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The infrared reflection spectra of a-Fe,O; were measured in the energy range 30-1000 cm™!; two optical-
phonon modes were observed for extraordinary ray; four optical-phonon modes were observed for ordinary
ray. The optical constants were calculated by Kramers-Kronig analysis, and were also analyzed by the
classical-oscillator model. From these dielectric constants, the longitudinal and transverse optical-phonon
frequencies were estimated. The Born and Szigeti effective charges were calculated and the ionicities among
a-Fe,0,, a-Cr,0;, and a-AL,O; were studied. It is verified also that the generalized Lyddane-Sachs-Teller

equation apply very well to a-Fe,0;.

I. INTRODUCTION

Crystals of «-Fe,0,, a-Cr,0;, and ¢-Al,0,
have the corundum! structure and crystallize into
the trigonal system with the space group DS. A
unit cell contains ten atoms.

The infrared lattice vibration spectra of
a-Al,0,,%%and a-Cr,0,, * have been studied well
by several workers. The reflectivity of a-Fe,0,
has been reported by Mitsuishi ef al.? in the
wavelength range from 17 to 50 pm, which how-
ever did not cover the whole lattice vibration fre-
quency. Also, they did not determine the optical
constants. Recently the optical constants of
a-Fe,0, were reported by Popova etal .,* however,
their data disagree with those by Mitsuishi et al.
in many points. We can notice the absence of 43-
pm structure in Popova’s data and the significant
difference in the region from 20 to 30 pm. There
is also a confusion in Popova’s paper concerning
the definition of ordinary and extraordinary ray.

In the present work it was undertaken to dis-
cover all the normally allowed infrared vibration
modes of the @-Fe,0, and to determine the optical
constants throughout the region of the lattice vi-
brations. The factor group analysis of the normal
modes of corundum was made by Bhagavantam and
Venkatarayuku.® A decomposition into irreducible
representations gives

F=2A,,+2A,,+3A,,+3A,,+5E,+5E ,

and there are 18 distinct normal frequencies atthe
I point. A one-dimensional A,, and a two-dimen-
sional E, mode correspond to the acoustic phonons.
Two one-dimensional A,, and five two-dimensional
E, modes are Raman active. Two one-dimensional
A,, and four two-dimensional E, modes are infra-
red active.

a-Fe,0, and a-Cr,0, are high-resistivity mag-
netic semiconductors’ with electric conductivity
similar to that of Cu,0. The magnetic properties
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of these materials have been studied extensively.
Below the Morin® transition (260 K) the four iron
atoms, spin 3, align along the C axis ina (+ - -+)
antiferromagnetic arrangement.® Between 260 K
and the Néel temperature (950 K) the spins lie in
the basal plane with a slight canting which results
in a small ferromagnetic moment.'°

Two magnon and first-order phonon Raman scat-
tering in a-Fe,0, have been reported by Hart
et al.* and are compared to the theoretical pre-
dictions. Polarization studies show that the two
A,, phonon modes lie at 225 and 498 cm™, and
the five E, phonon modes lie at 247, 293, 299, 412,
and 613 cm™,

In this work four E, phonons and two A,, phonons
were observed in the reflection spectrum with the
electric vector E of the incident light perpendicu-
lar and parallel to the C axis, respectively. This
is consistent with the group-theoretical prediction
on the allowed infrared modes.

A Kramers-Kronig analysis and a classical-os-
cillator fit were performed to obtain the optical
constants of a-Fe,0,. The Born and Szigeti effec-
tive charges were calculated for a-Fe,0,,
a-Cr,0,, and a-ALO, to study the ionicity, and
the Born effective charge of a-AlLO, agrees well
with the charge parameter obtained in the calcula-
tion of the lattice dynamics.'? It is also shown
that the generalized Lyddane-Sachs-Teller relation
applies very well to the spectra of a-Fe,0,.

II. EXPERIMENTS

The measurement of the infrared reflection
spectra at room temperature was performed with
a Digilab Fourier-transform spectrometer FTS
16B in the energy range from 1000 to 30 cm™. An
aluminum mirror was used as a reference in the
reflection measurement. A transmission wire
grating polarizer with 720 lines per mm and polar-
ization efficiency better than 95% was used to
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FIG. 1. Reflection spectrum of a-Fe,O; for the ex-
traordinary ray with the electric vector E of the inci-
dent light parallel to the C axis. The solid curve is the
reflection calculated by the classical-oscillator model.
The vertical bars indicate the transverse-optical-
phonon frequencies and strength.

select the reflectivity for the electric vector E of
the incident light perpendicular and parallel to the
crystallographic C axis.

The samples used were good-quality natural
hematite from the National Science Museum in
Tokyo. The good natural surface is at an angle
(approximately 16°) with respect to the surface
perpendicular to the C axis. We can see a pattern
of many straight lines on this surface and they lie
on the plane perpendicular to the C axis. From
this pattern on the two different planes and in the
different directions of a single crystal, we can
easily determine the surface perpendicular to the
C axis. This simple way of crystal axis determina-
tion was also confirmed by x-ray Laue-pattern
measurement, and both results were in good
agreement. As no extra lines of the impurities
could be observed in the x-ray powder Debye-
Scherrer spectrum, the concentration of the im-
purities is considered very small. No difference
is reported® between the spectra of ruby and those
of pure a-Al,O, till the impurity concentration of
1.3%, therefore the impurity effect on the spectra
of a-Fe,0, may also be negligible.

III. RESULTS AND DISCUSSIONS

As the crystal lattice of a-Fe,O, belongs to the
trigonal system,! any macroscopic second-rank
tensor properties such as the dielectric constant
( €).will have two independent parts. Two indepen-
dent measurements of €, one with the electric
vector E along the crystalline C axis and the
other with the electric vector E in any direction
in the plane perpendicular to the C axis, will com-
pletely specify the dielectric tensor.

The most elementary approach to the optical
properties of ionic crystals is to consider a single
classical oscillator and solve the equation of mo-
tion to obtain the Lorentz formula for the real
(€,) and imaginary parts (€,) of the dielectric
constant. A series of classical oscillators are

needed for the complex crystals of the trigonal
system to explain the observed optical dispersion,
and this is expressed by the following formula:

. 41p, W .2
€|,+Z€2=€.,‘,+UZ1 (wz; _vwz)Tv_iY @’ (1)
v v

where w ., is the transverse optical-phonon fre-
quency corresponding to the peak of €,. 4mp, and
7, are the strength and linewidth, respectively, of
the vth oscillator, and €, is the high-frequency
dielectric constant. Subscripts || and L should be
applied to all the quantities in Eq. (1) except w

for theE|IC and ELC configurations, respectively.

From the well-known relations

€, +i€,= (n+ik)?
and
R=[(n-12+E%*]/[(n+1)?+R?],

we can calculate the power reflectivity R at nor-
mal incidence.

In Fig. 1 the reflection spectrum of a-Fe,O, for
electric vector E of the incident light parallel to
the C axis is shown. From this reflection spec-
trum the optical constants were first determined
by a Kramers-Kronig analysis, !* and then the
classical-oscillator fit was performed as follows
to obtain better optical constants. For initial
values of the parameters in Eq. (1) we used the
dielectric constants from the Kramers-Kronig
analysis, and better parameters which improve
the fit to the reflection spectrum were looked for
until the fit became satisfactory.

A similar analysis was performed of the reflec-
tion spectrum of a-Fe,O, for electric vector E
of the incident light perpendicular to the C axis,
and this is shown in Fig. 2. The solid line is the
reflectivity calculated from the classical-oscil-
lator model, and the circles are the experimental
reflectivity. The classical-oscillator parameters
obtained here for a-Fe,0, are listed in Table I
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FIG. 2. Reflection spectrum of @ -Fe,O, for the ordin-
ary ray with the electric vector E of the incident light
perpendicular to the C axis. The solid curve is the
reflection calculated by the classical-oscillator model.

The vertical bars indicate the transverse-optical-phonon
frequencies and strength.



w(LO) is the longitudi-

€, is the dielectric constant in the low-frequency region and has the relation
a- Fe203

a- Cl‘zOs

a—A1203

€t Z 4mp,,.

TABLE I. Parameters of the classical oscillators in Eq. (1) for a-Al,O3 by Barker (Ref. 2), a-Cr,0; by Renneke (Ref. 4), and a-Fe,0;.
€

nal-optical frequency determined from the peak frequency of Im(~1/€).
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together with the values for a-Al,0O, by Barker?

K S 9, and a-Cr,0; by Renneke* for comparison. The
N N high-frequency dielectric constant €., of a-ALO,
e - o is about two times smaller than those of a-Cr,0,
v © = and a-Fe,0,. The low-frequency dielectric con-
stants €, of -ALO, and @-Cr,0, are nearly the
T w o + oS W same but that of @-Fe,0, is approximately two
E = e aa times larger.
In the system of # atoms (ions) in a unit cell,
g i : . : 2 o the polarization is given by
< - Ll
P=(1/4m)(e. - 1)E+NZje,*x, @)
oy <+ &
55 § 8 E § § g and the dielectric function is given by Eq. (1),
$= with the substitution
PN 2 1
2% 38 mgEs tonso & =(et =)l (om054)
where e ¥ and M, correspond to the charge and
mass of the ith ion and x,, corresponds to the dis-
g : : placement of the zth ion in the vth vibration.
- - The longitudinal-optical-phonon frequency w, is
e ~ ~ obtained by the following relation for the case of
v © © no damping:
D o o ©~ v N 4"N (Z:e{* %) 1 -
%g - - Z (EM‘JC (‘*’rzp—‘*’?j 1. (3)
a . «2 %, This condition also satisfies the criterion for the
g 6 o cowo longitudinal-optical phonon €(w;)=0. For oscilla-
L ,E 'S tors w1th' a small darflpmg, almost the .same LO
STE = 32 ';] seas frequencies are obtained from the maximum of
<8~ © IS8 Im(-1/¢).
3= With these longitudinal-optical-phonon frequen-
o cies and the transverse-optical-phonon frequencies
o TE © o SRR derived from Eq. (1), the relevant relation be-
3 bt ¥y¥ee tween the effective charges of the ions and the
optical data can be expressed as follows4:
© [T}
e : = 41TNE—— -e.z(wL,-wT, (4)
- ~ where N is the number of unit cells in a unit vol-
v © o ume, M; is the mass of the ith ion, and the sum-
. mation is over all the ions in a unit cell. It is
*TE : ; ® : - : easily verified for the case of one infrared mode
o N o and one ion pair that this formula reduces to the
well-known equation for the Born effective charge!'®
gf © e~ om e which corresponds to the effective charge of
] © eN®mo the transverse wave, and is directly related to the
optical and dielectric properties of the crystal.
gf'; N zc@esg When we apply this formula to a-Fe,0,, we can
3 B © R RS use the relation between charges determined
from the neutrality condition 3e +2¢ ¥,=0, where
5+ e and e} are the effective charges of oxygen and
[ S m 0NN W iron
N E oS ®© M < © ™ o
3 e fwne From this neutrality condition, we can obtain the
relation
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1 1

32n Nef, (:«xM0 * 2MF.>=€”ZV:(%2"_ w8, ©
where M, and M, are the masses of the oxygen
and iron ions. The factor in parentheses on the
left- hand side of this equation corresponds to the
inverse of the reduced mass of the two iron atoms
and the three oxygen atoms. The calculated effec-
tive charges of the Fe ion are e} =3.75¢ and e;%
=4.05¢ for E|IC and ELE, respectively, where e
is the charge of an electron.

We also performed a similar calculation of the
effective charge on @-Cr,0, and a-Al,0, and the
results are listed in Table II. In all three
materials the Born effective charge obtained from
the ELC spectrum is slightly larger than that ob-
tained from the E|IC spectrum, a-Cr,0, has more
charge than a-ALO,, and a-Fe,0, has more charge
than a-Cr,0,.

The charge parameter calculated by Kappus'? in
lattice dynamics for a-Al,O, is 2.053e. In the lat-
tice-dynamics calculation the experimentally ob-
tained dielectric constant €, is not taken into ac-
count explicitly,'® therefore a correction to the
charge for this shielding effect on the Coulomb
interaction is necessary in order to compare this
charge. The correction is to multiply Ve, by the
charge parameter and one obtains 3.65e for
a-Al,0,. This value is in good agreement with
the Born effective charge of 3.35¢ and 3.37e cal-
culated by the optical data.

To discuss the microscopic properties of the
polarization, the Szigeti effective charge!” defined
by the relation

e*=[3/(e. +2)]ek (8

is more appropriate. This charge is considered

to have a precise meaning for cubic and typically
ionic crystals. The physical meaning of this
charge becomes a little ambiguous for uniaxial
crystals. However it seems worthwhile to calcu-
late this charge for the above three materials
because the dielectric constant €. and the effective
charge e calculated in the two directions E||C
and ELC are almost the same, and almost isotro-

TABLE II. The Born and Szigeti effective charge for
a-Fe,03, a-Cry;0;, and a-Al,O; calculated from the data
in Table I and Eqgs. (5) and (6). e is the free-electron
charge. || and L correspond to orientation parallel and
perpendicular to the C axis, respectively.

ehfe  eble ey le % /e
a-Fe,0;  3.75 4.05 1.29 1.35
a~-Cr,04 3.65 3.82 1.35 1.40
a-ALO0,  3.35 3.37 1.97 1.94

pic. The calculated value of the Szigeti effective
charge are listed in Table II.

It is interesting to notice that the degree of the
ionicity is in the inverse order among these three
materials in the Szigeti effective charge and the
Born transverse effective charge. This is due to
the dielectric shielding effect. If these materials
are completely ionic the Szigeti effective charge
on the Fe®** ion will become 3e. The obtained
smaller value of this charge means that the band
nature of these materials is partly ionic and partly
covalent.

Symmetry analysis'® verifies for the A,, mode
that Fe atoms vibrate in the direction of the C axis
and the group of three oxygen atoms has the mixed
motion in the direction of the C axis associated
with the rotation motion around the C axis. No
relative vibration between iron ions, and no rela-
tive vibration between oxygen atoms are predicted
from symmetry considerations.

In the E, mode the motion of the iron ions is in
the plane perpendicular to the C axis, and the mo-
tion of the oxygen ions is a little complicated as in
calcite.!®#® The vibration frequencies may be
mainly influenced by the force constant between
oxygen ions and iron ions.

The frequencies of a-Fe,O, are smaller than
those of @-Cr,0, as shown in Table I. The dif-
ference in vibration frequencies between a-Al,O,
and @-Cr,0, might be attributed to the difference
in the weight of Al and Cr ions, and also to the
difference in the interionic force constants. When
we compare Cr,0, and Fe,O, the atomic weight of
Cr and Fe is almost the same, and the difference
in frequency should be related to the difference in
force constants. The interionic distance between
the oxygen and metal ion is 2.09, 2.01, and 1.97A
for a-Fe,0,;, a-Cr,0,, and a-ALO,, respec-
tively.

It is known that the increase in interionic dis-
tance reduces the force constants between pairs
of ions both for ionic bonding and covalent bonding2°
The weaker force constant in a-Fe,O, may be
attributed to the longer bond length between Fe and
O ions.

In the case of a-Al,O; and a-Cr,0, forbidden
modes were reported in the reflection spectrum,2
however no appreciable forbidden modes could be
observed in a-Fe,0,. The small structure in the
E|IC spectrum at 370 cm™ may be due to a slight
mixing of the sharp dip in the E LC reflection spec-
trum.

When the damping of the oscillators is small,
generalized Lyddane-Sachs-Teller relations!4 2!
for uniaxial crystals with many lattice vibration
modes can be written as follows for each com-
ponent E||C and ELC:
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TABLE III. Comparison of the right- and left-hand
sides of Eq. (7) for a-Fe;0;.

LO) \?
Orientation % I;I ( %)
EIIC 3.07 3.04
ELC 3.44 3.45
wv(L0)>2_ < 7
() -2 @

where the product is over all the infrared-active
modes. The values of each side of this equation

for both configurations E ||C and E L are shown
in Table III. The correction by damping terms to
the Lyddane-Sachs-Teller relations has been re-
ported by Chang et al.,? and the correction esti-
mated in our case is of order 103, The very small
discrepancy of 0.03 between the right- and left-
hand terms of Eq. (7) may be the experimental
error, and the agreement is quite satisfactory.
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