ABSTRACT

LIU, JIA. Density Functional Study on the Magnetic Structures of Some Transition-Metal
Magnetic Oxides. (Under the direction of Mike H. Whangbo).

In this thesis we describe results of our density functional theory (DFT) electronic
structure studies on the magnetic properties of some magnetic oxide systems containing
transition-metal magnetic ions Cu?*, Fe**, Ag?, Co?" and Mn*". Results of our DFT
calculations on FeTe3O7X (X = CI, Br), Ag2ZnZrzF14, LiNaCo[PO4]F and CuAs204 have
been published. Results of our DFT calculations concerning the origin of the magnetic
anisotropy of spin-half Cu?* ions have been written up for publication, and our studies on

BizsMnsO12(NO3) and AC02V20s (A = Ba, Pb, Sr) have just been completed.
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1. Introduction

We have investigated the structure-property relationships in a number of magnetic
oxides containing transition-metal magnetic ions Cu?*, Fe?*, Ag?*, Co?" and Mn*" on the
basis of DFT electronic structure calculations. They include FeTe:O7X (X = CI, Br),
Ag2ZnZrsF14, LINaCo[PO:s]F, CuAsz04, BisMnsO12(NO3), ACo2V20s (A = Ba, Pb, Sr) and
several other oxides of Cu?* ions. In this document, we report results of our investigations on
these magnetic materials. Our DFT studies on FeTesO7X (X = Cl, Br), Ag2ZnZroFia,
LiNaCo[PO4]F, Mn[N(CN)2]. and CuAs;Os have been published. Results of our DFT
calculations concerning the origin of the magnetic anisotropy of spin-half Cu®* ions have
been written up for publication, and our studies on BisMnsO12(NO3) and AC02V20sg (A = Ba,
Pb, Sr) have just been completed. This dissertation is organized as follows: Section 2
provides a brief review on the general concepts necessary for understanding magnetic solids
and describes the computational methods employed in this study. Results of our studies on
FeTesO7X (X = ClI, Br), Ag2ZnZrzF14, LINaCo[PO4]F, CuAs204, several magnetic oxides of

Cu?* ions, BisMn4O12(NOs) and AC0,V20s (A = Ba, Pb, Sr) are presented in Sections 3 — 9.

2. Theoretical considerations?

In magnetic oxides composed of transition-metal ions M™ in oxidation state +n, the
transition-metal elements form MO polyhedra with their first-coordinate O atoms, and these
polyhedra are interlinked to make M-O-M and/or M-O...0O-M connections between adjacent
M™ ions. The unpaired spins of the M ions are accommodated in the d-levels of the MOm

polyhedra, so that the interactions between adjacent magnetic ions M" take place through



those M-O-M and/or through M-0O...0-M paths to which the magnetic orbitals have non-zero
orbital contributions. Thus, the effective interaction between adjacent M"™ ions increases by
increasing the overlap of the M nd orbitals with the O 2p orbitals in the M-O bonds. In
general, the nd orbital of M in zero oxidation state shows spatial extension that increases in
the order 3d < 4d < 5d, so the widths of the d-block bands should increase in the order 3d <
4d < 5d. Furthermore, with increasing the spatial extension of the M nd orbital, the electron
correlation associated with the M nd orbitals should decrease thereby decreasing their on-site
repulsion U in the order 3d > 4d > 5d. Consequently, magnetic insulators are more frequently
found for 3d metal oxides than for 4d/5d metal oxides. Nevertheless, a number of 4d/5d
metal oxides become magnetic insulators when their d-orbitals are strongly contracted, which
occurs when their M™ ions are in high oxidation state. In this section we will briefly survey
various conceptual, theoretical and computational issues that are needed in analyzing the
structure-property relationships of transition-metal magnetic oxides on the basis of electronic

band structure calculations and orbital-interaction analysis.

2.1. Magnetic insulating versus metallic state!

The electronic properties of crystalline magnetic solids are commonly discussed on
the basis of DFT electronic band structure calculations. There are several different ways of
doing DFT calculations for crystalline solids, namely, the non-spin-polarized DFT, the spin-
polarized DFT, and the spin-polarized DFT+U, where U refers to the on-site repulsion on
magnetic ions. In the non-spin-polarized DFT method, each energy level of a given band

accommodates two electrons (i.e., up-spin and down-spin electrons) so that a given band



consists of up-spin and down-spin subbands degenerate in energy (Fig. 2.1a). Consequently,
any solid with partially filled bands has no energy gap between the highest-occupied and the
lowest-unoccupied band levels, and is therefore predicted to be a non-magnetic metal.
However, a solid with partially-filled bands can be a magnetic insulator,? in which up-spin
and down-spin subbands differ in energy such that an energy gap (i.e., a band gap) occurs
between the highest-occupied and the lowest-unoccupied subbands (Fig. 2.1b). It should be
recalled that the presence of partially-filled bands is only a necessary condition for a system
to become either a metal or a magnetic insulator. The failure of the non-spin-polarized DFT
method in describing magnetic insulators is partly remedied by employing the spin-polarized
DFT method, which allows up-spin and down-spin subbands to have different spatial orbitals
and hence differ in energy. For most magnetic insulators, however, this splitting of up-spin
and down-spin subbands given by the spin-polarized DFT method is not large enough to
produce a band gap. Currently, this deficiency of the spin-polarized DFT method is
empirically corrected by using the spin-polarized DFT+U method,* which adds on-site
repulsion U on the magnetic transition-metal atoms to enhance the spin polarization of their
nd orbitals (Fig. 2.2).

At the current level of DFT, it is unfortunately impossible to predict whether a solid
with partially-filled bands will be a metal or a magnetic insulator. Nevertheless, once such a
solid is experimentally known to be a magnetic insulator, it is always possible to generate its
magnetic insulating states in terms of spin-polarized DFT+U calculations by gradually
increasing the value of U. For most cases, this empirical approach is successful. However, it

is an unsettled question when to find stop increasing the U value. In short, the spin-polarized



DFT+U method, currently employed to describe magnetic insulating states, is empirical
because U is an empirical parameter. In describing a magnetic insulator by this method,
therefore, it is important to first establish a range of U values producing a band gap and then
explore their chemistry and physics on the basis of consistent trends resulting from such U

parameters.

2.2. Spin exchange interaction®
In analyzing experimental results (e.g., magnetic susceptibility, specific heat and spin

wave dispersion) in terms of the spin Hamiltonian

Hspin = _Z‘]ijsi 'Sj ) 1)

i<j

the spin exchange parameters Ji; are numerical fitting parameters needed to reproduce these
results. Consequently, the signs and magnitudes of these “experimental” Jjj parameters
depend on the spin lattice chosen for the spin Hamiltonian, and two different sets of Jij values
may provide an equally acceptable fitting.® It is essential to examine the electronic structure

of a magnetic solid to obtain a relevant spin lattice.

2.2.a. Qualitative aspect!

For a spin dimer made up of two equivalent spin sites with one electron per site,
suppose that the two spin sites 1 and 2 are described by the magnetic orbitals ¢1 and ¢z,
respectively. The interaction between ¢1 and ¢z leads to the molecular levels w1 and y2 of the

dimer separated by Ae in energy (Fig. 2.3). The allowed spin states of this spin dimer are the



singlet and triplet states with the energy difference between them as AE = Es — Er. This

energy spectrum is reproduced by the spin Hamiltonian,

A

I:lspin =_‘Jél 'Sz’ (2)
if J = AE. When the spin sites 1 and 2 are described by the magnetic orbitals ¢1 and ¢z,
respectively, then the J parameter is written as >°

(Ae)’

‘]:‘]F+‘]AF :ZKlZ_F

@)
The FM component Jr is proportional to the exchange integral Ki2, which increases with

increasing the overlap density ¢1¢p2. The AFM component Jar is proportional to (Ae)? and is

inversely proportional to the effective on-site repulsion U™, Since Ae is proportional to the

overlap integral <¢1|¢2>, the magnitude of Jar increases with increasing<¢l|¢2>. Therefore, a
spin exchange becomes AFM when the overlap integral <¢1|¢2> is large and the overlap

density ¢1¢2 is small, but becomes FM when the overlap integral <¢1|¢2> is small and the

overlap density ¢1¢2 is large.

In magnetic solids made up of MOm polyhedra, the interaction between spin sites,
say, M1 and M2, takes place through the superexchange M1-O-M2 path or through the
super-superexchange M1-0...0-M2 path. As mentioned earlier, the magnetic orbitals of

MOm have the M nd orbitals combined out-of-phase with the O 2p orbitals. Therefore, the

overlap density ¢1d2and the overlap integral <¢1|¢2> between the magnetic orbitals ¢1and ¢,

are governed primarily by their O 2p orbitals located on the bridging O atom in the case of

the M1-O-M2 superexchange and by those lying on the two O atoms in the case of the M1-



0...0-M2 super-superexchange. Namely, the sign and magnitude of a spin exchange
interaction between two spin sites is determined primarily by the tail parts (i.e., the O 2p
orbitals) of their magnetic orbitals lying only in the region between them.® This is the reason
why a spin Hamiltonians defined in terms of only pair-wise spin exchange interactions can
provide a good description for the excitation energy spectrum of a given magnetic solid.

It is important to recall that, for magnetic solids consisting of both M-O-M
superexchange and M-O...0-M super-superexchange paths, spin exchange interactions that
occur through super-superexchange paths with short O...O contact distances (i.e., around the
van der Waals distance and shorter) can be much stronger than those through M-O-M paths,
and hence should not be neglected.® In particular, for a M1-O...0-M2 super-superexchange
path in which the O...O contact is linked through a d° cation M'"™ (e.g., V°*, Mo®* and W®")
to form an O...M'...O linkage, the empty d-orbitals of M’ can overlap effectively with the
magnetic orbitals of both M1 and M2 and hence dramatically enhance or reduce the spin
exchange interaction between M1 and M2,”® depending on the symmetry of the linkage.
Even when the O...O contact is linked through an alkaline earth cation A" (e.g., Sr**) to
form an O...A...O linkage, whether the M1-0...A...0O-M2 spin exchange is FM or AFM can

be influenced by the virtual d-orbitals of A%*.°

2.2.b. Quantitative evaluation by energy-mapping*
Spin exchange parameters are quantitatively evaluated by performing the energy
mapping analysis based on DFT+U calculations. Suppose one identifies a set of N spin

exchange paths to consider for a given magnetic solid. To evaluate the values of the



associated spin exchange parameters Ji, Jo, ..., Jn, the energy-mapping method determines
the electronic energies Eelec Of the N+1 ordered spin states (i.e., broken-symmetry states) (i =
1, 2, ..., N+1) by DFT+U calculations so as to obtain N relative energies AEeec. FOr these
calculations, it is important to make sure that all ordered-spin states are magnetic insulating

states. The total spin exchange energies Espin Of the N+1 ordered spin states can be

determined by using the spin Hamiltonian H_. (Eq. 1) defined in terms of Ji, Ja, ..., In

spin
(namely, Jij = J1 — Jn) so as to determine N relative energies AEspin expressed in terms of N
parameters Ji1 — Jn. In writing the expression of the total spin exchange energy for an ordered
spin state in terms of J1 — Jn, we employ the energy expressions for the FM and AFM
arrangements of a general spin dimer whose spin sites i and j possess Ni and N; unpaired
spins (hence, spins Si = Ni/2 and Sj = Nj/2), respectively.’® Given Jjj as the spin exchange
parameter for this spin dimer, the FM and AFM arrangements of this spin dimer lead to the
spin exchange energies

FM arrangement: —N;N,J; /4=-5SJ;

AFM arrangement: +N;NJ; /4=+S5SJ; (4)
Thus, the total spin exchange energy of an ordered spin arrangement is obtained by summing
up all pair-wise interactions. Then, by mapping the N relative energies AEeec Onto the N
relative energies AEspin, We obtain the values of J1 — Jn. In determining N spin exchanges Ji,
J2, ..., Jn, one may employ more than N+1 ordered spin states, hence obtaining more than N
relative energies AEeiec and AEspin for the mapping.® In this case, the N parameters J; — Jn can

be determined by performing least-squares fitting analysis. In comparing the relative



strengths of spin exchange parameters Jij involving spin sites with different numbers of
unpaired spins, it is necessary to use the effective spin exchange parameters Jiejff that

incorporate the values of the associated spins S; and S;j, namely,
J" =SS, (5)

The energy-mapping method described above is objective in that, once a set of spin
exchange paths is chosen for a magnetic solid, it does not presume whether the associated
spin exchange parameters should be FM or AFM. This method simply maps the electronic
energy spectrum of DFT+U calculations onto the energy spectrum of the spin Hamiltonian
defined by a set of spin exchange parameters. However, the values of the resulting spin
exchange parameters depend on what set of exchange paths one selects. In identifying the
spin lattice appropriate for a magnetic solid under consideration, therefore, energy-mapping
analysis should be carried out for a set of spin exchange paths large enough to include all
important ones. In particular, for magnetic solids consisting of both M-O-M and M-O...0-M
spin exchange paths, those M-O...0-M paths with short O...O contact distances should not
be omitted in the energy-mapping analysis.

When a set of spin exchange parameters are evaluated by performing DFT+U
calculations as a function of U, it is generally found that the values of AFM spin exchanges
become smaller in magnitude with increasing U.}1¢1213 For magnetic systems with well
localized electrons, for which increasing U does not increase the moment on each spin site,
this is expected because the AFM component Jar Of a spin exchange decreases in strength

with increasing the effective on-site repulsion U™ i.e., Jar = —(Ae)?/U". Given several sets



of spin exchange parameters calculated for a magnetic solid from DFT+U calculations with
various U values, the relative strengths of the spin exchange parameters are not strongly
affected by U, hence predicting an identical spin lattice for the magnetic system. To check
the proper range of U values, one may calculate the Curie-Weiss temperature 6 in the mean-

field approximation, which is given by

_ S(S+1)
0= 3 Zzi.]i : (6)

where the summation runs over all nearest neighbors of a given spin site, z; is the number of
nearest neighbors connected by the spin exchange parameter Ji, and S is the spin quantum

number of each spin site.

2.2.c. Dependence of spin exchange parameters on crystal structure!

In extracting the spin exchange parameters of a given magnetic solid, DFT+U
calculations for all ordered spin states employ a crystal structure determined typically for its
low-energy magnetic state. For most practical purposes, the use of a frozen crystal structure
for all ordered spin states (ranging from low- to high-energy magnetic states) is reasonable
because spin exchange interactions are weak so that the energy difference between low- and
high-energy magnetic states is small. However, it should be noticed that the crystal structure
of a high-energy magnetic state may differ, though slightly, from that of a low-energy
magnetic state. If the crystal/electronic structure of a high-energy magnetic state is relaxed,
the energy of this state should be lower when calculated for the relaxed structure than for the

unrelaxed structure (i.e., the structure of a low-energy magnetic state).



An interesting situation occurs when a solid with AFM ground state is forced to adopt
the FM state under strong magnetic field. As an example, consider a 2D square
antiferromagnet described by the nearest-neighbor AFM spin exchange J. Then, the energy
per site of the AFM state is given by 2J, and that of the FM state by —2J (Fig. 2.4). When
forced to be in the FM state under magnetic field, this antiferromagnet can lower the energy
of the FM state by relaxing its crystal/electronic structure such that the spin exchange is
weakened from J to a new value J' (namely, |J'| < |J|) (Fig. 2.5).2° Then, the energy of the FM
state will be lowered from —2J to —2J’. For an AFM spin exchange, J oc —t? because Ae o t.
This means that the relaxation of the crystal/electronic structure of the FM state must be such

that the hopping integral is reduced from t to a smaller value t'.°
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2.2.d. Spin frustration®

The spin Hamiltonian, Eq. 1, expresses the total energy of a magnetic system as a

sum of pair-wise spin exchange interactions. Each individual term -J,S; -S; forces the spins
§i and §j to be collinear; the energy-lowering is maximum when the two spins are

antiparallel and parallel if Jjj is AFM (Jij < 0) and FM (J;; > 0), respectively. A collinear spin
arrangement is energetically unfavorable for a certain spin lattice composed of several
different spin exchange paths, if the spin lattice generates either triangular or linear spin
frustration. An archetypal example of triangular spin frustration is found for a triangular
lattice made up of nearest-neighbor AFM spin exchange paths (Fig. 2.6a),}5" and the
minimum-energy spin configuration for such a triangle is given by a non-collinear
configuration (Fig. 2.6b).

It should be noted that the non-collinearity dictated by spin frustration deals only with
the relative spin arrangement, and has nothing to say about the preferred spin orientation in
space. What determines the preferred spin orientation in space is spin-orbit coupling (SOC) 8
and/or magnetic dipole-dipole (MDD) *° interaction, which will be discussed in the next
section. The electronic structures of non-collinear magnetic states are described by non-
collinear spin-polarized DFT+U calculations.

For an AFM system with spin frustration, its Curie-Weiss temperature 0 is large in
magnitude compared with its Néel temperature Tn (i.e., the 3D AFM ordering temperature).
Some extent of spin frustration exists in most AFM systems, so that Tn is typically lower

than |0]. Experimentally, an AFM system with the ratio f = |6|//Tn greater than 6 is often

11



regarded as spin frustrated.’® For a magnetic system with high degree of spin frustration, its
magnetic ground state is highly degenerate because a large number of different spin
arrangements have the same energy. On lowering the temperature, such a system tends to
lower its energy by undergoing a slight structural distortion and hence reducing the extent of

spin frustration.

2.3 Spin-orbit coupling, uniaxial magnetism and magnetic dipole-dipole interactions
2.3.1. Spin-orbit coupling and spin orientation in space!

The SOC of a magnetic ion is discussed in terms of the Hamiltonian
Heoo =AL-S, @)

where A is the SOC constant of the ion, and L and $ are the orbital and spin angular
momentum operators of the magnetic ion, respectively. For a transition-metal ion with lower
than d®° electron count, A > 0, so the orbital and spin moments couple antiparallel to each
other to produce the lowest-energy angular momentum state J = —L + S. For a transition-
metal ion with higher than d® electron count, A < 0, so the orbital and spin moments couple
parallel to each other to produce the lowest-energy angular momentum state J = L + S. For a
high-spin d® metal ion, L = 0, to a first approximation (i.e., in the sense of free transition-
metal ion), so the effect of SOC is expected to be weak. The A value of an nd transition-metal
ion M™ increases in the order 3d < 4d < 5d, and increases also with increasing its oxidation

state.!®
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To understand how SOC works, it is necessary to consider the general expression of

L-S in which the preferred spin direction z' is allowed to differ from the orbital z-direction,

that is, 820
DA - ~ 1 ~ i o 1 ~ 0 o:
L-S = S, chose+EL+e sm6+EL7e sin©
+1§+, —L,sin6— I:+e*‘¢sin2§+ [ e*cos? 2| (8)
2 2 2
ey L,sin®+L, e cos? 9_{ etsin??
2 2 2

where the preferred orientation of the spin z" axis is defined by the polar angles 6 and ¢ of the
orbital Cartesian coordinate system (X, y, z) (Fig. 2.7). For a magnetic solid made up of MOn
polyhedra, the SOC allows the up-spin or down-spin occupied d-levels i (yoT and oV,

respectively) to interact with the up-spin or down-spin unoccupied d-levels j (yuT and yul,

respectively) via the matrix element <i||3|soc|j>. The energy lowering associated with

(ilH

j> depends on the polar angles 0 and ¢, so that the SOC determines the preferred

soc

direction of the spin (more precisely speaking, the preferred direction of the moment i) at

the magnetic ion. The moment i is related to the spin and orbital momenta (S and L,
respectively) as

i=—(L+0S)us/#, )
where g is the electron g-factor (i.e., 2.0023) and pg is the Bohr magneton. In addition, it
should be noted that the SOC can lift the d-level degeneracy determined from DFT+U
calculations.

To determine the easy-axis direction of a magnetic solid on the basis of DFT

13



calculations, its total energy including SOC interactions should be calculated as a function of
the spin direction.?! Then, the easy-axis direction is the spin direction with the lowest total
energy. Experimentally, neutron diffraction refinements at a very low temperature provide
information about the magnitudes and orientations of the moments at the spin sites of a

magnetic solid.

2.3.2. Uniaxial magnetism?

A magnetic system with uniaxial magnetism has a nonzero magnetic moment only
along one direction in space.?*?® The consideration of the crystal field and SOC effects
shows that, for a system with transition-metal magnetic ions to have uniaxial magnetic
properties, the following three conditions should be satisfied.?

(a) The site symmetry of the transition-metal ion should have an n-fold rotational symmetry
with n > 3, so that its d-levels have degenerate sets, i.e., {x?-y?, xy} and {xz, yz} with the z-
axis taken along the rotational axis.

(b) The d-electron count of the transition-metal ion should be such that one of the two
degenerate d-states is occupied by three electrons, and hence the ground state of the ion is
described by two degenerate electronic configurations with nonzero orbital angular
momentum. As a representative example, Fig. 2.8 shows the two degenerate electronic
configurations of (MesSi)3C-Fe-C(SiMes)s, in which the C-Fe-C frame is linear and the Fe
atom exists as a high-spin Fe?* (d®) ion.

(c) The d-states should be more than half filled so that the SOC constant is negative (A < 0).

14



Then, in the ground state arising from the SOC interaction AL-S, L and S become parallel
to each other so that the J = L + S value is large, and the AJ; values becomes greater than 1
(note that J; = #J). It is important to note that the electronic structure required for uniaxial
magnetism is also the condition leading to Jahn-Teller (JT) instability. The latter refers to the
tendency of a system with degenerate electronic states to undergo a geometrical distortion
that removes the degeneracy of the electronic state.?* Thus, the JT distortion of a system with
uniaxial magnetism will remove the n-fold (n > 3) rotational symmetry that is responsible for
the uniaxial magnetism to begin with. In other words, uniaxial magnetism and JT instability
are incompatible, unless JT distortion is prevented by steric hindrance as in (MesSi)3C-Fe-
C(SiMe3)s.2 It is of interest to examine how these opposing factors compete in systems with

no strong steric hindrance.

2.3.3. Magnetic dipole-dipole interactions?

The spin exchange, SOC and DM interactions are short-range interactions, whereas
the MDD interaction is a long-range interaction. The MDD interaction is weak, being of the
order of 0.1 meV for two spin-1/2 ions separated by 2 A, but is responsible for the formation
of various FM domains in an FM material. Given that two spins located at sites i and j are

described by the distance rij with the unit vector €, along the distance, the MDD interaction

is described by °

[%}[a—j[—s(s o5 6)+65)] (10

0 ij
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where a is the Bohr radius (0.529177 A), and (gus)?/(a0)® = 0.725 meV.

In discussing the 3D magnetic order and the spin orientation of a magnetic solid, the
MDD interaction is often neglected. However, this interaction can become non-negligible
especially when the spin S of a magnetic ion is large, because the MDD interaction is
proportional to S%.2° The MDD effect on the preferred spin orientation of a given magnetic
solid can be examined by comparing the MDD interaction energies calculated for a number
of ordered spin arrangements. In summing the MDD interactions between various pairs of

spin sites, it is convenient to employ the Ewald summation method.?
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2.4. Computational methods
2.4.1. Density functional theory

In our work, we have applied Density functional theory (DFT) to analyze the
electronic structures. In quantum mechanics,?’ the electronic structure of a many-electron

system is described by the Schr&dinger equation
H¥(%,R) = E¥(%,R), (11)
where H is Hamiltonian. In the Born-Oppenheimer approximation, the Hamiltonian is written

as 2’

H(r,R) =—Z ZZ

i jooi#j

which describe the electronic kinetic energy, electron-electron repulsion and electron-nuclear
attraction. Describing an interacting system of electrons via its electron density p instead of
calculating its wave function is the main idea of DFT. Hohenberg and Kohn # proved that
for a system with nondegenerate ground state, the ground-state energy Eo is uniquely
determined by the ground-state electron density po(X,y,z). The ground-state electronic energy
Eo is a function of po, namely, Eo = Eq[po]. According to the Hohenberg-Kohn theorem, the
ground-state electronic wave function yo of a many-electron system is an eigenfunction of

the purely electronic Hamiltonian H,

H= Zv +Zvext(r)+ ZZ ‘ (13)

i

where v, (r;) is the external potential acting on the electron i.
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2.4.2. Exchange-correlation energy functionals

The exact expression of the exchange-correlation functional is not known except for
the free electron gas, which is the major problem with DFT. However, one can get
approximate expressions that permit the calculation of certain physical quantities quite
accurately. In this article, the generalized-gradient approximation (GGA) ? of Perdew, Burke
and Ernzerhof 2° were used as the exchange-correlation functionals. The GGA depends on the

local density and its gradient as,?

B9 =[p.p° |= [£(0"(F).p° (). V" (F). VPP (F)d(F), (14)

2.4.3. Program package employed and on-site repulsion U

In our calculations of the electronic structures for solid-state magnetic oxides, we
employed the frozen-core projector augmented wave ¥ method encoded in the Vienna Ab-
initio Simulation Package (VASP).3! For magnetic solids containing typically 3d transition
metals, DFT calculations with GGA invariably predict metallic electronic structures (i.e.,
electronic structure with partially filled bands) even if spin-polarized DFT calculations are
performed. To remove this deficiency of DFT calculations, one typically employs the DFT
plus on-site repulsion U (i.e. DFT+U) method,*?3® in which U of certain value is added to the
transition metal atoms to ensure a large split between their up-spin and down-spin d-states so
that the resulting electronic structure has a band gap. It is noted that DFT+U calculations are
empirical because the choice of U is empirical. In our report, DFT+U calculations with GGA
are referred to as GGA+U ** calculations, respectively. In addition, when these calculations

include SOC effects,® they are referred to as GGA+U+SOC calculations, respectively.

18



References

1. Xiang, H. J.; Lee, C.; Koo, H. -J.; Gong X. G.; Whangbo, M. —H. Dalton Trans., 2013,

10.

11.

12.

42, 823.

Mott, N. F., Metal-Insulator Transitions, 2nd ed.; Taylor & Francis: London, 1990.
Whangbo, M. -H., J. Chem. Phys. 1979, 70, 4963.

Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P. Phys.
Rev. B 1998, 57, 1505.

Whangbo, M.-H.; Koo, H.-J.; Dai, D., J. Solid State Chem. 2003, 176, 417.

Hay, P. J.; Thibeault, J. C.; Hoffmann, R., J. Am. Chem. Soc. 1975, 97, 4884.

Koo, H. -J.; Whangbo, M. -H., Inorg. Chem. 2006, 45, 4440.

(a) Dai, D.; Koo, H. -J.; Whangbo, M. -H., Inorg. Chem. 2004, 43, 4026. (b) Koo, H. -J,;
Lee, C.; Whangbo, M.-H.; Mclntyre, G. J.; Kremer, R. K., Inorg. Chem., in press.

Tian, C.; Wibowo, A. C.; zur Loye, H. -C.; Whangbo, M. —H., Inorg. Chem., in press.
(a) Dai, D.; Whangbo, M.-H. J. Chem. Phys. 2001, 114, 2887. (b) Dai, D.; Whangbo,
M.-H. J. Chem. Phys. 2003, 118, 29.

(a) Miura,Y.; Hirai, R.; Kobayashi, Y.; Sato, M., J. Phys. Soc. Jpn. 2006, 75, 84707. (b)
Derakhshan, S.; Cuthbert, H. L.; Greedan, J. E.; Rahman, B.; Saha-Dasgupta, T., Phy.
Rev. B 2007, 76, 104403. (c) Koo, H. -J.; and Whangbo, M. —H., Inorg. Chem. 2008, 47,
128. (d) Sakurai, H.; Yoshimura, K.; Kosuge, K.; Tsujii, N.; Abe, H.; Kitazawa, H.;
Kido, G.; Michor, H.; Hilscher, G., J. Phys. Soc. Jpn. 2002, 71, 1161.

(a) Sakurai, H.; Yoshimura, K.; Kosuge, K.; Tsujii, N.; Abe, H.; Kitazawa, H.; Kido, G.;

Michor, H.; Hilscher, G., J. Phys. Soc. Jpn. 2002, 71, 1161. (b) Okamoto, K.; Tonegawa,

19



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

T.; Kaburagi, M., J. Phys. Condens. Matter 2003, 15, 5979. (c) Koo, H. -J.; Whangbo,
M. -H., Inorg. Chem. 2008, 47, 4779.

Xiang, H. J.; Lee, C.; Whangbo, M.-H. Phys. Rev. B 2007, 76, 220411(R).

Smart, J. S.; Effective Field Theory of Magnetism: Saunders, Philadelphia, 1966.
Musfeldt, J. L.; Vergara, L. I.; Brinzari, T. V.; Lee, C.; Tung, L. C.; Kang, J.; Wang,
Y. J.; Schlueter, J. A.; Manson, J. L.; Whangbo, M. -H., Phys. Rev. Lett. 2009, 103,
157301.

Greedan, J. E., J. Mater. Chem. 2001, 11, 37, and the references cited therein.

Dai, D.; Whangbo, M.-H., J. Chem. Phys. 2004, 121, 672.

Dai, D.; Xiang, H. J.; Whangbo, M. -H., J. Comput. Chem. 2008, 29, 2187.

Koo, H.-J. X., H.; Lee, C.; Whangbo, M-H., Inorg. Chem. 2009, 48, 9051.

Wang, X.; Wu, R.; Wang, D.-S.; Freeman, A. J., Phys. Rev. B 1996, 54, 61.

Kunes 2001: Kunes, J.; Novak, P.; Divis, M.; Oppeneer, P. M. Phys Rev B 2001, 63,
205111.

Dai, D.; Xiang, H. J.; Whangbo, M. -H., J. Comput. Chem. 2008, 29, 2187.

Dai, D.; Whangbo, M.-H., Inorg. Chem. 2005, 44, 4407.

Jahn, H. A,; Teller, E. Proc. Roy. Soc. A 1937, 161, 220.

Bramwell, S. T.; Gingras, M. J. P., Science 2001, 294, 1495.

(a) Ewald, P. P., Ann. Phys. 1921, 64, 253. (b) Darden, T.; York, D.; Pedersen, L., J.
Chem. Phys. 1993, 98, 10089.. (c) Wang, H.; Dommert, F.; Holm, C., J. Chem. Phys.
2010, 133, 034117.

Zeng, J Quantum Mechanics, Kexue press, Beijing, 2000.

20



28.

29.

30.

31.

32.

33.

34.

35.

Levine, I. N. Quantum Chemistry, Prentice-Hall, India, 2006.

Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 1996, 77 (18), 3865.

Kresse, G.; Joubert, D., From ultrasoft pseudopotentials to the projector augmented-
wave method. Phys. Rev. B: Condens. Matter 1999, 59 (3), 1758.

(a) Kresse, G.; Hafner, J., Ab initio molecular dynamics for liquid metals. Phys. Rev.
B:Condens. Matter 1993, 47 (1), 558. (b) Kresse, G.; Furthmdler, J., Efficiency of
abinitio total energy calculations for metals and semiconductors using a plane-wave
basis set. Comput. Mater. Sci. 1996, 6 (1), 15. (c) Kresse, G.; Furthmdler, J., Efficient
iterative schemes for ab initio total-energy calculations using a plane-wave basis
set.Phys. Rev. B: Condens. Matter 1996, 54 (16), 11169.

Anisimov, V. I.; Aryasetiawan, F.; Lichtenstein, A. I. J. Phys.: Condensed Matter 1997,
9, 767.

Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P. Phys.
Rev. B 1998, 57, 1505.

Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P,
Electronenergy-loss spectra and the structural stability of nickel oxide: An LSDA+U
study. Phys.Rev. B: Condens. Matter 1998, 57 (3), 1505.

Kunes, J.; Novak, P.; Divi§, M.; Oppeneer, P. M. Phys Rev B 2001, 63, 205111.

21



(a) (b)
Fig. 2.1 Two electronic states that a system with a half-filled band can have: (a) Non-
magnetic metallic state, in which both the up-spin and down-spin states are half-filled. (b)
Magnetic insulating state, in which the up-spin band is completely filled, but the down-spin

band, separated from the up-spin band by a band gap, is empty.
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(b) AFM

Fig. 2.2 Split patterns of the up-spin and down-spin levels (6T and ¢, respectively) for the

two extreme cases of spin arrangements for a 1D chain with one orbital per site: (a) FM state

in which all sites have up-spins. (b) AFM state in which up-spin and down-spin sites

alternate. Only two adjacent spin sites of the chain are shown for simplicity.
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¢, Ae ¢,

N
Fig. 2.3 Orbital interaction between two spin sites described by the magnetic orbitals ¢1 and

¢2 leading to the dimer levels y1 and 2 separated by the energy gap Ae.
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Fig. 2.4 Weak JT distortion of a MOs octahedron with (tzg)! configuration leading to a
distorted MOg octahedron with Cs-rotational symmetry. This distortion splits the tog level into

the pattern of 1a < le pattern, where the 1a level is described by the z? orbital, when the local

z-axis is taken along the Cz-rotational axis.
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- -2] Unrelaxed FM

}

m—_2)" Relaxed FM

- )] AFM

Fig. 2.5 Energies of the AFM, the unrelaxed FM and the relaxed FM states of a 2D square-
lattice antiferromagnet described by the nearest-neighbor AFM spin exchange J (< 0). The

relaxed FM state is described by a new nearest-neighbor spin exchange J' for which |J'| < |J].
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(a) (b)
Fig. 2.6 Triangular spin frustration and non-collinear spin arrangement in a triangle of spin
sites described by the nearest-neighbor AFM spin exchange J (< 0): (a) Spin frustration that
occurs when the spins are collinear. (b) Compromised non-collinear spin arrangement that

minimizes the total spin exchange interactions.
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A

Fig. 2.7 Two coordinate systems used to describe the spin-orbit coupling Hg.. =AL-S ,

where the spin z'-axis (i.e., the preferred spin direction) is defined in terms of the angles (6,

¢) with respect to the Cartesian coordinate system describing the orbital angular momentum.
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Fig. 2.8 (a) Two degenerate electron configurations of (MesSi)sC-Fe-C(SiMes); containing a
high-spin Fe?* (d®) ion in the linear two-coordinate site. (b) Correspondence between the

Cartesian and the spherical-harmonics representations for the split d-states of the linear-two

coordinate Fe?* (d®) ion.
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3. Spin exchange interactions and magnetic structure of FeTezO7X (X = Cl, Br)?

The two isostructural compounds FeTezOCl (1) and FeTesO7Br (2) crystallize in the
monoclinic system, space group P2i/c. FeTesO7X (X = CI, Br) is made up of covalently
bonded Fe-Te-O slabs with halide ions located between them so that only weak van der Waal
interactions are present between adjacent Fe-Te-O slabs. A projection view of the Fe-Te-O
slabs and halide ions along the b-axis is shown in Fig. 3.1a. There is one kind of
crystallographically unique Fe®* cations forming distorted FeOs trigonal bipyramids, which
share their edges to form Fe>Og dimer units (Fig. 3.2). In each Fe-Te-O slab the Fe,Og dimers
are well isolated by the Te-O framework made up of corner-sharing TeO4 and TeO3 units
containing Te**-cations (Fig. 3.1b). The halide ions are not considered as fully integrated
into the covalent Fe-Te-O network but act more as counter anions as found in other
oxohalides such as (TeO3)sCl2 and Fe3(TeO3)3OCI.23

Experimentally, the magnetic susceptibilities of 1 and 2 are characterized by a broad
maximum at about ~102 K for 1 and ~ 94 K for 2 (Fig. 3.3),' a Curie-Weiss behavior above
these temperatures, and a very steep decrease below the maximum. Experimentally, these
magnetic properties of the compounds are described by an isolated antiferromagnetic spin
dimer model.! In order to confirm this experimental conclusion, we evaluate the spin
exchange interactions of 1 and 2 by DFT calculations with the GGA. Our spin-polarized DFT
calculations predict 1 and 2 to be magnetic insulating even without adding on-site repulsion
U on Fe**, as can be seen from the DOS plots calculated for the ferromagnetic state of 1 (Fig.
3.4). Thus, we did not use the DFT+U calculations for our evaluations of the spin exchange

interactions.*
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For 1 and 2 we consider three spin exchange interactions J1 — Jz defined in Fig. 3.5,
where J1 is the intra-dimer spin exchange while J> and Js are inter-dimer spin exchanges. To
evaluate these interactions, we determine the relative energies of the four ordered spin states,
FM, AF1, AF2 and AF3, using a (a, 2b, c) supercell (Fig. 3.6). The relative energies of these
states calculated by performing spin-polarized GGA calculations are also summarized in Fig.

3.6. To extract the values of J1— J3, we express the total spin exchange interaction energies of

the four ordered spin states in terms of the spin Hamiltonian, H :—ijJijéi ~§j , Where Jj; =

J1— Jz is the spin exchange constant for the interaction between the spins éi and éjat the

sites i and j, respectively. By applying the energy expression obtained for spin dimers
consisting of two spin sites with N unpaired spins (i.e., N = 5 for Fe3"), the total spin
exchange energies, per supercell, i.e., per eight formula units (FUs), of the four ordered spin

states are written as

E.y = (-4J, -8, -16J,)(N?/4)

E.p = (+4J, +8J,)(N?/4)

E e, = (+4J, —8J, +16J,)(N?/ 4)

E e = (—4J,—8J, +16J,)(N*/ 4)
Then, by mapping the relative energies of the four ordered spin states determined from GGA
calculations onto the corresponding relative energies determined from the above expressions,
we obtain the values of Ji — Js listed in Table 3.1. The antiferromagnetic intra-dimer
exchange J1 dominates. The inter-dimer spin exchanges are weak but are not negligible. This

supports the description of the magnetic properties of 1 and 2 in terms of an

antiferromagnetic isolated dimer model. For 1 and 2, the calculated J; values are essentially
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the same, and so are the inter-dimer exchange Js. However, 1 and 2 differ mainly in the inter-
dimer exchange J.. We note that the calculated J: values are greater than the experimental
values by a factor of approximately 4.7 In general, GGA calculations are known to
overestimate spin exchange constants.

Experimentally, the magnetic properties of FeTezO7zX (X = CI, Br) are well described
by an isolated antiferromagnetic spin dimer model with spin gaps of approximately 17.5 K
and 15.8 K for X = Cl and Br, respectively.! High-field magnetization experiments suggest
the presence of some inter-dimer interactions of the order of ~1 K.! These observations are
supported by the spin exchange interactions of FeTesO7X (X = CI, Br) obtained from our

GGA calculations.
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Table 3.1. Spin exchange constants (in meV) of FeTe3O7Cl and FeTesO;Cl obtained from

GGA calculations

J1 J2 J3
FeTes0-Cl -6.54 +1.62 -0.83
FeTesO7Br -6.55 +0.62 -0.80
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Fig. 3.1 (a) Projection view of the crystal structure of FeTesOsX (X= Cl, Br) along b-axis,
where the blue, yellow, red and green spheres represent Fe®*, Te**, 0% and X ions,
respectively. (b) An Fe-Te-O slab showing how the Fe>Og dimer units (blue polyhedra) are
isolated from each other by the Te (grey) and O (red) atoms. The lone pair on Te*" is marked

as a black circle.
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(b)

Fig. 3.2 Structures of the Fe2Og dimer units in (a) FeTesO7Cl (1) and (b) FeTesO7Br (2).
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Fig. 3.4 Spin polarized electronic density of states (states/electron FU) of FeTesOCl in the
FM configuration (see Fig. 12). (a) Total density of states. (b) Projected density of states of

the Fe d electrons.
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Fig. 3.5 Definition of the three spin exchange parameters Ji(intradimer), J2, and Js (both
interdimer) in FeTe3O7X (X = Cl, Br).
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Fig. 3.6 Four ordered spin states FM, AF1, AF2, and AF3 in a (a, 2b, c) supercell employed
to extract the values of Ji, J2, and J3, where only the Fe atoms are shown for simplicity. The
up-spin and down-spin Fe3" sites are represented by spheres of different colors. The numbers
in parentheses give the relative energies (in meV) obtained from the GGA calculations with

for 1 and 2, respectively.
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4. Magnetic structure and spin exchange interactions of Agz2ZnZrzF1a!

Compounds containing Ag?* (d®) ions are rare and have interesting magnetic
properties such as the strong antiferromagnetically coupled one-dimensional (1D) chain of
Ag? ions in AgSOs,? the two-dimensional (2D) ferromagnetic square net of Ag?* ions in
Cs2AgFs.3 Ag2ZnZroFia was synthesized to study the magnetic properties of the discrete
Ag.F7 dimers. This deep blue-violet colored compound crystallizes in the space group C2/m
and each Ag?* forms a square planar geometry with surrounding F atoms (Fig. 4.1). The
AgF4 units form AgzF7 dimers by sharing a corner, which are connected by ZnFs octahedra
and ZrF7 pentagonal bipyramids to provide the 3D framework of Ag2ZnZrFis. The AgoF7
dimers are running along b-axis and result in two-leg ladders of the Ag?*ions as depicted in
Fig. 4.2.

The magnetic susceptibility of Ag2ZnZrzF14 (Fig. 4.3) shows that at room temperature
more than ~95 % of the spins are antiferromagnetically coupled. The value of ymo at 300 K
under a field of 1 T is very small (i.e., ~0.9 x 10 cm™ mol™?). Due to the thermal instability
of the compound, measurements of the magnetic susceptibility at higher temperatures cannot
be performed. Consequently, no useful information can be gained from experiments as to
what kind of an AFM spin lattice is responsible for the very weak magnetic of Ag2ZnZrFi4
at room temperature.

In order to understand the magnetic properties of Ag.ZnZroFi4, we determine the
three spin exchange interactions, namely, the rung exchange J: and the leg exchange J. as
well as the inter-ladder exchange Js defined in Fig. 4.4a. To determine the values of J1 — Js,

we consider the four ordered spin states AF1 — AF4 shown in Fig. 4.4b in terms of a (a, 2b,
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c) supercell. The relative energies of these states per supercell, i.e., per eight formula units
(FUs), calculated by performing GGA+U calculations are summarized in Table 4.1. In terms

of the spin Hamiltonian, H=->" J,§;-S,, where Jj (= J1 — J3) is the spin exchange

i<j

constant for the interaction between the sites i and j,* the total spin exchange energies, per

eight formula Fus, of the three ordered spin states are written as

E e = (43, -8, +81,)(Y4)
E e, = (43, +81,)(1/4)

E e, = (43,48 )( 4)

E pe. = (4, -83,-81;)(/4)

Thus, by mapping the relative energies of the four ordered spin states determined from
GGA+U calculations onto the corresponding relative energies determined from the above
expressions, we obtain the values of J; — Js listed in Table 4.2. Clearly, the rung exchange J:
dominates over the leg exchange Jo and the inter-ladder exchange Js for all values U =2 — 6
eV. To a first approximation, therefore, the magnetic properties of Ag.ZnZr2F14 can be

described by an isolated antiferromagnetic dimer.
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obtained from GGA+U calculations as a function of U (in eV).

U 2 3 4 5 6
AF1 64.53 61.06 54.48 47.16 39.87
AF2 1164.1 | 99791 | 856.74 | 754.62 | 656.69
AF3 0 0 0 0 0
AF4 62.74 59.74 53.52 46.43 39.28

Table 4.1 Relative energies (in meV) of the ordered spin states AF1 — AF4 of Ag2ZnZraF14
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Table 4.2 Values (in meV) of the spin exchanges J1 — Jz of Ag2ZnZr,F14 obtained from

GGA+U calculations as a function of U (in eV).

U 2 3 4 5 6
J1 -36.4 -31.2 -27.1 -23.6 -20.5
J2 -1.0 -0.9 -0.8 -0.7 -0.6

J3 0.03 0.02 0.02 0.01 0.01




Fig. 4.1 Perspective view of the crystal structure of Ag.ZnZr,F14. The orange, green, blue
and grey represent silver, zirconium, zinc and fluorine atoms, respectively. The AgF4 units

are highlighted (in grey).

46



Fig. 4.2 Two-leg ladders of Ag?* ions resulting from AgzF dimers. The dotted lines running

along the b-axis represent the short F...F contacts (2.275 A) between AgzF7 dimers.
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Fig. 4.4 (a) Intra-ladder spin and inter-ladder spin exchange (J1 — J3) Ag2ZnZroF14, where the
circles represent the Ag?* ions. (b) Four ordered spin arrangements used for GGA+U

calculations to extract the values of J1 — Js.
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5. Magnetic structure and spin orientation in LiNaCo[POa4]F*

LiNaCo[PO:]F ! has two non-equivalent Co atoms, Col and Co2, forming Co1F20s
and Co2F204 octahedra Co?* (d’, S = 3/2) ions. The ColF.04 octahedra share their edges to
form the CoFO3 chains running along the b axis, and so do the Co2F204 octahedra (Fig. 5.1),
such that each ColFOsz chain is surrounded by four Co2FOs chains, and vice versa. In
direction, the shared O...F edges of the ColFO3s chains (close to the c-axis) are almost
orthogonal to those of the Co2FO3 chains (close to the a-axis). These chains are interlinked
by PO, tetrahedra forming the 3D framework of LiNaCo[PO4]F with the Li* and Na* ions
occupying the cavities of the framework.

The magnetic susceptibility of LiNaCo[PO4]F (Fig. 5.2a) follows a Curie-Weiss
behavior above 50 K with Curie-Weiss temperature 6 = -21 K, suggesting the presence of
dominant AFM interactions.! The magnetic susceptibility data plus the specific heat
measurements (Fig. 5.2b) show that LiNaCo[PO4]F undergoes a 3D AFM ordering at Tn =
10.2(5) K. The 3D magnetic structure determined by powder neutron diffraction
measurements ! is shown in Fig. 5.3, which reveals that the spins in each CoFOs chain along
the b-direction are ferromagnetically coupled, and these FM chains in the ab-planes are
antiferromagnetically coupled. However, the FM chains in the bc-plane have a non-collinear
arrangement (~136° between adjacent spin vectors (Fig. 5.3), which implies the presence of
spin frustration along the c-direction. This is apparently surprising because the index of spin
frustration f = |0/ T ~ 2 is rather small.?

To gain insight into the observed magnetic properties of LiNaCo[PO4]F, we evaluate

the six spin exchange interactions, Ji, Ji, J2, J2, Js, J3, shown in Fig. 5.4 by performing
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energy-mapping analysis based on DFT electronic structure calculations.® We consider the
seven ordered spin states FM — AF6 shown in Fig. 5.4 and determine their relative energies
per eight FUs by performing GGA+U calculations with U = 1 and 2 eV (Table 5.1). Here the
ground state (GS) refers to the observed magnetic structure, and our calculations show that
the GS is indeed found to be the lowest energy state of the nine ordered spin states. The GS is

not calculated to be the lowest-energy state for U = 3 eV or greater. In terms of the spin

Hamiltonian, H :—ijJijéi S, , where Jjj (= J1 — Js) is the spin exchange constant for the

interaction between the sites i and j. Then by using the expressions of the spin exchange
interactions for spin dimers with N unpaired spins per site (N=3 in the present case),* the total

spin exchange energies, per eight FUs, of the seven ordered spin states are written as

FM = —(4J, +4J,,+8J,+8J, +16J, +16J,, +8J, +8J,.)(N?/4)
AF1=—(-4J,+4J, +8],+8],)(N?/4)

AF2 = —(-4J, - 4], +8J, +8J,)(N?/4)

AF3=—(-4J), - 4J, —8J,+8J, +16J,-16J, —8J, —8J,.)(N?/4)
AF4 = —(-4), - 4J,, +8], +8J, —16J, ~16J, +8J, +8J,)(N*/4)
AF5 = —(-4J, — 4], +8J,-8J,. —16J, +16J, —8J, —8J, )(N*/4)
AF6 =—(81,)(N*/4)

AF7 = —(4J,+4],. +8J,-8J,)(N?/4)

GS=—(4J, +4J, —8J,-8J, —16], -16J, +8J, +8J,.)(N?/4)

Thus, by mapping the relative energies of the seven ordered spin states determined from
GGA+U calculations onto the corresponding relative energies determined from the above

expressions, we obtain the values of J; — Jz listed in Table 5.2.
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To check the proper range of U values, we calculate the Curie-Weiss temperature 0 in
the mean-field approximation by using the calculated spin exchange parameters.® Since there

are two non-equivalent Co sites in the 50:50 ratio, 6 can be written as

_S(S+1)

T, 2

S(S+ )[05(2J +2J),+2),+43,+43,)+0.5(2), +2J,+2], +4J,+4J,)]
B

The 6 determined by using the calculated J values are also listed in Table 5.2. The calculated

0 is greater than the experimental value (-21 K) by a factor of ~2 for all the GGA+U

calculations with U = 1 and 2 eV. Thus, in our analysis of the experimental magnetic

properties in terms of our calculated spin exchanges, it is necessary to consider the trends that

are independent of the U values used to calculate them.

We now discuss the observed magnetic structure of LiNaCo[PO4]F on the basis of the
calculated J values listed in Table 2. The dominant spin exchanges are Ji, J3, J3, Ja, and Ja.
Due to the strong FM exchange Ji, the spins of each Co02FOs chain become
ferromagnetically ordered. Because of the strong AFM interchain exchange Js and the weak
intrachain exchange Ji, the spins of each ColFOs chain also become ferromagnetically
ordered. Along the a-direction, each FM Co2FOs chain becomes antiferromagnetically
coupled with its adjacent FM Col1FOz chains due to the strong AFM exchange Js. Now let us
consider the noncollinear spin arrangement between the FM CoFOs chains along the c-

direction. If only the interchain AFM exchange Jz is considered, an AFM arrangement

between them would be predicted. However, the interchain FM exchange J> is comparable in
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magnitude with the intrachain FM exchange J1. Thus, the (J1, J2, J3) triangles lead to spin
conflict between adjacent FM CoFOj3 chains along the c-direction.? Consequently, the FM
CoFOs3 chains adopt the noncollinear spin arrangement along the c-direction. In the (J2, J2,, Ja)

and (J2, J2, J#) triangles, the extent of spin conflict is negligible because J. is weak.
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Table 5.1 Relative energies (in meV) of the ordered spin states FM — AF6 of LiINaCo[PO4]F

obtained from GGA+U calculations as a function of U (in eV).

UleV FM AFl | AF2 | AF3 | AF4 | AF5 | AF6 | AF7 GS
1 76.32 | 4412 | 51.55 | 57.89 | 9.88 | 49.06 | 47.84 | 53.84 0
2 57.70 | 28,59 | 34.04 | 36.29 | 2.12 | 31.78 | 31.31 | 45.56 0
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Table 5.2 Values (in K) of the spin exchanges J1 — J# of LiNaCo[PO4]F along with the

calculated Curie-Weiss temperature 6 (in K) obtained from GGA+U calculations as a

function of U (in eV).

UEv)| A J1' J2 J2' J3 J3' J4' Ja' 0/K
1 384 | 863 | -1.79 | 484 | -8.10 | -5.73 | -6.84 | 5.05 -50
2 -0.17 | 335 | 008 | 0.79 | -4.68 | -5.06 | -4.34 | 4.42 -42
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(b)

Fig. 5.1 Perspective views of the LiINaCo[PO4]F structure (a) with and (b) without the

phosphorus and alkali metal atoms.
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Fig. 5.2 (a) Magnetic susceptibility ¥ vs. Temperature and the corresponding x* vs. T plots
of LiNaCo[PO4]F measured with the applied field H = 10 kOe. (b) Heat capacities Cp(T) of

LiNaCo[POs]F. The inset displays Cy/T in the region of the phase transition at 10.2(5) K.
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Fig. 5.3 The magnetic structure of LiNaCo[PO4]F at 3K. The components of the moment
along x, y, and z axes are 2.13(2), 0, and 0.87(2) ue, respectively. The total moment is

2.30(2) ps, and the angle between the moment direction and ab-plane is 22.2<
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Fig. 5.4 (a, b) Definitions of the spin exchange paths Ji, J2, J3, J1, J2, and Jz. The Col and
Co2 atoms are indicated as empty and filled circles, respectively. The numbers 1, 2, 3, 1', 2'

and 3' refer to the spin exchanges Ji, J2, J3, Jr, J2, and Jaz, respectively. (c) Ordered spin
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arrangements of the Col and Co2 spin sites used to extract the values of J1, J2, Js3, J1, J2, and
J3 by GGA+U calculations. The positions of the ColFOs and Co2FO3 chains are identical
with those of (a, b), and the up-spin and down-spin Co?* sites are indicated by empty and

filled circles, respectively.
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6. Spin frustration and field-induced magnetic order in BisMn4O12(NO3)
6.1 Experimental observations

The neutron diffraction measurements of BisMn4O12(NOs) (BMNO) showed that it
has a trigonal structure (P3),! which consists of 2D honeycomb Mn;Os layers made up of
edge-sharing MnOs octahedra containing Mn** (d®, S = 3/2) ions shown in Fig. 6.1a. As
depicted in Fig. 6.1b, a unit cell has two slightly different Mn2Os layers, one made up of
Mn(1)Oes and Mn(2)O¢ octahedra forming Mn(1)Mn(2)Os layers, and the other made up of
Mn(3)Os and Mn(4)Oe octahedra forming Mn(3)Mn(4)Oe¢ layers. The BisMnsO1. slab of
BMNO is obtained by combining Mn(1)Mn(2)Os and Mn(3)Mn(4)Os layers with three
different Bi atoms; the Bi(1) atoms occupy the hexagonal holes between the two Mn2Os
layers forming BiOs octahedra (Figs. 6.1b, 6.1c and 6.1d), and the Bi(2) and Bi(3) atoms cap
the hexagonal holes on the lower and upper Mn2Os layers of the BisMnsO12 slab forming
BiO3 trigonal pyramids. The 3D structure of BMNO is obtained by stacking the BizMnsO1.
slabs along the c-direction with NO3™ ions intercalated between the slabs as depicted in Fig.
6.1e.

The magnetic susceptibility measurements show that the Curie-Weiss temperature 6
of BMNO is -257 K, revealing the presence of dominant AFM interactions.® However, the
neutron diffraction experiments show no long-range magnetic ordering down to 0.4 K.12
ESR experiments also found no magnetic order down to 1.9 K. A honeycomb lattice with
only AFM nearest-neighbor (NN) spin exchange J: is not spin-frustrated. However, if the
next NN (NNN) spin exchange J is also AFM and if the J2/J; ratio is greater than the critical

value of 0.15, then the (J1, J1, J2) triangles of the honeycomb lattice (made up of spin-3/2
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ions) are spin-frustrated so that the magnetic structure is disordered.*” The honeycomb spin
lattice of BMNO has received much attention because it was considered as the realization of
a spin-frustrated honeycomb lattice. However, Matsuda et al.? found that BMNO undergoes a
long-range AFM order, with the spin moments lying in the ab-plane, when it is subject to
magnetic fields higher than 6 T. So far, the origin of this field-induced magnetic ordering is
not well understood.

The magnetic properties of BMNO are discussed by considering various intra- and
inter-layer spin exchange interactions (Fig. 6.2). From their neutron scattering experiments,
Matsuda et al.? deduced that the inter-layer exchange Jc ~ Ji1/2 under the assumption that Jo/J:
~ 0.15. This indicates that the inter-layer interaction is substantial. There are several inter-
layer spin exchange paths as can be seen from Fig. 6.2b. The work of Matsuda et al.? does
not provide any information whether or not the inter-layer spin exchanges are spin-frustrated,
because they considered only one inter-layer spin exchange Jc. A recent density functional
study by Kandpal and van den Brink,® in which the intra-layer exchanges Ji — Js as well as
the direct inter-layer spin exchange Jc and the effective inter-layer spin exchange Jc + 3J¢
were evaluated, showed that the J2/J: ratio is smaller than the critical value of 0.15, that the
exchange Jz is stronger than J> providing additional intra-layer spin frustration due to the spin
frustration of the (J1, J2, J3) triangles, and that the inter-layer exchange is as strong as, or
stronger than, Ji. In this density functional study as well, it is unclear whether or not the
inter-layer spin exchanges are spin-frustrated. Very recently a rather different picture of the
intra-layer spin frustration emerged from the X-ray absorption spectroscopy study by Wadati

et al.,’ who suggested that Ji and Js are AFM but J; and Js3 are FM, so the intra-layer spin
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frustration is caused by the (J1, J2, J3) triangles (Fig. 6.2). In view of the conflicting pictures
concerning the intra- and inter-layer spin frustration, we carry out density functional
calculations to determine the intra- and inter-layer spin exchanges (J1 — Jz and Jc - Jev,

respectively) of BMNO.

6.2. Structure optimization and spin exchange interactions

With the experimental crystal structure of BMNO,* our GGA calculations show that it
has no band gap at the Fermi level, as can be seen from the DOS plots of Fig. 6.3a. Since this
suggests that BMNO is a metal rather than a magnetic insulator, in disagreement with the
experimental observations, we optimized the crystal structure with GGA to see if the
optimized structure has a band gap. The DOS plots calculated for the optimized structure
(Fig. 6.3b) has an insulating gap at the Fermi level. It is of interest to examine why the
optimized structure has a band gap while the experimental structure does not. We note that
the Bi(1), Bi(2) and Bi(3) atoms form straight [Bi(2)...Bi(1)...Bi(3)...Bi(2)...]« chains along
the c-direction. In the experimental structure, Bi(2)...Bi(1) = 4.633 A, Bi(1)...Bi(3) = 4.699
A and Bi(3)...Bi(2) = 3.830 A. In the optimized crystal structure, Bi(2)...Bi(1) = 4.723 A,
Bi(1)...Bi(3) = 4.723 A and Bi(3)...Bi(2) = 3.716 A. In essence, the BizMnsO12 slab
becomes more symmetrical and thicker and the inter-slab Bi...Bi contact becomes smaller in
the optimized structure, so that the extent of this long-long-short alternation of the Bi...Bi
contacts is stronger in the optimized structure. In our subsequent calculations for BMNO, we

employ the optimized structure.

64



For the spin exchange interactions of BMNO, we consider the three intra-layer
exchanges Ji: — Jz and the four inter-layer exchanges Jc — Jc- defined in Fig. 6.2. To evaluate
these interactions, we determine the relative energies of the eight ordered spin states FM and
AF1 — AF7 defined using a (2a, b, 2c) supercell (Fig. 6.4). The relative energies of these
states calculated by performing GGA+U calculations with U = 0, 1, 2, 3 and 4 eV are
summarized in Table 6.1. To extract the values of seven J’s, we express the total spin

exchange interaction energies of the eight ordered spin states in terms of the spin
Hamiltonian, H :_Zi<jJijéi -éj where Jij = J1 — Jz and Jc — Jeo. By applying the energy

expression obtained for spin dimers consisting of two spin sites with N unpaired spins (i.e., N
= 3 for Mn*"), the total spin exchange energies per supercell, i.e., per four formula units
(FUs), of the eight ordered spin states are written as

Eoy =—(24),+48), +24),+8J),+48), +48J. + 48JC,,,)(N2/4)

Eam =—(—24J,+48J,-24),+8],—48], +48],, - 48Jcm)(N2/4)

E ., =—(-8],—16J, +24J, +8J_—16J_ —16J_, +48]_.)(N?/4)

E s =—(16J,+8J_+16J,)(N?/4)

Ejra =—(—24J,+48),-24),-8]_ +48J_. —48], + 48Jcm)(N2/4)

E . =—(-8J, +16J, +24J, —8]_+16J_ +16J_, —48]_.)(N?/4)

E e = —(-8J, +16J, —24J,)(N?/4)

E e, =—(16J,+8]_+16J_)(N*/4)
Then, by mapping the relative energies of the four ordered spin states determined from
GGA+U calculations onto the corresponding relative energies determined from the above

expressions, we obtain the values of the spin exchanges listed in Table 6.2. The Curie-Weiss

temperatures calculated on the basis of the mean field theory by using the calculated spin
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exchanges are also listed in Table 6.2, which shows that the set of the spin exchanges
obtained from the GGA+U calculations with U = 0 and 1 eV reproduce the experimental
Curie-Weiss temperature reasonably (i.e., -388 and 200 K, respectively, versus the
experimental value of -257 K). Thus, in our further analysis of the magnetic properties of
BMNO, we used thuje set of the spin exchanges obtained from our GGA calculations (i.e.,
GGA+U calculations with U = 0).

We note from Table 6.2 that the J»/J; ratio is smaller than the critical value of 0.15,
and Js is stronger than Jz providing extra spin frustration within each honeycomb layer. These
two observations are in agreement with the density functional study of Kandpal and van den
Brink,® and do not support the speculation by Wadati et al.® Our calculations show that J/J:
~ 0.5 in agreement with the estimate of Matsuda et al.2, and do not support the conclusion by
Kandpal and van den Brink 8 that J//J1 > 1. Table 6.2 shows that all inter-layer spin
exchanges in the (Jc, J1, J¢), (Je, J2, Jev), and (I, J3, Jev) triangles are spin-frustrated. It is clear
that the inter-layer spin frustration is as important as the intra-layer spin frustration in

BMNO.
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Table 6.1 Relative energies of eight

calculationswith U =0 -4 eV.

spin ordered states (in meV/8FUs) with GGA+U

(eL\J/) FM AF1 AF2 AF3 | AF4 | AF5 | AF6 | AF7
0 659.7 0.3 220.5 | 302.2 0 147.7 | 207.1 | 283.1
1 388.3 0 138.5 | 181.7 0.1 82.7 | 1216 | 164.0
2 188.2 0 78.5 92,5 0.03 34.0 S1.7 75.3
3 33.8 8.0 37.3 27.5 7.7 0 12.4 10.1
4 0 1178 | 1028 | 719 | 1171 | 70.0 73.2 53.6
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Table 6.2 Values (in meV) of the spin exchanges Ji; — Jo of BisMnsO12(NO3) obtained from

GGA calculations.

U

V) J1 Jo J3 Je Jeo Jeo Jerr 0/K
0 -439 | -0.18 | -0.48 -248 | -094 | -0.21 | -0.30 -388
1 -244 | -0.08 | -0.32 -1.95 | -068 | -0.09 | -0.16 -200
2 -0.99 | -0.02 | -0.21 -1.59 | -0.50 | -0.01 | -0.05 -101
3 0.25 0.07 -0.07 -1.39 | -0.44 0.02 0.02 -23
4 1.32 0.06 -0.07 -1.23 | -0.25 0.13 0.10 45
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Fig. 6.1 unit cell view of the BizMnsO12(NOz) (a) along c-axis. (b) along b-axis with
polyhedron shown. (c) Projection view of extended cell. (d) One MnQOg layer in ab-plane. (e)
Two layers of MnOs hexagon with BiOs octahedron in between in ab-plane. (f) Side view of

Bi-Mn12 unit.

70



Fig. 6.2 (a) Intra-layer spin exchange paths J1 — Js. (b) Inter-layer spin exchange paths Jc —
Jen. The number 1 — 4 refer to Ji — J4, respectively, and the symbols ¢ - ¢" to Jc — Je,

respectively.
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Fig. 6.4 Eight spin ordered states from FM — AF7 for (2a, b, 2¢) supercell.
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Fig. 6.5 (a) Neutron powder diffraction patterns in BisaMnsO12(NO3) E = 1.7 meV atH =0
and 10 T and at T = 3 K. At 10 T the broad magnetic peak is reduced and sharp magnetic
peaks appear. (b) Magnetic structure in the magnetic field-induced phase. The Mn** ions in a
2>2>2 supercell are shown. The magnetic moments lie in the ab plane, although the direction
of the magnetic moments in the plane cannot be determined uniquely. Magnetic interactions

J1, J2, and J; are also shown.

74



7. Characterization of the spin-1/2 linear-chain ferromagnet CuAs2O4!

Low dimensional magnetic Cu®* systems containing CuX: ribbon chains have
attracted a great deal of attention because of their unusual intrachain nearest- and next-
nearest-neighbor spin exchange relations. In such compounds it is frequently found that the
spin exchange interactions between the Cu?* (S =1/2) ions are such that the next-nearest-
neighbor (NNN) exchange is antiferromagnetic (AFM), the nearest-neighbor (NN) exchange
is ferromagnetic (FM), and the NNN spin exchange is often considerably stronger than the
NN spin exchange. Due to the inherent competition of the NN and NNN spin exchange
interactions, the CuX> ribbon chains tend to develop unusual AFM incommensurate spiral
spin structures ¥° and sometimes concomitantly multiferroic behavior.!%'® These CuX:
ribbon chains are formed by linking CuX4 basal-square planes of axially elongated CuXe
(X=0, Cl, Br,...) octahedra together via their trans edges.

The magnetic properties of the CuX: ribbon chains are primarily determined by the
ratio of the NN to NNN spin exchange parameters, Jan and Jann, With o =Jnn/Jnnn. However, at
low temperatures additional interactions (e.g., smaller interchain spin exchange interactions)
also become important. Interchain interactions usually drive the systems to long-range
magnetic order, the exact details of which are often determined by additional weak magnetic
anisotropies.> 41

Here we describe the magnetic and lattice properties of a new system, trippkeite,®
featuring edge-sharing CuO: ribbon chains. Trippkeite is an exceptional ribbon chain system

because it shows a FM ground state below ~7.4 K. Trippkeite is a natural mineral with the

chemical composition CuAs;0a.
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Trippkeite crystallizes in a tetragonal structure (space group P4./mbc) with lattice
parameters a = b = 8.592(4) A and ¢ = 5.573(4) A7 The Cu atoms are coordinated by
elongated oxygen octahedra (Fig. 7.1a), which connect via trans edges to form corrugated
CuO: ribbons. The O1 and O2 atoms are located at the apical and basal positions of the
octahedra, respectively (Fig. 7.1b). The As atoms form AsOs pyramids, which link the
oxygen atoms in the basal planes with the apical oxygen atoms of neighboring chains such
that the basal planes of neighboring chains are perpendicular to each other.’

Experimentally, inverse susceptibility was obtained shown in the (red) solid line in
Fig. 7.2. The Curie-Weiss temperature was found to be 39 +1 K, indicating predominant FM
spin exchange interactions, as also found by the EPR measurement. Below ~8 K the
magnetization rises sharply (Fig. 7.2) indicative of a FM transition. The Curie temperature
Tc obtained from the inflection point of the susceptibility curve amounts to Tc = 7.6 & 0.2
K. An isothermal magnetization measured at 1.85 K, plotted in the upper inset of Fig. 7.2,

reveals saturation of the magnetization above a field of ~2.5 T with a value of 1.05 & 0.01

us. This saturation moment is in good agreement with the expected ~1 ug value fora S = 1/2
system.

In our theoretical study, the intrachain spin exchange interactions, Jn and Jnm, Of
CuAs;0s were evaluated by performing energy-mapping analyses *¥1° based on first-
principles DFT calculations for the three ordered spin states depicted in Fig. 7.3. The

energies of the three order states can be written in terms of the Heisenberg spin Hamiltonian

H=-35;"S, (1)
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where Jjj are the exchange parameters for the coupling between spin sites i and j. According
to the energy expressions for spin dimers with N (=1 in this case) unpaired spins per spin
site,?%?! the total spin exchange energies of the three ordered spin states, per eight formula

units (FUs), are expressed as following:

FM =8J,+8J,
AF1=-8J, +8J,
AF2=0J, -8J,

We calculated the electronic energies of the three ordered spin states by employing
the projected augmented-wave (PAW) method 222 encoded in the Vienna ab initio
simulation package (VASP) ?* and the generalized gradient approximation (GGA) for the
exchange and correlation functional.?® The plane-wave cutoff energy was set to 400 eV, and
a set of 18 k points for the irreducible Brillouin zone was used. To probe the effect of
electron correlations associated with the Cu 3d state, we performed DFT plus on-site
repulsion (DFT+U) calculations with Uet =0, 4, 6 and 8 eV for Cu.?® By mapping the relative
energies of the three ordered spin states obtained from our DFT+U calculations onto the
corresponding Heisenberg Hamiltonian [Equation (1)], we obtain the values of the nearest-
and next-nearest-neighbor spin exchange parameters, Jin (=J1) and Jnnn (£J2).

The results summarized in Table 7.1 show that the FM-NN spin exchange
dominates over the AFM-NNN spin exchange. As shown in Fig. 7.4, the ratio of the NN over
the NNN spin exchanges increases with increasing Uesr values used in the DFT+U
calculations. In general, the spin exchange J between two spin sites (say, 1 and 2 represented

by the magnetic orbitals ¢1 and ¢2, respectively) is written as J =Jr +Jar. The FM component
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Jr increases when increasing the overlap density ¢1 ¢ while the AFM component Jar is
proportional to t° and inversely proportional to Ue.1% 2 The magnetic orbital, x2 —y? orbital,

of the Cu’" ion has large O 2p contributions. The strong FM-NN interaction in CuAs20s is

traced to the fact that the bond angle of the Cu-O-Cu superexchange path is close to 90°

(~91.59 and the magnetic orbitals of the NN cu’"ions lead to a large overlap density around
the bridging oxygen atoms.!® The weaker AFM-NNN interaction is a consequence of the

twisting of the CuO- ribbon chains since it reduces the hopping integral between the NNN

2+,
Cu ions.

The Curie Weiss temperatures listed in Table 7.1 were calculated with the equation
1
(C =§S(S+1)ZZiJi 2)
i

The Ji’s represent the NN and the NNN spin exchange interactions along the ribbon chains,
Jon @nd Jnnn, respectively. zj is the number of neighbors with spin exchange Ji in the NN and
NNN shell, znn = Znnn = 2 for CuAs204. Ocw is positive if the spin exchange is predominantly
FM. The calculated Curie-Weiss temperatures are positive, consistent with the experimental

findings.

In summary, we have investigated the magnetic and lattice properties of CuAs20s, a
system characterized by axially elongated CuOs octahedra linking to form CuO2 ribbon
chains. Ab initio DFT calculations show that the nearest-neighbor intrachain spin exchange
interaction is FM with a magnitude ~4 times larger than the next-nearest-neighbor AFM spin

exchange interaction. Long-range FM ordering due to smaller interchain spin exchange
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interactions is found below ~7.4 K in the magnetization and heat capacity measurements. We
observe that an application of external pressure increases the Curie temperature by a rate of
~1.4 K/GPa, possibly due to an increase of the ferromagnetic nearest-neighbor spin exchange
interaction. Raman scattering measurements show that the crystal structure is preserved

across the T¢ and down to 4 K.
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Table 7.1 Values of the NN and NNN spin exchange constants, Jin and Jann, respectively,

obtained from the DFT+U calculations along with the Curie-Weiss temperatures.

Uett (€V) Jnn (K) Jnnn (K) Ocw (K)
0 42.3 -25.9 8.2
4 38.8 -13.5 12.7
6 34.0 -10.0 12.0
8 27.5 -1.1 10.2
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(b)

Fig. 7.1 (a) Projection along the [001] direction of the trippkeite crystal structure. The Cu?*

atoms are represented by the large (green) spheres, the oxygen atoms by small (red) spheres,
and the As atoms by (gray) medium spheres. (b) A corrugated chain of trans-edge connected
CuO6 octahedra highlighting the twisted basal planes of the octahedra in CuAs,O4, which

lead to a corrugation of the CuO; ribbon chains.
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Fig. 7.2 Reciprocal magnetic susceptibility of a polycrystalline CuAs,O4 sample measured in
a field of 1 T. The solid (red) line is a fit of the Curie-Weiss law to the data above 150 K. The
lower inset shows the data below 20 K, collected at 0.01 T, in an enlarged scale. The upper

inset displays the magnetization versus field collected at 1.85 K.
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J2
J1

Fig. 7.3 Three order spin states of CuAs,04 used to determine the values of Jn (J1) and Jnnn
(=J2) by DFT+U calculations. Only the Cu sites are shown for simplicity. The unfilled and

filled circles represent up-spin and down-spin Cu?* sites, respectively.
P y
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Fig. 7.4 The ratio of the NN to NNN spin exchange constants of CuAs,O4 calculated from

the DFT+U calculations as a function of Uess . The plot displays the dominance of the FM Jm,

term over the AFM Jnnn term.
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8. Quasi-one-dimensional spin chain system AC02V20s(A = Sr, Ba, Pb)

AC02V20sg (A = Sr, Ba, Pb) consists of axially-compressed CoOe octahedra and VO4
tetrahedra. The CoOs octahedra containing Co?* (d’, S = 3/2) share their cis edges to form
spiral chains running along the c-axis (Figs. 8.1a and 8.1b) such that the short Co-O axial
bonds are nearly parallel to the c-axis, and the CoOe octahedra within and between spiral
chains are connected by VO tetrahedra containing V°* ions to form the 3D framework of
ACo0,V-.0s (Figs. 8.1a and 8.1c) while the A?* ions located at the cavities of the
framework .12

The magnetic susceptibility and the specific heat data of SrCo2V.0gand BaCo,V20s
(Figs. 8.2 and 8.3, respectively) * show that they undergo a 3D AFM ordering below 6 K.?
The high field magnetization data for BaCo,V20s indicated that the intra-chain NN spin
exchange J is —-62.5 K, whereas the intra-chain NNN exchange J' is +4.1 K.2 In the case of
SrCo2V20g, the magnetic susceptibility, dc magnetization and heat capacity experiments by
He et al. suggested that there occur two AFM transitions with spin canting leading to non-
collinear spin arrangement at ~5 and ~3 K.* They suggested that the Dzyaloshinskii-Moriya
(DM) interactions might be responsible for the canted spin arrangement. PbCo2V.0g was
found to undergo a canted AFM transition at 4 K,? which is believed to arise from the DM
interactions as in SrCo;V.0s. However, recently, Lejay et al. reported that SrCo,V20s
undergoes only one AFM transition with no spin canting at 5 K, as in the case of
BaCo,V-0s.!

Here, we are primarily interested in the magnetic anisotropy of the three compounds

AC02V20s (A = Sr, Ba, Pb). The CoOg octahedra with Co?* (d’, S = 3/2) ions are axially
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compressed. If these octahedra are approximated by idealized octahedra with Cas-rotation
along the axially-compressed Co-O bonds, the 3d states are split as indicated in Fig. 8.4 so
that the high-spin Co?" ion leads to an unequally-filled degenerate level. The latter leads to
uniaxial magnetism.>® The real CoOs octahedra do not possess Cs-rotational symmetry, so
that the above reasoning is not exactly applicable. However, the magnetic susceptibility of
ACo02V20s for H//c is much higher than that for H_Lc, with the c-axis corresponding the easy
magnetic axis. Since the axially-compressed Co-O bonds are nearly parallel to the c-axis, it
appears that the uniaxial magnetism expected from the idealized CoOs octahedra (Fig. 8.4)
provides the essential cause for the strong magnetic anisotropies observed for ACo2V20s. We
have tested the validity of this reasoning by performing DFT+U and DFT+U+SOC
calculations for ACo2V20s.

Our spin-polarized DFT calculations employed the projector augmented wave
method encoded in the Vienna ab initio simulation package ’ and the generalized gradient
approximation & for the exchange-correlation functionals with the plane wave cutoff energies
of 400 eV, and the threshold of self-consistent-field (SCF) energy convergence of 10° eV.
To describe the electron correlation associated with the Co 3d states, we employed the DFT
plus on-site repulsion U (DFT+U) method of Liechtenstein et al.® with an effective U = 2, 4
and 6 eV on the Co to examine the Projected Density of States (PDOS) (Figs. 8.5, 8.6, 8.7).
Preferred spin orientations were also examined by DFT + U + SOC energy calculations and
the results are shown in Table 8.1.

From our computational results, there is no doubt that the easy-axis anisotropy of the

Co?* spin in AC0,V20s (A = Sr, Ba, Pb) is an intrinsic property that is associated with SOC.
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By using the coordinate systems (X, y, z) and (x’, y’, z') for the orbital and spin, respectively,

the SOC Hamiltonian Hg, =AS-L is expressed as 10 11

A A

Hyo=AS, (I:Z cose+%l;e“"’ sin 9+%I:e“" sin 6]
S, |-L,sin0-L e ™sin“—+L e*cos” — (1)
+ z + 2 2
a " i AP 2e N -2e
S.|-L,sin6+L.e " cos E—L_e“’sm >

Thus Hg, is rewritten as Hg, = H2, +HL,, where HY, is the spin-conserving term (i.e., the
first line of Eq. 1), and I3|'SO IS the spin-non-conserving term (i.e., the second and third lines
of Eq. 1). The preferred spin orientation (i.e., the z’ axis) is along the z-axis (i.e., 6 = 0°) for
the easy-axis anisotropy, but perpendicular to the z-axis (i.e., 6 = 90°) for the easy-plane
anisotropy. The easy-plane anisotropy of the high-spin Fe?* (d®, S = 2) ions in SrFeO, 2 and

SrsFe20s 2 and the easy-axis anisotropy of the high-spin Mn3* (d* S = 2) ions in ToMnO3 *

and Ag.MnO, * are well explained on the basis of perturbation theory analysis using
Hsozké-f_ as perturbation and the crystal-field split d-states of a magnetic ion as
unperturbed states. For example, when an occupied down-spin d-level i = yo! with energy ei
interacts with an unoccupied down-spin d-level j = wud with energy e via the matrix

eIement(i\Hgo |j ), the associated energy lowering is given by

AEgqc :_‘<i Hgo“ >‘2/‘ei _ei"
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In determining the preferred spin orientation, the most important interaction is the one with
the smallest energy gap (ei — ;). Fig. 8.4 shows the approximate splitting pattern of the 3d
level of Co?*ion, in reality the xz and yz levels are not exactly equal in energy due to the
different bond lengths in the CoOs octahedra in all three compounds. As a result, the empty

xz{y and yz!l states have the smallest energy gap with the filled xzJ and yz{ states. The

interaction between these two states through HZ, predicts the easy-axis anisotropy, because
the matrix element (xz {|H,|yz L) can be nonzero via the L, term of HZ, , which come with

the coefficient cos6.

Results of our DFT + U + SOC in Table 8.1 show that the SOC effect is more
profound in the case of BaCo2V.0g than in the PbCo2V20g and SrCo2V20s, which arises
from the difference in the local CoOs octahedra of the three compounds. The projected
density of states (PDOS) plots obtained for the three compounds from DFT + U calculations
are presented in Figs. 8.5-8.7, which show that the energy separation between the filled and

empty xzd/yzl states is much smaller for BaCo2V20s than for PbC0,V20s and SrCo,V20s.
Therefore, the associated energy gain AE. =—‘<i|l3|go|j >‘2/‘ei —ej| is greater for

BaCo2V20s than for PbCo,V20s and SrCo,V20s leading to a stronger easy axis anisotropy

for BaCo,V20s.
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Table. 8.1 Energy difference (E.c — E/c), in meV/Co, obtained from DFT+U+SOC (with U
= 2, 4, 6 eV) calculations for the FM states (T177) of BaCo,V.0s, PbCo,V,0s and

SrCo2V20g, where (ELic — Eyc) refer to the energies for the Lc and //c spin orientations,
respectively.

U=2eV U=4eV U=6eV
BaCo2V20s 1.59 1.34 1.25
PbCo2V20s 0.46 0.24 0.14
SrCo2V20s 0.93 0.56 0.39
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Fig. 8.1 (a) Projection view of AC02V20s (A = Sr, Ba, Pb) on the ab-plane. The octahedra,
tetrahedra, large ball and small ball represent CoOg, VO, A, and O, respectively. The circle
shows the Co04V4Os16 cluster of a unit cell. (b) Perspective view of the Co?* arrangements

along the c-direction. (c) Projection view of AC02V20g on the bc-plane.
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Fig. 8.2 Temperature variation of magnetization for (a) SrCo,V20gand (b) BaCo.V20sin an

applied magnetic field of 5 KOe. The inset shows a zoomed-in view in 2 — 30 K range.
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Fig. 8.3 Specific heats of SrCo,V20g and BaCo2V.0g measured in zero magnetic field.
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Fig. 8.4 Split pattern of the d-states of a high-spin Co?* ion in an axially-compressed CoOs

octahedron with the Ca-rotational symmetry.
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Fig. 8.5 PDOS plots obtained for the Co 3d states of BaCo,V20s from DFT+U (U =2, 4, 6

eV) calculations for the FM state.
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9. Single ion anisotropy of spin-1/2 systems

It is commonly believed that spin-1/2 transition-metal ions have no single-ion
anisotropy (SIA), i.e., the spin-orbit coupling (SOC) associated with their crystal-field split
d-states leads to no preferred spin orientation.! Thus the spin orientation observed for such
ions is explained by invoking anisotropic spin exchange (ASE) or magnetic dipole-dipole
(MDD) interactions between these ions, as found in the classic study of the Cu®* (S = 1/2)
spin orientation in CuCl, 2H20.% This conventional belief arises from the effective spin
approximation,? in which magnetic ions are treated as spin-only ions and the effect of their
remnant orbital moments is included in anisotropic g-factors.2® For a magnetic ion with

nondegenerate magnetic orbital (e.g., Cu?"), the effective spin approximation reduces the

SOC Hamiltonian I:|SO =S-L to the zero-field Hamiltonian,

A

A, =D(82-18)+1E(5,-5.+5 -5 ),

where the constants D and E are related to the unquenched orbital angular momenta along the
three local directions of the ion.® For a spin-1/2 ion, the up-spin state ‘T> :‘§§> does not

1 1

interact with the down-spin state ‘¢>:‘5,7> under H,, so that the two states remain

degenerate (as demanded by Kramers degeneracy theorem for odd-spin ions,* leading to the
belief that spin-1/2 ions do not possess SIA. That the effective spin approximation cannot
describe the magnetocrystalline anisotropy of a spin-1/2 ion was already pointed out in the
study ° of Y2V20; containing V** (d*, S = 1/2) ions at slightly-distorted octahedral sites.

Surprisingly, there has been no systematic investigation concerning whether a spin-1/2 ion

101



has no SIA in the absence of the effective spin approximation. In this section we probe this
question by examining the cause for the observed spin orientations of the Cu?* (S = 1/2) ions
in CuClz 2H,0, LiCuVO4, CuCl, and CuBrz, in which the Cu?* ions are located at square-

planar sites. On the basis of density functional theory (DFT) calculations, MDD energy
calculations, and perturbation theory analysis using I3|SO as perturbation, we show that the
preferred orientation of the Cu?* spins is not caused by their ASE interactions, nor by their
MDD interactions, but by their SIA.

Our spin-polarized DFT calculations employed the projector augmented wave method

encoded in the Vienna ab initio simulation package °©

and the generalized gradient
approximation ” for the exchange-correlation functionals with the plane wave cutoff energies
of 400 eV, and the threshold of self-consistent-field (SCF) energy convergence of 108 eV. To
describe the electron correlation associated with the Cu 3d states, we employed the DFT plus
on-site repulsion U (DFT+U) method of Liechtenstein et al.® with an effective Uesr = U —J =
4, 5 and 6 eV on the Cu atom and the exchange-correction J = 1 eV since our calculations
include noncollinear magnetic structures as well.® Preferred spin orientations were also

examined by MDD energy calculations.*® In summing the MDD interactions between various

pairs of spin sites, we employed the Ewald summation method.!

In the Pmna setting of the crystal structure of CuCl, 2H20, isolated CuCl>(OHy>)2
complexes form skewed stacks along the b-direction (Fig. 9.1a),'? and in each CuClz(OHy)2
complex the linear O-Cu-O unit is perpendicular to the linear CI-Cu-Cl unit. The spin at each

Cu?* site is oriented along the Cu-O bond (i.e., lies in the CuCl,02 plane), and the Cu?* spins
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have an antiferromagnetic (AFM) coupling within each skewed stack but a ferromagnetic
(FM) coupling between adjacent stacks (Fig. 9.1b).1* We examine the cause for this easy-
plane anisotropy as described below.

(1) We design an “isolated Cu?* ion” model (Model I) by substituting Mg?* ions for Cu?*
ions such that a 2x3x2 supercell containing one Cu®* ion repeats. The local coordinate axes
of an isolated CuCl2(OH.). complex were chosen as depicted in Fig. 9.1c. Our DFT+U+SOC
calculations for the “isolated Cu?* ion” model with the spin orientations taken along the Cu-
O bonds (i.e., |[xy) and perpendicular to the CuCl.0 plane (i.e., 1xy) show that the |xy
orientation is more stable than the 1 xy orientation (Table 9.1). This indicates that the easy-
plane anisotropy is an intrinsic property of an isolated CuCl,(OH.)2 complex, because both
the spin exchange and MDD interactions between adjacent Cu?* ions are negligible in this
“isolated Cu®* ion” model.

(2) We construct an “isolated Cu?* chain” model in which, of two chains per unit cell, all
Cu?* ions in one chain are replaced with nonmagnetic Mg?* ions, and examine the TN T\ and
™M spin arrangements along the “isolated Cu?* chain” (Models II and III, respectively).
For each of these two spin arrangements, we carry out DFT+U+SOC calculations for the ||xy
and Lxy spin orientations. (In the ||xy spin orientation, the spin is aligned along the Cu-O
bond, as found experimentally. See below for further discussion.) As for the spin exchange of
the “isolated Cu?" chain”, we consider only the nearest-neighbor exchange Jnn since the next-
nearest-neighbor exchange Jmn would be negligible owing to the long Cu...Cu distance
involved. Given the AFM spin order along the stacking direction, we assume that the

components Jmn-x, Jany and Jnn-z OF the nearest-neighbor exchange are all AFM and use the
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convention that a negative spin exchange constant represents an AFM interaction. The spin
exchange interaction energy per spin site for the T\ T\ arrangement is given by

- ‘]nn—xSleZX - ‘]nn—yslySZy - ‘]nn—zsleZZ 1

where two adjacent spin sites are labeled as 1 and 2 for convenience. Then, the ||xy spin

orientation is explained if |J . In the T4 arrangement the sum of the

S O [
nearest-neighbor spin exchange interaction energies is zero, so the |xy and Lxy spin
orientations would be similar in energy if the ASE interactions were the cause for the spin
orientation. However, Table 9.1 shows that the preference for the in-plane spin orientation is
practically identical in both TYT and TT4\ arrangements, so the ASE interactions are not
responsible for the easy-plane anisotropy of the Cu?* ion.

(3) We use the “isolated Cu?" chain” model to evaluate the values of Jan-x, Jnn-y and Jon-z by
using the energy-mapping analysis.** To obtain Ju.x, we consider the FM and AFM spin
arrangements with spins collinear to the x-direction. Representing the energies of these two
state by E(T1)x and E(T\)x, respectively, we obtain Junx = [E(TT)x — E(T)x]/2. Thus Jnnx is
determined by obtaining the energy difference, E(TT)x — E(T)x, on the basis of
DFT+U+SOC calculations. The values of Jwn.y and Jm-z are similarly determined; Jnny
=[E(TT)y — E(TY)]/2, and Jnnz =[E(TT)z — E(TV),]/2. Our results summarized in Table 9.2,
show that there is practically no anisotropy in the spin exchange constants.

(4) The two spin directions of interest in the ||xy spin orientation are the Cu-O and Cu-Cl

bond directions. Our DFT+U+SOC calculations for the “isolated Cu?* chain” with FM spin

arrangement show that the spin orientation along the Cu-O bond is more stable than that
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along the Cu-Cl bond by 0.10, 0.08 and 0.07 meV/Cu for effective Uess = 4, 5 and 6 eV,
respectively. The preference for the spin to orient along the Cu-O bond is in agreement with
experiment.®
(5) We examine the MDD energies for two spin arrangements, namely, the TN T4 and TT44
arrangements within each skewed stack of Cu?* ions but with FM spin arrangement between
adjacent stacks. For each of these spin arrangements, we calculate the MDD energies with
the ||xy and _Lxy spin orientations to find that the energy difference, Ejxy - E.xy, between the
two spin orientations is negligibly small (i.e., +0.005 and -0.014 meV/Cu for the TN T\ and
T™IJ arrangements, respectively), which shows that MDD interactions cannot be
responsible for the easy-plane anisotropy of the Cu?* spin in CuCl, 2H0.

The above discussion shows beyond any doubt that the easy-plane anisotropy of the
Cu?* spin in CuCl, 2H20 is an intrinsic property of an isolated CuCl2(OHz). complex that is

associated with SOC. By using the coordinate systems (x, y, z) and (x', y', z') for the orbital

and spin, respectively, the SOC Hamiltonian I:|SO =2S-L is expressed as >1°
~ ja ~ 1 ~ 7i(p - 1 ~ i(P -
Heo=AS, | L, cose+§L+e S|ne+§L7e sin®

+

+

S.|-L. sino-L e‘i‘Psin29+IA__e“p cos? ?
z + 2 2 (1)

+

N[> N>

S, (—I:Z sin0+L,e™ cos? g— L e“sin? gj

Thus Hg, is rewritten as Hy, = H% +HL,, where HY, is the spin-conserving term (i.e., the

first line of Eq. 1), and HY, is the spin-non-conserving term (i.e., the second and third lines
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of Eq. 1). Then the preferred spin orientation (i.e., the z’ axis) is along the z-axis (i.e., 6 = 0°)
for the easy-axis anisotropy, but perpendicular to the z-axis (i.e., 6 = 90°) for the easy-plane
anisotropy. The easy-plane anisotropy of the high-spin Fe?* (d®, S = 2) ions in SrFeO, ¢ and
SrsFe20s X and the easy-axis anisotropy of the high-spin Mn®* (d*, S = 2) ions in ToMnO3 ¥/

and Ag.MnO, ® are well explained on the basis of perturbation theory analysis using
I:ISO=7L§'IA_ as perturbation and the crystal-field split d-states of a magnetic ion as
unperturbed states. For example, when an occupied down-spin d-level i = ol with energy
ei interacts with an unoccupied down-spin d-level j = yud with energy ej via the matrix

element (i|HY,|j) . the associated energy lowering is given by

AESOC:—‘<i|I3|§O|j >‘2/‘ei—ej‘. In determining the preferred spin orientation, the most

important interaction is the one with the smallest energy gap (ei — ;). According to the split
Cu 3d states of CuCl2 2H20 (Fig. 9.1d), the empty (x?>-y?)4 has the smallest energy gap with
the filled xz{ state. (The split Cu 3d states determined from the DFT+U calculations do not
violate Kramers degeneracy theorem. By convention, the majority-spin states are chosen as
up-spin states, and the minority-spin states as down-spin states. The alternative choice is

equally valid thereby maintaining the doublet degeneracy of a spin-1/2 system.) The

interaction between these two states through ﬂgo predicts the easy-plane anisotropy, because
the matrix element (xz ¥|Hg,|(x* —y*) ¥) can be nonzero via the L, and L_ terms of Hg,,

which come with the coefficient sin6. This matrix element also predicts the spin orientation

along the Cu-O bond; given 6 = 90°, the (xzL|H3,|(x*—y*)¥) term is rewritten as
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<xz ¢\Hgo\(x2-y2)¢> oc (xz|L, cos¢+|lysin¢‘x2—y2> o sing

because (xz|L,

x*—y*)=0 and (xz|L |x*—y*)=—i 2 Consequently, the matrix element is

maximum when ¢ = 90°, namely, the preferred spin orientation in the local xy-plane is along
the Cu-O bond (Fig. 9.1c).

The above discussion shows that the easy-plane anisotropy of the Cu?* ions in
CuClz 2H20 is due solely to their SIA. We now show that the same is true for the easy-plane
anisotropy of the Cu?* ions in LiCuVOs,'® CuCl, % and CuBr.?? in which the square planar
CuL4 units (L = O, ClI, Br) share their opposite edges to form CuL. ribbon chains (Fig. 9.2a).
Neutron powder diffraction studies showed that these Cu?* spins prefer to lie in the planes of
the CulLs units (i.e., easy-plane anisotropy). Furthermore, the spins in each CuL. ribbon chain
has a spin-spiral arrangement (Fig. 9.2b) due to the spin frustration arising from the FM
nearest-neighbor spin exchange Jw and the AFM next-nearest-neighbor spin exchange
Jnnn. 242022 \We examine the cause for this easy-plane anisotropy as follows:
(1) To determine if this anisotropy is caused by the ASE interactions, we consider three
different models of spin arrangements in each CuL; ribbon chain. One is the “isolated Cu®*
ion” model in which, of two ribbon chains per unit cell, all Cu?" ions of one chain are
replaced with Mg?* ions while the other chain is converted to a (Cu?-Mg?*-Mg?*-Mg?*)-
chain (Fig. 9.2c). The second model has the T4 T\ collinear arrangement of Cu®* spins in
each ribbon chain (Fig. 9.2d), and the third model has the T— < spin-spiral arrangement of
Cu?* spins in each ribbon chain (Fig. 9.2b). For each of these spin arrangements, we carry

out DFT+U+SOC calculations for the ||xy and Lxy spin orientations to determine their
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relative energies. In the case of the spin-spiral arrangement, the 1xy spin orientation means
that the plane of the spin spiral is perpendicular to the ribbon plane. In the 1xy spin spiral,
therefore, each spin direction is +45° away from the local +z-axis. Our calculations for the
“isolated Cu?* ion” model show that the ||xy orientation is more stable than the Lxy
orientation (Table 9.3), indicating that the easy-plane anisotropy is an intrinsic property of an
isolated CuLs unit. The relative energies, Ejxy - E.Lxy, obtained from the TN T chain model
are practically identical to those obtained from the “isolated Cu?* ion” model, so the spin
exchanges Jin and Jann are not responsible for the easy-plane anisotropy. It is reasonable to
assume that the components Janx, Jany and Jmnz are all FM because Jun is FM, while the
components Jnnn-x, Jnnn-y @nd Jnnn-z are all AFM because Jnnn is AFM. Then, the preference for
the ||xy spin orientation is explained if Janx, Jan-y > Jnn-z @and/or if |Jnnnx|, Pann-y| > [Innnx|- The
TN spin arrangement does not fulfil these conditions, but it shows the preference for the
|IXy spin orientation, just as the “isolated Cu?* ion” model predicts. In the case of the spin-
spiral arrangement as well, the ||xy spin orientation is favored over the 1xy spin orientation
(Table 9.2). However, the energy difference, Exy - E.xy, for the spin-spiral arrangement is
approximately half of that found for the T4 T collinear spin arrangement. This is so because,
for each spin of the out-of-plane spin spiral arrangement, only 50% has the ||z spin
component. In short, the ASE interactions are not responsible for the observed easy-plane
anisotropy.

(2) Our MDD energy calculations using the T4 T4 spin arrangement in each CuL: ribbon

chain show that the 1 xy spin orientation is more stable than the ||xy spin orientation by 0.07,
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0.07 and 0.01 meV/Cu for LiCuVOs4, CuCl> and CuBr», respectively. The MDD interactions
are too weak to influence the spin orientation.

(3) We now examine the crystal-field split Cu 3d states of LiCuVOs, CuCl, and CuBr, and
their interaction under SOC. As a representative example, Fig. 9.2e shows the PDOS plots

calculated for CuCl. (see the Supporting Material for the PDOS plots of LiCuVO4 and

CuBrz). We note that (x’—y°|L,|x*-y*)=0 for p = x, y and z°® and
(2% V|Hgo |(x* —y*) +) =0 because the magnetic quantum number of z° differs from those of

x?- y? by 2. Consequently, Fig. 9.2e shows that the preferred spin orientation is determined

by the interaction terms (xy {|Hg, |(x* —y*) ) and ((xz/yz) |Hg, |(x* —y*) ¥) . The filled

(xz/yz) | states are closer to the empty (x?—y?) < states than are the filled xy { states so

that the ||xy spin orientation is favored over the Lxy spin orientation, in agreement with
experiment. Thus, just as in the case of CuCl, 2H.0, the easy-plane anisotropy of the spin-
1/2 Cu?* ions in LiCuVOQs, CuCl, and CuBr; is caused by their SIA. The spin orientations of
the Cu?* ions in Bi2CuOa and Li>CuCl, are briefly mentioned in the Supporting Material.

In summary, the observed easy-plane anisotropy of the spin-1/2 Cu?* ions in
CuCl2-2H20, LiCuVOs4, CuClz and CuBr: is not caused by their ASE interactions, nor by
their MDD interactions, but by their SIA. A spin-1/2 ion should possess SIA unless the
magnetic orbital accommodating an unpaired electron is triply degenerate as found in
Ba;NaOsOg,2®> so most spin-1/2 ions should have SIA. In superconducting precursor
LLa,CuOs, calculations show the Cu?* ions to possess easy-plane anisotropy,® and the presence

of SIA at each Cu?* site is not prevented by any symmetry consideration. Thus, it would be
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interesting to see if the SIA of Cu?* ions has any effect on the spin fluctuation in cuprates 2*

believed to be the key to understanding their superconductivity.
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Table 9.1 The energy (in meV/Cu) of the ||xy spin orientation with respect to that of the 1xy

spin orientation, Ejxy - E1xy, obtained from the DFT+U+SOC calculations for three models of

CuCl, 2H20.2
Uert 4 eV 5eV 6 eV
Model IP -0.35 -0.31 -0.27
Model II° -0.23 -0.20 -0.17
Model 1119 | -0.23 -0.20 -0.18

21n the ||xy spin orientation, the spin is parallel to the Cu-O bond.

b «Isolated Cu?* ion” model

¢ “Jsolated Cu?* chain” model with TV T4 spin arrangement

d «|solated Cu?* chain” model with TT\{ spin arrangement
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Table 9.2 The values of the three components Jnn-x, Jnn-y and Jnn-z (in meV) of the

nearest-neighbor spin exchange Jnn in CuCl2 2H20 determined from DFT+U+SOC

calculations.

Uert = 4 eV Uert =5 eV Uert = 6 eV
Jnn-x -1.335 -1.090 -0.885
Jnny -1.335 -1.090 -0.890
Jnn-z -1.335 -1.095 -0.890

114



Table 9.3 The relative energies, Ejxy - E.xy, in meV/Cu obtained from DFT+U+SOC
calculations for the “isolated Cu?* ion” model, the TV T\ chain model (in parenthesis), and
the T—{ < spin-spiral chain model (in square bracket).

Ueti = 4 eV

Uetrf =5 eV

Ueft = 6 eV

LiCuVOs | -0.352 (-0.36)°, [-0.18]°

-0.31%, (-0.31)®, [-0.17]¢

-0.26%, (-0.27)°, [-0.14]°

CuClz | -0.29, (-0.26), [-0.15]

-0.23, (-0.22), [-0.13]

-0.21, (-0.19), [-0.12]

CuBr2 | -0.13,(-0.16), [-0.07]

-0.11, (-0.14), [-0.06]

-0.10, (-0.12), [-0.05]

a The “isolated Cu?* ion” model

b The TV T chain model

¢ The T— <« spin-spiral chain model
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Fig. 9.1 (a) A perspective view of the crystal structure of CuCl2 2H20 (blue circle: Cu,

yellow circle: ClI, red circle: O, white circle: H). (b) The magnetic structure of CuCl, 2H20,

where the filled and unfilled circles represent up-spin and down-spin Cu?* sites, respectively.

(c) The local coordinate system chosen for an isolated CuCl>(OH.)> complex with the

crystal-field split Cu 3d states. (d) The PDOS plots calculated for the Cu 3d states of

CuClz 2H.0 using the “isolated Cu?* ion” model.
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Fig. 9.2 (a) A schematic view of a CuL> (L = O, CI, Br) ribbon chain found in LiCuVQg,
CuClz and CuBr2. (b) A schematic view of the T—{ < spin-spiral arrangement in the CuL>
ribbon chain, for the case when the spin-spiral plane is the xy-plane. (c) An “isolated Cu?*
ion” model, in which a chain of Cu?" ions is replaced with a (Cu?*-Mg?*-Mg?*-Mg?*).. chain.
(d) A schematic view of the T4 T4 collinear arrangement of Cu?* spins in the Cul ribbon
chain, for the case when the spins lie in the xy-plane. () The PDOS plots calculated for the

Cu 3d states of CuCl..
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10. Concluding remarks

In this dissertation, we reported results of our DFT calculations on a number magnetic
oxides, which were carried out to help understand their observed magnetic properties. The
essential findings of our studies can be summarized as follows:
(@) The magnetic properties of Ag2ZnZr2F14 and FeTesO7X (X = Cl, Br) are well described
by an isolated AFM dimer model.
(b) In the observed magnetic structure of LiNaCo[PO4]F, the FM chains of Co?*ions along
the b-direction are antiferromagnetically coupled along the a-direction, but have a non-
collinear spin arrangement along the c-direction. These observations suggest the absence and
the presence of spin frustration along the a- and c-directions, respectively. These aspects are
well explained by the spin exchange parameters obtained from our GGA+U calculations.
(c) The study of CuAs204 by DFT calculations reveals the presence of dominant nearest-
neighbor FM spin exchange interactions, which is four times stronger than the next-nearest-
neighbor AFM spin exchange interactions along the ribbon chains.
(d) The magnetic oxides ACo2V20s (A = Ba, Sr, Pb) all contain axially-compressed CoOse
octahdra, which indicates the possibility of uniaxial magnetic properties. We carried out
GGA+U+SOC calculations and found that the Co?* ions of these systems possess easy-axis
anisotropy. This finding is explained by considering orbital interactions induced by SOC.
(e) In the study of CuClz 2H20, LiCuVOs, CuCl2 and CuBr», the cause for the preferred spin
orientation of a spin-1/2 transition-metal ion was explored by studying the easy-plane

anisotropy of the spin-1/2 Cu?* ions in all four compounds. The spin orientation observed for
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theses spin-1/2 ions is not caused by their anisotropic spin exchange interactions, nor by their

magnetic dipole-dipole interactions, but by their single-ion anisotropy.
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