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The transmission spectrum of antiferromagnetic FeCO; has been investigated in the far-infrared region
from 20 to 300 cm~!, for temperatures from 4.2 to 70 K and in applied fields up to 90 kOe. Spectra
were obtained from natural single crystals and high-purity synthetic powders. At 4.2 K, a sharp
electronic transition (magnetic dipole) was observed at 112.5 cm™!, exhibiting parallel and perpendicular
splitting factors of 6.6 and 0, respectively. Its oscillator strength is f=2.1 X 10-®. An additional weak
electronic line is observed at 160 cm~!. The details of these transitions and electronic Raman
transitiong observed by others are successfully described by the Fe?* single-ion Hamilitonian
J=RAL*S + R%(L? —2/3) +3S,, where A, {, and J are the spin-orbit, trigonal-field, and
Ising-molecular-field parameters, respectively, and R is an “orbital-reduction” factor. The analysis yields
values for these parameters of RA = 105 cm™!, — R?{ = 1506 cm~!, R =1, and § = 19 cm~'. The
observed far-infrared transitions are identified as being within the low->E spin-orbit manifold from the
ground state (M ; = — 1) to the two components of the M ; = 0 doublet. The temperature dependence
of the 112.5-cm™! transition is studied from 4.2 to 70 K, and its intensity is observed to drop sharply
as the temperature is raised to the vicinity of Ty = 38.4 K. This behavior is compared to that of an
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Ising spin system. In addition, three phonons are observed at 186, 201, and 224 cm~! and are
identified as external E,, 4,,, and E, modes, respectively.

I. INTRODUCTION

Ferrous carbonate (FeCQ;) is a transparent
antiferromagnet possessing strong uniaxial mag-
netic anisotropy.! Its magnetic properties arise
predominantly from the effect of a cubic crystal-
line electric field with a trigonal distortion and
spin-orbit coupling in the 3D ground state of the
Fe® ion.? From a single-ion crystal-field analy-
sis of Fe® in this material the over-all splitting of
the lowest spin-orbit manifold is expected to be
about 400 cm™!. Several optical transitions are
allowed between states within this manifold and
should appear in the far-infrared spectral region.
In the present paper,® we report an infrared spec-
tral study of FeCO; in the frequency range from
20 to 300 cm™! for both relatively pure natural sin-
gle crystals and pure synthetic-powder samples.
The studies were performed as a function of mag-
netic field, optical polarization, and temperature,
In Sec. II we discuss previous experimental work
and properties of the material which justify the
use of a single-ion Ising-model description. Sec-
tion IO is a discussion of the theoretical consider-
ations used to formulate a quantum-mechanical
description of the Fe? eigenstates in FeCO, and
includes the effects of cubic-plus-trigonal crystal-
line field, spin-orbit coupling, external magnetic
field, and exchange. The experimental results are
presented in Sec. IV, and the theoretical treatment
is applied to these results in Sec. V.

II. PREVIOUS EXPERIMENTAL WORK

Ferrous carbonate occurs in nature as the min-
eral siderite with a rhombohedral calcite structure

and has the symmetry properties of the space
group D%,=R3,,* as illustrated in Fig. 1. There
are two Fe™ ions per molecular unit cell, which
has the dimensions a,=5.795 A and a=47°45 sec.*
Each divalent iron ion occurs at the center of an
octahedron having a compressional distortion along
the crystal [111] direction and is coordinated to six
carbonate radicals. The crystalline electric field
on each Fe* ion is dominantly of cubic symmetry,
with a smaller trigonal component. All Fe? crys-
tal sites are equivalent and located at inversion

FIG. 1. Illustration of the crystal structure of FeCOj.
The vertical axis shown is the trigonal (C;) axis and optic
axis of the crystal. The central Fe? ion has six nearest
neighbors, three in a plane above and three in a plane
below as shown. The six-next-nearest neighbors lie in
the plane containing the central ion.
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centers along colinear threefold axes (C;) which are
parallel to the crystallographic ¢ axis. Magnetic-
susceptibility!*® and neutron-diffraction® studies at
low temperatures have shown that the Fe* moments
order antiferromagnetically. The magnetic mo-
ments point along the ¢ axis. They lie in (0001)
ferromagnetic sheets, and the successive sheets
are antiferromagnetically aligned with one another.
The six nearest (magnetic) neighbors (nn) to a given
Fe? ion lie on the neighboring sheets, while the six
second-nearest neighbors lie in the same sheet.
Hence there is antiferromagnetic alignment be-
tween nearest neighbors and ferromagnetic align-
ment between second-nearest neighbors, yielding

a two-sublattice description of the magnetic struc-
ture,

In an axial magnetic field of about 150 kOe at
4.2 K, " the antiferromagnetic coupling between
nn can be overcome, producing a “metamagnetic”
transition from the antiferromagnetic state to a
ferromagnetic (saturated paramagnetic) state.

Such a high critical magnetic field for FeCO; indi-
cates that its near-neighbor coupling is large in
comparison with other ferrous compounds. FeCl,,
for example, which has a similar crystal structure,
has a critical field of only about 11 kOe. *

From Faraday rotation’ and magnetization mea-
surements® of FeCO, at fields extending above
290 kOe, as well as from high-temperature sus-
ceptibility’ measurements, the magnetic moment
per Fe?* ion is deduced to be about 5.0pu5.° The
Néel temperature is determined to be 38.4 K. !
Results of neutron-diffraction, ! Mdssbauer, 11113
and magnetization‘ studies all show that the anti-
ferromagnetic spin system of FeCO; behaves very
much like that of three-dimensional Ising systems.
Preliminary infrared-spectroscopy measurements
by us!* showed a magnetic excitation near 112 cm™!
whose temperature dependence of frequency and
intensity is characteristic of an Ising spin system.
Inelastic neutron scattering experiments!? also
show an excitation at 112 cm™! for K=0. These
neutron experiments show that over most of the
Brillouin zone this excitation has no dispersion,
as expected for an Ising excitation,

Very little optical work has been done on FeCO;.
McClure et al.' have performed optical-trans-
mission studies in the vicinity of 24 000-25 000 cm™?,
both above and below the 150-kOe metamagnetic
transition field. They find a series of spectral
features which they suggest may be magnon-exciton
pairs. More recently, electronic Raman excita-
tions have been observed'®!” in FeCO; at 438 and
1743 cm™ at 4.2 K.

1Il. THEORETICAL CONSIDERATIONS

The eigenstates of the Fe® ion in environments
similar to that in FeCO; have been studied theoret-
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ically by Kanamori? in the single-ion crystal-field
approximation. The energy-level splitting is shown
schematically in Fig. 2. The free-ion ground

term °D is split by the large cubic component of

the crystal field into a doublet, E at + 6Dg, and a
triplet, °T,, at- 4Dg. The separation 10Dy is of
the order of 10000 cm™!, The smaller trigonal-
field potential'®

Vr=aRa(r)Y 3+ bR, (r)Y ? (1)

separates the 5T, state into a singlet °4, and a
doublet °E. For a compressional trigonal distor-
tion the doublet °E is predicted to be lowest and
this has been verified by Mossbauer'® ! studies.
This result is also consistent with a magnetic mo-
ment of about 5up in the ground state. From these
studies the separation ¢ between the °A, and °E
states in FeCQ;y is predicted to be of the order of
1000 cm~.* This may be contrasted with ¢ =88
cm™ in FeCl,. 20 Spin-orbit interactions split the
tenfold degenerate °E state and the fivefold degen-
erate A4, state. The free-ion value of the coupling
constant X is~ 100 cm='.? The resultant spin-orbit
manifold for the 5E state will have an over-all
splitting of about 400 cm™!, and transitions within
this manifold are in the far infrared.

Both the trigonal-field term in Eq. (1) and sec-
ond-order spin-orbit interaction produce small
admixtures of the ground °E state and the °E at
10Dg =10000 cm-!, If these interactions, as well
as term-mixing, are neglected then the °T, state
is equivalent to a Sp state and can be treated as
such, The basis functions which span the °P mani-
fold are linear combinations of the fifteen | Mg, M)
states, where Mg=0, +1, and +2 and M; =0, *1.

It can be shown® that the equivalence is obtained
by using these basis functions and by replacing the
angular momentum operator T by -T.. The Hamil-
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tonian to consider in the *P manifold for ion ; is,
then,

5, = ARL;-§; + LR¥(L2,-2)
+[J,Bﬁ-(—RI-:‘-+2-S’,~) +ZJ!I§1°§I . (2)
F)

The first term in Eq. (2) is the spin-orbit inter-
action, where X is the coupling constant. The sec-
ond term is the trigonal-field potential in operator
equivalent form for an L=1 state, where { is the
strength of this interaction. The third term is the
Zeeman coupling to an external magnetic field H
and the last term is the pairwise magnetic exchange
interaction of ion ¢ with its neighbors. Because of
covalency effects and mixing with the upper °E
state, we have included a factor R (the “orbital
reduction factor”) representing a deviation of the
maximum possible {(L,) from unity.

Griffith?! has treated the eigenvalue problem for
this Hamiltonian in the case of zero exchange and
zero magnetic field with R=1.0. The 15X 15 ma-
trix of 3¢ [Eq. (2)] breaks up into 7 submatrices of
which three are 3x3 (for M, =0, +1), two are 2x2
(M;=+2) and two are 1x1 (M;=+3). We have ex-
tended Griffith’s numerical calculations to larger
values of £/) and have added the exchange and mag-
netic field. To aid in understanding the solutions
we will first examine a limiting case.

A. Limiting Case for {/A > —oo

In the limit {/Xx— - , the energies and wave
functions for all fifteen 5P states approach the
values shown in Fig. 3. The lowest-lying states
are five doubly degenerate levels of equal spacing
RX. The twofold degeneracy of these five low-
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TRIGONAL FIELD  SPIN-ORBIT  EXCHANGE
FIG. 3. Energies and compositions of the fifteen °P
states in the limit £ — —«, including the spin-orbit inter-
action RA and an Ising exchange field . The allowed in~

frared (IR) and Raman transitions are indicated.
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FIG. 4. Illustration of the pseudosplitting of an elec-
tronic transition in a two-sublattice antiferromagnet.
The transitions involve ions on separate sublattices, but
coincide in zero applied magnetic field.

lying levels is just time-reversal degeneracy, and
will be lifted by a real or effective magnetic field,
Fig. 3 illustrates this splitting as caused by an
exchange field. The labels which indicate the com-
positions of the states in Fig. 3 are for ions on one
sublattice. For those ions on the other sublattice,
one applies time reversal which reverses the signs
of all the momenta. Although the Hamiltonian is
for Heisenberg (isotropic) exchange, it is clear
from the compositions of the states, indicated in
Fig. 3, that the crystalline anisotropy renders the
exchange totally anisotropic (or Ising) to first order
since the matrix elements of S, and S, are zero
within the ground doublet. We can therefore write
the exchange part of Eq. (2) as an effective Ising
molecular field,

Hexz‘gsls . (3)

Infrared transitions between levels in Fig. 3 are
limited to magnetic dipole (AM, =1, 0) since the
Fe® ions are at centers of inversion in the crystal,
Raman transitions are governed by the selection
rules AM; =+2, %1, and 0 and AMg=0. Thus, in
the limit of infinite trigonal field, there is one in-
frared transition shown in Fig. 3 from the ground
state | -2, 1) (M;=-1) to the state | -1, 1) (M, =0).
The other lines in Fig. 3 indicate the two allowed
Raman transitions. In an applied magnetic field
along the z axis the observed absorption lines will
show a pseudosplitting. Ions on one sublattice see
their effective field enhanced so the doublet split-
tings are increased, while those on the other sub-
lattice see their effective field diminished and their
doublet splittings are decreased. Since the initial
(7) and final (f) states of a given transition may have
different magnetic splitting factors g,, the transi-
tion energy will, in general, decrease for one sub-
lattice and increase for the other (see Fig. 4).
Thus, in an axial magnetic field, a frequency v,
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splits according to

v,=vor3(gl- gl upH=vot 3 AgupH . )

Restricting our attention to the magnetic dipole
transition, then for axial polarization (a) this
would appear as two absorption lines, one right-
hand circularly polarized, the other left-hand cir-
cularly polarized. The relevant splitting factors
for each level are calculated using

& EZKMLrMS I"RLI+2SZIML’MS>1
or (5)
& =2|(-RMy +2M;)|

In this extreme trigonal-field limit we obtain g}
=10 for the | -2, 1) state and g/ =6 for the | -1,1)
state so that Ag=(g}- gf) =4. The perpendicular

g factors are zero to first order for this transition.,

B. Case for —oo < {/A<0

The assumption of {/x—~ - «© made thus far is, of
course, extreme. When ¢/) is reduced, one finds
that the spin-orbit coupling causes a small amount
of mixture between |M, M,) states with the same
M; =Mg+M;. These admixtures are indicated in
Fig. 5. An important new feature to be noted is
that while four of the five doublets are still de-
generate, the first excited doublet, which was
“accidentally” degenerate, is now split. Its
eigenstates are the symmetric and antisymmetric
pairs

h=a|l, -1)+a| -1, 1)+€/0,0) ,

Ye=a|l, -D-a| -1,1) ,

where a small amount, ¢, of |0,0) is mixed into the
symmetric state but not into the antisymmetric

12,1)
1-2;1)

1-1,-)+ €}1-2,0)}

(8)

10,1)+€fl1,0)+12,-)}

S,
= lo1) +€(I-1,00+1-2,1>}

NA)=1-1,1) Sabw)-blooy el

11,1411, + €{[0,0) } ki) =#0.0)+ 7ot

J2,-1y+€{h,0)+ 10,10}
1-2,)+€{1-1,0>+]0,-1)}

ma ma

SPIN-ORBIT

FIG. 5. Spin-orbit and Ising exchange field splitting of
the low-lying 5E multiplet of Fe? for a noninfinite value

of the trigonal field term ¢{/A. The allowed infrared transi-
tions and their polarizations are indicated.
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TABLE 1. Illustration of the dependence of the com-
position of the states ¥; and ¥, of the M;=0 doublet on the
ratios £/ and 9/A, with R~ 1, A~ 100 cm™!, and where
Yy=al-1,1Y=B10, 0)+y|1, —1) and Py=—al -1, 1)
-510, 0y+cl1, 1),

—t/A I/n o B 1% a b c
10 0 0.69 0.22  0.69 0.71 0 0.71
10 0.1 0.83  0.22  0.59 0.53  0.06  0.85
20 0 0.70  0.13  0.70 0.71 0 0.71
20 0.1 0.91 0.12  0.39 0.40  0.05  0.92
w 0 0.71 0 0.71 0.71 0 0.71
) 0.1 1.0 0 0 0 0 1.0

state. This admixture is the cause of the zero-

field splitting. Note that magnetic dipole transi-
tions are allowed between the ground state and both
components of this zero-field doublet.

The addition of exchange or magnetic field signif-
icantly mixes the wave functions ¢, and ¥, in
Eq. (6). With increasing J or H, these states tend
to purify to |1, —1) and | -1, 1) which are just the
eigenstates of the exchange (or magnetic field)
terms alone. As we shall see, the exchange energy
is comparable to the crystal-field splitting of this
M, =0 doublet and the resulting state compositions
(and thus the energies and g factors) are strongly
dependent on 9 (or H) as well as on £/, This
dependence is illustrated in the tabulation of coef-
ficients in Table I.

IV. EXPERIMENTAL PROCEDURES AND RESULTS

A. Experimental Procedures

The far-infrared absorption spectra of FeCO,
were obtained using a commercially available in-
terferometric spectrometer.? This instrument is
of the Michelson type employing a Mylar beam
splitter. The interferograms were taken over a
path difference of 1 cm as measured from the zero
path. This provided data points in the Fourier
transform which were spaced 0.5 cm™ apart.
Under ideal conditions of signal to noise, this rep-
resents a spectral resolution of 1.0 cm™!, An InSb
detector® operated at 4.2 K was used to study the
spectral region between 20 and 80 cm™!, A Ga-
doped germanium photoconductor, operated at
4.2 K, was used from 80 cm™! to its high-energy
limit of about 300 cm™!, In addition to the inter-
ferometer, the experiment employed a superconduc-
ting solenoid capable of providing 90 kOe. Radia-
tion from the interferometer is conducted via evac-
uated light pipes down through the bore of the sol-
enoid to the photodetector. The sample is placed
in the light pipe at the solenoid center. The sec-
tion of light pipe containing sample and detector is
enclosed in a separate evacuable container which
is sealed by a polyethylene window. This container,
inserted through the bore of the solenoid and im-
mersed in the liquid He used to cool it, is filled
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FIG. 6. Transmission spectrum of a single-crystal
sample of FeCOj, 25 um thick, in a polarization. The
sharp decline at 80 cm™, the gradual decline at high ener-
gies, and the feature at 140 em™! are due to the detector
response. The line at 112.5 cm™ and the shoulder at
160 cm™! are electronic transitions. The strong absorp-
tion lines at 186 and 224 cm™! are phonons.

with He exchange gas which cools both sample and
detector via conduction,

Since synthetic single crystals large enough for
transmission spectroscopy are not yet available,
the single-crystal samples studied were cut from
natural crystals of siderite, obtained from depos-
its in Quebec. To obtain the very thin samples
required for transmission studies, sections were
cut from x-ray-oriented faces, glued to substrates,
and then polished down to the required thickness.
The substrates were either Mylar or high-purity
silicon. Sample mounts providing various orienta-
tions and linear polarizers placed just before the
sample allowed spectra to be obtained in which
(i) the radiation propagated parallel to the trigonal
axis (a polarization) and (ii) the radiation propa-
gated perpendicular to the trigonal axis with either
E,C, (m polarization) or E L C; (0 polarization),
The magnetic field was applied either parallel to
the trigonal axis (to measure g,) or perpendicular
to the trigonal axis (to measure g,).

Natural crystals suffer from variations in their
chemical composition. A spectrochemical analy-
sis on different sections from which the slices
were taken showed as little as 0.01-at.% or as
much as 4-at. % manganese impurity. The distri-
butions of these impurities are by no means uni-
form so that adjacent sections from the same spec-
imen showed differences in their transmission
spectra. Sections were carefully chosen to mini-
mize contributions from these impurity effects.

2159

For polarization and Zeeman studies, single crys-
tals were required. For the temperature depen-
dence studies, however, a powder sample was
adequate and a high-purity synthetic-powder sam-
ple®* was used. This powder was dissolved in mol-
ten polyethylene and pressed into a brass holder
which was wrapped with heater wire.

The holder and sample were cooled by the ex-
change gas which was in contact with a 4,2-K
reservoir, The temperature was determined by a
Au-Chromel thermocouple attached to the brass
holder next to the sample. In retrospect, some
way of imbedding the thermocouple in the pellet
would have been desirable since there was a pos-
sibility of temperature difference between the ther-
mocouple and sample, The poor thermal conduc-
tivity of polyethylene probably created a tempera-
ture gradient across the pellet, the edges being
the temperature of the brass mount and the center
being cooler.

This difficulty will be referred to in the later
discussion of the temperature dependence.

B. Experimental Results

A typical transmission spectrum of a 25- um-
thick single-crystal sample taken in a polarization
at 4.2 K is shown in Fig. 6 for the spectral region
80-300 cm™!, 1In this figure, the spectral response
of the Ga-doped germanium detector has not been
ratioed out, The absorption spectrum is domi-
nated above about 180 cm™! by strong lattice absorp-
tion. The broad feature at about 140 cm-! is char-
acteristic of our detector and disappeared upon
ratioing, A sharp absorption line at 112.5 cm™!
is noted and is found to be magnetic in character.
It is observed with equal strength in 7 and a polar-
ization, but it is absent in ¢ polarization, indicat-
ing that it is a magnetic dipole (MD) transition.

125
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100

95

1 1 1 A1
o 20 40 60 80 100
kOe

FIG. 7. Zeeman splitting of the 112, 5-cm™ transition
in an external magnetic field applied parallel to the optic
axis of FeCO3;. The smooth curve is calculated using
the parameters given in the text.
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FIG. 8. Transmission spectrum of synthetic FeCO,
dissolved in polyethylene, equivalent to a 1-um-thick
single crystal. The three absorption lines at 186, 201,
and 224 cm™ are independent of temperature and magnetic
field and are identified as phonons. The line at 201 cm™

is absent in o polarization (Fig. 6).

This line exhibits no splitting in magnetic fields
up to 90 kOe applied perpendicular to the C; axis.
In fields applied parallel to the G axis the line
Zeeman splits as illustrated in Fig. 7. Although
there is some departure from linearity at high
fields, at zero field each component moves at a
rate of about 0.15 cm™ kOe. Since this reflects
the combined Zeeman splitting of the initial and
final state, we obtain, using Eq. (4),

AE/AH =5ugAg,=0.15+ 0,005 cm™!/kOe
or

5g,=6.6£0.2 .

The line at 112,5 cm™! is the only spectral feature
which exhibits any observable temperature depen-
dence in the range 4,.2-70 K. At 4.2 K its full
linewidth at half-maximum is 7 cm™ and the line
remains unchanged as the temperature is raised
from 4.2 K until approximately 28 K. Above this
temperature the line gets progressively weaker
and broadens until it finally merges with the back-
ground near 7,~38 K, There is no noticeable

TABLE II. Summary of experimgntally determined
frequencies (cm™) of the external (k=0) phonons in FeCOs.
Out of a possible ten phonons (24, + 3E,+ 2E, + Ay + 2A5,)
six have been observed.

ir active Raman active Silent
185% E 186° E, 269* Ay
186¢ u
201° Ay 287° E,
224°¢ E,
2Reference 12. PReference 16. °This work.
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shift in position, however. A detailed discussion
of the temperature dependence is given in Sec. V.
The polarization, characteristic Zeeman splitting,
and temperature dependence of this line lead us to
interpret it as a single-ion excitation of Fe®, as
indicated in Fig. 5, between the M, = -1 ground
state and the next M, =0 level above.

Additional spectral features are better illustrat-
ed in Fig. 8, which shows the region 80- 300 cm™!
obtained from a powder sample dissolved in poly-
ethylene with a path length equivalent to a crystal
approximately 1 um thick. For this unpolarized
spectrum, the detector response has been ratioed
out, In addition to the sharp MD transition at
112 cm™ there is a weak sharp line at 160 cm™
which can be seen only as a shoulder on the strong
phonon absorption in Fig., 6. There is also a pos-
sible line near 256 cm™!, although here the poor
signal to noise caused by the deteriorating detec-
tor response makes reliable identification difficult.
For the thinnest single crystals obtained, these
weak lines are masked by the phonon absorption
and their response to magnetic fields and tempera-
ture could not be followed. We identify as phonons
the three absorption lines at 186, 201, and 224 cm™.
The line at 201 cm™ was absent in « polarization as
shown in Fig. 6.

By comparison with other carbonates, the k=0
phonons associated with internal vibrational modes
are much higher than 300 cm™', We therefore need
consider only the external vibrations whose sym-
metries in the calcite structure are A,, +24,,
+3E,+2A,, +2E,. Five of these are ir active
(2A,, +3E,) and two are Raman active (2E,). The
available experimental data on these external
modes in FeCO; from various sources is summa-
rized in Table II. The 186-, 201-, and 224-cm™
lines are identified as E,, A,,, and E,, respective-
ly, from our observed polarizations and by com-
parison with isomorphic CaCQ, and MgCQ,. %
Figure 8 also indicates strong absorption setting
in near 280 cm™!, just below the limit of our equip-
ment, This agrees with the expected location of
the remaining A,, and E, ir modes which are found
in this region in CaCO; and MgCO;.

Using both powder samples and single crystals,
spectra were also taken from 20 up to 80 cm™,
but no additional excitations were observed.

V. ANALYSIS

A. Determination of Parameters

In Secs. II and III we discussed experimental and
theoretical justification for treating the Fe? ion
in FeCOQ; in terms of a single-ion picture with an
Ising exchange field. With these assumptions we
may solve the Hamiltonian of Eq. (2) using the
experimental data to obtain a quantum-mechanical
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description of the Fe? ion in this material. The
data consists of the two ir transitions indicated in
Fig. 5 and of the two Raman transitions indicated
in Fig. 3. An analytic solution of the matrix for
the Hamiltonian [Eq. (2)], carried to first order
in (R\)?/R%¢ =4, gives, as the approximate ex-
pressions for the measured energies of these
transitions,

112.5+ 0.5 cm™t 2R A-4A+2 9 ) (7a)
ir),
160+ 1 cm™ =RA+2A+29 } (b)
438+ 2 cm ' =4R)+2A (7¢)
. (Raman),
1743+ 2 cm~t = R% + 2R\ +4A (7d)

where we have assumed the same exchange g
for all electronic states.

If we solve Eqs. (7a)-(7d) for the variables, we
obtain R%¢ =~— 1500 cm™!, Rx=~106 cm™, § =19
cm™, and A=~8 cm™,

We see that (RA\)%/(R%¢)="7.5 is indeed in reason-
able agreement with the value for A,

These values for the trigonal-field, spin-orbit,
and exchange parameters are about what one would
expect from the discussion in Sec. IV and the Ap-
pendix and indicate that the picture is reason-
able.

If one now proceeds to reproduce the observed
Zeeman behavior of the 112, 5-cm™! transition,
its extreme sensitivity to the parameter values
necessitates an exact numerical computer analysis
of the 15X 15 secular determinant of 3¢ in Eq. (2).
A search for a set of parameters which will pro-
vide an acceptable fit to the data quickly reveals
that the requirement of keeping the exchange con-
stant J the same for all the electronic states is
too severe, In particular, it will not permit one
to simultaneously obtain both the 112. 5-cm™ energy
and its splitting factor of 6.6. A relaxation of that
requirement, i.e., allowing a different exchange
constant for the first excited doublet (J, for M,;=0
and J, for all others), permits one to very easily
obtain a good fit. This is illustrated in Table III
where the experimental values are compared with
those obtained for a range of parameter values, It
is interesting to note that good results are obtained
for a large range of R, but a relatively narrow
range for R\, R%¢, J,, and J,. The large range in
R merely arises from the fact that R and g, may
be mutually adjusted to give the observed Zeeman
behavior. To obtain unique values of R, A, and ¢,
Ag, must be determined to very high precision.

Although the low-temperature energy levels are
reproduced quite well with the parameters in Ta-
ble III, there is a problem in explaining the tem-
perature dependence of the 438- cm™! Raman tran-
sition, 7 Both of these studies show a shift to
higher energies as the temperature is raised from

TABLE III. A comparison of the calculated and ob-
served splitting factors and transition energies for several
values of the parameters in Eq. (2). All energies are in

-1
cm .

Observed Calculated

6.6+0.2 6.70 6.69 6.67 6.65 6.63
112.5+0.5 112.36 112.40 112.42 112.43 112.46

160+1 160.4 160.3 160.2 160.2 160.1
438+2 431 432 434 435 437
1743 +2 1747 1747 1746 1745 1744
Parameters
R 1.2 1.1 1.0 0.9 0.8
RA 104.4 104.5 105.1 105.4 105.8
R% 1509.5 1508.1 1506.4 1504.7 1502.9
9 19.2 19.0 18.9  18.7 18.5
N 13.8 13.5 13.2 12,9 12,5

4,2 K up through the Néel temperature =39 K,
This can only be true if the upper-state exchange
splitting (9,) exceeds that of the ground state.
This is in disagreement with our calculated result
which would require the excited-state exchange
splitting to be slightly smaller than the ground
state. The temperature dependence of the 112, 5-
cm-! transition is discussed in detail in Sec. V C.

A point that has been ignored in this analysis is
electron-phonon interactions for these low-lying
states. The existence of phonons in the 180-230-
cm™! region and at ~ 300 cm™! has been established.
Neutron-diffraction studies of the 112, 5-cm™
transition show electron-phonon coupling effects
occurring near the zone boundary. It would be of
interest to see if there are similar effects near
zone center for the other phonons.

B. Oscillator Strength

The strength of the 112, 5-cm™! transition pro-
vides an additional experimental check on the iden-
tification of the transition. The oscillator strength
for a magnetic dipole transition between states ¢
and f is given by

,
8mimc\ - | ek > -
fm=<W)m ame Sl Lreas|i)|

where 7 is the transition frequency in cm™ and n
is the index of refraction at . Because of our use
of an effective °P Hamiltonian, we replace L~ — L.
The transition at 112.5 cm™ is polarized 7 and a,
so we are interested in the matrix elements of

(f |-L,+2S.]i).
The ground state is

and the excited state is
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FIG. 9. Index of refraction of FeCO; at room tempera-
ture, determined from reflectivity measurements at
normal incidence. The optic axis was perpendicular to
the polished face of a single-crystal sample.

(fl=a(-1,1]-8(0,0]+y(1, -1/,
which yields
(f | =L+ 28, |i)=2a.

The index of refraction #» was determined from
reflectivity measurements made on a polished
oriented crystal sample. The region 110-165 cm™!

" was measured at room temperature and the data
presented in Fig. 9 indicatesn=2.7+0.1 at
112.5 cm™ . The rise inn toward higher energy
is due to the optical phonons at 180-220 cm™?.
This value is close to the dc dielectric suscepti-
bility determination of n = 2. 48 for the isomorphic
compound CaCOy (calcite). ® By inserting the val-
ues n=2.7, U=112.5 cm™, the various physical
constants, and the matrix element, we obtain f,,
=4.88%x10"%a%. For state compositions obtained
using the range of parameters determined in Sec.
V, a=~0.8 and thus

fm=3.1x10"% (calc).

The experimental determination of the oscillator
strength is derived from

f = (J 0dv)(me/ne®) (1 /n).

The absorption cross section is defined

o(v)=(-1/NL) In[1(v)/L,(v)],

where N is the number of absorbing ions per cm?®,
L is the path length of absorbing material (in cm),
and I(v)/Iy(v) is the relative transmitted intensity at
v. The absorption cross section is integrated in

frequency space over the spectral region of the line.

This can be done numerically directly from the data
in Fig. 6. This procedure yields

fm=2.1x10"% (expt).
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C. Temperature Dependence of 112.5-cm™! Transition

The temperature dependence of the absorption
spectra in powdered synthetic FeCO; is shown in
Fig. 10. Only the frequency range near 112.5 cm™
is shown since the other spectral features showed
no temperature dependence. As the temperature
is increased above 4. 2 K there is little change in
the spectrum up to about 28 K. Above this temper-
ature the line broadens somewhat and collapses
rapidly into the background as T y= 38 K is ap-
proached.

This temperature dependence is consistent with
what has been seen in the optical spectra of other
Ising materials. 2""# It arises from the fact that
the Ising interaction permits one to describe the
effective exchange field H,, at an ion site to be a
discvete sum of the exchange fields due to each
neighbor. For N neighbors, the field has just
(N + 1) possible values depending upon the “up” or
“down” orientation of those neighbors. This gives
rise to just (N+ 1) possible exchange sites, each
having different energy. The relative occurrence
of each of these possible sites depends upon the
degree of disorder of the magnetic system. In the
paramagnetic phase, each single-ion electronic
transition should exhibit an (N + 1)-fold evenly
spaced multiplet structure. As the temperature
is lowered through the ordering temperature, the
relative intensities of the components of the multi-
plet should change, until in the ordered state only
one member remains. In a perfect Ising system,
the line positions are temperature independent.

As shown by Wright et al.2® for DyPO,, the de-
tailed temperature dependence of the relative in-
tensities can be calculated using a Bethe-Peierls-
Weiss (BPW) approximation on an Ising model.
The predictions were very accurate for DyPO,
which is known to be an excellent example of an
Ising system. A similar calculation for FeCOjy
can, therefore, to some extent tell us how “Ising-
like” it is.

The ground state of Fe? in FeCO; appears to be
a good approximation of an Ising model, and we
would therefore expect its possible exchange split-
tings to form an equally spaced multiplet. The
situation in the excited state is different. In
Sec. IIC, we found that in order to get the best fit
to the observed transition energies and g factor,
the trigonal field had to be reduced from the lim-
iting case, resulting in a splitting of the excited-
state doublet even in the absence of an exchange
field. Since this splitting is of the same order of
magnitude as the exchange energy, the resulting
state composition is strongly dependent upon the
exchange coupling. The exchange field itself is
still Ising, since it arises from neighbors which
are all in their ground states, and we can therefore
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still describe it in terms of the orientation of the
neighbors,

The observed absorption spectra will be affected
in two ways by the fact that the excited state is not
a good example of an Ising situation. First, the
transition probabilities will no longer be indepen-
dent of the exchange environment, so the BPW in-
tensity estimates must be multiplied by the transi-
tion probability for each exchange site. Second,
the excited-state exchange splittings are no longer
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proportional to the exchange field, but are in un-
equal increments, and independent of the sign of the
exchange field. Inorder to calculate the tempera-
ture dependence, the transition probabilities and
exchange splittings were obtained using the param-
eters in the R=1.0 column of Table III. The re-
sulting transitions are illustrated in Fig, 11, for
an Ising exchange field with six neighbors. As-
suming a Lorentzian line of 7-cm™ width for each
transition, their modified BPW temperature de-
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FIG. 11, Splitting of the two lowest electronic dou-
blets by Ising exchange fields H, measured in units of
the exchange parameters. At T=0, the maximum ex-
change field obtains. As the temperature is raised, the
magnetic system disorders creating a distribution of ion
states in progressively smaller exchange fields, as ex-
plained in the text. The allowed transitions in each of
these sites is indicated. The energies given (in cm™)
are obtained using the crystal-field, spin-orbit, and
exchange parameters in the text.

pendence is illustrated in Fig. 10 along with the
experimental data. No attempt has been made to
duplicate the background detector response. The
temperature discrepancies could arise from the
experimental difficulties mentioned earlier. The
general merging of the low-temperature line into
the background is well reproduced, but the other
weaker peaks predicted are not observed. This
could be partly due to a general broadening with
temperature, which was not included in the caicu-
lation.

Inspection of the data shows a second spectral
line at 108 cm™, only 4 cm™! below the 112, 5-cm™
line. Attempts to adjust the parameters to yield
the second exchange components at this energy led
to values which then did not reproduce the observed
ir and Raman transitions. The 108-cm™ line is

lo

present as a shoulder even at 4. 2 K (see Fig. 6)
and becomes relatively more prominent as the
112. 5-cm™! line begins to shrink. This suggests
that it does not arise from disordering of the mag-
netic structure. According to Loudon’s®® theory of
excitons, the transition does not undergo Davydov
splitting, which eliminates another possible origin
of doublet. Its presence in both the natural and
synthetic samples dictates against it being caused
by sites having a vacancy or impurity for a neigh-
bor. Finally, it persists as a shoulder on the
112.5-cm™ line even when that line is split in an
applied field. This suggests that it arises from
some mechanism intrinsic to the material, such
as Fe* ions in some slightly altered site.

VI. CONCLUSIONS

We have presented the resuits of a far-infrared
spectral study on natural and synthetic sampies ot
FeCO;. A single-ion model including a cubic crys-
talline field with a trigonal distortion, spin-orbit
coupling, ana an Ising exchange field is successful
in describing the infrared observations in this
study and the Raman data reported by others. A
set of values for the spin-orbit, crystal-field, and
exchange parameters has been established. The
origin of the temperature-dependent doublet re-
mains uncertain, and further investigations of the
details of the exchange splittings would be useful.
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APPENDIX: ESTIMATES OF MAGNITUDE OF §

A value of § in Eq. (3) cannot be determined
directly from either infrared measurements or
neutron scattering studies: The transition from
M;=-1to+1 level of the ground exchange doublet
(i. e. antiferromagnet resonance) is forbidden, and
no dispersion attributable to magnons or excitons
is observed. We assume the major contribution
to d comes from nearest neighbors. If other con-
tributions can be neglected a value for § may be
calculated using the Bethe-Peierls-Weiss (BPW)
equation,

49/z
kTy= In(1-2/z)

for a two-sublattice Ising antiferromagnet with
z-nearest neighbors. For Ty=38.4Kandz=6

this equation yields § (BPW)=16 cm™!. However,
estimates based on BPW calculations are known to
be low, so we use this number only as an estimated
lower limit. An experimental number for the near-
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neighbor contribution, J,, can be determined using
the measured metamagnetic transition field H, and
the Fe* magnetic moment p. At H, the Zeeman
energy is equal to the exchange splitting due to
nearest neighbors. Thus,

MWH =2 1J (Sa)= 4 9y,

and using H,= 150 kOe and 1 =5 [z, Jpa~19 cm™*.

This is a reasonable estimate although not entirely
reliable since the values of H, and u are somewhat
uncertain. ® It should be noted that, to first order,
the value of d,, obtained from H, is independent of

second-nearest-neighbor exchange coupling.

The second-neighbor exchange coupling J,,, is ex-
pected to be much smaller and is more difficult to
estimate. From an analysis of superexchange
paths,! the second-neighbor coupling is predicted to be
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ferromagnetic, and the magnitude would therefore be
added to J,,toobtainavaluefor J. Recent Monte
Carlo calculations® fitted to experimental sublattice
magnetizationand Ty measurements also indicate that
that the second-neighbor coupling is ferromagnetic.
There is also the optical-transmission spectro-
scopy by McClure et al., '® in which they have ob-
served magnon sidebands on visible transitions.
If these sidebands are caused by one-magnon exci-
tations of k=0, the 92-cm™! sideband separation im-
plies a ground-state exchange splitting correspond-
ing to J=23.0 cm™ in our notation. Of course, any
dispersion in the upper electronic state involved
would manifest itself in the measured sideband
separation and alter this estimate. We will assume,
therefore, that for the ground exchange doublet J
is probably within the range from 16 to 23 cm™?,
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