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CHAPTER1
INTRODUCTION

Transition metal cyanides are molecules consisting of coordinate complexes
featuring a transition metal ion in the center of four or six cyanide (CN-) molecules. In
the periodic table, the transition metals are part of Group B elements, taking up the
middle of the table and including periods 4-7'. Most transition metals are found naturally
in compound form, and due to their bright colors are often used as pigments. CN- is a
rod-like molecule with a hybridized s-p bond between the component atoms, allowing it
to assume this shape and leaving only a single charge available for bonding. In transition
metal cyanides CN- takes the form of a ligand, or a bound donor molecule which serves

as an anion, forming hybridized bonds with the transition metal cation®.

For transition metals the d-orbitals, or pairs of electrons in the d-subshell, and as
such behave according to ligand field theory, which deals with the distribution of d-
orbitals both in how they achieve minimum repulsion with each other in addition to
interacting with other bonding orbitals. Fig. 1 shows the constant amplitude surface of
these orbitals. The behavior of the d-orbitals in the transition metal ions is dependent on
the symmetry and type of ligands present. In octahedral and tetragonal structures there 1s

an energy difference 4, between the lower energy orbitals, commonly referred to as t,g,

and the higher energy e, orbitals.



Fig. 1 Localized d-orbitals' situated in their respective axes.

Fig. 2 shows the energy splitting for an octahedral coordinate complex. As
CN- is one of the earliest members of the spectrochemical series, this difference 4, can

be great.
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Fig. 2 Energy splitting for an octahedral coordinate complex.



The square planar coordinate complex is similar in structure to that of the
octahedral complex, in that both have four ligands residing on the axes of the system in
the same xy-plane and along the xy-axes. The main difference between the two is the
square lattice does not have two ligands attached along the z-axis. The result is that of

the five d-orbitals d,2_,2 shows the strongest repulsion from the bonding ligands it

shares its axes with while the d,z orbital has no repulsion since there is no opposing
ligand. Any transition metal cation with a d* configuration®, such as nickel, will prefer to
take this geometry. It should also be pointed out that for the square planar lattice very
weak van der Waals bonding is evident in the z-axis direction, where there are no
bonding ligands to cause repulsion. Fig. 3 shows a comparison between the octahedral

and square planar complexes.

Nickel cyanide has seen significant attention of late due to the nature of this
planar bonding, some seeing it as an analogue for graphene. The high carrier mobility

and molecular thickness of graphene makes it an ideal candidate for nano-scale devices.

) __{,.... ¢
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@ Transtion Metal Cation

Fig. 3 Sketch of octahedral and square planar coordinate
complexes.



As it is difficult to make in large molecules, an alternative material with the same

properties could be very useful.

Some recent work® on both hydrated and dehydrated transition metal cyanides
explored the electronic and chemical properties of these structures. Reagents used in the
experiment included tetracyanonickelates, hexacyanochromates, and transition metal
sulfates. These were placed in a U-tube set-up, as shown in Fig. 4. Two rubber-sealed

test tubes are attached by another tube placed through the seals.

< tetracyanonickelate [

L

) transition metal
2 cyanide crystals

< transition metal sulfate [

Fig. 4 Diagram of U-tube set-up used in experiment. Each
test tube has one reagent in de-ionized water.

b ST

Within the test tubes are the separate reagents suspended in de-ionized water or some
other liquid. The tubes were placed in a vacuum oven and heated at 42°C (315K) at
atmospheric pressure for a three-week period. The nickel cyanide crystals then form at

the top of the connecting tube. The stoichiometry for the creation of the nickel cyanide is

NiSO4+6H>0 + K;Ni(CN)4*2H20 — Nip(CN)4 + K2S04+8H,0.

Likewise, the iron-doped variant FeNi(CN)4, one with the nickel ions in the
nitrogen-centered coordinate complexes, were created in the same manner using this

relationship



K;Ni(CN)4 + Fe(NHy4)2(SO4)2 = FeNi(CN)4 + Ko(NHy)2(SO4)2

Once these crystals were synthesized, they were then examined via powder x-ray
diffraction (XRD) in both hydrated and dehydrated powder forms. In the hydrated cases
the reagents were dissolved together in water, ethanol, and octyl pyrrolidone. The
reagents formed precipitates, and these were then centrifuged to remove excess liquid.
The dehydrated samples were created by heating precipitates on a hot plate at a constant
temperature 200°C (473K), then analyzed. From powder XRD the inter-atomic distances
can be determined via the intensity of the peaks at 20 or the diffraction angle at a

particular crystal plane.

Results from d-spacing, or the distance between crystal planes, for all samples
were nearly the same regardless of hydration. Figs. 5 and 6 show the dehydrated XRD
results for the nickel- and nickel-iron cyanides show the d-spacing at the largest peak
intensity, which for Niy(CN), was 4.374A at 20.29° while for FeNi(CN), was 4.760A at

18.63".

While the experiment revealed some interesting physical properties of the
partially dehydrated nickel cyanide and its Fe-doped counterpart, they don’t tell us
anything about the electronic structural properties. This thesis is an attempt to examine
via an ab initio or quantum first principles study the general characteristics of monolayer

transition metal cyanides.
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Fig. 5 The dehydrated XRD results” for Ni(CN)s,.
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Fig. 6 The dehydrated XRD results” for FeNi(CN)s.



This structure is examined using analysis tools common to this kind of study
resulting from calculations performed using density functional theory (DFT), including
density of states (DOS) and electronic band structure analysis. After examining nickel
cyanide, other transition metal ions are used to replace nickel at nitrogen-centered sites in
the crystal. These new structures are examined using the same techniques. The nature of
bonding between the d-orbitals of the transition metal ions and their CN- ligands is
considered, and magnetic moments are introduced into the study to determine the relative
stability of ferromagnetic vs. anti-ferromagnetic cases as a function of the

energy/temperature.



CHAPTER 11

THEORETICAL METHODS

DFT is an ab initio computational approach to find the ground state energy of
electronic configurations. The quantum mechanical approach considers the wave
function ¥ of a system’. For a single body problem that deals with an electron moving in

a potential v(r), the wavefunction equation takes the form of,

2m

AT ey T
[W +v(r)| ¥(r) = el(r).

For a many body problem that involves several electrons, the construction of the
wave function becomes considerably more complicated. The wavefunction includes the

electron-electron interaction,

2m
2

N[ RV? , )
Z (— ~ + z'[ri)) - Z U(ri.r;)| ¥(ry,ra...,ra) = E¥(ry,re...,1rn),
. ]

where,
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is the Coulomb interaction. In general, the quantum approach requires the specification
of v(r). The solution of the Schrédinger equation yields the observables as the

expectation values of the corresponding operators,
v(r) = W(ri,rz, ,?fn) = n(r),
One of the observables that can be calculated is the particle density,
n{r)=N / d>rq / d*ry ... [ dry U (e, ra. ... e )P (rra. ... Ty

In density functional theory, the external potential v(r) is uniquely specified by

the ground-state charge density. To summarize,

n(r) = ‘I—'(rljrz_, s rn) =>v(r) .

Therefore DFT enables us to derive all the relevant physical quantities from the
ground-state density. The effect is to take a problem with many variables, such as the
many-body wavefunction ¥(r;, rs, ..., rp), and covert it into one dependent on a single
variable, the particle density n(r). This makes a previously complicated and

computationally expensive problem feasible.

DFT is based on two essential bodies of computational thought: the Hohenberg-
Kohn theorem and Kohn-Sham equations. Hohenberg-Kohn states that the total energy
of a system of interacting particles can be related to its charge density. Given a ground-
state density, there is a corresponding ground-state wave function that minimizes the

energy expectation value.
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E.o = ]min (O|IT + U+ V|

Y s LT

Here, E,, ¢ is the ground state energy for the potential v(r), and for a given ground
state charge density ng(r) there is a ground state wave function ¥, that minimizes this
energy. From the variational principle, the total-energy functional E,[n] can be

minimized with respect to n.

E,[n] can thus be written as

Ey, [ne] = min [Inin(ff" + 0+ I?l)]a
¥ —-n

n—mng

or

EI?Q [no] = min —Ev[n]] = min [T[ U'[n fd37 n(r) U(T):I

n—-ngl n —ng

= min -T[n] + Uln] + V[n]].

n—-ngl

Here the potential v(r) is independent of the operators for kinetic- and electron-electron
interactions. However, the exact energy functional is not known except in the trivial

homogeneous gas case.

In Kohn-Sham, single-particle wave functions are employed for both the particle
density and many-body effects are included in the exchange-correlation functional. One
useful modification is to the kinetic energy functional 7/n/. It can be decomposed into

one part that represents non-interacting particles (7,/n]), and the remainder (7./n]). The



12

electron-electron functional U can likewise be broken down in a similar manner, and the

result is another way of writing the exact-energy functional as

4 i

Eln] = T[n] + Uln] + Vn] = T,[{¢i[n]}] + Unln] + Eze[n] + Vn]

Here, Ti/{pi/n]}] expression denotes the single particle orbitals’ contribution to
the kinetic energy and E,. represents the exchange-correlation energy, which contains all
the many-body aspects of the calculation, both the kinetic energy and Coulomb reaction.

In practice, E,. is represented using a local density- or gradient-based approximation.

The local density approximation (LDA) can be used to obtain the approximate
exchange-correlation energy. For the exchange energy E,/n], the exact value can be

calculated for homogeneous electron gases with electron density # as,

ELPAIn) = -3 (2) 7 [ dPrn(r)"3.

The exact correlation energy E./n/, is unknown and is approximated using the result of
more complicated, with Quantum Monte Carlo (QMC) calculations. The LDA for E,./n]

is
Exd = [d®r 2™ M)y ont) = [ dr el2™ (n(r)).

where ef°™ s the total per-volume exchange-correlation energy of a homogenous
electron liquid. The effect is to make e’?™ a function of the charge density, exploiting

the density at r. LDA can also be written as a spin-polarized calculation, taking into
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account the spin degrees of freedom, which is known as local spin density approximation

(LSDA).

LSDAT., 4,1 — 3 ... unif ,_
EEPAIn,n] = [d3rne.,.” (m,n).
As any system has spatially-varying particle density, LDA is not always the best

choice to mimic this behavior, and there is another approach which is very useful. The

generalized gradient approximation (GGA) is a semilocal functional which mimics E;. as

ESS4[n] = [ d3r f(n(r), An(r)).

The choices of function f(n, Vn) can create different GGAs. Because of the inclusion of
the gradient dependence, GGA works better than LDA in inhomogeneous systems. GGA
tends to give good results for most molecular bonds such as ¢ or m bonds but doesn’t do
as well for weaker inter-atomic forces such as van der Waals bonding. In the case of
spin-polarized calculations, GGA can give better approximations for the exchange-
correlation energy than LSDA, improving on total energies, energy barriers, and
structural energy differences®. The Perdew-Burke-Ernzerhof (PBE), improves over

earlier approximations by simplifying the functional.
Analysis: Density of States and Electronic Band Structure

Density of States: DFT is used to calculate the electronic properties of a system,
such as the density of states (DOS) and the electronic band structure. Formally, DOS is

defined as
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D(®)=2;0(w—¢;)= Enf 6(“__ | )

43

Here, &; are the eigenvalues of the system. DOS is the number of electron states available
to be occupied, as a function of energy. The highest energy level where states have a

50% chance to be occupied is called the Fermi level, or Er.

At zero temperature (T = 0K) E¢is the same as the chemical potential p, which is defined,

where n is the number of electrons and f (&) is the Fermi-Dirac distribution,

1
feeg) = L (Ex—m/kpT 11 -

The valence band is the band whose energy lies below the Fermi energy while the

band above the Fermi level is called the conduction band.

Insulator/Semiconductor
I

(Valence) é (Conduction)
v f
1
:
!

DOS

|

‘band
gap

Fig. 7 The DOS for a material with defined valence and conduction regions.
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For insulators and semiconductors, the valence bands are completely occupied
and the empty conduction bands are separated by the band gap, as seen in Fig. 7. As a
convention, all plotted states’ energy is shifted by E; so the top of the valence band is at

ZEero.

Band Structure: In crystals, the combined molecular orbitals split and form
groups of electron states so numerous and so close together as to be thought of as energy
bands. Material can be classified based on band structures: insulators/semiconductors and
metals. In both insulators and semiconductors the valence bands are completely filled up
to the Fermi level and unfilled above it. This relationship is shown in Fig. 8. The
difference between the two is that insulators generally have a wider gap while
semiconductors have a much smaller gap, even containing a partially filled band or two
in the transitional region. In a metal, some energy bands are partially filled, crossed by

the Fermi level and with no definable band gap.

conduction
band

valence
band

samicenductor reetal
nsulator

Fig. 8 Band structures for semiconductor/insulator and metal.
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It is this difference in electronic structure that determines the transport properties
of the respective materials, with metals and insulators/semiconductors having increasing

and decreasing resistivity with increasing temperature, respectively.

The periodicity of crystals gives rise to periodicity of the potential in the
Schrédinger equation’. Were an electron to travel freely, its energy could be plotted as a
function of the wave-vector k, which is related to a particle’s momentum p as: k = hp.
Here, h is (h/2x), or the Planck constant divided by 2xn. Energy is a continuous function
of k with the dispersion of (fik)*/2m. In the presence of periodic potential, however, the

good quantum number 1s not the particle momentum but the crystal momentum.

f‘l“\
b
L O
—

Fig. 9 (A) The energy dispersion of a free particle. (B) The energy dispersion of a
one-dimensional lattice with lattice constant a, including the forbidden region of
energy defined by the band gap E,.

Because of the periodicity of the crystal, k 1s limited within a/2nt, where a is the

lattice vector of the crystal. This variable defines an alternate framework of calculations

commonly known as “k-space” or wave-vector space. Band gaps appear at the zone
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boundary, :EE, with discontinuity in the density of states (a.k.a. van Hove singularity), as

seen in Fig. 9. This region in k-space is known as the Brillouin zone (BZ).

In Fig. 10, the DFT band structure of silicon (Si) is plotted along a set of high

symmetry k-points, revealing an ~1.0eV band gap. The actual band gap of Siis 1.12eV.

of >~ NV
0.0 F e =
DT )  ay

<

L.
10k oo ]

L ATAX UK T

Fig. 10 The FCC Brillouin zone lattice featuring high symmetry k-points’, and a silicon
(diamond structure) band structure along the high symmetry k-points.

Computational Software and Calculation Procedure:

The software package used in this thesis for all calculations was the Vienna Ab-
Initio Simulation Package, or VASP®. VASP uses pseudopotentials and a plane wave
basis set to perform ab initio electronic structure and molecular dynamics calculations. It
solves the Kohn-Sham (KS) to calculate DFT ground-state energy using an iterative
method, often referred to as a self-consistent (SC) approach’. This method has been
proven effective in dealing with such diverse properties as the ground states of liquid and
simple metals, metal-nonmetal transitions, and phonon dispersion relations in insulators

and metals.
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To determine the properties of a given system, the process flow shown in Fig.
11 was used. Input files covering the size of the simulation cell, atomic coordinates
within the cell, a k-space mesh, and the pseudopotentials corresponding to the atom types
were created. The positions of atoms in the unit cell were relaxed using a conjugate
gradient (CG) method. CG is an iterative process where the KS ground state energy is
minimized along a given search direction, the direction of the calculated forces and the
stress tensor. Then, after the energy and associated forces are re-calculated, the minimum
of the total energy is found from an interpolation, with a correction step applied to
improve the line minimization in a particular direction. The process continues, the new
energy and forces building on the previous atomic positions, until a converged total

energy value is reached, yielding a minimum lattice constant value.

INPUT (system coords., k-point mesh, )

pseudopotentials

(CG relaxation of atoms )

i
\

Ideal Lattice
Constant
i
\d

[SC Calculations]

» v A

DOS (charge densities ) (wave functions)
{ H i

v Y \
( total DOS, ) Band Partial
localized DOS Structure Charge

Fig. 11 DFT process flow of calculations for DOS, band structure, and partial
charge.
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The new atomic configuration is now subjected to a self-consistent (SC)
calculation from which the density of states can be evaluated. SC also yields updated
charge density used as an input into band structure calculations, along with updated
wavefunctions used to determine partial charges within a certain energy range. These
tools complement each other, as DOS provides information about the concentration of
available states and the band structure shows the dispersion of the energy, yielding

properties such as effective mass, band splitting, etc.



CHAPTER III
NICKEL CYANIDE

Previous Work: For the same chemical compound of Ni:C:N=1:2:2, there are
number of different possible atomic configurations. Previous research has investigated
the behavior of this material to find the most stable atomic configuration for Niy(CN)s.
Mo and Kaxiras'” reported in a theoretical DFT study that Nis(CN)g in quasi-one-

dimensional nanotubes is a semiconductor with a defined band gap of 2~3eV.
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Fig. 12 (A) A five-atom theoretical structure used by Mo, Kaxiras'. (B) The 20-atom
unit cell used in the thesis and reported experimentally. (C) The electronic band
structure for atomic structure (A). Note the electronic band gap of ~2eV.
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Fig. 12 (A) shows that the theoretical 5-atom unit cell, suggested as a result of a
hypothetical gas-phase synthesis process, has its cyanide ligands oriented so that each
central Ni atom is attached to two carbon and two nitrogen atoms apiece. This particular

structure, however, has never been reported experimentally.

The atomic structure that we study in this thesis is shown in Fig. 12 (B). Although
the ground state energy of this structure is higher than the structure shown in Fig. 12 (A)
by 0.07eV/unit cell, the wet synthesis process favors the formation of a structure where
one Ni atom is surrounded by 4 C atoms and the other Ni atom is surrounded by 4 N
atoms in each unit cell. Yet another structure which includes the two Ni atoms are
surrounded by either 3 C and 1 N or 1 C and 3 N has a higher grounded state energy by

0.1 eV/unit cell, and it is not observed in our experiments.

Computational Parameters: We used the Perdew-Burke-Ernzerhof (PBE) °
generalized gradient approximation (GGA) for the exchange-correlation functional and
projected augmented plane-wave pseudopotentials.

Minimum Lattice Constant

y = 0.386x 7.478X + 28.39

-7.7737

-7.7764

(eV)

-7.780

9.80

Fig. 13 The ground-state total energy per atom as a function of lattice constant,
with polynomial equation for minimum lattice constant.
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During atomic relaxation the energy cut-off was set at 350eV and the Blochl
scheme® was used for k-space integration. For the atomic configuration, the inter-atomic
distances were relaxed via the conjugate gradient (CG) method. The lattice constant was
determined by minimizing the total energy and it was found to be 9.68651&, as seen in
Fig. 13. Compared with the x-ray diffraction experimental data there is a significant
difference in the inter-atomic distance and the size of unit cell. Whereas in the

experiment N-Ni distance was more than 21&, the minimum atomic configuration of our

structure is nearly equal to that of the Ni-C bonding length.

Hibble, Chippindale, et al.'', have in their study of multi-layer nickel cyanide
suggested a model similar to the experimental data could exhibit such a marked

shortening of its N-Ni distance by removal of H,O molecules.

. : Inter-atomic Dist
NE@(CN)% Exp. _Inter-atomic Theo._lnter-atomic in Multi—la\:'zf nee
) Distances Distances Structure
Bonding Type (A) (A) (A)
Ni-C 1.870 1.836 1.886/1.860
C-N 1.150 1172 1.150
N-Ni 2.010 1.835 2.052/1.860

Fig. 14 Comparison of scaling factors for experimental, theoretical, other inter-atomic
distances.

As the partially dehydrated experimental data contains essentially the same inter-
atomic distances as this multi-layer study, it stands to reason that dehydration to Nis(CN)g
could cause the N-Ni ligand to contract to a length nearly equal to that of the Ni-C
Having found an ideal lattice constant with

ligands. Fig. 14 compiles these results.
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associated atomic coordinates, the new unit cell was then used as an input for self-
consistent calculations to determine the electronic and orbital behavior of the Nig(CN)g

system. First, a few tests were conducted to create optimal computational parameters.

We tested k-point mesh to incorporate all wave functions within the BZ. After
analyzing minimum energy states for successive meshes of increasing numerical density,

an 8x8x2 mesh was selected, as seen in Fig.15.

-7.7852
o
&
=
8.2
-7.7853 &

28x28x2

-7.7854

(K-point Mesh)

Fig. 15 Convergence test of total energy per atom with increasing number of k-point
meshes. 8x8x2 chosen for both accuracy and calculation speed.

The energy cut-off of the plane-wave in our self-consistent calculations was set to include
25% more wave-vectors than the highest wave-vector necessary for pseudopotentials. For

magnetic systems we selected LSDA to include spin.

Analysis: Now the density of states was examined. First, the eigenvalues before
and after the Fermi level were analyzed, and a band gap of 1.4eV was found. This result
indicates that this material is a semiconductor. Fig. 16 shows the DOS broken into its
total and local contributions for s, p, and d orbitals. From this plot, it can be determined

that there are two large and very narrow peaks near the Fermi level for the d-orbital



24

decomposition. Its useful at this time to consider the fact that 3d-orbitals, being more
localized than s and p, have more overlap and hence a narrower energy range. The peaks

near E; for the d orbital are narrow, a result which makes sense.

total S p d
3 ‘
-@::;:: = -f:q:
Q! D % ~ S ———
v"‘@é&“, N -‘Wﬂ; M‘_\
. - ——mw,_,—"" m.
B - =]

DOS (#States/unit cell)

Fig. 16 Breakdown of DOS into total, s, p, and d orbitals.
The DOS are all at the same scale.

And as only the nickel atoms in Nig(CN)g contain d, they are the contributors at
zero energy. As seen in Fig. 17, the 3d-subshell of Ni has eight electrons, with five

filling one spin and three in the other direction.

8 2
Nickel: [Ar] 3d 4s
d dzz d. >

Xy yz Xz
r | A | A .
Fig. 17 The 3d-subshell of nickel, showing its electrons
oriented into orbitals.
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According to ligand field theory® the square planar lattice has four cyanide ligands
in direct conflict with a transition metal ion center along its xy-planar axes. This
geometry splits the degeneracy of the transition metal d-states. It is easy to see that the
overlap between the each d-orbital and the (CN)™ ligand is in order of d,, < df < do=dy;
< dxz_yz . Because the Coulomb repulsion is roughly proportionally to the square of the
overlap between the wavefunctions, the energy level splitting follows the overlap

between the d-orbitals and the ligands.

The DOS for the Ni d-orbitals are split and plotted in Fig. 18. As expected, the

dy, orbital has the lowest energy. The highest is d,2 which is up in the conduction

_yZ,
region. Sitting at the Fermi level are the degenerate dy, and dy,, with d,z slightly
beneath zero energy. The insulator behavior stems from the splitting of the d-bands. For
nickel atom to fill 8 d-orbitals, d.,, d’ , di-, and d,. are occupied, leaving the dx‘?_yz band

unoccupied. Now the band structure is addressed, using the charge densities from the

self-consistent run.

2.5
-y d q "_{ZWM 2 2
@ Txy yz Xz . dx% y2 ook
dYZ CIxz
0.0 :
3 d,z
i * BN IR q
—Z xy
-1.5

'DOS (#States/unit cell)

Fig. 18 The d-orbital splitting for Ni atoms.
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Although LSDA was used for all calculations Nis(CN)s is a non-magnetic
semiconductor and in calculations there was no differentiation between spins. The path

chosen had the high symmetry points M, I', X, W, and I as seen in Fig. 19.

k
: (0.5, 0.5)
M
T
< = > W
a (0.5,
0.25)
Kk
I X X
(0.0 0.0) (0.5, 0.0)

Fig. 19 The square planar Brillouin Zone, where a = lattice
constant.

Fig. 20 Band structure of Nisz(CN)s.
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In Fig. 20, the band structure is shown for the region around Eg¢, adjusted so the
top of valence band (TVB) is set to zero. From this plot Nis(CN)g is a semiconductor a
band gap of 1.7eV, and a number of thin, occupied bands 0.1eV beneath TVB. As in the
DOS this energy range was previously associated with localized orbital behavior, its

likely that these bands are composed of 3d-subshell orbitals from the Ni atoms.

The contributions of the five transition metal d-orbitals are found in Fig. 21. As
in the DOS, the Ni d,, has the lowest energy, occupying bands centered on -0.8¢V. The
dy, and d;, orbitals occupy the bands at zero energy, and in particular are degenerate at
point I' in the BZ. Slightly beneath the Fermi level is the d,2 orbital, which is localized
at -0.1eV, and the d,2_,2 forms the bottom of the conduction band (BCB). From this
orbital split we see that the Ni atoms, residing at the center of the square planar
coordinate complexes which make up the lattice, make up the bands which are closest to
zero energy, with only the d,2_,2 orbital free to conduct charge, likely due to the strong

repulsion along the xy-axes from the CN- ligands residing there.

In two dimensions the nickel cyanide proved to be a narrow-gap semiconductor
whose nickel d-orbitals serve as potential contributors near zero energy. The DOS and
band structure both showed that the d-orbitals associated with the z-axis were occupying

the top of the valence band, and only the d,z_,2 escaped into the conduction region,

which is consistent with ligand field theory.



e

-

g

s

1A

N

=0F

v ; ”
e -M! gz
X M
d_.
Z
M X ‘W .

Fig. 21 Band structure of Nis(CN)g, with the
contribution of each Ni d-orbital highlighted.
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CHAPTER 1V

IRON-DOPED NICKEL CYANIDE

Iron-Doped Nickel Cyanide (Calculations and Plots):

Niy(CN)s proved itself to be a narrow-gap semiconductor with extremely strong
bonding of atoms in its xy-plane. The CN- ligands are ¢ bonds, hybridized s-p orbitals
where the bonding is a head-to-head overlap so that the electron density is along the
bonding axis'. Mo and Kaxiras'®, in their paper on transition metal cyanide nanotubes,
list the C-Ni-C bond in their structure as being ¢ bonding. As o is the strongest of the
covalent bonds, the Ni-C bonds are difficult to break. To alter the character of the
material, only the nitrogen-centered coordinate complexes are candidates for ion

replacement.

Ni—C=N—Fer—N=C—

Fig. 22 Molecular structure of Ni Fe,(CN)g. Iron ions replace nickel at
nitrogen-centered coordinate complexes.

29
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Fig. 22 shows the 20-atom unit cell with this ion replacement. In the experiment4,
a different composition of reagents yielded a new material with the iron ions replacing
the nickels at the N-centered complex sites. Like nickel, iron is a transition metal
element, lying in the periodic table along the same Period 4, in Group 8. However its 3d-
subshell has only 6 electrons, with a typical arrangement as seen in Fig. 23. This changes

the total number of electrons in the unit cell, from 112 to 108.

6, 2
Iron: [Ar] 3d 4s

d: d: >

Xy yz XZ 2 X~y
Fig. 23 Breakdown of orbital behavior for iron 3d-subshell. The first 5
electrons fill one spin of each orbital, with the d,, orbital completely filled.

As there are two fewer electrons occupying the 3d-subshell, it is likely that the
nickel/iron cyanide will have different electronic properties from the chemically neutral
nickel cyanide.

In replacing the transition metal ions at the nitrogen-centered coordinate complex
sites, it is useful to look at the difference in electronic configurations of Ni and Fe atoms.
In our 20-atom Nig(CN)g unit cell, there are 8 CN- molecules each with a -1 g, effective
charge, giving a total charge of -8 g., where g, is the charge of one electron. The nickel

ions each contain a +2 g..

4 [Ni(+2) | + 8|CN(-)] = neutral
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An iron atom has two fewer 3d° electrons than a nickel atom and, when doped at nitrogen

neighbor sites, each iron atom provides 2 holes to the system.
2 [Ni(+2)] + 2 [Fe(+4)] + 8 [CN(-)] = +4 (excess holes)

Because of this change in the electronic configuration, we are left with a +4
charge for the 20-atom unit cell. A hole is just a vacant orbital in an energy band, acting
as a positive charge’ g.. The DOS and band structure should reflect this development.
Provided the band structure remains unchanged by the doping of irons, E¢ should shift to

a lower energy. Fig. 24 shows the Fermi level shift illustrating this concept for DOS.

Ni (CN) Ni Fe (CN)
4 =] )
: |
(Valence) ['_: (Conduction) | (Valence) E (Conduction)
v : f w
8 "\ (neutral) 8 (+4 charge)
—_ : _______
Ny '
eVr— | . (eV)
“band
gap

Fig. 24 Hypothetical DOS before and after ionization with Fe (+4 g.).

Likewise, in the band structure there should be no change in the eigenvalue
character, but because the Fermi level has shifted the occupancy is different, as seen in
Fig. 25. Thus the expectation is the material should exhibit metallic properties due to ion
replacement by Fe at the nitrogen-centered sites. A new unit cell was constructed, using
the same lattice constant and atomic coordinates as the experimental Nis(CN)g, but with

the nitrogen-centered nickels replaced by iron. The same computational parameters were
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used as in the previous structure, including the same 8x8x2 k-point mesh, energy cut-off,

and exchange-correlation functional GGA (PBE).

Ni (CN) Ni Fe (CN)
4 8 2 2 8
™ Conduction / \ Conduction
\\% Band /‘f/ . Band
\HMM/X \ﬁk*m\ﬁw,x"j
Ef
f" —\\ e ‘
) = el
// Valence \-\\ f 7 Valence ™
Band 7’ Band -

Fig. 25 Holes are formed as electrons move from the valence to the conduction band.
E¢ should shift down, leaving the top of valence band partially occupied.

The calculations were spin-polarized, allowing for orbital states and charge
densities to be separated via spin direction of electrons. The same approach was used to
relax the inter-atomic distances, yielding a new lattice constant, 9.77958A. F 1g. 26 shows
a comparison between the original experimental nickel cyanide inter-atomic distances
with those of the Fe-doped structure.

As with undoped nickel cyanide the new N-Ni

distance shortened by approximately the same amount, from 2.01A to 1.883A.

Ni Fe (CN)
. ¢ m'efE:t%m-c R s
sonding Type Distances (A) méi;fg’;m (A)
Ni-C 1.870 1.831
C-N 1.150 1.178
N-Ni/N-Fe 2.010 1.882

Fig. 26 Comparison of original experimental inter-atomic distances with
NizFez(CN)g_
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Due the partially filled d-orbital nature of Fe, we investigated the stability of
different magnetic states of Fe-doped Nickel cyanides. It was also important to
investigate the potential magnetic properties of the new material, so two additional
conditions were added: a ferromagnetic (FM) case with an initial magnetic moment of the
same direction applied to both iron atoms in the structure, and an antiferromagnetic
(AFM) case where the two moments are in opposite directions®. The magnetic moments
as applied to the NiyFe,(CN)s are seen in Fig. 27.

In the FM case there can be seen a significant difference from the behavior of
Nig(CN)s. For undoped nickel-cyanides there were no partially occupied states at the
Fermi level, and a band gap of 1.5¢V. But due to the ion replacement by Fe the occupied
states cross the Fermi level in one of the spin states, meaning that this material cannot be

categorized as a semiconductor/insulator.

i ik
] |t |
Fe—N=C—NI—C=N—  Fe—N=C—Ni—C=N—
14 I |
N C N C
i IIf Il Il
C N c N
I 1t I t
NI—C=N—Fe—N=C— NI—C=N—Fe—N=C—
Ni_ Fe (CNi (AFM) Ni Fe {CN) (FM)
2 2 '8 2 2 8

Fig. 27 20-atom unit cell for Ni;Fe,(CN)s, for both anti-ferromagnetic and
ferromagnetic cases.
Analysis of the integrated DOS indicates that the “up” spin states comprise the
larger or “majority” number of electrons, while the “down” spin states represent the

“minority” or lesser number of electrons. Fig. 28 shows the total DOS in the region of Eg,
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with the localized states in the minority spin direction exaggerated to show where this
overlap is present. In the majority spin, plotted “up”, there are no states to be occupied
anywhere near Eq. This is a condition known as half-metallicity, meaning that while one
electron spin direction acts like a metal, the other does not. This kind of electronic

behavior figures prominently in the field of spintronics.

,, e ; (B)

5 5 | )
0. .’;.\‘. - * 0.0 :
g | | a
i 44 i
100 aQ E :
e , 8 |
-4.0 0.0 4.0 ;
(A) |

" {eV)

Fig. 28 (A) DOS split into majority- (up) and minority (down) spins for the
ferromagnetic-ordered Fe 1on configuration. (B) Expanded view of the spin-
resolved density of state near the Fermi energy, Er.

Now the minority spin DOS is decomposed to its d-orbitals present in the region
around the Fermi level, seen in Fig. 29. As the behavior of both Ni and Fe atoms was the
same they are both plotted together. The orbital splitting chart reveals the d,2 shifted up

into the unoccupied conduction region, while d,,, and d,, overlap E and contribute the

metallic behavior.
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Fig. 29 The decomposition of the FM minority-spin d-orbitals and orbital

splitting.

This indicates that in the minority spin, the transition metal d-orbitals are the
principal contributors to electron transport, with the inclusion of the iron ions shifting the
material in this direction. The presence of d,2 in the conduction region in spite of no
axial ligands is puzzling, and perhaps the result of orbital hybrization at the N-Fe bonds
having fewer electrons to work with than in pure nickel cyanide. It should be noted that
the overlap of states past Ef is only ~0.1eV, which gives us a good guide as to the

behavior of the eigenvalues in the energy bands in this region.

Now the band structure is calculated, using the same square planar BZ across the
same critical points M, I', X, W, and I'. The calculations were done from the charge
densities as created in the self-consistent run, as the critical points do not provide a three-
dimensional grid from which to create sensible eigenvalues®. Fig. 30 shows majority and
minority spin band structure plots near E for the FM magnetization. Concentrating first
on the minority spin, there are bands which cross the Fermi level, meaning that they are

occupied in some places and not in others. As with the DOS, the band structure confirms
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metallicity in this spin. To see which bands are partially occupied, Fig. 31 focuses on

band indicies 50-54.
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Fig. 30 Majority and minority spin-polarized band structures for FM,
NizFes(CN)g. Efis OeV.

Here band indices 51 and 52 are shown to cross the Fermi level, and a review of
the eigenvalues for all k-points associated with these bands reveals that they are partially
occupied. The band width of the partially occupied bands is ~0.4eV, which is fairly
shallow, suggesting a large effective mass and limited electron transport, although

judging from the energy levels it is clear that at I" the bands are unoccupied.
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Fig. 31 Band indicies crossing E; in minority spin for FM NiyFe,(CN)g are

51 and 52, and are partially occupied.
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Fig. 32 Contributions of the d-orbitals for Ni and Fe around E¢, FM
case. The principal contributions are from dy, and d,.
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Band indices higher than 52 are unoccupied and reside in the conduction band region,
facilitating transport.

Now, the individual contributions of the d-orbitals are examined within the
minority spin band structure, as seen in Fig. 32. From the plot it can be seen that they
contribute all of the bands near E; with some occupied, partially occupied, and
unoccupied in this vacinity. The dy, orbital bands sit beneath the top of valence band,
with its greatest band width at ~0.2eV. The d,, and d,;, orbitals are themselves in the
region crossing Er, with a the latter in the partially occupied bands. The bottom of the
conduction band has a very thin band width, and its main contributor d,z , at ~0.6eV.
The d,2_,2 orbital again resides unoccupied up in the conduction band.

Now, the antiferromagnetic (AFM) case is considered. Again, the only difference
in calculations between this and the FM case above is that AFM has opposing magnetic
moments on its Fe atoms. The total and localized DOS are shown in Fig. 33. The first
thing that can be seen from the distribution of states is that both spins are symmetric,

meaning that there is no majority or minority spin.

— 30} : il
| i ' : (V)
0 {eV) X
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eai; e ol 0.0 Mo +
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o
~100 - :
30 6o 30 -0} | 5
«1.0 0.0 1.0

Fig. 33 Total and expanded view of DOS for the antiferromagnetic case, E¢ =
OeV.
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Moreover, since the states cross Ef they are only partially occupied, suggesting
that this material is a metal, which was the original expectation when the magnetic
moments were introduced. This is in contrast to the FM case, which exhibited half-
metallicity. Fig. 34 shows the d-orbital breakdown of the Ni and Fe atoms to the DOS in
one spin. Like the FM case the d,, and d,, orbitals are partially occupied along the
Fermi level, with dy,, in the valence region and the others up in the conduction region.

The band structure is plotted in Fig. 35, where Ey is adjusted to OeV. As the energy bands

are identical for both spins, there is no difference between majority and minority spins.

d: 2
X-Yy
1.6 o
s dzz
0.8 dyz
Xy dxz
00—
0.4

DOS

Fig. 34 DOS is broken down into d-orbital contributions.

From the band structure, it can also be seen that the band widths crossing Ey is a very
shallow 0.4eV. There is again a very thin band or bands near 0.6eV, likely the bottom of

conduction band and consistent with DOS.

Now, the eigenvalues themselves were examined to determine which band indices

were partially occupied. In Fig. 36 these bands are isolated and plotted, revealing that
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band indices 54 and 55 cross the Fermi level. These bands are associated with d,, and

d, ,, respectively.
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Fig. 35 Band structure of the AFM case.

In Fig. 37, the contributions of the d-orbitals from the Ni and Fe atoms are
explored. Here, the d,, and d,, orbitals cross Ef, meaning these bands are partially
occupied and contribute to the AFM metallic character. The bottom of conduction band

is revealed to be from the d,z orbital, as predicted by DOS. And the d,,, sits occupied

within the valence region, while d,2_, 2 is in the conduction band.
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Fig. 36 Band indices 54 and 55 cross Er and are partially occupied, contributing
metallicity.
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Fig. 37 The contribution of the Ni and Fe d-orbitals in the
band structure for the AFM case.
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The presence of the Fe ions contributes charges to the conduction band, making
this structure a metal for both FM and AFM. The FM case yields the interesting and
unexpected half-metallicity. Given this development, the question that needs to be asked
is: which magnetic disposition is more stable, the ferro- or antiferromagnetic? If this
material was set into a particular magnetic moment at room temperature, then heated,
would it retain its characteristics? The self-consistent calculations of each were
considered, and it was found that the free energy value for the FM case was -
160.79504eV while the AFM case was -160.75626eV. Since the FM energy value is
lower, it is the more stable value. Converting this energy difference into a physically
relevant value, the two numbers were subtracted and the difference multiplied by a
conversion factor of 11604.5K/eV to get a temperature change of 450.02K. So not only
does the FM case have the lower energy, it would take a considerable temperature change

to cause the doped material to lose its half-metallicity and convert to antiferromagnetic.



CHAPTER V

OTHER TRANSITION METALS

In NiyFe,(CN)g we found a material that, due to its contribution of charges to the
conduction band, had metallic properties, and in its ferromagnetic phase a potential half-
metal with spintronics applications. Naturally, there are other transition metals which
could also serve as dopants for nickel cyanide. In Fig. 38 the electronic configurations of
all transition metals along Period 4 of the periodic table are listed. The difference
between each of these, at least electronically, is with a couple exceptions in their 3d-
subshells. While the Fe-doped case was found to be more stable in its ferromagnetic
configuration, it is possible that adding or subtracting charge from the conduction band

could yield different behavior.

Element CoEn'ﬁesglgrtllon ;feErISritl:%\:"
T [Ar]3d%4s” 100
v [Ar]3d’4s” 102
cr [Ar] 3d°4s’ 104
Mn [Ar]3d°4s” 106
Fe [Ar13d%s? 108
Co [Ar]3d  4s° 110
NI [Ar]3d%4s 112
Cu [Ar]3d %4¢’ 114
Zn [Ar]ad' Y452 116

Fig. 38 The electronic configurations of transition metal elements along Period
4 of the periodic table, along with total # of electrons for each new 20-atom
unit cell.
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All of the above transition metal atoms were placed in new unit cells at the same
nitrogen-centered sites as the Fe example. For each, new inter-atomic distances were
found via relaxation of the lattice using the same CG method. Then, separate self-
consistent calculations were performed using the new geometries and obeying the same
constraints as in the previous structures. This was done for both ferromagnetic (FM) and
antiferromagnetic (AFM) cases, again with the magnetic moments applied to the
nitrogen-centered transition metal ions. The difference in the ground-state energies and
corresponding temperatures for FM and AFM can be seen in Fig. 39. This chart also
includes final calculated magnetic moment values for the two cases. From this chart we

can see that, depending on the transition metal, the stability can change from FM to

AFM.
Element AFAP\E@?M (meV) AT(K) | Mag. Ef:\/lwc;ment: Mi\géMM(gne“t
Ti -39 .36 688.84 1.523 1.483
% 72.14 837.15 2.412 2.432
Cr -10.30 119.53 3.396 3.392
Mn 38.16 442.83 2.712 2.683
Fe 38.78 450.02 1.838 1.828
Co -0.04 0.46 0.947 0.947
Ni 0.00 0.00 0.000 0.000
Cu -6.84 79.38 0.617 0.612
zZn 0.00 0.00 0.000 0.000

Fig. 39 Chart of relative stabilities of transition metals along Period 4. The
last two columns list calculated magnetic moments for FM and AFM
configurations.

Fig. 40 is a graphical representation of this. From Ti to Fe, these shifts tend to be
more dramatic with increasing population of the 3d-subshell, whereas after Fe they

become almost negligible, with Zinc-doped non-magnetic due to its filled orbitals in 3d.
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Fig. 40 Plots of (A) the relative energy stabilities of transition metal cyanides, and (B) their
corresponding temperature differences.

The above chart also includes the calculated magnetic moments for each case.

For each atom type, a theoretical magnetic moment can be found by just counting the

number of valences in the unfilled 3d-subshell, with a value of ' assigned to each spin-

polarized electron.

This gives us a number with which to compare with the actual

magnetic moment that is found in FM and AFM cases, as seen below in Fig. 41.

Comparison of Magnetic Moments

FM/AFM

40 ;

3.392 ® FM

L
= 2413 | “m2712 & Sk
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S (1493 g
oh A& = 1.83 \l
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0947 &
0.0 0.000"  0.000
Ti V Cr Mn Fe Co Ni Cu Zn

Fig. 41 Comparison of FM and AFM magnetic moments with expected

valences.
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Manganese-doped Nickel Cyanide:

Manganese (Mn) is also along Period 4, in Group 7B of the periodic table. It has
one less electron than Fe in its 3d-subshell, giving 106 electrons in the 20-atom unit cell.
Fig. 42 shows the 3d-subshell splitting for Mn, with none of the orbitals having a pair of
electrons. While Fe-doping contributed +2 g, per atom to the conduction band, the Mn-
doped structure will yield +3 g, per dopant atom, giving a total positive charge of +6 g..

The expectation is that this will increase the metallicity of the Mn-doped structure.

Manganese: [Ar] 3d54s.2
d d_2 d> -

Xy yz XZ z X-y

4 4 4 4 4

Fig. 42 3d-subshell orbitals for Manganese.

The 20 atom unit cell was again subjected to relaxation of its interatomic
distances, and a final minimum energy lattice constant was found to be 9.8621&, as seen in
Fig. 43. Whereas previously the relaxation of atomic distances resulted in nearly
identical nitrogen-transition metal lengths, the Mn-doped case shows a value much closer
to the experimental lattice values. For the production calculations we used the same
criteria and k-point mesh as the other structures, with spin-polarization to discern orbital
behavior.

Separate cases were again established for FM and AFM ordering of magnetic
moments on the Mn atoms. Fig. 45 shows the FM density of states in the range of +£3eV,

with all states shifted to the Fermi level, E;. Evaluating the integrated DOS, the “up” spin
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data is found to be the majority spin, while the “down” orientation is revealed as the

minority spin.

Ni Mn (CN) ”
= 4 ;mer-az%mia i mtef;?g:'nxc i
Bonding Type Distances (A) Distances (A)
Ni-C 1.870 1.836
C-N 1.150 1.174
N-Ni/ N-Mn 2.010 1.922

Fig. 43 Comparison of inter-atomic distances, original Nig(CN)g vs.
NizMDg(CN)g.

This is behavior consistent with the Fe-doped structure. From the exaggerated
DOS in Fig. 44(B), the minority states near E¢ are clearly seen to be crossing the Fermi

level and hence only partially occupied.

(eV)
(B)
-~ “od 09 :
e, 6.0 | o 8 |
(A) @
| |
5 |

Fig. 44 (A) DOS split into majority- (up) and minority (down) spins for the
ferromagnetic-ordered Mn-doped structure, and (B) expanded view of the
spin-resolved density of state near the Fermi energy, Er.
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Presuming that the transition metal d-orbitals at the coordinate complex centers
are again responsible for electron transport, the minority spin component d states near E¢

are plotted in Fig. 45. It can be seen that while d,, and d,, orbitals are partially
occupied as in the Fe-doped case, the d,,, orbital now resides in the conduction region
with the d;2 and d,2_,2 orbitals. Like the Fe-doped structure, this distribution of states

is consistent with half-metallic behavior.

~ L T do
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b d_ | id 2 2| g
9% | 92 1% |92 |92 7 d
1.0/ : , , ; ‘: // 74
! a:’;i’:_“::-' T . Xz
o - -

- *
-l | : ; Xy
, i i . i .
g : g & i

DOS (#States/unit cell)

Fig. 45 d-orbital splitting at the Fermi level for Ni;Mn,(CN)g, FM case,
minority spin.

The band structure for the FM case was now plotted, again differentiating by
majority and minority spins. Fig. 46 shows the FM band structure resolved into its
majority and minority spins. As with the DOS, the minority spin has bands which cross
the Fermi level, while the majority spin has a considerable band gap of 2.4eV. This is
again consistent with the half-metallic behavior seen in the Fe-doped case. A review of
the band indices associated with the eigenvalues placed bands 50-52 as cutting across Eg¢

and hence partially occupied.
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Fig. 46 The spin-resolved FM band structures for the majority and minority
spins of Mn-doped nickel cyanide.
Fig. 47 focuses on these bands, again showing that that band 50 in particular is nearly

occupied with just a few unoccupied eigenvalues concentrated around the I" point in the

BZ.

0.
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Fig. 47 A close-up of Mn-doped minority spin FM band structure near Er,
showing partially occupied band indices.

Now the minority spin energy bands were evaluated for their transition metal d-

orbital content, and the result is seen in Fig. 48. Consistent with the DOS the d,,, orbital,
associated with band index 50, is partially occupied and crossing the Fermi level the d,,,

and d,, orbitals making only a very marginal contribution around M (0.5, 0.5, 0.0).
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Fig. 48 Illustration of minority spin d-orbital contributions near Ej.
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Now the AFM case is considered. Fig. 49 shows the total DOS evaluated in the
region £4eV, along with all of the localized states near Er. For the total DOS, it was

found that this configuration is in fact a very narrow-band semiconductor, with a band

gap of 0.26eV.
) 30f :
807 7 ! E,«
1 (eV) g I
. H 4 i i v A .
0.0k . s Q 00
: Eg . \‘;\ ] ] =
i i ! i
60k [ 4 " “
40 Y 30 -0k . . T T
o (eV)——55 T0

(A) (B)

Fig. 49 The Mn-doped AFM DOS both (A) for +4eV, and (B) a more localized expanded
view near Ey.

This is in contrast to the Fe-doped case, whose AFM behavior was metallic. In
Fig. 50 the d-orbital behavior is examined, revealing that unlike the FM case only the d,,,

lying in the valence region, with the rest up in the conduction band.

©
Q.

d_td ds 1d2 2

Xy yz | “xz z X-y

DOS (#States/unit cell)

Fig. 50 The AFM d-orbital splitting behavior for Ni;Mny(CN)s.
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The AFM band structure is illustrated in Fig. 51, evaluated in the energy range -
1.6eV to 1.8eV. From the figure’s expanded plot in Fig. 51(B), there are no energy bands

which are partially occupied, making this a semiconductor with a band gap 0.26¢eV.

06
(A) 3 = *
1.8 ! -
"""" 0.2
1] S— e 0.0k  — < i
o M I X W r
®
T (B)
1.8 :
Y I X W I

Fig. 51 (A) Mn-doped AFM band structure, and (B) expanded band indices near zero
energy.

In Fig. 52, the contributions of the split d-orbitals are shown near zero energy. As
with the DOS, only the d,, orbital sits at the top of the valence band. The rest of the
orbitals for the transition metal ions are up in the conduction band, although the band gap
is again extremely narrow. Given the metallicity present in both FM and AFM Fe-doped
cases the expectation was that both Mn-doped forms would show an even greater
predisposition to metallic behavior. Although the difference the calculated magnetic
moment for this structure and its iron-infused cousin was proportional to the expected

valences for each, the AFM case for Mn is nonetheless non-metallic.
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Titanium-doped Nickel Cyanide:

Titanium (T1i) is the first of the transition metals along Period 4 which we studied.
In our 20-atom unit cell, the use of Ti at the nitrogen-centered sites will result in a total
electron count of 100. From the energy stability evaluation we found that Ti-doped nickel
cyanide was partial to its antiferromagnetic phase and had the largest temperature
differential of any of the dopants, -688.84K. In contrast to Fe and Mn, this atom type has
almost completely empty orbitals in its 3d-subshell. Each Ti ion has an extra +8 g, to
contribute to the conduction band, giving a total of +16 g,. The valence shown in Fig. 53
for this element shows only two electrons in the dy, and d,,, orbitals, both with the same
spin.

Titanium: [Ar] 3d'4s”

d d_> d2 >

Xy yzZ XZ z X~y

Fig. 53 The electron configuration and d-orbitals filled for Ti.

For the FM case, the lattice constant found from relaxation of inter-atomic

distances was 10.1 81&, somewhat larger than the experimental lattice constant.

A comparison chart is seen in Fig. 54, where there is a significant increase in the
inter-atomic distance for the nitrogen-centered sites where the Ti atoms have been
substituted, from 2.01A to 2.085A. The self-consistent calculation was performed, and
the integrated DOS revealed that the “up” spin was the majority, while “down” was the

minority spin. The total and localized DOS are seen in Fig. 55.
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In the exaggerated plot in Fig. 55(B) there can be seen in the spin-resolved upper

panel a band gap of 0.15e¢V, showing that this structure with this magnetic disposition is a

semiconductor.

N|2T|2(CN)8 Ex{p oo,
inter-atomic .
Bonding Type Distances ( 3‘-) §r§§i§$§nc (A)
Ni-C 1.870 1.829
C-N 1.150 1.177
N-Ni / N-Ti 2.010 2.085

Fig. 54 The comparison of inter-atomic distances for the experimental
and Ti-doped lattice constants.

Since Ti has a significantly smaller expected and calculated magnetic moment
than that of either Fe or Mn, the expectation would be that this is material would be less

or non-magnetic, confirmed by this result.

140F T 1 401 ~
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(B)

Fig. 55 In (A) the total DOS and (B) expanded view of DOS for Ni;Ti2(CN)g, spin-
resolved FM case.
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Fig. 56 shows the d-orbital splitting of the majority spin states lying in the region
near the Fermi level. This split shows the d,,; and d,, orbitals for this spin contributing
in the valence region while the rest of the orbitals reside up in the conduction band. This

is curious in that the dy,, orbital, so far the consistently lowest in energy in the other

structures, is now also unoccupied.
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Fig. 56 The d-orbital splitting for the majority spin FM DOS.

Another point of interest is that where the Fe- and Mn-doped structures contained
states near E¢ in the minority spin, here this behavior is seen in the majority spin. Next the
band structure is considered, illustrated in Fig. 57. The energy bands are again spin-
resolved into majority and minority, and shifted to zero energy. As in the DOS, the
majority spin shows a very thin band gap of 0.15eV, and the minority spin has no
eigenvalues near zero energy. Next the band structure is considered, illustrated in Fig.

58. The energy bands are again spin-resolved into majority and minority, and shifted to

Zero energy.
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Fig. 57 The spin-resolved FM Ti-doped band structures for the majority and minority

spins.

As in the DOS, the majority spin shows a very thin band gap of 0.15e¢V and the

minority spin has no eigenvalues near Er. The band indices around the Fermi level were

confirmed to be either fully occupied or unoccupied, as seen in Fig.

0.26

-0.45

TR T |

58.

Fig. 58 A close-up of the Ti-doped minority spin FM bands near zero energy,

which shows no partially occupied bands.
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The AFM self-consistent calculation yielded the total and localized density of
states as seen in Fig. 59. As in the Mn-doped case, this structure has a band gap of

0.26eV and therefore exhibits semiconductor behavior. The majority spin d-orbital split

is shown in Fig. 60.
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Fig. 59 The (A) total DOS and (B) expanded view of DOS for Ni,Ti2(CN)s, spin-resolved
AFM case.

The spin-resolved band structure 1s shown in Fig. 61, again shifted to zero energy

and with the same band gap of 0.26eV.
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Fig. 60 The d-orbital splitting for the majority spin AFM DOS.
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The results for Ni;Tio(CN)g show a material that is a magnetic semiconductor

regardless of the orientation of the magnetic moments on the nitrogen-centered transition

metal ions.
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Fig. 61 (A) The AFM Ti-doped band structure, and (B) bands close to zero energy.



CHAPTER VI
SUMMARY

Using density functional theory with spin-resolved local density approximations
(LSDA), we investigated the electronic structure properties of monolayer nickel cyanide
(Nig(CN)s) and its transition metal-doped variants. Working from experimental data and
a 20-atom unit cell we relaxed the inter-atomic distances to find a minimum lattice
constant for the structure of 9.6865A. One interesting result was the shortening of the N-
Ni distance from the experimental values so that it was nearly equal in length with that of

the Ni-C distance.

Then the density of states (DOS) for this new structure was calculated, showing
that Nis(CN)s is a narrow-band semiconductor with a band gap of 1.4eV. Splitting the
DOS into its component s, p, and d orbital contributions revealed the dominant presence
of d at the Fermi level (Ey), which could only come from the Ni atoms. Then the d states
were decomposed into their respective orbitals. Since the structure is square planar the
d,y has the lowest as it has no direct repulsion from the CN- ligands. The d,> orbital is
next, having only a small, localized relationship with the x-y axes. The d,,, and d,, are

degenerate, and the d,2_,2 has the highest energy, being the only orbital directly residing

along the xy-axes, which face direct repulsion from the ligands. These results all confirm

expected behavior via ligand field theory.

60
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The band structure confirmed this result. Analyzing the eigenvalues in k-space
along the edges of the square planar Brillouin zone (BZ), the plot showed a

semiconductor with a band gap of 1.7eV.

Next, we attempted to replicate the results of the experiment® by replacing
nitrogen-centered Ni atoms with Fe atoms. Electronically, we expected this material to
be a non-magnetic metal due to the +2 g, charge contributed to the conduction band from
each Fe ion added to the unit cell. However, since this is a new material we took into
account the possibility of magnetic behavior by applying to the Fe atoms both a
ferromagnetic (FM, magnetic moments in the same direction) and antiferromagnetic
(AFM, moments in opposite directions). The inter-atomic distances were relaxed, and

once again the N-Fe length shortened to nearly the same as the Ni-C.

For the Analysis of the DOS revealed a surprising result: the spin-resolved
minority states were metallic in nature, while the majority spin was insulating. This half-
metallicity showed a new d-orbital splitting regime, apparently due to the presence of the
Fe atoms. In the FM minority spin, d,2 has now increased in energy and is in the
conduction region. The dy, and d,z_,2 orbitals are in the valence and conduction
regions respectively, while the d,,, and d,;, are partially occupied and responsible for the
metallicity. Again, the band structure confirmed this. In AFM, the DOS result was a
metal. Here, the d-orbital splitting is the same as the FM variant but the forced
orientation of the magnetic moments causes both spins to become metallic. Calculating
the energy difference between the two orientations revealed that FM was the more stable,

which would suggest its use as a monolayer with spintronics applications.
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This result led to the decision to explore other transition metal dopants at the same
nitrogen-centered sites in the structure, exploring both FM and AFM magnetic
orientations. It was shown that DFT was able to reasonably replicate the magnetization
of all the materials studied, compared with the calculated valence of the transition metal
atoms. When the relative stabilities were calculated, we decided to consider two other
cases of each type: Manganese (Mn) for FM and Titanium (Ti) for AFM. For Mn, the
FM case was found in DOS to be a half-metal but curiously the AFM orientation was a
semiconductor with a band gap of 0.26eV. In the case of Ti, both the FM aqd AFM cases

are semiconductors, with band gaps of 0.15eV and 0.26eV respectively.

In conclusion, Nis(CN)g can be doped with different transition metal atoms to
create different monolayer materials ranging from thin-gapped semiconductors to metals
to half-metals. Future work on this material would involve examining two or more layers

of the material, to see what electronic structure effects might be present.
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