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The absence of the quadrupole interaction from the room-temperature spectrum of Fe&C
is shown to be only apparent. The spectrum was unfolded into two components in accordance
with the two known structural sites, G (general) and S (special). The electric field gradient
is found to be axially symmetric at each site. The quadrupole interaction fs found to be 0. 32
mm/sec for the G site and -0.58 mm/sec for the less-symmetric S site. The angles e be-
tween the magnetic field 5 and the electric field gradient V~ were found to be 50' and -50'
for G and S, respectively. The hyperfine fields are found to be Hc,= 205 kQe and H&= 207 kOe.
No difference in the isomer shift could be observed. The only indications of two sites in the
room-temperature spectrum are the broadening (and therefore shortening) of the + $ + $
transition line (sixth line), and a smaller broadening of the - $ —$ transition line (second
line).

INTRODUCTION

The g-iron carbide Fe,Cz has been widely stud-
ied. ' It is monoclinic and has the space group
Cp]~. The iron atoms occupy two sets of eightfold
general positions (type I and II) and one fourfold
set (type III).

In accordance with the structure determination
by Fasiska and Jeffrey, ' the e-iron carbide Fe,C
(cementite) is orthorhombic and has the space

group P„,. The iron atoms are located in two

types of sites. An iron atom Fez at the general G
site has 3 C and 11 Fe nearest neighbors in a less-
asymmetric arrangement than an iron atom, Fes,
at the special S site with 2 C and 12 Fe nearest
neighbors.

The two carbides have been widely studied by the
M5ssbauer effect. The M5ssbauer spectrum of
the y carbide has been shown to have a fine struc-
ture due to the different sites of the iron atoms. 4
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FIG. 1. M5ssbauer spectrum of FesC above the Curie
temperature. The broken lines represent the assumed
Feq and Fe components.

The Mdssbauer parameters of synthesized" Fe,C,
extracted from tempered steel~' or inside a steel
matrix, '-' are known. No fine structure has, so
far, been indicated in the spectra of Fe3C taken at
temperature T & T~, where T~ is the Curie Temper-

aturee.

1n this study the spectrum of Fe~C (at T & Tc) is
unfolded into two components, G and S, related to
iron atoms at general and special sites.

EXPERIMENTAL

An Fe-C alloy of approximately eutectoid com-
position was cast. After the alloy was hot forged,
it was homogenized at 1050 'C in a protective at-
mosphere. The precipitation of the cementite was
done by tempering the alloy at 650 'C for 5 h.

The cementite was extracted chemically from the
matrix by a process described elsewhere. " The
residual powder, which was used as a M5ssbauer
absorber, was identified by x-ray diffraction as
Fe,C. The absorber thickness was -15 mg/cmz
of Fe.

The Mossbauer spectra were taken by a, constant-
velocity spectrometer. 'z The velocity scale was
calibrated by means of an Armco iron absorber. '3

The linewidth of the v —,
' -v —,

' transition lines (lines
1 and 6) of this absorber was about 0. 32 mm/sec.
A 15-mC i radioactive source of "Co in palladium
matrix was used throughout the experiments.
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where Q~ is the quadrupole-splitting term and SI
is the isomer shift. The SI are relative to &-iron.

The linewidth is taken to be 1' = 0.38 mm/sec and
the intensity ratio I~: I~ is constrained to have the
value 2: 1. The intensities of each pair of quad-
rupole lines are assumed to be symmetrical be-
cause the Goldanskii-Karyagin anisotropy effects
are not expected. In fact, no change in the sym-
metry of the line intensities with ambient tempera-
ture has been observed. " At room temperature,
cementite is below its Curie tempe rature
(Tc =210'C). A typical room-temperature spec-
trum of Fe3C is shown in Fig. 2. The inner lines
(+ —,'- v —,'} are superimposed on a small amount of
oxyhydroxide owing to the process of the prepara-
tion of the material. " The hyperf ine parameters
of this phase are given elsewhere. " The experi-
mental data were assumed to be a superposition of
two six-peak Zeeman patterns G and S as indicated
by the arrows. Their hyperf ine parameters are
given in Table I ~

Expected M5ssbauer spectra for "Fe have been
computed by Kundig" for any given combination
of magnetic field 5 and electric field gradient
(efg). The Hamiltonian of a state for a dipole
transition —,

' - —,
' is taken as a sum of the magnetic

interaction H and the electric quadrupole inter-
action 0. The z direction is chosen as the direction
of the efg component V„= 82V/Szz. The transition
energies E (-„ i; —,', j}and intensities are calculated
and plotted for any given combination of 5, ezQV„,

8, and y. Here, e is the proton charge, g the
asymmetry parameter, and 8 and y the polar and
azimuthal angles, respectively, of 8 with respect
to the V„axis.
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A spectrum, taken at f50 'C above the Curie
temperature of Fe&C, is shown in Fig. 1. The
spectrum fits two superignposed quadrupole-split
Lorentzian lines which have the following hyperf inc
parameters:

Qz)e=0. 32 mm/sec, (S,)o=0. 00 mm/sec,
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FIG. 2. Room-temperature M6ssbauer spectrum of
Fe&C below the Curie temperature. The arrows assigned
6 and S indicate the position and relative intensities of
the assumed Feq and Fe~ components.
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H S q b

Site (kOe) (mm /sec) (mm/sec) I (relative)

Q 205 0. 17+ 0. 02 0. 32+0. 04 2

$207 0. 17+ 0. 02 —0. 58+ 0. 04

Relative to &-iron.
Q, =)e'qQ(&+xf)' '

'Linewidth at half-maximum (LWHM) of the
lines.

pC

mm/sec

0, 26~0. 04
0. 26 +0. 04

TABLE I. Hyperfine parameters of the G and S com-
ponents at room temperature.

Fe~ atoms occupy a more symmetric site. ' The de-
gree to which the quadrupole interaction influences
the line positions of a spectrum taken at T& Tc (i. e. ,
in the presence of the magnetic interaction) depends

on the angle 8.
When the symmetry axis of an axially symmetrical

tensor of the efg is at an angle 8 w0 or m to the di-
rection of the magnetic field H, then for I,„= —,', the

eigenvalues of the Hamiltonian are

H = —(ij,/I)mH+( —1) ' '8e'QV„(3cos 8 —1),

In the graphs, the line position, line intensities,
and isomer shifts are plotted as functions of

[ R( =) ,'e'QV /—g„,IH[,

where g and I are the nuclear g factor and spin,
respectively. By fitting a measured and normal-
ized spectrum to one of the graphs, the angles p
and 8, the parameter g, and R (including its sign)
can be obtained. This procedure is useful for a
single six- (or eight-) line spectrum.

The spectrum in Fig. 2 was treated as consist-
ing of two hyperfine-split six-line spectra (desig-
nated G and S). The values of (Qe)c and (Qe)e as
derived from the measurements at T & T& were
used for the determination of

Rc = 2 e'Qvc, /gIH, R, = Ie qV„/gIH,

where G and S refer to general and special sites
occupied by an iron atom. In this first approxirna-
tion a mean value of H= 207 kOe was used, which
was determined from the unresolved spectrum of
Fe,C.

With these values of R~ and R~, the hyperfine
parameters of two test spectra were obtained.
Using the constraint that the intensity ratio is
I~: I~ = 2: 1, by trial and error a best fit of the
superimposed spectrum with the experimental re-
sults was achieved. The only combination which
gave good agreement with the data was g =0 and
p= 0 for both G and S components, i. e. , the efg
has axial symmetry at the two sites. The angles
between the directions of H and V„, and H and V„
were found to be 8~= 50' and 8~ = —50'. The nega-
tive sign indicates that the two V„axes point in op-
posite directions.

The corrected values of R obtained by the above
fit are R& = 0. 23 and R ~ = 0.41. The evaluated
hyperfine parameters are specified in Table I.

DISCUSSION

The quadrupole interaction determined at T & Tc
of the Fe~ atoms is almost twice that of the Fe&
atoms. This probably results from the fact that the

where p, is the nuclear magnetic moment.
The angles 8~ and 8~, which correspond to the

Fe~ and Fe~ sites, were found to be 50' and —50',
respectively. For these values of 8 the factor
3 cos~8 —1 equals 0. 23 and therefore the asymmetry
in the positions due to the quadrupole interaction is
small.

The difference in the hyperfine fields H& and H~
is of the order of 1% and the isomer shifts are
close. Therefore, the corresponding two six-line
patterns are similar. The only pronounced features
of the spectrum of Fe,C at T & T& are the shortened
and broadened sixth line and somewhat broadened
second line. The sixth line consists of two + —,

'-
+ —,

' transitions (of the G and S) 0. 11 mm/sec apart,
and the second line consists of two —&- ——,

' transi-
tions 0.02 mm/sec apart

Thus, the absence of the fine structure from the
spectrum of Fe~C at T & T~ due to the quadrupole
interaction and the two structural sites Fec and

Fe& as was mentioned by Huffman et cl. ' and Ber-
nas et a/. ' is apparent only. In fact the spectrum
is unfolded into two six-line spectra displaying two

different magnetic and electric quadrupole interac-
tions in accordance with the two structural sites
Fe& and Fes.

The M5ssbauer analysis has been used for the
identification of phases which appear in steels in
the process of annealing. For this purpose, the
knowledge of the fine structure of the spectrum of
Fe3C and other carbides is indispensable. The
identification of y carbide by the broadened and
shortened sixth-line transition (+ —,

' -+ —,') as is
sometimes done' may lead to erroneous conclu-
sions.

The relatively small disagreement between the

Q~ and S„measured at T & Tc, of this study and
those of Huffman et al. ' may be caused by the ad-
mixture of iron present in their samples, or as-
sociated with differences in data-fitting constraints.
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A revised interpretation of the E- T2 optical absorption spectrum of Fe+ in cubic ZnS is
proposed. It is shown that certain absorption peaks, lacking a counterpart in the luminescence,
cannot be interpreted, as previously done, as two- and three-phonon sidebands of the zero-
phonon transitions, and also cannot be attributed to crystal-field electronic transitions or to
simple unshifted one-phonon sidebands. A Jahn-Teller coupling within the T2 level, weaker
than the spin-orbit coupling, is shown to be capable not only of partially quenching the ~T2 spin-
orbit splitting but also of shifting the associated one-phonon levels in the manner required to
account for the observed spectra. Such a dynamic Jahn-Teller effect, involving simultaneous
coupling to a low-frequency mode (™100cm ~) and a higher-frequency mode (-300 cm ~), is
proposed to account for the data for Fe ' in ZnS in terms of coupling to the TA and TO and/or
LO phonons of the ZnS lattice. This interpretation of the phonon coupling is shown to be con-
sistent with a moment analysis of the broadening of the optical absorption and luminescence
spectra using the methods of Henry, Schnatterly, and Slichter, The relation of this model to
similar features in the spectrum of Fe ' in CdTe, MgA120&, ZnSe, ZnTe, CdS, GaP, and GaAs
is discussed. It is also shown that this model provides insights into the relationship between
lattice phonons and the localized modes that dominate the Jahn-Teller coupling in strongly
coupled systems, and that it shows why the cluster model for the Jahn-Teller ion and its near-
est neighbors often works well for such systems.

I ~ INTRODUCTION

The optical absorption spectrum in the near in-
frared of the Fe2' ion in cubic ZnS, CdTe, and
MgA1~04 has been studied by Slack, Ham, and
Chrenko (SHC). ' It was found that the structure in
these spectra, which correspond to the 'E- 'T2
transition, was not in agreement with the predic-
tions of simple crystal-field (or ligand-field) theory
for Fe~' in a tetrahedral site. The dynamic Jahn-
Teller effect was shown to offer a possible explana-
tion for these discrepancies, and for ZnS: Fe~' a
phenomenological model involving strong Jahn-
Teller coupling in the 'T, state was proposed which
fit quantitatively the observed zero-phonon struc-

ture at the low-energy edge of the low-temperature
absorption spectrum. According to this interpreta-
tion, the absorption peaks at higher energy arose
from phonon-assisted transitions in which the emis-
sion of one, two, or three phonons of the ZnS lattice
accompanied the electronic transition. Subsequent-
ly, however, Slack and O'Meara~ observed the cor-
responding T2- 'E luminescence at liquid-helium
temperature and found that the only vibronic side-
bands accompanying the zero-phonon emission lines
were those corresponding to the emission of one
phonon. Since the absence of two- and three-phonon
sidebands in the luminescence spectrum is inconsis-
tent with the presence of strong peaks of this type
in absorption, the previously proposed interpretation


