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CHAPTER I

INTRODUCTION

The aim of the present work is the determination of
the one-electron energy band picture of manganese fluoride
(Man) by means of the Augmenﬁed Piane Wave (APW) method.
The potentials used in the calculations are considered to
be representative of the "paramagnetic” and antiferro-
‘magnetic states of MnF,. Since MnF

2 2

classic antiferromagnet' the study of its eneroy band struc-

may be ccnsidered a

ture is of importance in investigating the propertiess of
insulating antiferromagnets.

The remainder of the introduction gives a brief
historical background of the APW calculation and presents
a general description of the assumptions necessary for its
implementation, Chapter II is a description of the theory
involved in setting up the one-electron Schrddinger equa-
tion, including the determination of the Muffin-Tin potential,
the APW functions, and the APW matrix elements. A simplified
secular eguation is given in terms of two and three dimen-
sional arrays which are energy independent. The modifica-
tions in the secular equation arising from the application
of group theory are also considered. In Chapter III, the

general APW method is applied to the specific case of MnF, .



The crystal structure and the lattice parameters are given‘
and the various quantities appearing in the secular equation
are evaluated for the "paramagnetic",and antiferromagnetic
cases. This includes the applicable group theory for MnF,
at the T point (centre of the Brillouin zone) and along the
A line (the (0,0,C*) direction in the reciprocal lattice).
Chapter IV presents the results of the band structure calcu-
lation for the "paramagnetic" and antiferromagnetic states
of Man.

The APW method for computing the energy band struc-
ture of a periodicrsolid was first proposed by Slater in
19371. Owing to the general unavailability of high speed,
large memory computers, widespread use of this approach was
not possible until the 1960's. Interest then began tc shift
from the study of the simple metals by the nearly-free elec-
tron model to that of the transition elements requiring a
more sophisticated treatment, such as the APW. The adap-
tability of the APW method to different solids and crystal
structures has led to a great increase in the number of
calculations performed cver the last few years. An excellent
survey of such calculations, reported in the literature,
is given by Loucksz. Also reported there is a comparison of
the available methods for the calculation of the band struc-
ture of a solid, with an explanation of the conditions

necessary for their application.



Basically, the APW method involves solving the cne-
electron'SchrSdigger equation., The potential used in this
equation is that due to the presence of the nuclei, which
are assumed to be stationary, and the other electrons in
the material, This is a simplification of the problem in
that the motion of the nuclei should he accounted for in
an exact solution rather than assuming that they remain
motionless in a perfect lattice., The electron contribution
to the one-electron potential must also be approximated.
Usually this is accomplished by an average-field calculation

3,4 or the Hartree—Fock—-Slater5 methods.

such as the Hartree
A potential is set up which reflects the action on an elec-
tron due to the nuclei and some averaged fieLd cf the
remaining electrons. This potential is substituted into

the one-electron Séhradinger equation. The energy eigen-
values are computed by solving a secular equation which is
bdeveloped from the one-electron Schrddinger equation given
in Chépter II, The wave functions which correspond to occu-
pied states are used to calculate the charge density which
then yields a new potential, This potential should then be
compared with the original, and through a process of itera-
tion, the potential is made self-consistent, The require-

- ment of self-consistency leads to a relatively accurate

approximation of the true potential in the crystal. It must

be noted that although the self-consistency criterion is



applied in atomic structure calculations, usually only the
first iteration is used in band structure determinations

because of computer time requirements.



CHAPTER II

THEORETICAL DEVELOPMENT
A, BACKGROUND

The electronic potential energy in a single ideal

crystal may be written as
V(x) = V(r+T) (1)

where r is some vector in the crystal as shown in Fig. 1,
and T represents the lattice vectors or the positions of
the unit cells in the crystal. The vector T may be written
as

T = Tli + TZE + T3S (2)

where a, b and ¢ are the basic or primitive translation
vectors for the lattice and Ty T, and T, are integers.
The objective of the energy band problem is to solve the
one-electron Schrddinger equation for an electron in a
periodic solid undér the influence of a potential of the
type given by equation (1). The one-electron Schrddinger

equation may be written as
2
HY (r,k) = [-v74+v(x) Iy (z, k) = EkK)¥U(xz, k). (3)
Atomic units have been introduced in equation (3). 1In

the atomic unit system energy is given in Rydbergs (1

Rydberg = 13.6 electron volts) and distances are expressed



in Bohr radii (1 Bohr radius = 0.52 A).
The wave functions ¥ (r,k) in equation (3) are ack-

6,7,8

nowledged to be of the Bloch form , meaning that they

satisfy the condition
Y(x+T, k) = exp(ik-T)¥(x, k) . (4)

Additionally, Bloch's Theorem states that the eigenfunctions
of the wave equation for a periodic potential are of the
form

Yz, k) = exp(ik-r)u(r, k) (5)

‘where u(r,k) has the periodicity of the crystal latticeG,

ie. of the potential V(r). Therefore

u(r+T,k) = ul(r, k). (6)

From equations (4), (5) and (6), it may be seeﬁ that
|W(£,5)[2, the charge density, obeys an eguation similar

to equation (1), but the effect of a translation, T, on

the wave function {(x,k) is multiplication by a phase factor,
exp(ik+T). A reciprocal lattice vector, G, may now be

defined as

G = 2m(ha” + kb* + 2c) (7)

* .
where a , g* and g* are the primitive vectors of the reci-
procal lattice of the crystal, and h , k and 2 are integers.
If, in equation (4), the wave vector k is identical to

. a reciprocal lattice vector G, then the phase factor



exp (iG+T) is equal to unity. This means that the wave func-
tion ¥ (x, k') with wave vector k' = k+G satisfies equation
(4) as if it had the wave vectorv&. The problem is now
simplified in that to construct the complete piéture of the
electronic behaviour in a crystal only wave vectors inside
the first Brillouin zone need be considered,

As well as simplifications resulting from trénsla-
tional symmetry, the introduction of éroup theory eases some
of the complexity cf the APW calculation, According to
Kosterg, the wave function W(E;ﬁ) transforms according to
an irreducible representation of the group of the wave
vector, k. This grcup consists of all space group operations
whose rotational (proper or improper) parts R satisfy

the relationlO

Rk =

—

I~

+ K (&)
oL

where K is a reciprocal lattice vector,
B, THE MUFFIN~TIN- POTENTIAL .

One of the most important aspects of an APW calcula-
tion is the determination of the periodic potential V(r).
The APW method presupposes a periodic- potential aptly named
by Slaterl the "Muffin-Tin Potential". 1In this picture,
the crystal is divided into two distinct regions, with a
different foxm of potential assumed for each région.

. . 2 - .
"Muffin-Tin Spheres"”™ are chosen around each unit cell atomic



site, inside of which the pofential is assumed to be
spherically symmetric, ie. of the form V(lgfgn]). The
sphere radius is labelled Rn’ where the subscript n re-
presents one of the different atoms in the unit cell, An
illustration of this convention is shown in Fig. 1. The
region between the spheres is chosen to be of constant po-
tential, Vs The sphere radii, R_: in the unit cell are
chosen so that the spheres from neighbouring atomic sites
do not overlap. The spheres are usually made to touch
along a line joining the nearest-neighbour atoms. The
resulting potential is of the form given in Fig. 2 for a
direction in a two-dimensional lattice in which the spheres
do not touch. The actual calculations of the spherically

symmetric potentials for this work on MnF, were performed

2
by E. R. Cowley, and thus only the general procedure in-
volved will be discussed hére.

The Muffin-Tin Potential is usually considered to
consist of two main cocntributions: the Coulomb potential
Vc (|£~£n|), due to the nuclei and éll the electrons, and
an approximated averagéd exchange potential Vx(l£~£n|).
These'fwb contributions are evaluated separately and then
added td give the total potential inside the spheres,

The Coulomb potential inside a particular sphere

is made up of two terms. The first term is due to the

charges from the ion inside the sphere, Ionic wave func-



Figure 1

The nth

unit cell atomic site or APW sphere
showing the convention of symbols used in the

calculations

Figure 2
APW or Muffin-Tin potential for a direction in
a two-dimensional lattice in which the spheres do

not touch
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tions obtained by Clementill by means of an analytical
Hartree-Fock procedure are used to calculate the charge
density. The resulting contribution to the Coulomb poten-
tial is then computed.by integration ie. CGauss' Law of
electrostatics. The second term of the Coulomb potential
has two parts. The contribution from the distant charges
is handled by a Madelung sum which is evaluated by a com-
puter program based on the procedure given by Born and Huangl2
The nearby charges which overlap into the sphere are spheri-
cally averaged by a LOwdin procedurelS. The charge density
which extends into the sphere is computed from the ionic wave
functions. These two terms are added to arrive at the total
Coulomb potential, VC(IE’EHI)'

The exchange potential is calculated by a method which
is referred to as the Slater free electron exchange approxi-
mation., About an ion at r, (Fig. l); the electron charge
density is computed from the ionic wave functions. 1In

1/3

what is called "Slater's p term”, the exchange potential
is proportional to the cube root of the charge density. This
result is quite good £for a free electron gas and is thought
to be a reasonable approximation in band structure calcula-

tions. The exchange contribution to the potential may

then be wri 't:.ten2

v Uemx, ) =6 G- p(lzg, D7 (9)
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where p(i£—£n|) represents the crystal electron density.
It has been suggested that alternative schemes be used for
the calculation of the exchange term, One of these is the
exact Hartree-Fock method, which is discussed by Slaterl4.
* The other is a modification of the free electron exchange
suggested by Kohn and Scham15 in which an exchange potential
that is 2/3 as large as Slater's is proposed. It is thought
that a multiplicative parameter which may vary from 2/3 to
1 should be included in equation (9) to give accurate energy
band results.

A shift in the potential is usually made to make the

contribution between the spheres equal to zero. The potential

inside the APW spheres is then given by

A=A = Vo llz-z 1) - v . (10)

VT(lE”EnI) is the total Muffin-Tin Potential which is the
sum of the Cculomb and exchange contributions. The spheri-
cally symmetric potentials from nearest néighbour ions arev
plotted as in Figs. 4 and 5. The energy at which they inter-
sect is Vc, which is then subtracted from the potentials to
make the potential between the spheres equal to zero.
Corrections to this potential are discussed by
Mattheiss, Wood and Switendicklo, Schlosser and Marcus16

and DeCiccol7. As these refinements were not used in the

calculations, they will not be discussed here.
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C. APW FUNCTIONS AND MATRIX ELEMENTS

The solution tc the one electron Schrddinger equation
(3) may be written as a linear combination of linearly in-

dependent basis functions, ¢(£;£1,E):

Vi) = T oelkp)e (miky B) (11)

where &i = k + Ei’ and Ei are reciprocal lattice vectors,
This means that the sum is carried out over the reciprocal
lattice vectors. The number of terms which are included in
the sum is dependent on the degree of convergence which is
required. An upper limit to the number of terms is deter-
mined by time limitations on the computer. The C(Ei) are
variational coefficients or pransion parameters, and the
¢(£7E1'E) are Augmented Plane Waves.

Outside the APW spheres, the Muffin-Tin Potential has
been set equal to zero. This means that solution of the
Schrddinger equation.yields plane waves with wave vectors

k;, and the APW function is given by
v (rik, ,E) = eXP(‘il_c_i-_r_). . (12)

This soluticn is acceptable as it satisfies the Bloch
condition (4).

Inside the APW spheres, the solution is more difficult.
The potential here is spherically symmetric, and the APW
function ¢(£;Ei,E) is expanded in spherical harmonics about

the sphere centre r, as
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w 2
¢ (x;k,,B) = T oA, (k)u, (IRGEYY . (8,0) (13)
== =0 m=-2% 2m oL 2m

where R =r=X. v according to the convention of Fig. 1. The

functions uz(lE[;E) are solutions of the radial Schrddinger

equation
du
l d 2 £ 2 (+1) . =
" Srar Wogw) G VR URDIw =m0

where Vn(iB|)iS the spherically symmetric potential V(|£f£n])
which is centred about the atomic site at L The solutions

to the angular counterpart of equation (14) may be written as

— (_1yIn 29+1 (- m )! .
Yzm(6,¢) = (-1) /_~ iy ¥y s exp(1m¢)P2m (cos9) (15)

The coefficients AK (&i) in equation (13) are evaluated by
m

requiring that the Ewo solutions represented by equations
(12) and (13) be continuous at the nth APW sphere boundary.
The slope of these functions; hqwever, is not continuous at
this point, |

The plane wave solution, (12) is expanded in spherical
harmonics about the nth sphere centre at‘En. It may then

be written as

¢ (xik,,B) = exp(ik;-xr) = explik,-{r +R)]

= exp (ik.-r )exp(ik;-R) (16)

. 1 -
According to Slater”™, and Powell and Crasemannlg, the second

term, exp(ik.*R}, may be expanded as
&= puball, [


http:v<l.:s-E.ni
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e 9’ » * /\' ‘
exp (ik,*R)=41 I % igjz(k;R)Yl kv,
=0 m=-9% - m m

(R) (17)

where ﬁi and R represent the angular parts of £i and R
respectively and jg(kiR) is a spherical Bessel function of

order £. The plane wave expansion of the APW then becomes

o 1)
¢ (x; k (E)=4mexp (ik £n) L. I

2’ v
8=0 me—g * Jg (K R)Y

le m

This function may then be evaluated at the surface of the

nth sphere of radius Rp, and set equal to the ¢(£;£i,E)

+

‘appearing in equation (13), as both functions are now cen-

tred about the atomic site at I, As a vesult, the AQ (Ei)
m

may be readily evaluated.

. 3 . ‘-_Q,- * A . . . .
Alm(ki) = 4ﬂexp(1_]§i En)l ]Q(kiRn)YRm(ki}/Ll(Rn'E) (19)

Here R represents the radius of the nth APW sphere. The

detailed form of the spherical harmonics is given by

- Powell and Crasemannlg.

* o _ m /2941 (= m )! s )
Yzm(ki) = (=) T GF W7 exp ( 1m¢i)P£n (cosei) (20)
t
Substitution of (20), (19) and (15) into equation (13) then

yields the detailed form of the APW function inside the nth

sphere. The total solutlon is then given by

1}

¢(£;£i,E) exp(iEi-E) (outside sphere n) (21)
o 2 (kR)

&
exp(lk ‘r, )z Yo(2e+41)1 [ la, (|R
£=0 m=-g (R PE)

¢ (xik, E)

* A ~
(ki)Y2 (R). (18)

1 E)
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—~—
)
i
=
S

i
X <~ P (cosh)P

(cosB.)explim{¢-¢.) ]
Ym| . m| * *

P
P
+
=

(inside sphere n). -(22)

Equations (21) and (22) are the exact solutions for the
APW functions outside and inside the Muffin-Tin sphere, n,
respectively. However, their slopes are discontinuous at
the sphere boundary, Rn' which is an unaccgptable condition
for a sclution of the Schrddinger equation. To correct this
condition, a linear combination of. these APW's must be taken
as indicated by equation (11) with the coefficients c(&i) to
be determined variationally.l'z’16
n The éxpansion of equation (11) for y(r,k) is then
substituted into equatidn (3).

[—V2+V(‘lr—£p|)lz c (k)¢ (riky ,B)=E(X) 2 c(k.) o (r;k.,E)  (23)
, ==nl Ty Tl =y TSR

Multiplication through on the left by ¢*(£;Ei,E) and inte-
gration over a unit cell of the crystal yields the secular
equation

.

jzl (HwE)ij C(gj) =0 i=121,2,...N (24)
where N is the total number of reciprocal lattice vectors
taken for the calculation. Substitution for ¢ along with its

orthogonality property yields the result given by Slaterl

for the matrix element (H—E)ij.
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(H-E)

——-____wj:.j- = . - F 7 _l ' sl ‘a— .
T sy RIS Gy oK) £ 0T D expldGyuky) r I, gy (25)

where @ is the volume of the unit cell for the crystal and

Fn,ij is given by the expressiocn
-— 2 — ‘e ,_. -1 - —
Fn,ig = ATRpL- kg o ky=B) 3y (k=K [RG) /] kyk, |
oo R .
+ zio(22+1)P2(ki°kj)3£(kiRn)jz(ijn)uz(Rh7E)/u£(RnfE)]'(26)
A _}ij
In equation (26), ki is the unit vector TEET and the P, re-

present Legendre polynomials., The quantities ug'(Rn;E)/
uz(Rn;E) are called logarithmic derivatives and are dependent
on energy as well as angular momentum and the nth sphere
radius, They are calculated from the radial Schrddinger
equation, (14), by numerical methods as given by Loucksz, pag.
56. The spherical Bessel functions, jz, and the Legendre
polynomials appearing in equation (26) may also be numerically
evaluated by using appropriate recursion relationshipsz’G.

It should be noted from equation (26) that Fn,ij = Fn,ji
and thus the matrix (H—E)ij isvhermitian. When ﬁhe origin
of coordinates for the crystal is chosen to be at a centre
of inversion, the vectors r, occur in pairs ie. r, = -,
etc., and the imaginary parts of the structure factor,
exp[i(£j—§i)-£n] appearing in equation (25), cancel out,

leaving terms of the ferm 2COS[(£j—§i)‘£n]‘ Further simpli-

fications employing group theory will be discussed below.
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In general, non-trivial solutions of equation (24)
exist wﬁen the determinant of the ma£rix (H-E) goes to zero.
Thus det (H-E) is evaluated as a function of energy, and the
eigenvalues Ei’ for which the determinant vanishes, are
recorded., The determinant is evaluated for several energies
for each point in the first Brillouin zone at which the
energy levels are required. The resulting points are plot-
ted for a given direction in the reciprocal lattice, yielding
the energy bands.

The sum over £ in equation (26) is usually cut off
at about 2=10 to yield an accuracy of a few thousandths of

a Rydberg. 1In the case of MnF the cutoff point was taken

2l
to be 2=12, To further simplify the calculation, the terms
in the matrix (H-E) which are not dependent on energy are

written in two and three dimensional arrays. Equation (25)

may then be written as
t

2. .
max (n)'uz(Rn'E)

Q—l(H-E)ij = "E Ay + By o+ i %EO Cijn ﬁ;Tﬁ;TET (27)
where
13 = ey - 1 ann
Vn .
f[ vil exPIi(&j—Ei)°£§J]jl({5j"5ian)/ Ej‘51|(28)

Byy = (kyky)hyy (29)
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(n) _ 2,1 . . ~or
Cijz = 4TR-Q (251+l)jz(kiRn)jl(ijn)Pz(ki kj)
AY
n .
x [vil expli(k =k;)-r,l] (30)

where the sum over all atoms in the unit cell is split into

two; the first, over n, represents the inequivalent atoms

of the unit cell, and the second, over v counts all Vo atoms
of the nth type. This is the method suggested by Mattheiss,

Wood, and Switendicklo.

D. SIMPLIFICATIONS USING GROUP THEORY

The previous equations for the APW matrix elements
were arrived at by using only the translational symmetry of
the crystal. This method must be used when one is considering
general points in the first Brillouin zone. However, only a
limited number of reciprocal lattice vectors, Ei’ can be
included in such a calculation owing to time and space limi-
tations on the computer. Simplifications arise when states
are considered whose wave vectors are in symmetry planes or
lines or at symmetry points of the Brillouin zone. The group
of the wave vector, Gk’ then includes rotations and reflec-
tions. -

According to the representation theory of groups,
the matrix elements cf ({H~E) which connect states that trans-

form according to different irreducible representations of the
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group G, are zerolg. The (H-E) matrix may then be block-

k

—

diagonalized, according to the irreducible representations of
Gk’ into sub-matrices which are non-interacting. In the

c;se of two or more dimensional representations, matrix
elements which connect partners of the same representaticn

are zero ie, these represent the degeneracy of the state,
Under this scheme, the resulting energy solutions (bands) may
be associated with the various irreducible representations

of the group. |

Outlines of group~thecoretical techniques for symmor-
phic space groups can be found in standard textslg. For the
case of non-symmorphic space groups, which contain elements
combining reflection or rotation with a non~primitive trans-
lation, the same basic technigques are applicable, waever,
care must be taken to keep track of which group operators
include a non-primitive translation. The specific case of
MnF., is discussed later.

If one designates a space group operation by R, which
is represented by é matrix, Fij(R)’ o being the representation
under consideration, then the basic equations given by
Mattheiss, Wood, and Switendick10 are valid. The equation for

the (H-E) matrix then becomes, for the ath representation:

N0 o * . N .
-y - (g&o LTy (R <o sk B) [H-R] (RS B) > (31)

Upon substitution for ¢(£;Ei,E) and integration, the symmet-
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rized eqguivalent to eguation (25) becomes

1 o g o * ,
9] H-E) ., = (&) ¢ IT R k,*Rk.-E)S(Rk. , k.
( )ij (na : 11( )1 {(”l RK; ) (~~3’—1)
-1 o .
+Q Tz efol(ggj k) En]Fn,ij(R)}, (32)

n

where the expression for Fn ij(R) is given by
7

. ——— * 2 — - J— 1 - -
F !ij(R) = 4nr {-(k, §5j E)Jl(lggj §i|Rn)/‘§§j gil

n
= N _ u, (R ;E)
+ QEO (2£+1)P£(ﬁi.gﬁj)jl(kiRn)jl(ijn) GETEE?ET} (33)

In equation (32), n, is the dimension of the ath irreducible
representation, g is the order of the group, Gk,and R indi-
cates that the space group operaticn R, when a:tinq on a
wave vector yields another vector.

Equation (32) may also be written in terms of two and
three dimensional arrays similar to equation (27) for the

unsymmetrized matrix element.

L. '
. 1 E)
-1 o o “ max a(n) U (Rn,
Q H-E).,. ==EAY., 4+ BY. + £ I c. . P 34
( )lj ij ij n =0 ijg [ug(Rn;E)]’ (34)
where
[ | G * _ _ 52,1
A = (;;) é [ry; (R {5(5Ej'51) i 4R

h o i -] iy S - -
x (% exp[1 (R ~k;) r,133, iRk, 5i|Rn)/|55j k; 1} (35)
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O _ (9, o .*/h. {8 (Rk. k.) ~ T 4TTR2S2—1
Bij (noc,l IZQ '[Fll (R)] \_}f_l 13&3){ (:v-"j'ml) z :
\)n
L (Rk. *k:)ex )] -k, |R -k, 3
x| i exp [1(13_}_‘_3 E.L) _I_'\)])Jl(“}}jj '}Ei Pn)/iI}]}_j _]Ell} (36)

an) _ g 2.-1, . . e
Cijz = (n;)4ﬂRnQ ‘22+l)]2(ijn)j£(KiRn)
v
n
a * | . ~ A
x {z [T R) ] v expli(Rk.,~k.)er 1)P_ (k.-Rk. 37
DTy ()0 (T expligh-ky) oz 1)y Oy Bhy)) (37)

Although the use of Symmetrized Augmented Plane Wave functions
(SAPW's) complicates the form of the (H-E) matrix elements,

the resulting block diagonalization decreases the number of
such elements which must be calculated. The above equations

have keen programmed for MnF

~

L

2 using the outline given by

Loucks”™ in Appendix 5,



CHAPTER III

IMPLEMENTATION FOR MnF2

MnF, has a tetragonal crystal structure, with two

Mn+2 ions and four F ions per unit cell, The cell dimen-
sions are given by the lattice parameters c¢ and a, which
have keen found to bhe 6.25490 A.U. and 9.2095 A.U. respec-
tivelyzo. The positiong of the various ions in the unit

cell are specified by

+
un*?: £(0,0,0), (3,5,

F : #(u,uv,0), (u + %, = - u,

N} -

where u = 063120, The projection of the structure on the

a-b plane is shown in Fig. 3.

A. DETERMINATION OF LOGARITHMIC DERIVATIVES

The first step in the caiculation is to determine the
muffin-tin sphere radii for the manganese and fluorine ions.
Two distinct cases have been treated, that of "paramagnetic"

MnF., and antiferromagnetic MnF

5 In the latter case, the

2'
two manganese ions in the unit cell are considered different,
one having all five d electrons with spin up, and the other

with all five spins down. This means that an up-spin electron

experiences a different potential in the regions of these

22
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Figure 3
The projection of the MnF ., crystal struc-

ture on the a~b plane.
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two ions. As we shall later seé, this effectively reduces
the symmetry for the SAPW calcuiatiqns.

The ionic potentials, including Coulomb and exchange
contributions, were supplied by E. R."Cowley, on a logari-
thmic grid described by Loucksza The grid has been linearized
and the results plotted as functions of distance from the
particular ions involved, in steps of 0.05 A.U. The shortest
inter-ionic distance is between Mn+2 at(0,0,0) and F at
(—u+£, —%+u,%) ie approximately (1.75, -1.75, 3.13) A.U. All
potentials as well have been corrected for the Madelung
Constantvas supplied by C. V. Stager. For the Mn+2 potential,
this correction is +1.528 Rydbergs and for the F  potential
it is ~-0.875 Rydbergs. Figs. 4 and 5 show the coxrrected po-
tentials for the "paramagnetic" and antiferromagnetic cases
respectively.

2 and F potentials from Fig.

The intersection of mn”*
4 is seen to be at 2.125 A.U. from Mn'? and 1.863 A.U. from F .
The corresponding points on Loucks' logarithmic grid may be
calculated as 192 for Mn'? and 189 for F~. These are the
muffin-tin séhere radii for the manganese and fluocrine ions.
The constant correction to the muffin-tin potential to
make it equal to zero between the spheres is seen from Fig.
4 to be 1.1 Rydbergs for the case of "paramagnetic" MnF, .

Similarly, for antiferromagnetic MnFT the corrected

2’

potentials have been plotted in Fig. 5. As discussed previously,



Figure 4

2 and FT ions

The ionic potentials for the Mn
used in "paramagnetic" case. Corrections have

been included for the Madelung Constant
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there are two types of manganese ions in the unit cell,
These have been labelled Mn+2A and Mn+2B, corresponding to
spin up and spin down respectively. It is seen that the Mn+2A
intersection with F  occurs at 2,180 A.U. from Mn+2A and
the Mn+2B intersection occurs at 2,035 A.U. from Mn+2B, or
at grid points 192 and 191 of Loucks' grid respectively.
The fluorine sphere radius is chosen to be the_distance from
the F~ site to the intersection of the F  potential curve with
that of Mn+2A to eliminate the possibility of overlapping
spheres. This distance is found to be 1.8081 A.U. or Loucks'
grid point 188, It is evident in this case that there are |
two possible constant energies which could be added to the
potentials in an attempt fo make the potential between the
muffin-tin spheres equsl to zero. These correspond to the
intersections of Mn+2A and Mn+2B with F . The constant
chosen was that appropriate to the Mn+ZB case and may be seen
from Fig. 5 to be 1.0l Rydbergs. The smaller constant was
used to ensure that at no time would the muffin-tin potential
become positive.

The parameters determined above may now be used to
o . . ; ‘uz'(Rn;E)
generate the logarithmic derivatives, GZTEE?ETF, for each
ion. These are required in the calculation of the SAPW
matrix elements given in eguation (34).

The computer program used to calculate the logarithmic

derivatives was that given by Loucks2 in Appendix 3, with



Figure 5
C . +2 +2
The ionic potentials for the Mn "A, Mn "B and
F  ions used in antiferromagnetic case. Correc-

tions have been included for the Madelung Constant,
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the energy dependence of the radial function and its deriva-
tive being fitted to polynomials of degree seven, The poly-
nomial coefficients of energy have been evaluated for values
of % from 0 to 12, The equation for the logarithmic deriva-

tive as a function of energy is then given by

7 :
u, (R ;E) r (QC)E”

P _ i=0
L, (E) = ® , (38)

uéTRh;E) (QD)iEi

il

™M

where QC and QD are the polynomial coefficients used to fat
the energy dependence of the radial function ul(Rn;E) and its
derivative ui(Rn;E) respectively. »

The resulting values for the logarithmic derivative
functions for the manganese and fluorine ions have also been
tabulated as a function of energy. The purpose of this was
to determine any singularities or zero crossings of these
functions which could possibly produce spurious solutions for
the (H-E) determinant.

For the "paramagnetic" case, the logarithmic deriva-
tives corresponding to £ values of 0, 1 and 2 have been
plotted in the energy range -1.6 to 1.6 Rydbergs, Those for
the manganese ion are showﬁ in Fig. 6 and for the fluorine
jon in Fig. 7. From Fig. 6, there is a singularity in this
enerqgy rangé for 2=2. Using a linear interpolation technique,
this singularity may be found to occur at 0.26 Rydbergs.

. 42 e X :
In thewparamagnetic'casefor Mn ~, this is the only singularity



Figure 6

Logarithmic derivatives for 2=0,1,2 for the

+2
n

M ion in the "paramagnetic" case
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Figure 7
Logarithmic derivatives for 2=0,1,2 for the F_

ion in the "paramagnetic" case
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which occurred in this range. There are two zero crossings:
for 2=0, at an energy of 0.28 Rydbergs, and for =1, at an
enefgy of 1.22 Rydbergs approximately. For the remaining
functions corresponding to £=3 to 2=12, there are no zero
crossings or singularities,

Considering Fig. 7 for the fluorine ion, the singula-
rities appearing are the one for 2=0 at -1.275 Rydbergs and
the one for %=1 at 0,103 Rydbergs. The only zero crossing
occurs for 2=1 at approximately-0.72 Rydbergs. The behaviour
of the fluorine logarithmic derivative function for the higher

% values is quite similar to that of the manganese ion.

Similar results for the antiferromagnetic case have

2

been plotted in Figs. 8, 9 and 10, for the Mn* A, Mn+28, and

F ions respectively, over the energy range -0.4 to 1.2 Ryd-

bergs. Singularities occur for: Mn+2A, ¢=2 at -0.16 Rydbergs,
e -

Mnt“B, g=2, at 0.589 Rydbergs, and F, %=1, at 0.365 Rydbergs.

The zero crossings may be found to be:Mn+2A, =0 at -0,048

Rydbergs, %=1, at 0,849 Rydbergs, Mn+2B, =0 at 0.575 Rydbergs,
2=2 at -0.131 Rydbergs. There are no such crossings for the
fluorine ion in the energy range being considered.

To illustrate the general behaviour of the logarithmic
deriVative functions for highexr 2 values, the reader is re-
ferred to Fig. 1l1. Shown here are the results for the anti-

ferromagnetic case of the Mn+2A ion over the energy range -0.4

to 1.2 Rydbergs. The energy dependence of the functions for


http:approximately-0.72

Figure 8
Logarithmic derivatives for ¢=0,1,2 for the Mnt2a

ion in the antiferromagnetic case
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Figure 9
Logarithmic derivatives for ¢=0,1,2 for

the Mn+2B ion in the antiferromagnetic case




33

(S2¥280AY) AOY3N3
3 ol 80 S0 %0 20 00 2:0- 0"
G-




Figure 10

Logarithmic derivatives for £=0,1,2 for the

F ion in the antiferromagnetic case
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Figure 11
General behaviour of logarithmic derivatives
for higher £ values for Mn+zA, & = 3 to 12,

antiferromagnetic case
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2=3 through 2=12 is very similar for both the "paramagnetic”
and antiferromagnéﬁic cases, and all ions concerned. At no
energy is the function ué(Rn7E)/u2(Rn7E) negative, and the
curves approach straight lines with very small negative slope
as the & value increases., Singularities occur for none of
these functions.

The various parameters and functions which serve as
the input data for the main SAPW program have now been deter-
mined, with the notable exception of the results of the group
theoretical calculations for "paramagnetic" and antiferro-

magnetic manganese fluoride.

B. GROUP THEORY FOR MANGANESE FLUORIDE
The space group Dig(P42/mmm), with the point group
Dyn and a tetragonal Bravais lattice were used in the calcu-

lations for "paramagnetic" MnF In the point group D

2° 4h'’

used at the T point, there are sixteen group operations which

are represented by the symbols XO’ Xil’ X2, YO’ Yil’ Y2,

1 ’ 1
o YO’ Y+i and Y2' The notation is that given
by Slateer. In addition, certain of these operators involve

a non-primitive f%,%,%) translation to preserve the symmetry

V L}
Xgr Zyqr X

of the structure. The resulting operators are those given
by Sil.alterz'L with modifications as proposed by E. R. Cowley
and C. V. Stagerzz, and are named in this work, the Slater-

Cowley operators, As can be seen from equations (35), (3€)



and (37), these operators act on the wave vectors &i = k+Ki.

For the specific case of the T point, k=0 and thus k; = K;.

The operator matrices which were employed are given in Table
1. An operation which involves a non-primitive, (%,%,%)
translation is indicated by a (%) sign after the matrix.

The behaviour of the various wave vectors under action
by the group elements in Table 1 must be investigated to

find the irreducible representations according to which the

wave vectors transform.For this calculation, the character

table for the group must be used. There are ten irreducible
representations for the group Dﬁh and they may be labelled

ks b | b * .

10 Tor T30 Tyy and FS . The character table then is as

given by Slater21 and is reproduced in Table 2, It is evident
that Pi; F;, T§ and Fi are one-dimensional representations
and that PE are two-dimensional representations., In the
case of the two~-dimensional representations, only the charac-
ters have been included in Table 2. To generate the charac-
ters for the primed group operators, the characters are the
same as in Table 2 for the representations with the super-
scripts +, and the negatives of these characters for the
representations with the superscripts -,

Wave vectors may be divided into sets such that all
members of a given set transform among each other under the
group operétions. It is sufficientbto consider only one

member of each set. Such wave vectors are called prototype
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TABLE 1

"SLATER~COWLEY OPERATORS FOR T POINT GROUP
THEORY FOR "“PARAMAGNETIC" MnF2

1 0 0 1 0 O
1
X, = |0 1 0 X, = 0 1 0
0 0 1] 0 0 -1
"0 1 0] o 1 0
' ,
Xl = |~1 0 0| (&) X, = -1 0 0 (%)
0 11 0 -1
|0 - ¢ 0
"0 -1 O 0 -1 O
|
X_g= |1 0 0] () X_q= |1 0 0f (2)
0 0 1 0 0 -1
~1 0 O] -1 0 0]
X =10-=1 0 x. = | 0-1 0
2 2
0 0 1 0 0 -1
L i B N
1 o 0] "1 0 O]
Yo = | 0-1 0 (%) Y(') = | 0-1 ol ()
0 0 1 | 0 0 -1
"o 1 0 "0 1 0]
1
v.,=| 1 0 0 v,,=|1 0 0
0 0o 1 .0 ¢ -1
0 -1 0] "0 -1 0]
]
= -1 = -
Y, 6 0 Y, 1 0 0
0 0 1 6 0 -1
-1 0 0 -1 0 0
1
Y, =| 0 1 0 (&} Yo= 1 6 1 0 ()
0 0 1 0 0 -1
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TABLE 2

CHARACTER TABLE FOR THE GROUP D4h
Xg Xy Xy X, ¥y ¥ Y, ¥,
bt
Fl 1 1 1 1 1 1 1l 1
+
Fé 1 1 1 1 -1 ~1 -1 ~1
i -
I3 1 -1 -1 ] 1 -1 -1 1
+
Pg 1 -1 -1 1 -1 1 1 -1
+. % "
X (rg) 2 0 0 -2 0 0 0 0

* . . . +
For the two-dimensional representations, TS’ only the charac-

ters have been included.
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wave vectors. By the standard technigues of group theory,
reducible represeﬂtations generated by using the prototype
wave vectors as basis functions may be calculatedlg. It is
important tovdistinguish between even and odd prototypes for
these calculations. The effect of a group operator which
contains a non-primitive translation is different for even
and odd prototypes. The decomposition of the prototypes

is accomplished by using the group character tabie and the
equation

a, = = z n_ x(clx.(c) (39)

J g élasses € ?

where ¢g is the number of elements in the group, n, is the
number of elements in the class, c, x(c) represents the
characters of the grcup and Xj(c) represents the characters
of the representation under consideration. a,. then is the
number of times the jth irreducible representation occurs

in the decomposition of the prototype wave vector under con-
sideration. The results for the prototype wave vector decom-
position at the T point for the "paramagnetic case" are
~given in Table 3. It must be noted that in Table 3 for the
caée of the two—dimensional representatiocns, Fi, only
specific prototype wave vectors may be used in the calculation.
The details have been worked out in collaboration with C.V.

Stager23 using projection operators and are shown in Table 4.
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TABLE 3

PROTOTYPE WAVE VECTOR DECOMPOSITICN AT THE T POINT FOR

THE "PARAMAGNETIC" STATE OF MnF2

{0,0,0) —_— I‘I

(a,0,0) 44 > Ty o+ T4+ T4

(a,0,0) o I"{ n 1":; + I’;

(212,00 g TS+ T ¥ 1Y

@2,0) g 11+ 1 + 1}

(0/0,0) oqg—— T} *+ T;

(0,0/0) gy F’jt + Ty

(@/b,0) qq™ ~ FI + F; F T3 4y 2ry

(a,b,0) (yeqn TI + T; + P§ + FZ + 21“;

N e LU R LR g

(aya,¢) yon™ F'{ + FZ + 1’; + 1“1 + 1‘:+ r;

e e L L LR

(a,0,0) yom FI + Fg + rg + T + Ty + I

(/b,0) qg—> Ty + Ty + T3 + Iy + 2I0 + I + I + I +r, +2r;

(2/000) g Ty * Ty * T3+ Ty % 215 + I7 + I + T3
+ T, + 2l
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TABLE 4

PROTOTYPES USED FOR TWO-DIMENSIONAL REPRESENTATIONS

AT THE I' POINT FOR "PARAMAGNETIC" MnF?

(a,o,o)even"wm~» (ta,0,0), {(o,ta,o0)
(a,o,o)odd e (0,%a,0)
(a,3/0) (yon™ (ta, *a,o)
odd '
(a,b,o)eve;—« (ta,tb,0), (tb,ta,o0)
odd
(a,a,c)evenw_mm+ (ta,ta,tc)
odd
(a'o’c)eveﬂ*“ﬂﬂﬁ (a,0,%c), (-a,o,tc)
(a,o,c)odd-»———+ (0,a,%c), (o,-a,c)
* %
(a,b,c)evéﬁ_—«~+ all prototypes may be used
odd

*
When two-2 dimensional representations are included
in‘the decomposition pairs of the type {(a,b,o0) and

(b,a,o0) must be used,

* %
When two-2 dimensional representations are included
in the decomposition the pairs (ia;ib,ic) and
(tb,ta,1c) must be used with any permutation of the

signs allowed.
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The symmetry is reduced for band structure calculations
along the A line (0,0,c*), The group becomes Chv and con-
tains only eight operations. These are operations which do
not include a horizontal reflection, The operator matrices
for C

o are then X, Xl(i), X—l(i)f Xor ¥ (), Yy, ¥ and

4 0 -1

Yz(i) where the notation and the matrices used are the same
as in the case of the T point group theory. The operations
are now performed on the vector Eiv= k + Ei of equation (11).
Here, k represents the point on the A line; (0,0,p) at

which the allowed energy values are being calculated and Ei
represents a reciprocal lattice vector. The irreducible

representations of the group C4V may be written as A A

ll 2/

A3, A4 and A where A5 is a two-dimensional representation,

57
Since the horizontal mirror plane has been removed, the
wave vector (a,b, =c) is not included in the same set as
(@,b,c). Using the character table for C4v21' the wave vector
decomposition is as given in Table 5.

Since for the antiferromagnetic case of MnF,, no
known tetragonal space group could be found, it was necessary
to use the orthorhombic group D%i(Cmmm) with eight operator
matrices and eight one-~dimensional irreducible representa-
tions for the T point., The Mn+2A ion was considered dif-
ferent from the Mn+25 ién and thus the eight (i) operations

from D,, connecting the two manganese ions in the unit cell

h

~were excluded. The remaining eight group operations are
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TABLE 5

PROTOTYPE WAVE VECTOR DECOMPOSITION ALONG THE A
LINE FOR THE "PARAMAGNETIC" STATE OF Man

(0,0,p) —— Al
*
(a’o'p)even — A1 + A3 + A5
k%
(a,o,p)odé-_“"+ A2 + A4 + A5
la,a,p) o Ay + by + Ag
odd
* %%
(a,b,p)evébwwmmﬁ Al + A2 + A3 + A4 + 2A5
odd
*

Wave vector er A5 must be of the form (a,o,p) or

(wa,o}p).

X%
' Wave vector for AS nust be of the form (o,a,p) or

(c,-a,p).

*kk ' . .
For two-2 dimensional representations the wave

vectors must be of the form {a;b,p) and (b,a,p)
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1 1

the same as for the "paramagnetic" case. The character

. ] 1 ] )
XO’ X2, Yl’ Y~l' Xy Xor ¥ and Y_. where the notation is

table for this group was calculated by standard techniques
using the basis functions x+y, x-y, -x+y and -x-y, with the
prescription that the rows of the table be orthogonal to one
another, The irreducible representations may be labelled

+ +

* + + t
1’ 21 113 and T,

character table for D

T all of which are one-dimensional., The

oh is given in Table 6,

Since all operations involving a non-primitive trans-
lation from Mn+2A to Mn+2B have now been(removed, it will
not now ke necessary to differeﬂtiate between even and odd
prototype wave vectors. By procedures identical to that for
the "paramagnetic" case, the decomposition of the prototypes
at the T point may be carried out yielding the results shown
in Table 7.

It must be ncted, from Table 7,‘that the number of
prototype wave vectors has increased due to the reduced
symmetry. This means, for instance, that the wave vectors
(a,-a,0) and (-a,a,0) are not generated by the action of
any group element on the prototype (a,a,o). In this case,
only the vector {(-a,-a,0) is generated, and (a,-a,o0) must
be included in a different set. Similar results hold for
the cases (a,a,c), (a,b,0) and (a,b,c).

As in the "paramagnetic" example, the horizontal re-

flection plane is lost for wave vectors on the A line., The
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TABLE 6
CHARACTER TABLE FOR THE GROUP D2h

X, Yy Y, Xév X; Yi Yil
ry 1 1 1 1 1 1 1
ry -1 1 -1 1 -1 1 -1
ry -1 -1 ] 1 -1 -1 1.
ry 1 -1 -1 1 1 -1 -1
r1 1 1 1 -1 -1 -1 -1
r; -1 1 -1 -1 1 -1 1
r; -1 -1 1 -1 1 1 -1

N 1 -1 -1 -1 -1 1 1



TABLE 7
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PROTOTYPE WAVE VECTOR DECOMPOSITION AT THE T POINT
FOR THE ANTIFERROMAGNETIC STATE OF MnF2

(0,0,0) ———
(a,a,0) ——

(a,~a,0) ———r

(0,0,C) ———>r
(a,0,c) ———
(a,a,c) ———
(a,~a,c) ~———>
(a,b,0) ——
(a,-b,0) .
(a,b,c) ~—=—r
(a,-b,c) ——>

= 1 —

3

o

= e | 1 -4 = 3
D i I T = I i e e e S e

—

Iy + I3+ Iy
s

ry

5

per e
A
F§ + Fi + T
ger e
Iy + Ty + Ty
3+ T3 4Ty
Iy o+ T3+ Ty

+
+
=

R -

et
(93
o

+ Fl + T2 + T3 + T4
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group C appropriate to this case, consists of only four

2v/’
operator matrices, namely Xy X, Yl’ and Y_q- Analogously,
for'every general (a,b,c) type reciprocal lattice vector

included, there must also be an (a,b,~c) vector. Again, no

group operators involve a (%,%,%} translation, and thus the
distinction between even and odd prototype wave vectors need
not be made, The character table for the group C

is given in
2v g

Table 8. The four irreducible representations of the group

have been labelled A]; Ay, &3 and A,, and are all one-

2 73
dimensional,

The wave vector decomposition for the appropriate proto-
types for the A line is shown in Table 9, The notation used

is the same as that employed for the "

paramagnetic" state.

The number of energy bands expected in the SAPW calcu-
lation and their symmetry is predicted by wusing a tight
bindiﬁg or linear combination of atomic orbitals approach.
For example, consider the fluorine p electrons. There are
three p orbitals (x; v and z) for each fluorine ion ie. 12
in a unit cell of MnF, . These 12 orbitals are used as basis
functions for a representation of the group appropriate to
the wave vector being considered. This representation, which
is in general reducible, is décomposed into irreducible
representations by standard techniques. In the case of the
fluorine p orbitals, this gives rise to the irreducible

- + + +

+ - + -
' ions T T r r 4+ 2r. + T
representations 1 + Fl + 12 + 3 + R 5 5



TABLE 8
CHARACTER TABLE FOR THE GROUP C 2
Xg %2 Yy Y1
1 1 1 1
1 -1 1 -1
. -1 1
] 1 -1 -1
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TABLE 9
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PROTOTYPE WAVE VECTOR DECOMPOSITION ALONG THE A LINE

FOR THE ANTIFERROMAGNETIC STATE OF MnF

2

(0,0,p)
(0,0,-p)
(a,0,p)
(a,a,p)
(a,-a,p)
(a,0,p)
(a,0,-p)
(a,a,-p)
(a,~a,-p)
(a,b,p)
(a;~b,p)

(a,b,-p)

—————eey
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ey

Y

————y

e

A

MMAGTER UNIVERSITY LIBRARY



at the T' point for the "paramagnetic" case, From the plot
of the fluorine ldgarithmic derivatives in Fig. 7, there

is a singularity for 2=1 at 0.103 Rydbergs. One would
exXpect energy bands of the above symmetry classifications
near 0.103 Rydbergs. The calculations for the other approp-
riate atomic orbitals for the manganese and fluorine ions

in the "paramagnetic" state are given in Table 10. Similar
calculations have been carried out for the antiferromagnetic
state of MnF, . These results are given in Table 11. Another
check on the results is obtained by the use of the compata-

bility relations, ie. energy bands along the A line labelled

Ai may only be joined to those labelled Fi at the T point,
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TABLE 10

PREDICTED ENERGY BANDS FROM THE USE OF TIGHT BINDING

BASIS FUNCTIONS AT THE T' POINT FCOR "PARAMAGNETIC" MnF2

M2 (ns) > 1T+ 1]

F (ns) —— FI + PZ + 1‘;

Mn"2 (np) ——— P+ T, + 20

F (np) ——— Iy + ] + T+ r; + Th + T, + 2T, + T
Mn+2(d) ey 21‘; + 1“; + 1‘; + 21“2 + 2rg




TABLE 11

PREDICTED ENERGY BANDS FROM THE USE OF TIGHT BINDING
BASIS FUNCTIONS AT THE ' POINT FOR ANTIFERROMAGNETIC

MnF2
Mn+2A(ns) e I‘;
Mn+2B(ns) — 1“1'
- + + +
F (ns) — Pl + F4 + F5
+2 + -
+2 ' o + -
Mn “B(np) ~ 12 + F3 + I‘l
- e + L+ + + - -
F (np) > 21“l+212+21‘3 +21‘44 2I‘l+I‘2+I‘3
+2 + + - -
Mn “A(d) ———> 211. 1“4+12+1"3
+2 A+ + - -
Mn "B(d) -~ Zrl + I‘4 + 1‘2 + r3



CHAPTER IV

RESULTS AND DISCUSSION

The main program (SAPW) for the band structure cal-
culation was based on that outlined by Loucksz, Appendix
5, using the expression for the (H-E) matrix elements that
was given in equation (34). The program was adapted to
handle the cases of two and three different ions in a unit
cell for the "paramagnetic" and antiferrémagnetic‘cases
respectively. The determinant of (H-~E) has been evaluated
as a function of energy in increments of 0.01 Rydbergs for
each irreducible representation of the groups appropriate
to the T point’and the A line for both the "paramaghetic" and
the antiferromagnetic states. The energy at which det(H-E)
goes to zero was found by means of a quadratic interpolation
method. Eigenvalues were recorded for the I' point and for
five points along the A line to the zone boundary. In units
of c¢* these five points are 0,1, 0.2, 0.3, G.4 and 0.5.
The results were plotted in the appropriate energy ranges

for the two states of MnF. that were considered.

2
The calculated bands for the "paramagnetic" state
are shown in Figs. 12 to 17. For this case, the bands have

been calculated using basis sets of 29 and 121 reciprocal

lattice vectors, K. . Fig. 12 presents the general picture

54
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of the bands for the case of 39 reciprocal lattice vectors,
The one:electron bands have been groﬁped together according
to the atomic orbital with which they correspond. In the
eneigy range of -1.7 Rydbergs to 0.3 Rydbergs, only the highest
and lowest energy bands belonging to each orbital group have
been plotted. From 0.3 Rydbergs to 1,1 Rydbergs, all the
individual bands are shown. In Fig. 13, the scale from -1.61
Rydbergs to =-1.55 Rydbergs and from 0,08 Rydbergs to 0,22
Rydbergs has been expanded to show the detailed structure

of the one-electron bands arising from the F (2€) and the
Mn+2 (3d) orbitals, The irreducible representation labels
at the T' point and along the A line are indicated. The energy
range from -0.26 Rydbergs to -0,05 Rydbergs has similarly
been expanded in Fig. 14 to indicate the details of the one-
electron bands that arise from the F_ (2p) orbitals. From
Figs. 13 and 14 it may be seen that the irreducible repres-
entationé appearing there are in exact agreeﬁent with those
predicted by the tight binding approach and tabulated in
Table 10. Figs. 15 to 17 present the results obtained for
the "paramagnetié" case using 121 reciprocal lattice vectors.
The bands have all been shifted déwnward in energy. This is
‘expected, as the APW method is a variational method, and
increasing the basis set always lowers the energy. General

rules for the number of basis vectors needed to insure



Figure 12
General band picture for the "paramagnetic" case
of Man‘for 39 reciprocal lattice vectors. In
the energy range -1.7 to 0.3 Rydbergs only the
highest and lowest energy single electron bands for
each orbital group have been drawn. The cross-

hatching represents the bands falling in between

the highest and lowest energy bands.
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Figure 13
Structure of the one-electron bands arising from
the F_(Zs) and Mn+2(3d) orbitals, for "paramagnetic"
case, 39 reciprocal lattice vectors.
Note that the scale has been broken. The F (2s)
bands are in the range -1.61 to -1.55 Rydbergs. The

Mn2(33) bands are in the range 0.08 to 0.22 Rydbergs.
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Figure 14
Structure of the one-electron bands arising
from the F—(Zp) orbitals, for the "para-
magnetic" case with 39 reciprocal lattice

vectors.,
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Figure 15
General band picture for the "paramagnetic" case
of Man, for 121 reciprocal lattice vectors. In
the energy range -0,4 to 0,2 Rydbergs, only the
higﬁest and lowest energy single electron bands
for each orbital group have been drawn. The cross-
hatching represents the bands falling in between

the highest and lowest bands.
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Figure 16
The structure of the one-electron bands arising
from the Mn+2(3d) orbital for the "paramagnetic"

case of Manvfor 121 reciprocal lattice vectors.
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Figure 17
The structure of the one-electron bands arising
from the F (2p) orbital for the "pafamagnetic"

case of MnF for 121 reciprocal lattice vectors.
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convergence are given by Mattheiss et gllo. Again, the

number and symmetry of the bands are in agreement with those
predicted in Table 10. .

After determining the one-electron energy bands, the
next step is £o establish the position of the Fermi level.
For MnF, there are 8 fluorine 2s electrons, 24 fluorine 2p
electrons, and 10 manganese 3d electrons in the unit cell.
Two electrons are assigned to each one-dimensional represen-
tation and four to each two-dimensional representation. The
Fermi level is then somewhere in the bands labelled I and

4
P; at the T point, for 121 reciprocal lattice vectors. This
would correspond to an energy of approximately 0.05 Rydbergs.
It is apparent at this point that there are overlapping and
hence partially filled energy bands. Thus "paramagnetic"
Man is predicted to be a "metal". This is in agreement with
similar calculations on "paramagnetic" NiO.

The calculated bands for the antiferromagnetic state
are shown in Figs. 18 to 21 for 39_reciprocal lattice vectors.
Fig. 18 showsrthe general band picture. Theré are now two
sets of Mn+2(3d) bands, each containing five one~-electron
bands. They are separated by 0.635 Rydbergs at the T point
and by 0.699 Rydbergs at the Z point, ie the intersection cf
the A line with the zone boundary. The F (2p) energy

+2

bands fall in between the two groups of Mn “(3d) bands.

Figs. 19, 20 and 21 show the detailed behaviour of the bands.


http:mangane.se

Figure 18
The general band picture for the antiferromagnetic

case of MnF for 39 reciprocal lattice vectors.

2’
In the energy range -0.4 to 0.6 Rydbergs, only the
highest and lowest energy single electron bands for
each orbital group have been drawn. The cross-hatching

represents the bands falling in between the highest

and lowest bands. The band labelled FI at 0.5 Rydbergs

does not belong to the upper Mn+2(3d) orbital group.
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Figure 19
The structure of the one-electron bands arising
from the upper Mn+2(3d) orbital for the antiferro-
magnetic case of MnF.,, for 39 reciprocal lattice

vectors.
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Figure 20
The structure of the one~electron bands
arising from the lower Mn+2(3d) orbital for

the antiferromagnetic case of MnF for 39

2'

reciprocal lattice vectors.
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Figure 21
The structure of the one-electron bands arising
from the F (2p) orbital for the antiferromagnetic

case of MnF for 39 reciprecal lattice vectors,

2!
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The results for the antiferromagnetic state are in agreement

with those predicted from the tight binding approach for

Mnt? (@) and ¥~ (np) as shown in Table 11,

The position of the Fermi level for antiferromagnetic
MnF2 may be determined by a method analogous to that used
for the "paramagnetic" state. At the T point for 39 reci-

procal lattice vectors, the Fermi level occurs between the

2

F~ (2p) and upper Mn ° (3d) bands. From Fig. 18, this is

in the range 0.0 to 0.38 Rydbergs. Here, there are no over-

lapping bands, and thus antiferromagnetic MnF., is predicted

2
to be an insulator. It would appear, from Fig. 18 that the

first transition in MnF2 ig from an F (2p) band to an Mn+2

(3d) band. However, experimental evidence indicates that

this transition should be from M:r1+2 (34) to'Mn+2 (3d)24.

Since the relative position of the mnt2 (3d) and F (2p)
bands is dependent on the exchange contribution to the po-

tential given in Chapter II, equation (9), these results sug-

gest that an exchange of the form given by Kohn and Scham15
2(3d) "bands closer together.

Such an exchange has been used by Ch025 for the Eu chalcogenides

should be employed to bring the Mn*

with a reduced exchange parameter of 3/4,

Further APW calculations for MnF. in the antiferro-

2

magnetic state should be performed using a reduced exchange
parameter varying between 2/3 and 1. It is then expected

that the results will indicate that the first transition is

2 2

between Mn* (3d) and Mn* (3¢} and of the magnitude pre-

dicted by experiment.
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