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SUMMARY

Siderite (natural FeCO3) is a magnetic crystal that undergoes a
transition from a paramagnetic phase to an antiferromagnetic phase as
the temperature is lowered through 389K {the Néel temperature, TN).
Below Ty, the system is considered to have Ising character with the
spins oriented exactly ant1péra11e1 and only interacting with adjacent
spins.

The energy levels of the Fe2+

ion are split by a trigonal crystal
field and a spin-orbit interaction. Below Tys the 1eve1§ are split further
by the exchange interaction due to magnetic ordering., However, since the
orbital anguiar momentum is not quenched, the Heisenberg form of the
exchange interaction is not expected to apply.

2+ ions

Energies of transitions between the split levels of the Fe
can be measured by the excitations due to the spin-Raman effect of laser
light scattering. The effect of magnetic ordering on these levels as the
temperature is decreased may be observed by shifts in these energies. Also
a study of the vibrational modes of the FeCO3 unit cell at variabile temp-
eratures by the Raman effect may give further information about the mag-
netic ordering.

In addition to the expected vibrational modes, three Raman transi-
tions with temperature dependent frequencies (440, 1175, and 1225 em™l at
6°K) were observed and considered to be the transitions between trigonal

g
dicted by theory. However, the observed unequal spacing of the spin-orbit

crystal field and spin-orbit split states (of E_ and A1g symmetry) pre-




ix

states of the ground trigonal Eg state is in disagreement with the pro-
posed equal splitting. Sharp deéreases in the excitation energies immedi-
ately below 38PK indicated that the exchange interaction was not of the

1 considered to

Heisenberg form. Also observed was an excitation of 741 cm™
be an infrared mode which becomes Raman active. The intensity of this line
increases with decreasing temperature possibly due to a loss of inversion

2+ ion ordering. The persistence of this 1ine

symmetry as a result of Fe
as a shoulder on a Raman active line at room temperature indicates that

short range magnetic order may persist to 300°K,




CHAPTER 1
INTRODUCTION

For many years there has been considerable interest among researchers
in the field of solid state physics in antiferromagnetic systems. 1In
these systems the electron spins of the adjacent magnetic ions in a sam-
ple orient in approximately opposite directions resulting in a magnetic
ordering but no magnetic field in the sample. The electron spins are not
oriented at all temperatures but undergo a transition from generally ran-
dom orientation in a paramagnetic phase to an oriented antiferromagnetic
phase as the temperature is decreased through the Néel temperature (TN).
In Ising systems, the orientation is due to only the interaction of near-
est neighbor spins and the spins are oriented exactly antiparallel. Fer-
rous carbonate is an antiferromagnetic system with Ising character and a

Neel temperature of 38°K.

The Exchange Interaction and Orbital Angular Momentum

The description of the behavior of the ions in an ordered state
is expressed in terms of the exchange interaction. The simplest example
of the exchange interaction is in the removal of degeneracy of inter-
change in a two electron system when the Coulomb interaction, V12,
between the two electrons is considered. The resultant level splitting

is tJdyps where




Iy = f \Dk(F])wm(T’z'.r)»v]zwk(Fz)wm(F])dv1dv2 (1)

is the exchange integral and &L(F}) is the solution of the Schrodinger
equation for electron 1 in the state k, etc. With consideration of the
requirement of the Pauli exclusion principle that only antisymmetric

wave functions be used, the same interaction can be expressed with respect
to the spin angular momentum operators, ?ﬁ and §é, of the two electrons

as
1
-2(J_1231 32 + 4 ) . (2)

which is Heisenberg form of the exchange jnteraction. Although this
form resembles a strong direct coup]inéﬂbefaéen the spins, the sp1iffuww
ting is a result of the exclusion principle requiring one type of
orbital solution when the spins are parallel and another when they are
antipar‘aHe].1 The extension of the Heisenberg form of the exchange
interaction to the case of electrons in crystals will be discussed after
the effectsxof the crystal on the ion are considered.

In the case of a free ion, the electrons move in the single elec-
tron orbits of a spherical symmetric Coulomb potential resulting in an
orbital angular momentum, T, for the entire jon. When the spin, S,
resulting from the single electron spins is considered, the free ion
state is (2L + 1) * (és + 1)-fold degenerate. However, when the fon is
in a crystalline environment, it experiences an electrostatic field
imposed by the surrounding ions, causing a distortion in the orbits of

the electrons outside closed shells. The orbital degeneracy is partially

removed by a splitting of the free ion level into several levels each




-

with a symmetry correspopding to a representation of the group of the
crystal field. The wavefunctions of each level are combinations of the
free ion wavefunctions, and the ground level (with the highest popula-
tion5w111 have an orbital angular momentum (different from the free jon
case) determined from the expectation value with respect to the new ground
state wavefunctions.

Also to be considered is the iﬁteraction of the electron's orbital
motion with its spin (the spin-orbit interaction). The interaction is

2

fully expressed by the relativistic Dirac equation® but the term consid-

ered in the case of electrons in crystals is

h

4m2c2

VVXP. ¥ 3y

where V is the potential of the electron (due principally to the nucleus
and the crystal fie1d).3 If V were spherically symmetric, the form of the

interaction would reduce to

h
4n12c2

where the matrix element of the factor in parenthesis with respect to free

~|—
¥|%
=

‘ ) r-v (4)

jon wave functions is usually taken to be a constant. This interaction
results in further splitting of the ion accompanied by a partial removal
of the spin degeneracy. In the case of transition metal ions the spin-
orbit splitting is smaller than the crystal field splitting.

If there are still degenerate levels there can be further splitting

that is due to the exchange interaction between the ions in the crystal.




In an extension of the two electron to that of multi-electron systems

in crystals, the Pauli exclusion principle requires that the wave functions
representing the electrons in the crystal be antisymmetric if both the
spin and orbital coordinates of any two electrons be interchanged. In

the special case in which the free ion was in a pure § state (L = 0), the
Heisenberg form would apply since the crystal field would not effect these
orbital states. Even in the case of non-zero orbital angular momentum
(L # 0) in the free ion state, the Heisenberg form may be used if the
o}bita1 angular momentum is quenched in the crystal. Quenching will occur
if the crystal field potential is sufficiently asymmetric so that no

axis of symmetry remains about which the orbital angular momentum is con-
served. L will be effectively zero and a pure §';tate will be assumed.
However, when the orbital angular momentum is not quenched, the orbital
motion of the electrons which is distorted from free ion motion by the
crystal field will have to be considered. Since the free single electron
wavefunctions which are used in the exchanée integrals {such as (1) in the
two electron case) do not apply, the exchange interaction would not be of

4

the Heisenberg form.” In the case of FeCO3, an unquenched T persists in

the crystal field and the Heisenberg form would not be expected to apply.

The Siderite System

Fe003 was studied in this research mainly in its natural crystal
form, siderite. The crystal structure of siderite is rhombohedral, belong-
ing to the ng (R 3 C) space group. As shown in Figure 1, the unit cell
contains 10 atoms; the carbonate ions 1ie in the basal plane and each

successive carbonate ion along the C-axis is rotated 180%. The crystal




Figure 1.

Unit Cell of Iron Carbonate.




parameters a_ and o are 5.795 R and 47%s , respectively, with a
carbon-oxygen distance of 1.23R.% Below the Neel temperature (389K),
the ferrous ion spins order antiferromagnetically parallel to the

C-axis in alternating basal plane ferromagnetic sheets.

Previous Research on FeCOS

Several experiments have been performed which establish the anti-
ferromagnetic nature and Ising character of siderite. Neutron diffrac-

b established an antiferromagnetic structure

tion experiments of Alikhanov
by the appearance of an additional (100) reflection at 1iquid hydrogen
temperature {20.4°K). The absence of a (111) reflection indicated that
the spins were directed along the C-axis. Temperature dependence of the
(100) reflection revealed a tfansition temperature of approximately 35°K.
Measurements of Jacobs’ present further demonstration of a predomi-
nantly antiferromagnetic system with large anisotropy. Susceptibility
measurements indicate a Neel point (TN) at approximately 38°K. Also, the
ratio of parallel to perpendicular susceptibilities (with respect to the
C-axis) of 8.8 at TN indicates a very large anisotropy with the spins
oriented parallel to the C-axis. Magnetizatfénwcurves at 4.29K indicate
a transition by spin-flipping to a ferromagnetic state which is nearly com-
pleted at 200 kO, with about 6up per¥ferrous ion {a value which exceeds
the expected value if only spins contribute to the magnetic moment). Fair

agreement with magnetization curves is obtained by assuming only antiferro-

magnetic interaction between nearest neighbor ions.




Mossbauer data provide information pertaining to the antiferro-
magnetic transition. From theoretical spectra of FeCOy in close agree-
ment with experimental spectra between 4.65°K and 38.19K, Forester and
Koon® obtained the temperature of the degree of magnetic order (or the
order parameter n(T)). This temperature dependence was in agreement

with the form of n(T) for a highly anisotropic Ising-1ike magnetic system,

T - T\B
a(m) =p A (5)

where B = .3185 for the FeC0y systemg {compared with B = .312 for a

three dimensicnal simple cubic lattice Ising model).

Other previous research is related to the energy leveT splitting
of the Fe?™ jon. A cubic field causes the largest splitting (10,000 cm'l)
followed by a splitting due to a trigonal distortion from cubic symmetry.
A ground Eg doublet and Ajg singlet (separated by 1,000 cm‘]) are the two
lowest levels in the trigonal field.10 By taking ghe ratio of the quadru-

1

pole splitting in FeCO, (obtained from Mdssbauer data) tosthe splitting

in FeSiF6-6H2012, the proportion of mixiﬁ§-6%<the free ion wave functions
in the trigonal ground state were determined by Okiji and Kanamori.13
By evaluating the expectation value of L with respect to these wave func-
tions, values of %(Fé>f= 1 and <FK> = <PM> = 0 for the.time average of
the -spatial components of the orbital angular momentum were obtained.
Thegre=is further splitting of the trigonal ground state into five
doubly degenerate Eg states and perhaps the A1g state into five non-

degenerate levels. These states are split by the exchange interaction

below the Néel temperature. An excitation of approximately 112 cm” ! between-.




the two lowest spin-orbit states after they are exchange split has been

observed below 389K, by two different experiments: neutron diffraction
1.14 15

by Wrege et and infrared absorption by Prinz and Forester.
Prinz and Forester consider the exchange interaction to be due to the
spins alone while Wrege et al. add an.orbita1 angular momentum value
of Ly = 1 directly to the spin. The choice of the form of the exchange
interaction was flexible in these cases since only one transition was
being considered. The form may need to be more definite if more transi-

tions between other spin-orbit exchange split states are to be accounted

for.

Investigation of FeCO;by Raman Spectroscopy

The Raman effect involves a shift in freqﬁency of light scattered
from the system studied. The most common excitation in crystals causing
this shift are optical vibrational modes of the atoms in the unit cell.
Also observed in paramagnetic systems are transitions between electronic
split levels via coupling of the light with the spins.

In FeCO3 transitions between the trigonal spin-orbit split Fezf
states could be observed to the higher lying Eg spin-orbit split stafes
and the A]g states. This would provide the first experimental values for
these splittings to test the various forms for the crystal field and spin-
orbit interactions. Studying these transitions as the temperature is
decreased through Ty = 38% would investigate the effect of the exchange
interaction on these levels and test forms of the exchange interaction.

Also, a study of the vibrational modes as the temperature is decreased

may provide further information on the effects of ordering on the crystal.




CHAPTER 11

THEGRY

Classical Theory of the Raman Effect
for Vibrational Excitations

For the particular case of vibrational excitations, the Raman
effect is explained classically by the change of polarizability during
the specific vibration. The electric field of the incident light, E,
the induced cipole moment in the system, M, and the polarization tensor

a are related by

My = ayyEx + uxyEy +ayE,
My = ayxkx +ayyBy * oyt " (6)
‘ Mz = aszx + “zyEy + aZZEz?
For vibrations of small amplitude o,, may be expanded”as
_ ,% oty y auxx

where Q's are normal coordinates given by

_ AO |
Qy = Qi cos 21rvit . (8)

If the incident radiation has frequency v, the vibrating electric

vectors are expressed as:

]
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Ex = Ex0 cos 2nvt
E, = EJ? cos 2 mvt (9)
E, = E2 cos 2nvt

Then the X component of the induced dipole moment is

- 00 00O 0
M, = (“xx E. + “xyEy L Ycos 2mvt

da oo aa
XX 0 Xy 0 2 ol. o
+ 7| ) B+ ( ) B2+ (====) Eflg. X
3 aQ_i 0 X aQi o Y aQi o Z |54

[cos 2nb}+vi)t + coS 2n(v-vi)£]+ cee (10)

and similarly for My and M,. It is the second term with frequencies
v + v; which leads to the Raman scattering. Hence for a vibration to

be Raman active, it is necessary that at least one of the components

(301 ) s..., does not vanish.
0

An expression for second-order Raman scattering is obtained by
including the third term in (7). A typical result (arising from the

ayxEx term) is

04000
30130j Ex 01 QJ' [cos 2n(v +v; +vj)t + cos 2‘rr(v+vi -vJ-)t

+ cos 2-1T(\)-\J.i+\3j)t +c0s 2 (v-vy —vj)t] .
Here new frequencies v; + v, arise as combinations of first order fre-

1 J
quencies. If i = j, the resulting combination is an overtone.16

Quantum Theory of Vibrational Raman Effect and
Infrared Absorption in Molecules

Quantum mechanically, Raman excitations are considered to be two
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virtual electric dipole transitions from a ground state, i, to inter-
mediate states, I, and then from I down to a final state, f. The elec-

tric field of the incident 1ight of frequency can be expressed as
F= A" e?fivt,p g 2mivt (12)

where A is a complex vector. In the case of molecules, the intensity

of scattered radiation per molecule is

6477 (v + vi )t o
Ly = |E;l (13)
kn 3C3 if
where
M. M AM
Ei l_E ( il) if . ( If) (14)
hgp Vg viety

and M is the matrix element for the electric moment between the indi-

cated states (for example,

¥
Mip = J oy I g5e5 dr (15)
J
where the sum is over outer electrons of the atoms).
From equation {(9), a tensor relationship between A and Ejf can

be obtained. For the x-component

(Ex)if =j=xzy (BXJ 1fAJ (16)

where
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is the scattering tensor.

It is sometimes possible to express the scattering tensor in
terms of the wave functions of the nuclear motion and the polarizability
of the molecule to avoid performing a summation over excited electronic
states. In the case where the atomic nuclei move much more slowly than
the electrons, the adiabatic approximation can be made. In this approxi-
mation, the wave function of the molecule, y(e,x), can be written as a

product of the electronic function, ¢{e,x), and the nuclear function, u(x):

Vay{esx) = optesx)ug, (x) (18)

where e 1s the set of all the electronic coordinates, x is the set of
all nuclear coordinates and n and v are the corresponding quantum numbers.
By using y,, in the matrix e1ements (Mj)il’ (Mx)in’ etc., of equation
(12), the scattering can be expressed in terms of the polarizability ten-

sor a.: and the nuclear functions:

xj
(Byj)if = -fffu;]vk(x)axj(x)un] vy (X)X (19)

Equation {14) is valid when the exciting frequency, v, is far from the
electron absorption frequency, VI Resonance Raman scattering will occur
when v is close to Vi4 and the scattering tensor in equation (17) will

be enhanced due to the resonant denominator.

A Raman transition from k to n is allowed if at least one of the
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six quantities (Bxx)if’ (Bxy)if ... is different from zero, or if the
product wkw: has the same symmetry type as at least one of the (axx),
(uxy), cee s )

The components of the polarizibility tensor transform under sym-
metry operations as do the products of the corresponding vectors. The

vectors transform as

Rx = x cos ¢ + y sin ¢
Ry = -x sin ¢ + y cos ¢ (20)

Rz = +z

where the + or - sign corresponds to the operation R being a pure rota-
tion or a rotatory reflection (rotation followed by a reflection through

the z=0 plane) about the z axis through an angle ¢. Therefore the cor-

responding transformation equations of the components of the polarizability

tensor are:

2

2 2

Rg =« C0s ¢ + “yy sin® ¢ + Sy sin® ¢
HXX
R = - l-( - ) sin ¢ + cos2 ) (21)
By 2 kT Cyy! ST T oy ’
R =+, COS ¢ £ a, Sin ¢
- XZ yz
R =g
azz ZzZ

If the representation of this tensor contains the irreducible represen-
. * * Lk .
tation ViV then at least one of the products “xx¢kwn’ uxywkwn will

be invariant and the transition will be allowed in the Raman effect.
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If the sum of the diagonal elements of the representation of
the operation R (or character) is known, the Raman active vibrations
can be determined. The character in the reducible representation of

the polarizability tensor is
Xy (R} = 2 cos ¢ (1 + 2 cos 4) , (22)

where the - sign is applied for‘a'rotary reflection. The number of
times the character, xi(R)’ of a vibration symmetry appears in the

x (R} is

IR RS ACEHE -

where NG is the number of elements in the group, n is number of ele-
ments jn each class and the summation extends over all the classes of
the group. If Ni is not zero, the vibrations are Raman active.

In the case of infrared absorption, there is a direct dipole
transition from k to n. In the above discussion the polarizability
tensor would be replaced with the electric dipole operator e r having
the vector transformation properties of (20). The character then

becomes

xM(R) =21 + 2 cos ¢ (24)
with
N = —ng I n xy(R) x;(R) (25)

as the number of times xi(R) of a vibration appears in xM(R).
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However, the actual number of vibrations of each depends on

the number of atoms in the}molecu]e. This is calculated as

Zl_.

N =g I nx(R) %(R) (26)

G

where

x(R) = (u-2){(1+2 cos ¢) for Fotations

(27)

u(-1+2 cos §) for rotatory reflections,

and u is the number of atoms unchanged by the operation R.16f

The Raman Effect in Crystals

The Raman effect in crystals is similar to the molecular case.
However, in the crystal, additional excitations are possible such as
phonons {lattice vibrations), magnons (spin-waves), and transitions
between crystal field split electronic states. The following formula-
tion!® (obtained by application of time-dependent second-order pertur-
bation theory) can be used as a starting point for describing these
excitations. From second order time dependent perturbation theory the
transition probability per unit volume per unit time is given by

2 2
oo = TN IKI® og ] (28)

if

where




<i°,(n-'l)k°,(n+])ks\ E ng(k's,m Y| 1,({n- ”k .nk )(I (n- 1)k Ny ‘): Her(k_ a0 )li’nko’nkg

=1

I | h(wo ‘NI;I)

. b i
o (n-1), ,(n+1)k f): HD (K, 0 )|I,nkoin+1)ks_)(1_-ﬁk6(n+1)ks| g He,.(Fs.ws)lunko."ks_)

T‘I(t.uS + wIi,-)

(29)

gl
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with
op = k& 8(hug +E; - hug ~ E-)de dug/(2m)% ch (30)
=g toog

In these expressions, i, I and f refer to the initial, intermediate

and final states, of the particular excitation, n, and n, are the
initial numbers of photons in the incident (ko) ang scatteied (ks)
modes and N is the number of unit cells per unit volume. The interac-
tion Hzr between the radiation field and the bt" atom in the unit cell,

becomes in the electric-dipole approximation
HE (Kow) = -e 7y *E (kow) (31)

where the sum over electrons has been indicated by repeated indices.
For the one phonon scattering process |i) = |G, nq)and

) = |G,(n+¥1)y, with [G= 1 |g)., where |g is the ground electronic
b b b

state of the bEh atom, and n, is the number of phonons with wave vector

q
q = kg ~ kg- K would vanish if there were no electron-phonon interac-
tion in the system, since Her cannot connect states with different pho-

non occupation numbers. With an electron-phonon interaction

Hep = 5 /M T, - T, (s2)

P 5
operating on both ground and excited states, lnq) and |(n+1)q) become
mixed (M, Uy and ?b are the atomic mass, atomic displacement, and gen-

eralized force on the atom, respectively).
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If the intermediate states can be written as (Il = <(n+1)q,i|,
then the mixing in the transition from the initial to intermediate

states can be written as
<(n+1)q,i|eﬂ ng:9 = T 33)
(i]eF}g}

e, [ms1) s 1Mo Ing, - {n1)guslH plng.) 1,

with a similar expression for the transition from the intermediate state

to the final state.

Selection Rules for Crysta]s

Vibrations in a crystal can be treated in a manner similar to
molecular vibrations. The basic difference is that the symmetry of the
entire crystal must be considered rather than}ﬁyst the molecular struc-
ture which makes up the unit cell. The space group of the crystal may
consist of translation operations as well as the point symmetry opera-
tions in the molecular case.

There are only two types of combined rotation - translation oper-
ations which are not transformable to point group operations. These are
known as glide and screw operations. A screw operation consists of a
real rotation followed by a translation. A glide consists of a reflec-
tion followed by a translation.

The introduction of screw and glide operations effects the selec-
tion rules in two ways. First, additional screw or glide operations may
be added to the point group operations or some‘point group operations

may be modified to screw or glide operations resulting in additional or
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new characters in (22) through (27). Also, there may be a different

number of atoms unchanged by an operation in (27).

Polarization Selection Rules

A relationship exists between the polarization tensor components
and the orientation of the axes of the molecule or crystal unit cell.
Referring to (16)

(E )ip = s - (34)
x'if j= x,y 7 XJ 1fAJ

the existence of a particular o, . means that incident 1ight polarized

xJ
paraliel to the j axis will inﬁhce a moment parallel to the x axis.

The scattered light will in turn be parallel to the x-axis. In the case
of oriented crystals, orthogonal axes in an experimental arrangement

can be related to symmetry directions of the crystal structure.

The existence of a particular excitation in certain po1arization
tensor components can be used to 1dent1fy the symmetry or representat1on
of the excitation. Since the po1ar1zat1on tensor transforms as a product
of two vectors, a given tensor component will be active for a part1cu1ar
representation if the corresponding vector component product belongs to
that representation. For example, an Eg symmetry mode will be active
in the a,,, component if the product xy belongs to the E

Xy
The projection operator, pJ

g representation.

R o |
= —h- g{ XJ(R) PR (35)

can be used to determine the products that belong to a particular repre-

sentation, j, where 1j is the dimension of the representation, Pp is

the operation of the Rth element of the group, h is the nuwmber of
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elements in the group and xj(R) is the character of the REM element.

From an arbitrary function, pj projects out the part belonging to the

jth representation. Therefore, if after operating on a particular vec-
tor component product with pj a non-zero result is obtained, then excita-
tions of the jth representation will be active in the corresponding

polarization tensor component.ZT

Vibrational Modes for ng Symmetry

b

Ferrous carbonate belongs to the DBd

20

space group which has the
following symmetry operations:
(a) one identity operation (E)
(b) two three-fold axes along the c-axis (C3)
(c) three two-fold axes along the carbon-oxygen direction (C,)
(d) one inversion operation about the iron atom site (I)
(e) two 60° rotation-reflection axes along the c axis (56)'
(The reflection being in a plane perpendicular to the
c-axis through the iron site.)
(f) three glide planes consisting of ref]ectiohs in plane
containing the c-axis and lines in the basal plane 30°
away from the two-fold axis followed by a translation of
half a unit cell along the c-axis.
The atomic arrangement of the unit cell with the symmetry axes labeled
is given in Figure 2. The symmetry of the entire crystal can be observed
by a projection of a portion of the structure on a plane normal to the
three-fold axes and passing through the apex of the cleavage rhombohodren

in Figure 3. The distances are fractions of the c-axis lengthbelow the

plane.




— Yy

Figure 2. Unit Cell of FeCD3 with Symmetry Operations of ng.
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Figure 3. A Projection of the FeCD4 Structure on a Plane Nomﬁa1
to the Threefold Axis.5 (Only carbonate ions are.I

shown. The Fe depth below-the center carbonate is E')
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The application of equations (22) through (27) to the case of
FeCO3 is summarized in Table 1. The result is that there are 1 A]g and
4 Eg Raman active modes, 3 A2u and 5 Eu infrared active modes, and 2 A1u
and 3 AZg inactive modes. Of the Raman active modes, the active polari-
zation components are Ay = Adyys %77 for A1g and e = —ayy, axy’uyz’ L
for E .
g

The two-phonon Raman effect in crystals may be explained by a
direct extension of the first order process. After a photon wj is

absorbed, two phonons w' and " are created in a single event, and a

photon w_ is emitted (ws = w; - w' - "), The scattering crystal is

S
generally in its electronic ground state with all valence bands full and
all conduction bands empty at the start of the scattering process, and it
returns to its electronic ground state at the end of the event. The vir-
tual intermediate states involve the excitation of electron-hole pairs.
The restriction that the sim of the phonon wave vectors equal the change
in the scattered photon wavevector combined with the negligible magnitude
of the photon wavevectors (compared with Brillouin zone dimensions)
requires that the wave vectors of the two phonons should be equal and oppo-
site.

The determination of which two phonon processes are most likely
is related to location of critical points on two phonon dispersion curves.
The two phonon dispersion curves are constructed by adding together all

pairs of single phonon branches at each wavevector k. The critical points

on the two phonon dispersion curve occur when the slope, (gﬁa, equals zero




TabTe 1. Summary of Ana]gsis of Vibrational Modes
in ng Symmetry 2

Dg d ) . o Active
E 2,4 3C2 i 286 3a -Nh N Nvibration Activity| Component
Character A]g 1 1 1 1 1 1 Z 0 1 R Gxx = Gyys%zz
A]u 1 1 1 <1 -1 -1 0 0 2 | 1.a.
A2g 1 ] -] 1 1 -1 0 0 3 i.a
AZu ] 1 -1 -1 -1 1 0 1 3 e N
Eq 2 -1 0 2 - 0| 2 o 4 R yﬁ
xy*%yz*%zx
Ey 2 -1 0 -2 1 0 0 1 5 jr-
1

X, (R) = ‘
2cos¢ (+1+2cos¢) | 6 0 2 6 0 2

fyRi=tl+2 cos (3 0 -1 -3 0 1
x(R)=(U:2) (i+260self2a 0 -2 T
= y(-1+2cos ¢) -6 0 OJ

2
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or changes sign 3ﬁscontinuous1y. At a critical point the density of
states will have a discontinuity and hence there will be a higher
probability of a two phonon excitation at that point. Most dfithe
critical points occur at points of high symmetry in the Brillouin zone
at the center or boundaries.

The polarization selection rules create further specifications
on which points on the two-phonon dispersion curve can be Raman active.
The symmetry of a point is obtained from the direct product of the rep-
resentations of the participating single phonons at that point. If the
reduction of this direct product contains representations which were
first-order Raman active, then the two-phonon excitation will also be

act‘ive.22

Spin-Raman Scattering

Two mechanisms have been proposed for Raman scattering between

different spin states. The first, proposed by Bass and Kaganov,z4

con-
sidered the spin system to be directly coupled to the radiation field
by a magnetic-dipole interaction. However, this interaction lead to a
insufficient scattering efficiency and incorrect polarization selection
rules in comparison with experimental observation, The other mechanism

25 involves two electric-dipole inter-

pointed out by El1liott and Loudon
actions between electronic energy levels as in thelﬁhonon and electronic
scattering cases. In the spin scattering case the initial and final

states must have different spin states and hence a spin-orbit interaction
is required to mix these states (similar to the requirement of an electron-

phonon interaction in the phonon case).
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In the case of the electric dipole mechanism for spin-Raman
scattering, equation (29) for the Raman transition probability may
be used again. Here the eigenstates are characterized by spin and
orbital angular momentum states. The spin part connected with the
ground orbital state (which is usually assumed to be quenched) is spec-
ified by the magnon occupation number. Using the same notation as in
the phonon case, the initial and final states can be written as

|9 = |G,nq) and |f) = |G,(n+1)q> with |6) = E |- However, here

lg) is the ground orbital state of a magnetic ion and nq is the number
of magnons with wave vector q = ko--ks and frequency wq However, since
Her cannot change the magnon occupation number, the Raman transition
probability would vanish if there were no spin-orbit coupling in the
ground and excited states..]8 By considering

st = I Amb bmb S (36)

m, bs
(where the bth atom is in the mth unit cell) as a perturbation on the
intermediate states |I) the states |nq) and |(n+1)q> can be mixed, and
the transition probability no longer vam‘shes.Tg |
The selection rules for spin-Raman transitions depen& on the

effects of the crystal field and the orbital angular momentum. In crys-
tals with quenched angular momentum and a small crystal field, Mg =<1
is a valid magnetic number selection rule (this requires the polarization
condition that the incident field should have right circular polarization

around, and the scattered field a linear polarization along the magnetiza-

tion, or vice versa.) However, these selection rules break down if the
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orbital angular momentum is not completely quenched, or if the crystal
field is large. In these cases, the states of different Ms will be
separated by the spin-orbit interaction and the crystal field. In the
case of a spin-orbit 1‘nteract'ion,'MJ will become a good quantum num-
ber and the Mg states will be mixed over the M; manifold, Therefore
in the case of two adjacent (in energy) MJ levels, spin-Raman transi-
tions may occur provided MS = 0, %1, or %2,

The effect of unquenched orbital angular momentum produces another
distinction in the case of magnetic systems which order below a critical
temperature (TC). If the energy separation between initial and final
states is due only to different spin states, the excitation will vanish
above Tc' However, if the orbital angular momentum is not quenched and
the initial and final spin states are associated with different spin-
orbit split states, the excitation between the different spin states
will persist above TC. The existence of spin-Raman scattering in para-

magnetic systems is a further example of this.]9

Energy Level Splitting of Fe2* in FeCOq

The free Fe2* jon (in the 504 ground state) with L = 2 and § = 2

is 25-fold degenerate. In crystalline fields of D, , symmetry the degen-

3d
eracy of the jon energy levels is partially lifted. The antiferromagnetic
Ising nature of FeCO3 causes further splitting. Two splitting schemes
have been proposed which differ in the relative strengths considered for
the trigonal field and spin-orbit interaction and in the wave function

characterization of the ground states.
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2+

10 considers the free Fe“  ion

One scheme proposed by J. Kanamori
symmetry as that of the rotation group 0(3) which is initially split by
the cubic portion of the crystalline field into a doublet E and a ground

1 energy separation {see Figure 4).

triplet T2 with approximately 10,000 em™
In the remaining trigonal part of the crysta11%ne field, the higher level
persists as a doublet but the ground triplet is split approximately 100
em=1 into an A1g singlet and ground Eg doublet. The states are repre-
sented by |L,MD wavefunctions with the upper doublet as

)

sin ¢ 12,2 - cos & |2,-1)

|h2) = sinsg 2,2 - cos e |2, , (37)
the singlet as
19 = 12,0 (38)
and the ground doublet as
lgTy = cos o |2,2) + sin e [2,-1)
(39)

|g2) = cos 6 [2,-2) - sine [2,1)

where the angle a depends on the ratio of the magnitudes of the cubic
and trigonal fields (if the trigonal field is neglected, 6 = tan~] j&:),
2

In the ground state, LZ is diagonal with

L = <g-|"‘|?LZ.’|§g-|> = -<é|Lz|g-2> - '|+32c0_5(26) (40)

while the matrix elements of LX and LY are zero. Using the estimate
cos 6 = 0.838 determined from the ratios of the quadrupole splittings

of FeCO3 and FeSiF6°6H2012, a value of <}%> = 1.1 is obtained, while




Free Ion Cubic Trigonal  Spin-Orbit Exchange

E{h)

£

A(s)
‘S L;
, | A B

~1,000cm

TZ”» +‘[
-1
(9) ] *
! +1

-1

j—JC +1
mcm{ —1

| ‘ +1

Figure 4. Fez+ Splitting in FeCO, (after Kanamori19).

S
+2

+2
+1

-1
+1

+2

n MJ

+1

+]

+]
-2

-3

8¢



30

- tan) o, (7 - - | spin mated
for & = tan - R <L ) 1. Introducing the Pauli spin matrix o,

which operates on;%he two dimensional space spanned by |gD. and |gi>,

the first order spin-orbit coupling energy in the ground doublet is
A (f} 0,9, (41)

Hence the ground doublet is further split into five doublets specified

by

=1,5,=m and c, = 1, S, =-m m=2,...,-2) (42)

having a constant spacing A (ﬁ) with the lowest doublet correspond-
ingtoog, =1, 5, =2 and o, = -1, S, = -2.

Further splitting of the spin-orbit doublets may be due to an
external magnetic field or an internal exchange interaction. The Zeeman

energy is given by

up(28,+ (L) o), + 2ug(H,S, +HS ). (43)

where: 1 is an extefnal. field® Since S, and s, have no matrix elements

in the lowest spin-orbit doublet, only the first term remains, giving

a splitting of 10 g With a field paﬁa1ﬁ£1 to. the c-axis, the second
Zeeman terms could again be omitted, giving splittings of 10 up» BuB,ZuB
2up and GﬁB for all the states with effective M; values (M; = <L%> + §%)
of +3, 2, +1, 0, and 31 respectively. Exchange interaction will also
split the spin-orbit doublets expressed by the Heisenberg Hamiltonian as

H=- izj J('Fi -Fj)'S'i -§J. (44)
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where i and j refer to lattice sites and J is positive for ferromagnetic
coupling and negatibe for the antiferromagnetic case. To consider aniso-
tropic exchange equation (30) may be rewritten as
_ = _=yeZel = _w e Xe X Ye¥

H 1.I‘]_[J-”(r'i rJ)Si Sj + J1(ri r"].)S.I Sj -rsi Sj 1 (45)
In the extreme anisotropic case, corresponding to an Ising system J]==0,
and the Hamiltonian can he written as

- Zo2Z "
H= - Z. Jijsi Sj (46)
1)

This same expression could also be assumed directly for the ground spin-
orbit doublet in FeCO3 since S* and S¥ have zero matrix elements. Assu-
ming Jij = J to be constant for all spin-orbit levels, splittings of
4J, 24J, 0, 2J, and 4J for levels corresponding again to MJ values of =3,
12, 1, 0, and 31,respectively.
In the second scheme proposed by J. Griffith;ml the free Fe2+
ion is split also by a cubic field into and upper doublet E and a ground
triplet 5T2. The d wave functions for the ground state are expressed in

terms of L,ML states as follows:

i,

Y ldt1) = [2,-1)

e )

1
s |dta0 = — (|22) ~ {2-2 47
|dt,0) E(l)l)) (47)

» 1dt,-1) = - f2)

Y

However, the p wave functions (]1,1) , |1,0) and |1,-1)) of the % .-




representation transform under the operations of the cubic group, 0, as
the t wave functions. Hence a structural isomorphism exists between
5T2 and 5P. The t wave functions can be expressed in terms of the p
wave functions which are in turn combinations of MS,ML states with

MS = +2, x1, 0 and M, = %1, O:

L

€ |P'|>
n s |p0) (48)
A |P‘1> .

By-Comparing matrix elements of L for ¢, n and ¢ in the t, and p repre-
sentations, it is observed that the matrix of L within the t, represen-
tations of the d functions is equal to the matrix of -L for the p func-

tions, i.e.

4)1-|Lk|Pj> = - {atyilLldtyd). (49)
Consequently, for the Hamiltonian describing the remaining interactions,

the sign of L is changed to give
-] . T z 2 .
H -h-p]? s+es(Lz 'i) +gH - (-C+2%) (50)

where (Lzz- %) represents fhe trigonal distortion.
The effect of applying the first two terms of {50) to the corre-

Tated 5P state is given:ﬁﬁrFigure 5. By plotting E/p as a function of

6/p, the spin-orbit splitting is exhibited by the three levels at

]

W

values.

0, and the effect of the trigonal distortion is indicated at finite &
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Figure 5. Sp]ittfﬁg of the Ground Cubic Field Triplet of F92+
. by Spin-Orbit Egupling and the Trigonal Field.
(from Griffith<®)
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CRAPTER III

THE EXPERIMENTS

The Samples

Impurity analyses were performed on all the samples used and
geographical Jocation was known for most of the natural crystals.

The experimental observations of siderite were independent of
geographical source and optical appearance. The samples studied came.
from Quebec, Greenland and Connecticut. Raman excitations of the same
energy were found in all samples. Also, while there was a color varia-
tion from clear T1ight brown to opaque dark brown between samples or
within a single sample, spectrochemical analysis revealed essentially
the same impurity concentrations in both optical extremes. Further elec-
tron microprobe analyses revealed a 4% Mn concentration by atomic weight
while Mg (2%}, Si (0.5%), Ca (0.5%) and Al (0.2%) were the remaining sig-
nificant contributions. The 4% Mn concentration was verified by neutron

activation analysis on both clear and opaque samples. The detailed

impurity analysis results for siderite and the other samples studied are: v

given in Appendix A.

The remaining natural carbonate crystals studied were rhodochrosite
(MnCOj@u dolomite (CaMg(COB)Z), and calcite (CaCO3). In the rhodochrosite
from Colorado, electron microprobe analysis revealed mainly Co (0.09%)}
and Ca (0.07%). A large 6% Fe concentration with Si (0.4%) and Mn (0.6%)

were found in addition to the expected Ca and Mg in the dolomite from
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Brazil. No analysis was considered necessary on calcite based on its
colorless transparency and expected Raman spectra.

The remaining work was performed on synthetic FeCO3 powder grown

for Dr. H. Mook at the Oak Ridge National Laboratory. Microscope photo-

graphs indicate the particle size to be on the order of 1 micron and

microprobe results reveal Si {.02%), Mn (.007%) and Na (.001%).

The Raman Scattering Apparatus

The exciting source at the inception of the experimental work
was an argon jon lasér (Coherent Radiation Model 52) with an output of
1300 mw of light at 5145 R polarized vertically with respect to the
laboratory. Later the laser was modified by the addition of a beryllium
oxide plasma tube and a 1ight intensity stabilization Toop; the new power
at 5145 R was 1.5 W. The standard Raman scattering arrangement is given
in Figure 6. The initially horizontal laser light was first focused and
then rotated 90° by a mirror so that the scattering column was parallel
to the vertical slits of the spectrometer. The scattered 1ight was then
focused into the slits of a Spex (Model 1401) 3/4 meter Czerny-Turner
double monochromator spectrometer. When scans of particular polarization
tensor components were required, a polaroid sheet on a rotatable mount
was placed between the lens and spectrometer to select polarizations
parallel or perpendicular with respect to the incident beam polarization
fo11ow%d by a scrambler to prevent enhancement of particular components
by the spectrometer. Typical s1it widths were 50, 100, and 50 microns,
and the entrance s1it height was 10 mm. The gratings had 1200 grooves/mm

and were blazed at 5000 ﬁi On most of the spectra taken, the scan speed
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was either 50 or 100 cm™'/min.

The photomultiplier tube was on ITT Startracker (Model FW 130)
with an effective photocathode surface of rectangular shape (10 mnix
2 mm). The surface had an extended red sensitivity (S - 20). The room
temperature dark count rate of 120 cts/sec. was reduced to 3 cts/sec.
by cooling the tube to ~20°C with a thermoelectric refrigerated chamber
(Products for Research Model TE-104). The photocathode was operated
at -1500 volts by a Tennelec power supply (Model AEC-100}.

The photomultiplier was followed by a preamplifier-amplifier-
discriminator unit (Nuclear Data Model 520). The uniform output pulses
of the discriminator were counted by a rate meter (Tennelec Model TC
690) and the signal was recorded on a strip-chart recorder (Honeywell
Electronik 194). Typical recorder speedé were 1 or 2 min/in. which when

combined with the scan speeds gave spectra displays of 50 to 100 cm"llin.

Low Temperature Apparatus

Low temperatures were obtained with either a helium gas refriger-
ator {Cyragenic Technology Inc. Model 350) or a liquid heligm dewar
(Janis Super Vari-Temp Model W-DT).

The lowest temperature obtainable with the helium refrigerator was
12%K at the top of the second stage. However, after the samp]é was
securely mechanically mounted for optical measurements at the bottom of
the second stage, the Towest temperature obtained at the sample was 22%.

Temperatures down to 6°IC were obtained with the Tiquid helium
dewar. Although the dewar is capable of obtaining temperatures up to

room temperature, it was used mainly for taking data from 6%K to 100°K,

a
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with the helium refrigerator used for the higher temperatures. The
tail section of the dewar was modified by the addition of a third win-
dow {at the level of the existing two windows) to make collection of
1i§ht scattered 90° possible.

Sample temperatures in both the dewar and refrigerator were
measured with platinum resistance thermometers. The thermometers had
room temperature resistances of either 500 ohms (Rosemount Model 146 MA
or 118 AEM) or 100 ohms (Rosemount Model 118 GX). The thermometers were
mounted directly on the crystal sample surfaces with a thin piece of
indium between the thermometer and sample for increased thermal conduc-
tivity. Thermometer vo]tagés were measured by standard techniques using

a Leeds Northrup Model potentiometer.
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CHAPTER 1V
RESULTS AND DISCUSSION

Presentation of the Data

The Raman data is presented in plots of inféhsity of scattered
light versus fregquency shift of the scattered 1ight from the incident
laser frequency. The frequency will be indicated in units of recipro-
cal centimeters, cm~! (3 en”! = 100 GHz)‘ The scattering geometry for
oriented crystals is indicated by placing the polarization tensor compo-
nent measured inside parenthesis and the direction of the incident and
scattered light (with respect to the crystal axes) before and after the
parenthesis, respectively. For example, a spectrum of the o

yz
nents obtained with initial and final beam directions of z and x, respec-

compo-

tively, would be indicated as z(yz)x.

Siderite Raman Data at Liquid Helium Temperature

Since calcite, natural CaC0Oy, and siderite both belong to the same
space group, ng,essentia11y the same vibrational Raman spectra should be
observed in both samples at the same temperature. The same lines corre-
sponding to the same symmetry species and atomic motion should occur in
both spectra. The basic difference is a shift in energy between lines
corresponding to the same atomic motion due to the different atomic masses
and force constants. Among the carbonate crystals, this difference is

usually less than 30 el
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First the Raman spectrum of calcite at room temperature (297°9K)
is presented in Figure 7. Only the expected Raman active vibrational
lines are observed. The symmetry species (A1g + 4Eg) are indicated on
the corresponding peaks along with a frequency enumeration (v] and Y10
- v]3). The atomic motions corresponding to these enumerated Raman
frequencies along with the atomic motion for all the modes of ng symmetry
is given in Figure 8. The designation of these atomic motions is based
on results of Raman and infrared spectra and eigenvalue calculations on
calcium carbonate and on 1ithium, sodium, and potassium nitrate.zz’
The complete Raman spectrum of siderite at 6% is presented in
Figure 9. A high sensitivity scan at 6°K from 800 em™! to 1900 cn”! is
given in Figure 10. As in the case of calcite, the expected vibrational
modes are identified. There are also six additional lines indicated by .
their frequencies at 6°K: 440, 741, 820, 1175, 1225, 1485, and 1735 cnl.
The intensity of all these 1ines decreases with increasing temperature
with only three observable at room temperature. The additional lines can
be categorized as these with temperature dependent frequencies (440, 1175,
and 1225 cm'1) and those with frequencies which do not vary with tempera-
ture (741, 870, 1495 and 1735).

Siderite Raman Lines with Temperature
Dependent Frequgndﬁes

Lines having temperature dependent frequencies were studied by
taking scans only over frequency regions containing each particular exci-
tation. The scans were taken at different temperatures starting from

6°K and proceeding to at least 60°K in a1l cases. The temperature was
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of the DY, Crystals.”

Figure 8. The Atomgc Motion ofﬁgymmetry Species
3d




INTENSITY

440 ¢cm

vi2liy)

i 741 cm

vy o (E ) -
1? 9 \ 1175em |
! | -1 -1 '
b \ .&/fvw\ﬁfz5cm 1495
L vi1(E ) / +2OCH :
I 1 ! 1 | . ] 1 ' $ 1
200 600 . 100¢ 1400 1600

FREQUENCY SHIFT (CM_1)

Figure 9. Raman Spectrum of Siderite at 6°K.

EY




INTEMSITY

100

HTS 1225

b SIDERITE
é T-6%K
i
“é 1405
- } 4 I
]
!
| /|
\._ : R !'{ %
\. I k
|
! |
! / b 1735
870 i il ]
‘ l ; l# 1 h‘ﬁl".i.«"‘ ’ F'éL J
i’*"f LRy "5";“;{‘4]} - [ ‘L:pih? W i‘fiﬂ
. [ 19
! I 1 { { 1 : ! L ; :
1200 ° 1500 ‘ 1850

FREQUENCY SHIFT (M™D

Figure 10. Raman Spectrum of Siderite at 60K (800 em™! to 1900 cm']).

147



5"

{

stabilized to within + 19K during each scan. In addition to the change
in frequency of the peaks, there was a broadening of the 1ines accom-
panied by a decrease in intensity as the temperafuré is increased.

Plots of frequency versus temperature in Figure 11 reveal that
the most rapid frequency shift occurs near the Néel temperature (38°K).
The 440 cm~! 1ine increases in frequency more sharply in the region from
20% (440 cm'1) to 38%k (460 cm'1) than in the region from 38°K to room
temperature (525 cm']). Similarly, the 1225 em ! Tine has its greatest
change below the Neel temperature (from 1180 em~1 at 389K to 1200 cm']
at 4801(). In addition, it returns to 1ts lower frequency at about 580K,
The complete temperature variation of the 440 cm"1 Tine from 6%K to room
temperature is given in Figure 12 where the frequency variation above the
Neel temperature is found to be generally linear.

In Figure 13, the integrated intensity of the 440 cm™! line is
presented. The integrated intensity of the 440 cm"I line increases as
the temperature is decreased from room temperature to 70°K. However, fhere
is a variation from the consistent increase as the temperature is further
lowered through the critical temperature to 6%K.~as shown in Figure 13.
There are two distinctive features. One is the relatively rapid increase
from 41°K with a peak at 38%K followed by a rapid decrease to a minimum
around 28°K. The other is the increase as the temperature is lowered
below 28°K with integrated intensity values below 17% being higher than

that at 38°K.
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Siderite Raman Excitations with Temperature
Independent Frequencies

0f the lines with tgmperature independent frequencies, the
behavior of the 741 cm'.| line is the most interesting. As shown in
Figure 14, the 741 en”! Tine begins as an asymmetry in the 731 cm'1 Eg
1ine (v]]) at room temperature. As the temperature is lowered, this
asymmetry reveals itself as a new line at 741 em 1. The 741 cm'l Tine
continues to grow in intensity compared to the 731 (:m".l line as the

temperature is Jowered until at 6°K, the 731 cm']

exists only as an asym-
metry in the 741 cm! Tine.

The variation of the integrated intensity of the 741 em™! ine
with respect to temperature is presented in Figure 15. To isolaterthe

741 t:rn'1 variation from the 731 cm']

Eg (v11) line, areas were measured
on the higher frequency side with the frequency at the maximum intensity
taken as the lower 1imit. The integrated intensity of the 741 em™! Tine
generally increases as the temperature is decreased from temperature to
69K. However, below 28%K the integrated intensity does not contfnue to
increase but remains approximately constant. Also, the points appear to
indicate a relative maximum at 38°K (TN) followed by a relative minimum

at 349K, but this is not certain considering the error estimates of the

points.

Raman Polarization Tensor Components of Siderite

Scans of five of the Raman polarization tensor components were

taken. Scans of Gy s “yy’ and L. for which both Eg and A1g modes should

appear and scans of o and dyz which favor the Eg modes were taken at

BOK. The optical quality of the particular crystal used in these scans
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and the fluorescence background permitted only the 440 cm™ and the
781 e Tines to be observed.

It was observed from the scans that the vibrational 1ines do not
follow the predicted polarization selection rules. For example, there
should not be an A1g peak in the ayx or Gyz scans or Eg peaks in L
These discrepancies may be due to depolarization of the incident beam
while traversing the crystal. Optical imperfections and impurities in
the crystal cause the initial beam direction to be deviated and the ini-

tial polarization vector to be rotated. The same problems may occur with

the beam emerging from the crystal.

However, some knowledge of the behavior of the 440 cm'1 and 741

cm'1 1ines can be obtained by comparing their intensities with the exper-

g
comparing the intensities of the 1ines in the z(xx)x scan with the inten-

]

imentally observed intensities of the E_, and A]g vibrational modes. By

sities in the remainder of the scans, it appears that both the 440 cm™

and 741 cm~! Tines follow the intensity pattern of the averaged 187 en!

and 287 cm'1 Eg intensities rather than the A1g 1ine as shown in Table 2.

The main exceptions are the x{zz)z and z{yz)x scans.

Raman Data of Synthetic FeCO_ Powder

3

The Raman spectra of the synthetic FeCO3 powder were quite differ-
ent from the siderite spectra. Only the 1087 cm! powder line is close
enough in frequency and intensity to the 1090 cm-] siderite line to be
designated as an identical A1g mode. Some of the remaining dominant
lines could be classified as Eg modes (153 or 161, 267, and 725 or 896

cm'1) but the frequency differences between two forms (synthetic powder
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Table 2. Ratio of Intensities in Polarized Scans
to Intensities in z{xx)x Scan

Frequencies (cm‘tL
187,287
187 287 440 741 1087 | Intensities
Avg.
1. z{xx}x 1 1 1 1 1 1
z(yy)x | .31 .124 | .198 | .368 | .88 .217
2. x(yy)z | .546 | .286 | .535 | .58 .975 416
s x(yy)z | .165 | .055 | .138 | - 110
T x(zz)z | .069 | .79 | .216 | .526 | .193 .430
T
-~ ,
2 | 3. x(zz)z | .108 | .580 | .258 | .368 | .150 .349
4. x{yx)z | .486 | .336 | .380 |.526 4396 A1
5. z(yz)x | .148 | .815 | .390 [-.685 | .183. .482

and natural crystal) of the same compound cannot be justified.

Ferrous Carbonate Infrared Absorption Data

Infrared absorption spectra have also been taken of both siderite
and the synthetic FeCOa powder. Although the spectrometer permitted

], analysis below 300

spectra to be taken from near~200 cm™! to 4000 cm™
em~1 is indefinite due to the’ infrared activity of the KBr- pellet mater-

jal (in which the iron carbonate samples were mixed) in that region.
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1

Also, since the Raman work did not go above 2200 cm™ ' and since the

infrared spectra did not indicate any unusual activity there, the scans

will be présented only to 2200 en 1,

In Figure 16, the infrared absorption spectra of siderite is
presented. The most intense peaks are the expected infrared modes at
781 cm™! (vqgs E,)s 870 em™! (v7, Agy) and 1412 em™! (uq,, E,). Where
the frequency notation is the same as that for the modes in Figure 8.

In addition, there appears an asymmetry in the 741 em~1 1ine centered

1 1

, another asymmetry in the 1412 em™! Tine around 1470 cm

and a separate line at 1802 cm™).

around 731 cm™

Similar expected infrared lines are also found in the spectra of

the synthetic FeCO, powder at 747, 869, and 1425 cm™!. There are also

3
new 1ines not present in the siderite spectra. There are two separate

lines at 815 and 1080 cm™ !

em 1,

and an asymmetry in the 869 cm'.l 1ine at 840
However, absent are the ésymmefries at 731 cn™! and 1470 cm”)
observed in the siderite spectra.

A summary of the Raman and infrared excitations in siderite and
synthetic FeCO3 powder is presented in Table 3. In the case of the syn-
thetic FeC03 powder Raman excitations, the strong lines are designated

with an (S), and the remaining 1ines are very weak.

Raman and Infrared Studies on Similar Crystal Systems

Further Raman and infrared studies were performed on two similar
crystal systems, dolomite (natural CaMg(CGa)Z) and rhodochrosite {natural
MnCOa). They were of interest because in addition to belonging to the

ng space group, lines other than the expected vibrational lines were
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Table 3. The Raman and Infrared Lines of Siderite
and Synthetic FeCO3 Powder

Siderite-FeC0y Synthetic FeCO3 Powder
Raman
(expected Raman Infrared Raman Infrared
vibrational)| {(unexpected) \
300(v12)—Eg 153,161
440 to 515
731(vy )-Eq| 741 781(vy5)E, | 210,267(S)
286,300,327,368
1090(v1)A1g 1175 to 1200 522,725 741(v15)-Eu
1225 to 1260 896(S),942 815,840
1412(v14)-Eu 870(v9)-A2u
1434(v10)Eg 1495 1475 1009,1087(s) (v, )Ag 1080
1735 1197,1238,1300
1412(v.|4)-Eu

observed in their Raman spectra.

The Raman and infrared 1ines are summarized in Table 4. The Raman
and infrared data were obtained from the same samples. Based on frequency
comparisons, none of the extra Raman lines can be identified as infrared
modes that have become Raman-active. The main similarity to the extra

siderite lines is the increasing intensity with decreasing temperature.




Table 4.

The Raman and Infrared Lines in Dolomite and Rhodochrosite

Do&omite?ﬁﬁmﬁféﬁsfé

RhodochrositeMncos

Raman Raman Infrared Raman Raman Infrared
(expected (unexpected} (expected (unexpected)
vibrational} vibrational)
177(v]3)-Eg 185(v13)Eg
297 (vy,)-Eg 293 290(vy7)Eg 460
491
728( vy )-E
504(S) 157 "u
741 vy, )-Eg 728 729(v;)-E, 721(vy7)Eg 890 to 909 866(v7)-A,,
940 880(v, }-A, 940
1098(v])-A]g 1420(u14)-Eu 1030
1087(v1)Ag 1199
1310
1446(vyg)-Eg | 1755(S) 1808 1390 1410(vy4)-E,
1434(S)
1590
1675
1416(vyq)Eg 1730(5) 1795

1804

oy

PR
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Some extra lines are present at room temperature: 293, 728 and 940 in
doTomite; 890, 940, 1030, 1450, 1194, 1310, 1390, 1590, 1730 and 1804

in rhodochrosite. The remainder became apparent as the temperature is
lowered (to 6°K 1in boih cases). However, this intensity growth appears
to be mainly a decrease in linewidth rather than an integrated intensity
increase. Also, there is no frequency shift with decreasing temperature,
except for the 890 em™! 1ine which shifts to 909 cm™! at 6°K in rhodo-

chrosite.

Impurity Analysis of the Samples

The samples studied in this research were analyzed for impurities
by three different methods: electron microprobe, spectrochemical analy-
sis, and neutron activation. The results presented in Table 5 are listed
in two rows. The upper row js the imburitj percentage with respéct to
the total weight of the sample as reported by the analyst. The lower row
is calculated from the upper row values to give the impurity percentage
with respect to the number of cations.

For the electron microprobe a typical spot diameter was 200 microm-
eters with a probable penetration of 2 or 3 micrometers.

Discussion of Research by Other Groups Involving
Siderite Raman Excitations

During this series of experiments, two papers were published which
involved some of the extra siderite Raman excitations.12’27
One of the papers {Popkov et al.) involved temperature dependent

Raman studies on siderite with results similar to those given here. How-

ever, there are some differences in the experimental results and conclusions.




Table 5.

Summary of Impurity Analyses

Impurity
Sample ' ‘ - Method
Si Mn Ca Mg Al Fe Na Q%
Siderite 'gl '8; 'g?g Electron microprobe
Siderite “g: -g 1'2 g 'g 81.7 Electron microprobe”
Siderite (clear} :?g :?5 Spectrochemical
Siderite(opague) 'gg , '?5 'ggg Spectrochem1ca1
Siderite (clear) g Neutron act1vat1on
Siderite(opaque) ;‘g Neutron act1vat1on
Dolomite igZ :23 gé 4; g :?5 g Electron microprobe
L s ‘ .02 | .01 | .008 .005 | .09 ,
Rhodochrosites 99 2 .21 04 | .032 .02 .18 Electron microprobe
FeCO, Powder - 02 -007 -001 Electron microprobe
3 roweer .08 | .014 99.9 | .004 pr

For each sample entry, the upper row designates the impurity percentage by we1ght

and the lower row designates percentage of number of cations.

*
This analysis was performed by the Oak Ridge National Laboratory.
were performed by the Georgia Tech Engineering Experiment Station.

A1l other analyses
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The highest frequency Eg line (“10 at 1434 cm’]) along with the unexpected
870, 1175, 1225, and 1495 cn™! lines were not found by Popkov et al.
Also, the 748_cm’1 excitation at 4.2% is classified as the Eg(v1]) mode,

while as reported previously in Section IV.3, the strong excitation of

731 cm~! 1ine at room temperature is considered the E_ mode and the 748 cm~ !

_ ‘ g
line which grows in intensity as the temperature is decreased is consid-

ered an additional excitation. There is also question about the designa-
tion of certain additional excitations to energy levels following the
Kanamori scheme. The classification of the 1743 cm'1 Tine as an Fe2+

excitation (ground Eg doublet to A, singlet) is questioned since similar

excitations appeared in rhodochroslge (at 1730 cm“]) and dolomite {at 1755
cm']) which have either no iron detected (rhodochrosite) or only -6 atomic
percent (dolomite), while the relative intensities in rhodochrosite and
dolomite are approximately equal to those in siderite. As mentioned in
the Popkov paper, if the 440 cm=1 1ine is considered to be a transition
between spin-orbit exchange field split states (specifically from the
Towest doub1et to the uppermost), the frequency change should increase
as the temperature is decreased through 389K rather than decrease as the
experimental observed change does. Also, the increase in frequency as
the temperature is increased above the Neel temperature is not considered
in this designation. Also in quesfion is the statement referring again
to the 440 cm™' Tine:

"The fact that this band does not vanish completely above

the Néel temperature is apparently connected with §9nserva-
tion of short-range order at higher temperatures."”

While the possibility of magnetic short-range order at temperatures well
above 380K cannot be dismissed, it is thought that this spin-Raman transi-

tion could persist above the ordering temperature even with no short-range




BT

order since the states are also separated by a spin-orbit energy dif-
ference.

28 c.oncerned with siderite Raman excitations,

In the other paper
the far infrared transmission spectrum of FeCO3 is investigated for
temperatures from 4.2%K to 70°K and in applied fields up to 90 kQe. At

1 with parallel and per-

4.2°¢ an excitation was observed at 112.5 cm”
pendicular splitting factors of 6.6 and O, respectively. This excita-
tion and the 440 cm'1 and 1743 cm™! Raman excitations are fit into an
energy level splitting scheme of the Fe2+ ion.
The scheme initially follows Griffith by considering first a

cubic splitting with a ground 5T2 term. By use of the structural isomor-
phism to 5P, the wavefunctions are expressed in terms of FMS,ML> states

with Mg = 22, 1, 0 and M = #1,0. For further splitting of the ground

term, the single ion Hamiltonian,
_ - 2 2 2 :
H=RxL*®S+R 5('-2"3')*351 (51)

is considered where A, &, and J are the spin-orbit, trigonal field, and
Ising molecular field parameters, respectively. Both the exchange integral
and the sum over surrounding spins are included in the molecular field
parameter. R is an "orbital reduction factor" to be used as a parameter
for fitting experimental data. Physically, R permits a variation of the
orbital angular momentum from the exact value of L=1. The trigonal field
term is considered largest resulting in a singlet BA] state and ground”SE
state if 8§/ 1is considered negative. In the 1imit of §/A » - =, the spin-

orbit term will split the 5E state into five equally spaced doubly degen-

erate states with M‘J values of 1, 0, 1, *2, and *3 (in going from the




ground to uppermost states) and a sing1eéiMs,ML> state corresponding
to each Mj. However, in the interval —w-33/1.<0, admixtures of

IMS, ML> states are considered for each MJ. For example, the first
excited doublet is now split into the symmetric and antisymmetric
pairs

v =2l - 1> +af-1,1> +¢| 0,0
(52)

Bp=al1, - 1> - a]-1,1

causing a splitting even when magnetic fields are not present. With
the addition of an exchange or magnetic field, ¥4 and ¥, are mixed

resulting in

pq =a|-1,1> + 810,05 +y|1,-1>
(53)

vy = -al-1,1> + b]0,0> +c|1,-1>

For the additional field splitting the exchange splitting, Js,, is
considered first followed by the Zeeman term BH * (-RL; + 25;).
The experimental excitations are considered by Prinz et al. to

be between exchange split states which are assumed to have the same

exchange parameter in the initial attempt. The 112.5 cm'1 infrared exci-

tatfon is from the ground state (¥, = [-2,1> + &{|-1,0>+ [0,-1>} to vy

The 440 cm™! Raman excitation is from wg to |2,-1>, the Tower exchange
split state of the uppermost spin-orbit split doublet. The 1743 cm'1
Raman excitation is from ﬂb to 1-2,0>, the lowest exchange split state

of the trigonal field split singlet 5A1. An analytic solution of the

matrix of the Hamiltonian using these designations gives numerical values




for the R, A, -z and J parameters.
The designations of the Raman transitions is questioned for
reasons similar to those given in the discussion of the paper by Popkov

2+ excitation due to

et al. The 1743 cn™! Tine is not considered an Fe
jts strong relative intensity in rhodochrosite and dolomite. For the
correct temperature dependence of the 440 cm"1 line, the upper state
exchange splitting would have to be larger than the ground state split-
ting. However, as is stated by Prinz et al., the excited state exchange
splitting is slightly smaller than the ground state. Also, in order to
obtain simultaneously the correct parallel Zeeman splitting factor (6.6)
and energy for the infrared transition, it was necessary to allow a dif-
ferent exchange constant for the first excited doubTet (JT = 12.5 com-
pared with Jy = 18.5 for all other doublets).

Also in question is the relative order of the spin-orbit split
levels (My =+1,0, #1,0, 21, 22, 13), with 1 Towest and +3 uppermost.
This is inconsistent with the expected inverted order of J levels for
the more-than-half-filled Fe?® 3d shell and does not correspond with the
schemes of Kanamori and Griffith (as discussed in Chapter II}. Griffith's
levels are consistent with Kanamori's levels provided one takes into =
account the change in sign of L introduced by the structural isomorphism .

from 5T2 to 5. If the signs of the M values in the Sp configuration

L
are changed, the My values will become £3, +2, +1, 0, +1 (going from low-
est to highest energies in the spin-orbit split Eg state).

A question remains about the temperature dependence of the 112.5

cm™! infrared excitation. From observation of the experimental results




of Prinz et al., the energy of the excitation did not change as the
temperature was increased through TN to 41%.and the excitation had
vanished at 41°K. However, if this excitation is due to a transition
from the ground state to the first excited doublet, a change in energy
would be expected as the temperature increased through TN due to
removal of the exchange splitting. Also, above TN a spin-orbit split-
ting between these two states still remains and it would be expected

that the infrared excitation would persist above TN.

Raman Excitations in CoF2

Excitations in addition to the expected vibrational modes have
been also observed?? in CQFZ. CoF, is similar to FeC0, because it has
an unquenched orbital angular momentum, and is antiferromagnetic with a
Néel temperature of 370K.

The additional excitations are best described with reference to
the splitting scheme of CoZ* in rw1gF2:(:o++3rJ {as shown in Figure 16).

The same scheme is used for Co2+ in CoF2 for the crystal field and spin-

orbit splittings. The effective Hamiltonian is

2 2

_ 2 2, 3, 17T
Hepr = -alLy = 3) +T{L - Ly ) - ZALS (54)

which operates on Lz’ SZ states with S =3/2 and L = 1. The terms in

H £ correspond to the cubic field, tetragonal field, and spin-orbit

ef
interaction respectively. The spin-orbit splitting results in a split-
ting of the 4A2 singlet into two Iéf doublets as well as the splitting
of the € ground state into four et doublets.

The Raman excitations in CoF2 are classified in two groups. The
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four low frequency lines (37, 169, 194, and 210 cm"1) are from the two
Towest doublets. Also four high frequency lines (783, 1089, 1218, and
1394 cm'l) are from the four highest doubiets. There was a frequency
variation of all the excitations as the temperature was decreased
through Ty as shown in Figure 17. The frequency shift (v4(2°K)-v1(85°K))
for the high frequency lines were reported as -19(783), +7(1089), -27(]215?;
and +4(1394).

Although it is acknowledged to be an approximation due to the
orbital degeneracy, a spin Hamilténian is used to fit experimental results

involving the two lowest doublets. With the Hami1tonian3!

H=v(sf -SZ)¥as? (55)

acting only on the S = 3/2 manifold of four lowest states, a fit of the

magnetic field splitting consistent with the 175 cm"1'$p1n-orbit split-
ting was possible. However, the temperature dependence of the frequen-
cies was not explained and the Raman excitation energies did not approach
the neutron values in the paramagnetic state above TN' 1
For the four high frequency 1ines, Moch et al. followed the method
Ishikawa and Moriya32:,- to derive the exciton spectrum from a self-con-

sistent molecular field ground state of
fofr + 22579 ¢ <§%>o : (56)

The frequency shifts (vAF - “PARAMAGNETIC) predicted were +7(783), +27
(1084), +8 {1218) and +38(1394). The predicted values were all 20 to

35 cm™ higher than the experimental values, and an explanation of the
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2 lowest doublets.

Figure 18. Temperature Dependence of CoF2
Raman Excitations {from Moch et al.
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temperature dependence was not presented.
Also of interest is the distinct frequency variation of two of
the high frequency 1ines above the transition temperature. The 1394

em™1 1ine decreases in frequency as the temperature is lowered from

1

1411 cm'] at room temperature to 1387 cm ' at 40°K and then increases

to 1394 cm'] at 2%. Also, the decrease of the 783 cm"] 1ine from 801

em=1 at 809K to 792 cm”!

at 40°K followed by a further sharp drop below
TN’ is very similar to the temperature behavior of the 440 em™] Tine

in FeCOa.

Identification of Siderite Raman Excitations with Temperature Dependent
Frequencies

The temperature dependent 1ines with frequencies of 440, 1175, and
1225 em™! at 6°K are considered Fe2+ jon excitations between trigonal
field and spin-orbit split states.

The most intense 440 cm™! Tine is considered an Fe2+ excitation
based on the relationship of Raman line intensities and iron concentra- ‘
tions in three different crystals: siderite, dolomite, and rhodochrosite.
In siderite, 82% of the cations are iron and the 440 cm-1 intensity is
the most intense. In dolomite 6% of the cations are iron impurities or

2+

the Fe2+ in dolomite is only 9% of the Fe™ 1in siderite. The relative

integrated intensity of the additional dolomite 504 cm'] 1ine is bracketed

by values of 7.5 to 24.2% of the corresponding measurement of the 440 cm™]

line. {These measurements were made for spectra taken at 6°K and the
siderite percentage variation was due to measurements made on scans of
different polarization components.). Hence the consistency of the decrease

2+

in intensity with the decrease of Fe® 1in dolomite indicates that the 440
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em™1 and 504 crn'.I lines are both due to the Fe2+‘ion. Similarly, in

rhodochrosite no iron impurity was detected and no Raman excitation

1

around 500 c¢cm™' was observed. Although no Raman excitations were ob-

1 siderite

served in dolomite to compare with the 1175 and 1225 cm™
1ines, they may be present but too weak to observe. In siderite, the
intensities of these higher lying 1ines are less than half that of the
440 cm”! Tine.

These excitations can be fit into a crystal field splitting scheme

which follows the Hamiltonian proposed by Griffith,

H=q tTS+s L 2- %), (57)

1
4
which operates on |MS,ML> states with Ms = 2, +1, and 0 and T 1,
and 0. The resulting energy levels can best be presented as due to a
trigonal field followed by a smaller spin-orbit splitting by plotting
E/§ versus o where o = /6. When account is taken of the negative °
trigonal field parameter, the energy level splitting diagram (of E/-& vs
-a = %% ) presented in Figure 18 is the result.

This splitting scheme is different from that proposed by Kanamori
but it can be reduced to Kanamori's scheme. In Figure 18, the spin-
orbit split levels from the Eg ground state are not equally split, the

lower M., = 0 levels are split and the upper A]g trigonal singlet is

J
split by the spin-orbit interaction. In Kanamori's scheme the spin-orbit
split states are equally spaced, there is no splitting similar to the
lower MJ = 0 separation, and spin-orbit splitting of the upper A1g state
is not mentioned. These differences are a conseqilience of the expression

of
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- _ 1
L'S=1L,5_+LS, + 5 Lzsz (58)

when the matrix elements were evaluated in Griffith's scheme (where

Lys L_ signify orbital angular momentum raising and lowering operators,
respectively.) The inclusion of L,S_ + L_S, results in the mixing of
|MS, M > states which have the same M; value. However, with the use of

a spin-orbit term of the form

s, .

where o, = £1, and Sz = +2, 1, and 0, Kanamori is using only the L,S,
term of [-S. If only this term is used in Griffith's Hamiltonian, five
equally spaced spin-orbit split ground states and an unsplit Alg state
would persist. For complete correspondence with Kanamori, the M, (SP)
values of Figure 18 should be changed to 3, 2, 1, 0, 1 for the increas-

ing levels in the ground state. The designations gP in Figure 18 were

5p

a consequence of the change I+ -L introduced by the isomorphism 5T2»
in the ground cubic state. The MJ(STZ) values are listed in the second
column in Figure 18. These numbers signify the real orbital angular
momentum values, and further descriptions of this scheme will refer to
these M (5T ) values.

J 2

In most reasonable designations of the Raman excitations to the

levels in Figure 18 are as follows:

(a) 460 em™! From ground state (My = 3) to uppermost Eg
doublet (MJ = 1)

(b) 1175 em™1 From ground state to lowest A1g doublet (My = 2)

(c) 1255 cm™! From ground state to either of the two highest A

1
levels (MJ =0crMy=1) 9




E/-8

J J
5 5
(°P) ( Tz)

1

0

2

1

= gf-5

0

A

2

Figure 19. Trigonal and Spin-Orbit Splitting of
Fe2+(fo1lowing Griffith).

71




72.

The values presented here are the energies at TN = 38% prior to the
effects of the long range antiferromagnetic ordering.

The next step is to explain the energy shift of these excitations
from 38%K to 6%, by the use of an appropriate Hamiltonian for the

exchange jnteraction. There are two initial choices for the exchange

Hamilton
(a) Hgy = ~J ) S.I.z sz , and (59)
J
(b) Hgy = -3 ] 9f .sz (60)
J

where Sf ,‘lf, and J refer to the Ms’ My and exchange parameter values,

respectively. The problem with the $Z5% Hamiltonian, (a), is that no
account was taken of the unquenched orbital angular momentum in this
Heisenberg form. It also cannot be directly applied to the levels of
Figure 18 since they do not correspond to pure Mg states. However, when
spin-orbit mixing is not considered, these Eg levels, starting from the
ground state, have M. values of £2, 1, 0, +1, +2 (similar to the Kanamorj
scheme). When the S%S? Hamiltonian is applied to these MS states, the
ground state energy level is not lowered any more than any of the upper
levels and hence a decrease in energy splitting with decreasing tempera-
ture is not predicted. Although the J2J% Hamiltonian, (b), considers the
orbital angular momentum by adding it directly to the spin, its energy
decrease is not predicted since the ground state (MJ = 3) will have a

Targer splitting than any of the higher states.

Vs
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Discussion of the Interpretation of the Temperature Dependent
Frequency Excitations

The designation of the 460 cm™ energy at 38%K as a transition
from the ground spin-orbit split Eg doublet indicates that the spin-orbit
split levels are not equally separated in energy. If the 87 cm’T separa-
tion between the ground and first excited doublets as reported by Wrege,
were repeated between all states in the manifold, the energy from the
ground to uppermost state could be 348 cm'1. Also, the 460 cm'-I obser-
vation is not consistent with Kanamori's prediction that the spin-orbit
levels would be equally split.

The form for the spin-orbit interaction in the Griffith Hamiltonian
(%-CEZS) may need further refinement. The general form for the spin-orbit

interaction of an electron in a-crystal is

where V is the Coulomb potential of the electron due to the atomic nucleus
and the surrounding crystal field. This expression will reduce to the

S form only when the potential is spherically symmetric. In the case

2* in the trigonal crystal field, this ©

of the outer d €lectrons of Fe
reduction does not follow and the magnitude of the relative spin-orbit

splittings predicted by the Griffith Hamiltonian may be questioned. How-
ever, the number of spin-orbit split levels and their symmetries are not

questioned since these were determined from a reduction of
(L) x r(s)

where I'(L) are representations of orbital states already split by the
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trigonal field and the r{S) are the representations of the spin states
expressed in the D3d symmetry.

After these designations have.been made, more observations and
comparisons may be made. In both FeCO3 and CoF2 Raman transitions to
trigonal spin-orbit split levels were observed (including transitions
to spin-orbit split singlet levels in both cases). Also in these two
crystals there was further splitting below the Neel temperature due to

magnetic ordering. There were aﬂso Raman transitions in MgF2: 002+

29

to the same levels as in CoF2 although there was no additional split-

ting due to ordering. The caZ* jon would also be expected to be split

by cubic and trigonal fields in CaC03, but no additional Raman excitations
were observed. Since the Ca?® jon has a closed 3p6 shell with S = 0, the
observation from the results of these four samples is that for Raman
transitions to occur between ion split levels, there must be an unpaired
spin associated with these levels and that coupling of the Tight with the
spins is the mechanism involved. Although electronic Raman transitions
-werézobservedsbetweensioniczstates in PrCl and LaCl4 (by Hougen and
Singh37) and 1in CeC13 (by K1e138) the significance of the spin was only
found in the paper by Shen and B]oembergen.19 The persistance of excita-

tions to ionic states in the paramagnetic phase in FeC0O, and Con gives

3
further support to the spin-Raman concept.

An attempt to account for the unquenched orbital angular momentum
in the exchange interaction has been attempted by Elliott and Thorpe.34

The approach was to start with the Heisenberg form,

W(i,3) + 20(1.3) [5) 55 + 7] (61)
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with the Coulomb, W(i,j), and exchange interactions expressed in terms

of tensor operators which operate on single-electron states. The prob-
lem is then to find an effective Hamiltonian in a pseudospin represen-
tation which represents the same interaction in the ground state of

the jons in a crystal field with a spin-orbit interaction. With the

use of this technique, the predicted results were closer than those of

the Heisenberg form but still did not predict the experimental results.

As far as can be determined from contact with these authors and from
literature surveys, no further theoretical work has been done on the prob-
lem of exchange interaction with unquenched orbital angular momentum.35
Thus, the problem of gxp]aining the temperature dependence of these Co2+
and Fe2+ related lines will probably only be solved when a correct form-
ulation of the unguenched orbital angular momentum problem is found. A
solution to this problem should result in a better understanding of mag-
netic ions in crystals.

Identification of Siderite Raman Excitations with Temperature
Independent Freguencies

By comparison of Raman spectra, infrared spectra, and impurity

1

analyses of siderite, dolomite, and rhodochrosite, the 747 cm™" and 1740

Cm'] Raman excitations in siderite may be identified.

The, 747 cm'1 excitation is identified as the infrared 747 cn” !

(“15)Eu mode becoming Raman active due to loss of inversion symmetry as

a result of Fe2

* ordering as the temperature is decreased. (It is not
construed to be the v]1(Eg) mode as reported by Popkov et al.) The

increase of the integrated intensity (as presented in Figure 14) with
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decreasing temperature is consistent with this identification. The
physical picture for this behavior is that at room temperature (the
highest temperature at which spectra were taken and evidence of a Raman
747 cm™! line was observed), there is a small amount of short range

2+ ions in clusters. In the cluster, the ordering

6

ordering of the Fe

distorts the symmetry of the unit cell from D3d to another symmetry which i

favors the'yl5 (Eu)nnde, For this odd parity mode to exist, the new sym-
metry cannotAincTude a center of inversion symmetry.36 As the tempera-
ture is Towered, the size of the ordered clusters increases and larger
percentage of the incident Taser 1ight induces Raman transitions in the
distorted symmetry. Also consistent with this picture is the observation
that the integrated intensity remains relatively constant below 30%k
where all ordering is completed.

Further evidence for this identification of the 747 cm™! 1line was
obtained by considering experimental results in dolomite and rhodochrosite.
The additibna] 728 cm”) Raman'1ine-in dolomite CaMg(C03)2 can also be
identified as the 729'cm’] (”15)Eu mode observed in_?he dolomite infrared
spectra. Thé explanation that this 728 cm’1 Raman 1{ne was substantially
intense at room temperature and that its intensity did not increase as the
temperature was lowered, is that the distortion in dolomite is due to the
lack of symmetry due to the iron ion impurity and not to iron ordering.

The concentration of iron (6% cation concentration) is too small for order-
ing but large enough to distorf the ng symmetry. Also, the infrared 728
cm1 (“15)Eu mode in rhodochrosite was not observed in the rhodochrosite
Raman spectra at any temperature. No distortion would be expected since

the impurity concentration was very low and no iron was detected.
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The 1740 cm'1 Raman excitation in siderite is identified as an

1

overtone of the experimentally observed 870 cm"1 (u7) AZu infrared mode.
In support of this identification is the observation that a similar iden-

tification can be made from the dolomite and rhodochrosite spectra. In

]

dolomite the 1760 c1'n"1 Raman excitation is due to the 880 cm™ infrgred-

overtone. In rhodochrosite, the 17327tm4 line is due to the 866tﬁf]infrared

2

overtone. It is not considered an Fe + transition from the ground E

g
spin-orbit split state to the A1g singlet as proposed by Popkov et al.

and used in the calculations of Prinz et al. The 1760 em! dolomite and

1732 c:m'1 rhodochrosite 1ines had the same relative intensity as the 1740

-1 2+

cm ' siderite line but there was only 6% Fe~ in dolomite and no iron

detected in rhodochrosite. Hence these 1700 em™ Raman 1ines would not

2+

be due to Fe~ excitations.

Unidentified Siderite Raman Excitations

1 and 870 n:m"I

Of the additional Raman excitations, the 1495 cm™
lines have not been identified.

The 1495 cm'1 line is most intense at 6°K and its intensity decreases
as the temperature is increased. One possible explanation is an overtone of
the 747 (;m_.I (v15) Eu mode. However, a similar identification was not pos-
sible in dolomite or rhodochrosite since no excitations at twice thel§15
(Eu) frequencies were observed iﬁ the Raman spectra. If this possible
explanation were correct, the overtone in dolomite would be more 1ikely than
in rhodochrosite since thé V15 (Eu) mode itself was Raman active in dolomite

as in siderite. Another possibility is an Fe2+ ion excitation to the

third A1g singlet level. The increasing intensity with decreasing
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temperature favdrs this possibility but constant ?requency through the
transition temperature does not. Also, the 1495 cm'1 energy would be

too large to be consistent with the splittings predicted by Griffith's
Hamiltonian and the previous identifications of the 440, 1175, and 1225

c:m'1 excitations.

A possible explanation of the 870 cm~! excitation is that it is
the 870 cm™] (v7) A2u infrared mode becoming Raman-active due to ordering
induced distortions as the temperature is lowered. Although a Raman line
was not observed in dolomite corresponding to the 880 e (v7) Aoy
infrared mode, dolomite is expected to have distortions based on identi-
fication of the v1](Eg) mode. However, the distortions in dolomite may

be different from those in siderite so that both modes (v7 and v11) would

not be expected to be Raman active in dolomite.

Effect of Parameter Variation on Trigonal Distortion in Siderite

Analysis of neutron diffraction results performed on siderite at

the Georgia Tech Research Reactor revealed changes in the rhombohedral

lattice parameters (a0 and « in Figure 1)} as the temperature was decreased 3%

The results of this analysis are presented in Figure 20.. It is observed
that the largest change in both a; and o is between room temperature and
liquid nitrogen temperature (78°K).

By relating these lattice parameters to the trigonal distortion
from cubic symmetry, it is possible to predict energy shifts for transi-
tions between spin-orbit trigonal field split levels of the‘Fe2+ jon in
siderite. Specific interest was in the 440 cm'1 Raman excitation as it

changed in frequency from 525 cm"1 (at room temperature} to 468 em] (at
78%K).
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Figure 20. Siderite Lattice Parameter Variation with Temperature.
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A calculation was performed which combined the Griffith Hamil-

2

tonian 6 and the point-charge method40 of determination of crystal field

potentials. The & wvariable in the Griffith Hamiltonian, H=l—pf°3"
%-), is a measure if the trigonal distortion of the crystal

field potential at the Fe2+ site from cubic symmetry. The potential is

+ 8 (in2 -

assumed due to the six nearest oxygen aﬁoms. § can be expressed in
terms of the iron-oxygen disﬁance and the angle the iron to oxygen direc-
tion ﬁakes with'the c-axis (to be called d and o, respectively). d and o
can then be related to the'temperétures dependent a, and «. By comparing
coefficients of a point charge ca]cuTation39 for this symmetry it is found
that & (and hence w = f—) is proportional to j%-(s cosZe - 1).

The results of this calculation are presented in the table below in
terms of percent changes of the indicated quantities between rooﬁ temper-

ature and 78°K.

aq a w AE AEobserved

-.27% .15% -.68% ~.033% -8.35%

The AE represents the energy shift from the ground Eg doublet to the

uppermost Eg doublet. The AE observed indicates the change in the 440

’"cm"1 Raman excitation. The energy change pﬁedicted by this calculation

is the correct direction but the magnitude is too small by a factor of
250.

It is still possible that the change in energy of the 400 an )
line above (as well as the 1175 and 1225 cm'1 1ines) may be due to varia-

tion of trigonality with temperature. Due to the non-spherical environment
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the L * S form for the spin-orbit energy may not be correct. Another

form derived from the more general expression,

D (WXFT),

dm-c
which considers a trigonal V with full spherical coordinate dependence,

(r, 8, ¢), my be more sensitive to changes in trigonal distortion.

Investigation of Soft Modes at BriTIouin Zone Boundary by Neutron
Diffraction Experiment

1 exci-

Another possible explanation of the siderite Raman 440 cm™
tation was that it may be due to an overtone of the Eg(v12) 287 cm'1
Raman active mode (see Figure 8) at the Brillouin zone boundary. In
spite of the limitation that the photon momentum transfer is near zone
center for Raman scattering, tﬁo bﬁonon excitations are possible at zone.
boundary with the wavevectors in opposite directions. Investigation of
this mode at zone boundary indicates that an overtone could occur at sym-
metry points Z, A, or D of the rhombohedral Brillouin zone (see Figure
20). , | | |

The neutfon diffraction experiment proposed was to look for the
single phonon mode at ha1f the Raman room temperature‘energy(%—(szs cm'1)
= 262 cm‘1 = 7.85 THzJ;at the mentioned boundary points. Both the trans-
verse and 10ngitudina1 modes would be investigated. If the correct energy
occurs in a mode at any of these points, the energy for that mode and point
would be observed at 1liguid nitrogen temperature for comparison with the
Raman value (468 el =238 enl = 7.02 THz.). If neutron peaks at these

energies were observed, then a magnetically coupled soft mode explanation

would be possible.
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The expgriment was performed at theitrip]e a*is spectrometers
at the High Flux Isotope Reactor at Oak Ridge National Laboratory.
The results are summarized in Table 6.- The peak energies are given
for the longitudinal optic (LO) and transverse optic {TO) modes of
each symmetry point. The 1, q, and ¢ values correspond to the recip-
rocal lattice point, the momentum transfer to the zone boundary point,
and the total neutron momentum,respectively,for the particular mode

investigated. The momentum vector components are given with respect

to hexagonal axes. The energy was varied in steps of 0.2 THz. for the ~~—=

scans.

The conclusion was that none of the energies of the modes inves-
tigated corresponded to half the Raman energy (262 cm'1). Thus the
525 cm'1 Raman line was probably not a two phonon excitation tﬁat became

soft as the temperature decreased.




Figure 21.

The First Brillouin Zone for the
Rhombohedral Lattice.
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Table 6.

Summary of Experimental Values of Neutron
Diffraction Investigation of Zone
Boundary Modes in Siderite

i

Symmetry Mode T q Q Energy | Ener Peak Background
Point Favored (THZ? (cm‘?{ Counts Counts
# LO (3,0,3) (.5,0,.5) (3.5,0,3.5) 7.2 240 274 72
’ TO (1,0,14) | (.5,0,.5) | (1.5,0,13.5)| 7.2 240 60 30
D T | 2,01 | (.5,0.0) | (25072 | 7.2 | 20 25 15
ol 1o 1 (3,0,0) (0,0,1.5) | (3,0,1.5) 6.3 210 86 35
£ | LO (0,0,12) (0,0,1.5) (0,0,13.5) 5.7 190 235 30

v8
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CHAPTER V
CONCLUSIONS

The three Raman excitations with temperature dependent frequen-
cies (440, 1175, and 1225 crn'1 at 6°K) are considered transitions between
tkigona] crystal field and spin-~orbit split levels of the Fe2+ ion 1in
siderite. Sharp frequency shifts immediately below 38%K are consistent
" with the previous observations that a magnetic transition occurs at 38°K.
These excitations indicate a splitting of approximately 1000 cm=1 between

trigonal states {not including the spin-orbit splitting) as
1

the Eg and A1g

predicted by Kanamori. However, the 440 cm ' energy indicates the spin-
orbit split levels of the ground Eg state are not equally spaced as pro-
posed by Kanamori but follow a Hamiltonian as proposed by Griffith., The
situation that the temperature dependence of these excitations cannot be
explained by the Heisenberg form of the exchange interaction is consis-
tent with the condition that the orbital angular momentum js unquenched.
The constant frequency 747 cm'1 Raman excitation is considered the
infrared (V15)Eu mode which becomes Raman active due to loss of inversion
symmetry as a result of Fe2+ jon ordering as the temperature is decreased.

This indicates that short range order may persist up to 297%K (room temp-

erature).
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CHAPTER VI
RECOMMENDATIONS

There are other experiments which could provide more information
about the magnetic behavior of siderite. Infrared siderite spectra taken
at temperatures varying from Tiquid helium temperature to room tempera-

1 t0 1600 cm™! could check for a Raman modes becoming

ture from 300 cm™
infrared active due to ordering distortions upon cooling. Also, excita-
tions to other spin-orbit split Eg and A]g levels as well as to the Tevels
reached by the Raman experiment could be expected. Neutron diffraction
experiments could be performed to check for observation and dispersion of
the Raman excitations with temperature dependent frequencies.

A detailed group theory analysis could be attempted to determine
Hamiltonians for the exchange interaction with unquenched orbital angular
momentum and for the spin-orbit interaction in the non-spherical crystal
field potential. Such an investigation would be particularly useful since
temperature varying Raman frequencies above the transition temperature
and unexplained frequency shifts be&ow TN are present in both CoF, and

FeC03.




10.
11.

12.

13.

14,

15.

87

BIBL-TOGRAPHY

J. H. Van Vleck, The Theory of Electric and Magnetic Suscepti-
bilities, Oxford University .Press, Clarendon (1932).

J. C. Bjorken and S. D. Drell, Relativistic Quantum Mechanics,
McGraw-Hi11, Inc., (1964), p. 57.

R. J. E1Tiott, The Physical Review, 96, 280 (1954).

%. J.)E11iott and M. F. Thorpe, Journal of Applied Physics, 39, 802
1968). '

R. W. G. Wychoff, Crystal Structures, VYol. II, Interscience, N.Y.
(1964), p. 362.

R. A. Alikhanov, Soviet Physics - JETP, 9, 1204 (195%).

I. S. Jacobs, Journal of Applied Physics, 34, 1106 (1963).

?. N.)Forester and N. C. Koon, Journal of Applied Physics, 40, 1316
1969).

N. C. Koon, Ph. D. Dissertation, Georgia Institute of Technology, 1969

(unpublished).
J. Kanamori, Progress of Theo?etica1 Physics, 20, 890 (1958).

K. Ono and A. Ito, Journal of the Physical Society of Japan, 19,
899 (1964). ‘

C. E. Johnson, W. Marshall, and G. J. Perlow, The Physical Review,
126, 1503 (1962).

A. Okiji and J. Kanamori, Journal of the Physical Society of Japan,
19, 908 (1964).

D. E. Wrege, S. Spooner, and H. A. Gersch, in AIP Conference Pro-
ceedings, Magnetism and Materials, No. 5, 1971, ed. by C. D. Graham
and J. J. Rhyne, AIP, New York (1972), p. 1334.

G. A. Prinz and D. W. Forester, abstracted in AIP Conference Pro-
ceedings, Magnetism and Magnetic Materials, No. 5, 1971, ed. C. D.
Graham and J. J. Rhyne, AIP, New York {T7972), p. 279.




88

16. S. 1. Mizushima, in Handbuch Der Physik, Vol. XXVI, ed. S. Flugge
and P. J. Wijn, Springer-Verlag, Berlin (1958), p. 196.

17. M. M. Suschinskii, Raman Spectra of Molecules and Crystals, Israel
Program for Scientific Translations Ltd., New York (1972), p. 64.

18. Y. R. Shefr, Journal of Applied Physics, 32, 1490 (1967).

19. Y. R. Shen and N. Bloembergen, The Physical Review, 143, 372 (1966).

20. S. Bhagavantum and T. Venkatarayudu, Theory of Groups and its Appli-
cation to Physical Problems, Academic Press (1969), p. 140.

21, M. Tinkham, Group Theory and Quamtum Mechanics, McGraw-Hill, Inc.,
New York (1964), p. 39. '

22. J. Nakagawa and J. L. Walter, The Journal of Chemical Physics, 51,
1389 (1969).

23. R. Loudon, Advances in Physics, 13, 423 (1964).
24, F. G. Bass and M. I. Kaganov, Soviet Physics - JETP, 10, 986 (1960).

26. R. J. Elliott and R. Loudon, Physics Letters, 3, 189 (1963).

26, J. S. Griffith, The Theory of Transition Metal Ions, Cambridge
University Press, Cambridge (1961). ‘

27. Y. A. Popkov, V. V. Eremenko, V. I. Fomin, and A. P. Mokhir,
Soviet Physics - Solid State, 14, 1985 (1973).

28. G. A, Prinz, D. W. Forester, and J. L. Lewis, The Physical Review,
B8, 2155 (1973).

29. P. Moch, J. P. Gosso, and C. Dugautier, in Proceedings of the
Second International Conference on Light Scattering in Solids,
1971, ed. M. Balkanski, Flammarion, Paris, p. 138.

30. H. M. Gladney, The Physical Review, 146, 253 {1966).
31. M. E. Lines, The Physical Review, 137, A982 (1965).

32. A. Ishikawa and T. Moriya, Journal of the Physical Society of Japan,
30, 117 (1971).

33. R. J. Elliott, The Physical Review, 96, 280 (1954).

34, ?. J.)E]]iott and M. F. Thorpe, Journal of Applied Physics, 39, 802
1968).




89

35. M. F. Thorpe, private cowmmunication.

36. ?. A.}F]eury and J. M. Worlock, The Physical Review, 174, 613
1968} .

37. J. T. Hougen and S. Singh, Proceedings of the Royal Society (London),
A277, 193 (1964).

38. A. Kiel, in Proceedings of the International Conference on Light
Scattering Spectra of Solids, 1969, ed. G. B. Wright, Spring-Verlag,
New York, p. 245.

39. Data taken by R. Altman and D. B. Langille. Analysis performed
by R. Medina.

40. M. T. Hutchings, Solid State Physics, 16, 227 (1964).




90

VITA

Douglas Bruce Langille was born in New York, New York on
November 18, 1944, He was graduated from DuPont High School 1in
Jacksonville, Florida in 1962. He received both the Bachelor of Science
degree in Physics (in 1966) and the Master of Science degree in Physics
(in 1968) from the Georgia Institute of Technology.

As a graduate student, he received an NDEA Title IV Fellowship,
a teaching assistantship from the Georgia Tech School of Physics, and
a fellowship from the United States Steel Corporation. He also was
employed as a graduate research assistant by the Crystal Physics Branch
of the Georgia Tech Engineering Experiment Station and as an instructor
by Dekalb Community College. He is a member of Tau Beta Pi, Sigma Pi
Sigma, and other honorary societies.

In 1962 he was married to Charlotte Lucy Branscombe and they have

one daughter, Catherine Marie.




