+SOC calculations with respect to the FM state. 

R 
Ordered Spin 

State 

DFT+U
eff

 DFT+U
eff

+SOC 

U
eff

 = 5 

eV 

U
eff

 = 6 

eV 

U
eff

 = 7 

eV 

U
eff

 = 5 

eV 

U
eff

 = 6 

eV 

U
eff

 = 7 

eV 

Gd 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF5 calculated -10.24 -14.47 -21.38 -9.49 -13.66 -20.44 

AF5 predicted -10.28 -14.57 -21.56 -9.52 -13.75 -21.87 

AF6 calculated -8.10 -11.06 -16.26 -7.38 -10.29 -15.39 

AF6 predicted -8.13 -11.12 -16.38 -7.40 -10.35 -15.50 

Tb 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF5 calculated -13.40 1.62 39.03 -4.75 -8.33 -16.20 

AF5 predicted -43.31 0.99 132.47 -4.76 -8.49 -16.53 

AF6 calculated -41.60 1.45 54.36 -4.15 -7.24 -14.24 

AF6 predicted -43.12 6.00 132.57 -4.27 -7.48 -14.59 

Dy 

FM 0.00 0.00 0.00 0.00 0.00 0.00 

AF5 calculated -192.52 -176.42 -214.13 -4.12 -6.76 -12.21 

AF5 predicted 137.50 -119.17 263.03 -4.01 -7.24 -10.67 

AF6 calculated -194.29 -192.32 -158.83 -4.25 -6.19 -11.02 

AF6 predicted -57.57 -76.87 80.66 -4.02 -6.86 -10.79 
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To further confirm the differences between DFT+U
eff

 and DFT+U
eff

+SOC calculations, 

the Curie-Weiss temperature, θcw, was calculated. In the mean-field theory approximation,
10

 θcw 

is related to the spin exchange parameters as  

)4J2J6J(12J
9

1)S(S
θ 4321CW 


                           (7) 

for DFT+U
eff

 and  

CW 1 2 3 4

Q(Q 1)
θ (12J 6J 2J 4J )

9


                                                       (8) 

for DFT+U
eff

+SOC. The results of this analysis are given in Table 5.7. As expected, reasonable 

agreement between calculated, determined through DFT+U
eff

 calculations, and experimental θcw 

were obtained for GdInO3, but not for TbInO3 and DyInO3. At U
eff

 = 7 eV, the calculated θcw 

obtained from DFT+U
eff

 results were -22.5, 165.1 and 84.0 vs the experimental θcw of -50 or -

11.8 (determined by different groups), -18.9 and -10.7 for GdInO3, TbInO3 and DyInO3, 

respectively. Also as expected, DFT+U
eff

+SOC calculated θcw for GdInO3, TbInO3 and DyInO3 

are in agreement with experimental θcw. Using S at U
eff

 = 7 eV, the calculated θcw obtained from 

DFT+U
eff

+SOC results were -21.4, -19.7 and -14.9 vs the experimental θcw of -50 or -11.8, -18.9 

and -10.7 for GdInO3, TbInO3 and DyInO3, respectively. These results (i.e., prediction of new 

ordered spin states, θcw calculation through mean-field theory approximation) are not surprising 

as systems requiring SOC (e.g., TbInO3, DyInO3) to properly describe its orbital moments well 

should also require SOC calculations to describe other magnetic properties well, while those with 

smaller SOC impact on its electronic structure (e.g., GdInO3) can be properly described well in 

either modeling attempt (i.e., DFT+U
eff

, DFT+U
eff

+SOC). 
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Table 5.7. Calculated and experimental cw values (in K) obtained for (R = Gd, Tb and Dy) by 

using J1-J4. 

R 
Calculation 

Type 

U
eff

 = 5 eV U
eff

 = 6 eV U
eff

 = 7 eV 
Expt. 

S J S J S J 

Gd 
DFT+U

eff
 -11.0 - -15.2 - -22.5 - -50

6
,    

-11.8
2
 DFT+U

eff
+SOC -10.1 - -14.3 - -21.4 - 

Tb 
DFT+U

eff
 -63.1 - 11.6 - 165.1 - 

-18.9
2
 

DFT+U
eff

+SOC -5.7 -5.4 -10.1 -9.5 -19.7 -18.5 

Dy 
DFT+U

eff
 -89.2 - -85.5 - 84.0 - 

-10.7
2
 

DFT+U
eff

+SOC -5.5 -4.7 -9.6 -8.1 -14.9 -12.6 

 

 Some general problems arise when performing these DFT+U
eff

+SOC calculations. The 

inability for some calculations to converge to a reasonable state and the finding of solutions with 

L that do not agree with experiments are two uniquely common problems. Within our analysis 

of TbInO3 and DyinO3, some calculations with moments aligned || a-axis would result in varying 

L. Further analysis needs to be done to try to computationally obtain proper convergence of 

TbInO3 and DyInO3 || a-axis and explain why convergence within this axis is difficult.  

 

Table 5.8. Ratio of the intralayer spin exchanges J1 and J2 of RInO3 (R = Gd, Tb, Dy). 

R 
J2/J1 

U
eff

 = 5 eV U
eff

 = 6 eV U
eff

 = 7 eV 

Gd 2.65 3.02 3.29 

Tb 1.58 1.72 1.68 

Dy 1.11 1.30 1.00 

 

 Based on two different methods, the spin exchange interactions determined through 

DFT+U
eff

+SOC calculations can properly model RInO3. We will discuss the important 
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implications of the spin exchanges on their magnetic properties at low temperature by 

considering the two dominant exchanges J1 and J2. Since both intralayer exchanges are AFM and 

form spin-frustrated (J1, J2, J2) triangles (Fig. 5.1c), the nature of this hexagonal spin lattice 

frustration depends on the ratio of J2/J1 (Table 5.8). For GdInO3, the J2/J1 ratio is close to 3, 

implying that the honeycomb spin lattices of the Gd(1)
3+

 ions would undergo an AFM ordering 

with a spin gap opening at a low temperature where the thermal energy is not high enough to 

break the AFM ordering in the honeycomb lattice of Gd(1)
3+

 ions. In such a case, the magnetic 

susceptibility of GdInO3 is contributed only by the magnetism arising from the “isolated” 

Gd(2)
3+

 ions, the spins of which are no longer spin-frustrated. Therefore, the magnetic 

susceptibility of GdInO3 below 1.8 K would become greater than its value above 1.8 K where 

spin frustration exists. This explains why the inverse magnetic susceptibility curve (
-1

 vs. T) of 

GdInO3 shows a sharp drop below 1.8 K and why the specific heat curve (Cp/T vs. T) shows a 

sharp upturn below 1.8 K.
6
 Namely, the AFM phase transition of GdInO3 seen below 1.8 K is 

identified as an AFM ordering of the honeycomb lattices made up of the J2 bonds. For TbInO3, 

the J2/J1 ratio (1.7) is considerably greater than 1. At a low temperature, therefore, it is possible 

that the honeycomb lattices of the Tb(1)
3+

 ions in TbInO3 undergo a similar AFM ordering, with 

a spin gap opening and the magnetic susceptibility contributed only by the Tb(2)
3+

 ions. Then, 

the low-temperature magnetic properties of TbInO3 would exhibit features resembling those of 

GdInO3. For DyInO3, the J2/J1 ratio is close to 1 so that the extent of spin frustration in DyInO3 

is stronger than those of GdInO3 and TbInO3. At a low temperature, then, it would be difficult for 

the honeycomb lattices of the Dy(1)
3+

 ions to undergo an AFM ordering. Thus, we predict, 

DyInO3 would not exhibit the magnetic properties found for GdInO3 at low temperature.  
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5.4 Conclusion 

 As expected, the magnetic properties of GdInO3 are well described by DFT+U
eff

 and 

DFT+U
eff

+SOC calculations because L ≈ 0 for Gd
3+

. This is not the case for TbInO3 and DyInO3 

as they both are well explained by the spin exchanges J1 – J4 extracted from DFT+U
eff

+SOC 

calculations but not by those extracted from DFT+U
eff

 calculations. Large orbital moments (L = 

1 and 3 for TbInO3 and DyInO3, respectively) due to large SOC contributions help explain this 

observation. The spin exchanges of RInO3 (R = Gd, Tb, Dy) are dominated by the intralayer 

exchanges J1 and J2, which are both AFM and form honeycomb lattices of J2 with spin-frustrated 

(J1, J1, J2) triangles. For GdInO3 (J2/J1  3), the honeycomb spin lattices undergo an AFM 

ordering at low temperatures with a spin gap opening. A similar AFM ordering is expected for 

TbInO3 (J2/J1  1.7), but not for DyInO3 (J2/J1  1). 
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CHAPTER 6 

This chapter is based on the articles published in Accounts of Chemical Research 

Acc. Chem. Res. 2015, 48, 3080. 

and Physical Review B 

Phys. Rev. B 2018, 97, 104426. 

Spin Orientation in Terms of HOMO-LUMO Interactions Using 

Spin-Orbit Coupling as a Perturbation for Sr3NiPtO6, Sr3NiIrO6 

and Sr3CuPtO6
1,2 

 

6.1 Introduction  

 Magnetic ions of a magnetic solid can exhibit preferred spin orientations at low 

temperatures that can be probed through neutron diffraction experiments. We introduce a method 

of predicting these preferred spin orientations of a magnetic ion on the basis of DFT calculations 

along with electron correlation and spin-orbit coupling (SOC) effects. In this section, the 

preferred spin directions of three magnetic solids, Sr3NiPtO6, Sr3NiIrO6 and Sr3CuPtO6, are 

examined on the basis of DFT+U
eff

+SOC calculations and analyzed from the viewpoint of 

perturbation theory.
1,3,4

  

 In general, a magnetic ion M in a solid forms a MLn polyhedron (typically, n = 4 - 6) with 

the surrounding main-group ligand atoms L, and the d-states of these MLn polyhedron split due to 

σ* and π* antibonding interactions between the metal d-orbitals and ligand p-orbitals. D-state 

splitting is related to the symmetries of the orbitals involved. The magnetic ion M has a certain 

preferred spin direction because its split d-states interact among themselves under SOC.
1,3

 The 
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preferred spin direction can be predicted on the basis of perturbation theory by allowing the split 

d-states (unperturbed states) to interact with one another through the SOC Hamiltonian 

L̂ŜĤSO   (perturbation), particularly the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO). Consequently, SOC lowers energy and spin 

direction is achieved because of this energy minimization. This approach allows one to predict 

the preferred spin orientation by inspecting the magnetic quantum numbers of the d-orbitals 

present in the HOMO and LUMO (i.e., interacting states) of the MLn polyhedron.
1
 We look to 

apply this approach in determining the preferred spin orientations of Sr3NiMO6 (M = Pt, Ir) and 

Sr3CuPtO6.  

 Sr3NiMO6 (M = Pt, Ir) crystallizes in the trigonal space group R-3c (Space Group # 

167).
5,6,7

 NiO6 trigonal prisms alternate with MO6 octahedra by sharing their triangular faces 

along one direction (|| c-axis), leading to NiMO6 chains (Fig. 6.1a).
5
 Sr

2+
 ion chambers exist 

between these NiMO6 chains. Each NiO6 trigonal prism contains high spin Ni
2+

 (S = 1, d
8
) while 

each MO6 octahedron has low spin Pt
4+

 (S = 0, d
6
) in Sr3NiPtO6 or low spin Ir

4+ 
(S = ½, d

5
) in 

Sr3NiIrO6. Magnetic susceptibility measurements on the single crystal sample of Sr3NiPtO6 

suggests the preferred orientation of the Ni
2+

 spin as being aligned ⊥ to the chain direction (Fig. 

6.1b). Magnetic susceptibility and magnetization measurements on the single crystal sample of 

Sr3NiIrO6 (Fig. 6.1c) show it exhibiting uniaxial magnetism (i.e., spins aligning in only one 

direction) with its magnetic moments aligned along the chain direction. Additionally, a magnetic 

structure consisting of adjacent Ni
2+

 and Ir
4+

 spins antiferromagnetically coupled along this chain 

was determined.
7
 In contrast, however, a previous theoretical study on Sr3NiPtO6 and Sr3NiIrO6 

predicted the spins in these systems to align orientation as || and ⊥ to the chain direction, 

respectively.
8
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Sr3CuPtMO6 crystallizes in the monoclinic space group C2/C (Space Group # 15).
9
 The 

chain structure is similar to the NiMO6 chain seen in Sr3NiMO6, however differences arise in the 

former case due to Cu
2+

 ions substituting Ni
2+

 ions creating, due to instability, and CuO4 pseudo-

square planes caused by Cu
2+

 sliding to one of its “square” faces located within the trigonal 

prism. These nearest neighbor CuO4 alternate “square” sides along the chain, creating a zigzag-

like chain with respect to CuO4 pseudo square plane units (Fig. 6.2). Sr
2+

 ion chambers exist 

between these CuPtO6 chains. Each CuO4 pseudo square planes contains Cu
2+

 (S = ½, d
9
) while 

each PtO6 octahedron has Pt
4+ 

(S = 0, d
6
).  Magnetic susceptibility measurements on the single 

crystal sample of Sr3CuPtO6 show the preferred orientation of the Cu
2+

 spin as ⊥ to the chain 

direction (Fig. 6.2b). 

We choose to examine these discrepancies and try to align computational results with 

experimental results on the basis of DFT calculations, as well as explain these phenomena using 

perturbation theory analysis.
1,3 

DFT+U
eff

+SOC calculations and theory, on the basis of HOMO-

LUMO interactions, were able to provide reasonable agreement with experiment results, namely, 

Sr3NiPtO6 spins prefers ⊥ c-axis (⊥ z-axis) due to |Δm| = 1 between HOMO-LUMO levels 

within high spin Ni
2+

 trigonal prism d-orbital splitting, Sr3NiIrO6 spins prefers || c-axis (|| z-axis) 

due to |Δm| = 0 between HOMO-LUMO levels within low spin Ir
4+

 octahedral d-orbital splitting, 

and Sr3CuPtO6 spins prefers || b-axis (|| z-axis) due to |Δm| = 0 between HOMO-LUMO levels 

within the Cu
2+

 square planar d-orbital splitting.  
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Figure 6.1. (a) The crystal structure of Sr3NiMO6 (purple = M = Pt, Ir, grey = Ni, red = O, green 

= Sr) as well as the picture of an individual NiMO6 chain consisting of NiO6 trigonal prisms 

alternating with MO6 octahedra. (b) The magnetic susceptibilities measured for a single crystal 

sample of Sr3NiPtO6 after zero-field-cooling with magnetic field applied along the chain (H || c-

axis) and perpendicular to the chain (H || ab-plane or  c-axis) directions. (c) The magnetic 

susceptibilities measured for a single crystal sample of Sr3NiIrO6 after zero-field-cooled and 

field-cooled with magnetic field applied along the chain (H || c-axis) and perpendicular to the 

chain (H ⊥ c) directions. 
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Figure 6.2. (a) The crystal structure of Sr3CuPtO6 (grey = Pt, blue = Cu, red = O, green = Sr) as 

well as the picture of an (b) individual CuPtO6 chain consisting of CuO6 pseudo square planes 

alternating with PtO6 octahedra. Magnetic susceptibilities measured for a single crystal sample of 

Sr3CuPtO6 after zero-field-cooling with magnetic field applied along the chain (H || (1 0 1)) and 

perpendicular to the chain (H || (0 1 0)) directions. 

 

6.2. Computational Details 

Spin-polarized DFT calculations were carried out in the Vienna Ab Initio Simulation 

Package (VASP)
10

 by employing the projector augmented wave method encoded with the 

generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof
11

 for the exchange-

correlation functionals with computing resources obtained from the National Energy Research 

Scientific Computing (NERSC) Center and the High Performance Computing (HPC) Center at 

NCSU. The threshold of self-consistent-field energy was set to 10
-6

 eV and plane wave cutoff 

energy was set at 520 eV. DFT+U
eff

 and DFT+U
eff

+SOC
12,13

 calculations were carried out with 

an irreducible Brillouin zone of 2x3x1 k-points using U
eff

 = 4, 5, 6 eV for Ni, an irreducible 

Brillouin zone of 3x3x2 k-points using U
eff

 = 4, 5, 6 eV for Ni and U
eff

 = 2 eV for Ir and an 

irreducible Brillouin zone of 2x2x3 k-points using U
eff

 = 4, 5, 6 eV for Cu on the systems 
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Sr3NiPtO6, Sr3NiIrO6, and Sr3CuPtO6 respectively. DFT+U
eff

+SOC calculations were performed 

to determine the preferred spin orientation while DFT+U
eff

 calculations were performed to 

determine the appropriate d-orbital splitting (pre-SOC perturbation) that occurs within each 

system and calculate the difference between an AFM and FM ordered state within Sr3NiIrO6. 

 

6.3. Results and Discussion 

 To properly begin this discussion, it must be stated that the most important ion that 

influences the magnetic properties within a solid-state magnetic system would be the magnetic 

ions (i.e., Ni
2+

 for Sr3NiPtO6, Ni
2+

 and Ir
4+

 for Sr3NiIrO6 and Cu
2+

 for Sr3CuPtO6). We will 

define our local z-axis as the largest Cn rotation with respect to the local geometry associated 

with our magnetic ions and its ligand groups (Fig. 6.3). This results in the local z-axis being || c-

axis, || c-axis and || b-axis for Sr3NiPtO6, Sr3NiIrO6 and Sr3CuPtO6 respectively.  

 

Figure 6.3. The direction of the local z-axis with respect to the magnetic chains located within 

Sr3NiPtO6, Sr3NiIrO6 and Sr3CuPtO6. The local z-axis represents the largest rotation (Cn) within 

the local environment for the magnetic ions (Ni
2+

, Ir
4+

 and Cu
2+

) and its ligand groups (O
2-

). 

Consequently, with respect to the total crystal structure, this leads to the local z-axis becoming || 

c-axis for Sr3NiPtO6, || c-axis for Sr3NiIrO6 and || b-axis for Sr3CuPtO6. 
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We now examine the preferred spin orientations of Sr3NiPtO6, Sr3NiIrO6 and Sr3CuPtO6 

on the basis of DFT+U
eff

+SOC calculations. With the local z-axis of the NiO6 trigonal prism 

along the chain direction (i.e., the c-axis), one can perform DFT+U
eff

+SOC calculations for 

Sr3NiPtO6 with two configurations, Ni
2+

 spins oriented || or  to the z-axis. The relative energies 

of these two orientations are summarized in Table 6.1, which show Ni
2+

 oriented  z-axis as the 

lower energy spin direction, in agreement with experiment. Likewise, with the local z-axis of the 

NiO6 trigonal prism and IrO6 octahedra along the chain direction (i.e., the c-axis), one can 

perform DFT+U
eff

+SOC calculations for Sr3NiIrO6 with its Ni
2+

 and Ir
4+

 spins oriented || or  to 

the z-axis. The relative energies of these two spin orientations for Sr3NiIrO6 were determined 

when Ni
2+

 and Ir
4+

 were arranged ferromagnetically and antiferromagnetically along the NiIrO6 

chain. As shown in Table 6.2, the experimental results (i.e., the || z-axis) are reproduced for the 

AFM state, not for the FM state. As discussed earlier, the “isolated” Ni
2+

 ion in Sr3NiPtO6 

prefers the  z spin orientation. The experimental || z-axis preference of the Ni
2+

 spins in 

Sr3NiIrO6 can be explained if the Ir
4+

 spins at the octahedral site strongly prefer || z-axis (more so 

than Ni
2+

 preference for  z-axis) and these spins prefer to be aligned collinear rather than  to 

one another. We will discuss why the AFM and FM preferences differ later in this chapter. 

Finally, with the local z-axis of the CuO4 pseudo-square planes aligned || b-axis, DFT+U
eff

+SOC 

calculations were done on Cu
2+

 spins aligned in two directions, || and  to the z-axis, in order to 

determine the preferred spin orientation of Sr3CuPtO6. The relative energies of the || z and  z 

spin directions are summarized in Table 6.3, showing the systems energy is at its lowest as Cu
2+

 

is oriented || z-axis, in agreement with experiment. 
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Table 6.1. Relative energies (meV/6 f.u.) as Ni
2+

 spins are aligned || and  c-axis within 

Sr3NiPtO6 obtained from DFT+U
eff

+SOC calculations. 

Spin Orientation U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 6 eV 

|| c 0.00 0.00 0.00 

 c -0.91 -0.62 -0.44 

 

Table 6.2. Relative energies (meV/6 f.u.) as Ni
2+

 and Ir
4+

 are aligned || and  c-axis within 

Sr3NiIrO6 obtained from DFT+U
eff

+SOC calculations for cases adjacent Ni
2+

 and Ir
4+

 spins in 

each NiIrO6 chains have FM and AFM arrangements. The value of U
eff

 (Ir) was fixed at 2 eV. 

Ordered 

Spin State 

Spin 

Orientation 
U

eff
(Ni) = 4 eV U

eff
(Ni) = 5 eV U

eff
(Ni) = 6 eV 

FM 
|| c 0.00 0.00 0.00 

 c -20.81 -32.24 -42.76 

AFM 
|| c 0.00 0.00 0.00 

 c 69.60 66.80 63.97 

 

Table 6.3. Relative energies (meV/4 f.u.) of the || and  b-axis spin directions of Sr3CuPtO6 

obtained from DFT+U
eff

+SOC calculations. 

Spin Orientation U
eff

 = 4 eV U
eff

 = 5 eV U
eff

 = 6 eV 

|| b 0.00 0.00 0.00 

 b 1.15 1.15 1.14 

 

In order to understand why these spins prefer to orient in specific directions, we now 

examine the preferred spin orientation of a magnetic ion from the viewpoint of perturbation 

theory. Firstly, the SOC term is written as 

L̂ŜĤSO                       (1) 

where λ is the SOC constant specific for each ion, and S and L are the spin and orbital 

momentum operators of the ion, respectively. We will define a coordinate system (x, y, z) for the  
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Figure 6.4. The polar angles  and  defining the preferred orientation of the spin (i.e., the z-

axis) with respect to the (x, y, z) coordinate used to describe an orbital. 

 

orbital moment and another coordinate system (x, y, z) for the spin moment.
14

 Doing so allows 

the definition of spin direction as z-axis, which can be specified with respect to the (x, y, z) 

coordinate by defining the polar angles  and , as depicted in Figure 6.4. Based on the use of 

these two independent coordinates, the SOĤ  term can be simplified and, to a first 

approximations, be expressed as
1,3,13

 









 





 sineL̂
2

1
sineL̂

2

1
cosL̂ŜĤĤ ii

z'z

0

SOSO              (2) 

This expression applies to spins of the same type (up-spin interacting with up-spin and down-

spin interaction with down-spin). Suppose that a nondegenerate interaction between an occupied 

up-spin (or down-spin) d-state ΨO of energy eO and an unoccupied up-spin (or down-spin) d-state 

ΨU of energy eU were to occur (i.e., eO < eU). The associated energy lowering, ΔESOC, is given 

by: 

UO

2

U

0

SOO

SOC
ee

|Ĥ|
E




                 (3) 
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When the matrix elements 
U

0

SOO |Ĥ|   are comparable in magnitude, the most important 

interaction is the one involving the highest occupied (HO) and the lowest unoccupied (LU) states 

(Fig. 6.5a), namely, 
LU

0

SOHO |Ĥ|  . When two degenerate d-states, ΨO (occupied unpaired d-

state) and ΨU (unoccupied unpaired d-state), interact through SOC (Fig. 6.5a), the associated 

energy lowering, ΔESOC, is given by:  

 U

0

SOOSOC Ψ|Ĥ|ΨΔE                    (4)  

To maximize energy lowering through SOC, 
LU

0

SOHO |Ĥ|   must be maximized. To determine 

the consequence of this mechanism, let us simplify the discussion further by determining which 

LU

0

SOHO |Ĥ|   terms become 0 and which do not. To assess this, we note that the d-orbitals are 

expressed in terms of the spherical harmonics )2 ,1 ,0 ,1 ,2m( Ym

2   as  

)Y(Yy  x),Y(Yxy

)Y(Yyz  ),Y(Yxz

Y)r(3z

2

2

2

2

222

2

2

2

1

2

1

2

1

2

1

2

0

2

22











                (5) 

That is, 

 

 22

22

yxxy,for     2m

yzxz,for     1m

r3zfor       0m







                (6) 

Consequently, between different d-orbitals, the minimum difference |Lz| in their magnetic 

quantum numbers m is given as follows: 

|Lz| = 1 between {3z
2
r

2
} and {xz, yz}; between {xz, yz} and {xy, x

2
y

2
}  

|Lz| = 2 between {3z
2
r

2
} and {xy, x

2
y

2
}                (7) 

|Lz| = 0 between xz and yz; between xy and x
2
y

2
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Figure 6.5. The energy lowering E associated with the HOMO-LUMO interaction under the 

influence of SOC when the HOMO and LUMO are (a) nondegenerate and (b) degenerate. 

 

It is also noted that the angular momentum operators of 
0

SOĤ  modify 
m

2Y  as 

0  YL̂     ,0  YL̂

 ,Y YL̂     ,YYL̂

2

2

0

2z

1m

2

m

2

m

2

m

2z












               (8) 

For HO  and LU  of identical spin, we consider the cases when |m| = 0 or 1. Then, we find 













 1m if  Ψ|L̂|Ψ  ,sin

0m if   Ψ|L̂|Ψ  ,cos
    Ψ|Ĥ|Ψ

LUHO

LUZHO

LU

0

SOHO



            (9) 

For the 0m   case, 
LU

0

SOHO |Ĥ|   is maximum at  = 0 (i.e., when the spin aligns || z-axis) 

as cos  reaches its maximum value at  = 0. Likewise, for the 1m   case, 
LU

0

SOHO |Ĥ|   

becomes maximum at  = 90 (i.e., when the spin aligns  z direction) as sin  reaches its 

maximum value at  = 90. The HO  and LUΨ  do not interact if  1  m  because 

LU

0

SOHO |Ĥ|   = 0 in such a case. 
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Figure 6.6. The local z-axis aligned along trigonal prism three-fold rotational axis. The down-

spin electron configuration of a Ni
2+

 (S = 1, d
8
) ion at a trigonal prismatic site within Sr3NiPtO6 

and Sr3NiIrO6.  

 

 The electron configuration of a Ni
2+

 (S = 1, d
8
) ion at a trigonal prismatic site of 

Sr3NiPtO6 is presented in Figure 6.6. The HOMO is given by (xy, x
2
-y

2
), and the LUMO by 

(xz, yz) thus, 1m   between the HOMO and LUMO. Consequently, the  z spin 

orientation ( = 90) of the Ni
2+

 spins of Sr3NiPtO6 is predicted, in agreement with experiment. 

 As shown above, Ni
2+

 at a trigonal prismatic site leads to a preferred spin orientation  z-

axis. Since experimentally Sr3NiIrO6 spins prefer || z-axis, we look at the IrO6 octahedra site for 

an explanation to why this occurs. The IrO6 octahedra site within Sr3NiIrO6 produces an orbital 

splitting seen in Figure 6.7a. The orbital character of the t2g and eg states are described as shown 

in Figure 6.7b.
15

 When the IrO6 octahedron is slightly distorted while retaining a 3-fold 

rotational symmetry, the t2g level is split into an a and e set. This distortion allows for the low 

spin state of Ir
4+

 (S = ½, d
5
) to be represented by either ΨIr,1 or ΨIr,2 where: 

4

yx

12241

2,Ir

3

yx

22232

1,Ir

)e1 ,e1()rz3()e1()a1(

)e1 ,e1()rz3()e1()a1(




             (10) 

L
z
 = 1 

  Spin, z 
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ΨIr,1 has an unevenly-filled degenerate state, i.e.,(1ex,1ey)
3
, while ΨIr,2 does not, i.e.,(1ex,1ey)

4
. 

Consequently, the LUMO for ΨIr,1 and ΨIr,2 are (1ex↓, 1ey↓) and (3z
2
-r

2
↓) respectively. From this 

observation, we find that in cases where ΨIr,1 is true, || z-axis is preferred as the HOMO and 

LUMO are degenerate orbitals (Δm =0). For ΨIr,2, |Δm| = 2 and |Δm| = 1 are possibilities since 

the LUMO in this case is (3z
2
-r

2
↓), or m = 0. Since |Δm| = 2 interactions can be ignored as 

LU

0

SOHO |Ĥ|   = 0 in such a case, we conclude that when ΨIr,2 is true, ⊥ z-axis is preferred (|Δm| 

= 1). Interestingly enough, we obtain both ΨIr,1 and ΨIr,2 for the AFM (between Ni and Ir) and 

FM ordered spin states for Sr3NiIrO6, respectively (Fig. 6.7c). Table 6.2 and Figure 6.7c (only 

showing down-spin components of the d-orbital splitting) show the results of the perturbation 

when both conditions are filled, (i.e., || z-axis preference for ΨIr,1 and  z-axis preference for 

ΨIr,2), as well as the PDOS of Ir (U
eff

 = 4 eV for Ni and U
eff

 = 2 eV for Ir), confirming the 

consequences of the orbital occupancy for the AFM and FM ordered spin states on the spin 

orientations.  

As shown Figure 6.7c and Table 6.2, the FM and AFM ordered spin state for Sr3NiIrO6 

give two different answers. To help reason which response correlates more with experimental 

data, DFT+U
eff

 calculations were performed to determine which ordered spin state is lower in 

energy. According to Table 6.4, Ni
2+

 and Ir
4+

 are more stable when antiferromagnetically 

coupled, in agreement with experiment.
7
 Therefore ΨIr,1 is the more likely orbital occupancy of 

Ir
4+

, leading to || z-axis as the preferred spin orientation. Additionally, one may ask why do Ni
2=

 

spins align || z-axis rather than ⊥ z-axis if our analysis were to stay consistent and correct? 

Simply, there is competition for energy lowering occurring. This competition is between Ni
2+

 

preference to energy lower by aligning ⊥ z-axis and Ni
2+

 preference to energy lower by aligning 

antiferromagnetically to Ir
4+

 along the chain. According to Table 6.1, Table 6.2 and Table 6.4, 
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Ni
2+

 aligning ⊥ z-axis can possibly lower the total energy of the system by < 1 meV, while 

aligning Ni
2+

 antiferromagnetically with Ir
4+

 lowers the energy of the system by > 100 meV (per 

6 f.u.). This substantial difference in energy is evidence to why Ni
2+

 spins might prefer aligning || 

z-axis antiferromagnetically with Ir
4+

 rather than ⊥ z-axis. 

 

Figure 6.7. (a) Local z-axis aligned along octahedral three-fold rotational axis leading to a t2g 

and eg splitting. The slight distortion in the octahedra leads to the t2g splitting into an a and e set. 

(b) The 1a orbital from the t2g represents the dz2 orbital (m = 0) while the 1e and 2e degenerate 

orbitals are linear combinations of the dxz, dxy, dyz and dx2-y2 orbitals. (c) DFT+U
eff

 calculations 

(U
eff

 = 4 for Ni and U
eff

 = 2 for Ir) show that the AFM state leads to HOMO-LUMO interactions 

that yield the preferred spin direction || z-axis (|| c-axis) and the FM state leads to HOMO-LUMO 

interactions that yield the preferred direction ⊥ z-axis (⊥ c-axis). Depicts down-spin electron 

configuration of an Ir
4+

 (S = ½, d
5
) ion at an octahedra site within Sr3NiIrO6. 
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Table 6.4. Relative energies (meV/6 f.u.) of the FM and AFM arrangement between adjacent 

Ni
2+

 and Ir
4+

 ions in the NiIrO6 chains of Sr3NiIrO6 determined by DFT+U
eff

 calculations with 

U
eff

(Ir) = 2 eV. 

Ordered Spin State U
eff

(Ni) = 4 eV U
eff

(Ni) = 5 eV U
eff

(Ni) = 6 eV 

FM 0.00 0.00 0.00 

AFM -135.57 -224.27 -296.85 

 

Finally, we look to determine the spin direction of the Cu
2+

 spins in Sr3CuPtO6. The 

electron configuration of a Cu
2+

 (S = ½, d
9
) ion at a pseudo-square planar site of Sr3CuPtO6 is 

presented in Figure 6.8. The HOMO is given by (xy), and the LUMO by (x
2
-y

2
) thus, |Δm| = 

0 between the HOMO and LUMO. Consequently, 
LU

0

SOHO |Ĥ|   is maximized when  = 0, or 

the || z-axis spin orientation for the Cu
2+

 spins of Sr3CuPtO6, in agreement with experiments. 

 

Figure 6.8. Local z-axis aligned along square planer two-fold rotational axis. The down-spin 

electron configuration of a Cu
2+

 (S = ½, d
9
) ion at a pseudo-square planar site within Sr3CuPtO6. 

 

6.4. Conclusion 

We were able to, on the basis of DFT+U
eff

+SOC calculations and perturbation theory 

through HOMO-LUMO interaction, provide reasonable agreement with experiment results. 
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Sr3NiPtO6 spins prefer ⊥ c-axis due to |Δm| = 1 between HOMO-LUMO levels within high spin 

Ni
2+

 trigonal prism d-orbital splitting, Sr3NiIrO6 spins prefer || c-axis due to |Δm| = 0 between 

HOMO-LUMO levels within low spin Ir
4+

 octahedral d-orbital splitting within the AFM ordered 

spin state, and Sr3CuPtO6 spins prefer || b-axis due to |Δm| = 0 between HOMO-LUMO levels 

within Cu
2+

 square planar d-orbital splitting. It is appropriate to use this technique on more 

complex systems to see where this simple HOMO-LUMO picture breaks. Systems with more 

complex band structures or heavily mixed and not well separated d-orbital splitting is potentially 

a problem for this method and needs to be addressed. 
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CHAPTER 7 

Conclusion 

 

7.1 Concluding Remarks 

 This dissertation has shown that the magnetic properties of solid-state systems can be 

understood through various theoretical approaches, with DFT calculations (specifically 

DFT+U
eff

 and DFT+U
eff

+SOC
1,2

 using the Vienna Ab Initio Simulation Package
3
) used to 

confirm the accuracy of these approaches. The important findings discussed in Chapter 2 through 

Chapter 6 are as followed: 

(a)  Energy-mapping analysis
4
, using the values obtained through DFT+U

eff
 calculations, 

suggests that the magnetic structures of Sr3Fe2O5Cu2S2 and Sr3Fe2O5Cu2Se2 are governed 

by two strong AFM interactions, leading to a G-type AFM structure for the Sr3Fe2O5 

layers. These interactions are slightly stronger in Sr3Fe2O5Cu2S2 than in Sr3Fe2O5Cu2Se2. 

Finally, DFT+U
eff

+SOC calculations show spins being at lower energy when aligned ⊥ to 

the c-axis (i.e., in ab-plane). These findings were all consistent with information extracted 

through experimental techniques. This work is published in the Journal of Magnetism and 

Magnetic Materials.
5 

(b)  Energy-mapping analysis, using the values obtained through DFT+U
eff

 calculations, 

suggests that an experimental dimer model is well-reproduced with the spin exchange 

occurring through the X unit in Fe2X3 (X = HPO3, SeO3), J2, rather than the shortest Fe-

Fe spin exchange interaction, J1. Although the O···O distance is greater along the X unit 

in Fe2(SeO3)3 than in Fe2(HPO3)3, J2 is four times stronger in Fe2(SeO3)3 than in 
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Fe2(HPO3)3. Although initial through-space interaction analysis would suggest J2 being 

roughly equal or slightly greater in Fe2(HPO3) than in Fe2(SeO3)3, through-bond 

interactions are needed to explain the experimental data as the virtual d-orbitals of Se 

participate in increasing the AFM character of J2. This work is published in the Journal of 

Physical Chemistry C.
6 

(c)  Through energy-mapping analysis and minimizing energy through a proposed angle 

rotation (θ) using values obtained through DFT+U
eff

 calculations, we were able to explain 

the magnetic properties of BaYFeO4. J1 and J2 dominate intraladder interactions, 

producing non-frustrated AFM ladders running || b-axis. These ladders interact through 

interladder spin exchange interactions (i.e., J3, J4, J9 and J10), leading to frustration that 

cause spin rotations, θ. Energy minimizing through this θ leads to values that agree with 

experiment. Finally, DFT+U
eff

+SOC calculations show spins preferring rotating in the 

bc-plane, agreeing with experiment. We propose that a spin-density wave (SDW) is a 

superposition of two degenerate cycloidal states of opposite chirality and these states can 

become nondegenerate when temperature is decreased due to crystal lattice relaxations. 

Based on these observations, therefore, we predict that cycloidal states can be achieved 

upon lowering the temperature of known SDWs. Our work is being written up for 

publication.
7
 

(d)  Spin exchange calculations for rare-earth containing magnetic solids are difficult to 

conduct as these systems have high orbital momenta contributions. We were able to 

obtain reasonable results for the spin exchange interactions, orbital moments and 

calculated θcw for RInO3 (R = Gd, Tb, Dy) by performing energy-mapping using 

DFT+U
eff

+SOC calculations. This is also the case using DFT+U
eff

 calculations for only 
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GdInO3. The magnetic structure can be described by the dominating intralayer AFM spin 

exchanges (i.e., J1 and J2) which form AFM honeycomb lattices (J2) with frustration 

stemming from AFM triangles (via J1, J1, J2).  The honeycomb spin lattice of GdInO3 

undergoes AFM ordering at low temperatures, resulting in a spin gap opening. We expect 

similar results for TbInO3 but not for DyInO3 due to differing J2/J1 ratios (approximately 

3, 1.7, and 1 for R = Gd, Tb, Dy respectively). Our general agreement with experiment 

suggests energy-mapping analysis, using DFT+U
eff

+SOC calculations, is an appropriate 

method for the determination of magnetic properties for some rare-earth solids. This 

work is being written up for publication.
8
 

(e)  On the basis of DFT+U
eff

+SOC, DFT+U
eff

 calculations and perturbation theory through 

HOMO-LUMO interaction, we were able to provide reasonable agreement with 

experiments regarding the spin direction preference of Sr3NiPtO6, Sr3NiIrO6, and 

Sr3CuPtO6. Spin direction preference is mainly a function of an energy lowering 

mechanism through a proposed SOC perturbation. With the local magnetic ion and it’s 

ligand environment maximum rotation axis labeled as the z-axis, we show that Sr3NiPtO6 

spins prefers ⊥ z-axis (⊥ c-axis) due to |Δm| = 1 between HOMO-LUMO levels within 

high spin Ni
2+

 trigonal prism d-orbital splitting, Sr3NiIrO6 spins prefers || z-axis (|| c-axis) 

due to |Δm| = 0 between HOMO-LUMO levels within low spin Ir
4+

 octahedral d-orbital 

splitting within the AFM ordered spin state and Sr3CuPtO6 spins prefers || z-axis (|| b-

axis) due to |Δm| = 0 between HOMO-LUMO levels within Cu
2+

 square planar d-orbital 

splitting. This work is published in Accounts of Chemical Research (Sr3NiPtO6 and 

Sr3NiIrO6) and Physical Review B (Sr3CuPtO6).
9,10 
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