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Raman scattering from magnons, electronic excitations and 
phonons in antiferromagnetic Fe12 

D J Lockwoodt, G Mischler and A Zwick 
Laboratoire de Physique des Solides. associB an CNRS. Universitb Paul Sabatier, 118 route de 
Narbonne, 31062 Toulouse Wex. France 

Received 20 December 1993. in final form 26 April 1994 

Abstract. The Raman spec”  of Fe12 has been measured at temperahues above and below 
the antiferromagnetic ordering temperahlre TN = 9 K. Specaal feahlres due to Raman scattering 
from phonons, FeZt-ion electronic excitations and one- and two-magnon excitations are analysed 
and assigned. An effectiveHamiltonian model in second order is used to describe the F9’- 
ion levels within the sT2g(5D) ground term, and the effects of andferromagnetic ordering are 
included in a mean-field model. A comparison is d e  bemeen the energj-mauix p a n “  
obtained for the related mgonal compounds FeU2, FeBr2 and Felz. 

1. Introdndion 

Raman scattering of light from Fegroup transition-metal ion excitations has now been 
observed in many compounds (see, for example, the review by Lockwood (1982)). In this 
family of compounds, light scattering from low-lying electronic and magnetic excitations 
in the trigonal MXZ metamagnets (with M=Fe, CO and X=C1, Br, I) has been the most 
thoroughly investigated. Currently, the cobaltous dihalides have been extensively studied 
(CoClz, Christie and Lockwood 1971a,b, Christie et al 1975, Kardontchik et al 1977, 
Lockwood et al 1978, 1982; CoBr2, Mischler et al 1978, Lockwood et al 1979; CoI2, 
Mischler et al 1987). 

For the ferrous dihalides, the first observation of magnons by light scattering as made 
in FeCIz (Lockwood et al 1978). Detailed results for the temperature dependence of the 
scattering were reported for FeClz by Mischler et al (1981) and Lockwood et al (1982). 
and for FeBrz by Psaltakis et al (1984). Electronic excitations above and below the N h l  
temperature have been analysed and assigned to symmetry species in both FeClz and FeBrz 
(Johnstone et al 1978% 1980). However, no electronic Faman spectrum of FeIz has been 
published before, essentially because of the experimental difficulties, which will be described 
later. In order to compare the Fez+-ion electronic energy levels and the phonons of the 
different Fe dihalides, we have made a detailed study of the low-lying excitations in FeIz. 

The crystallographic structure of anhydrous Fe12 is similar to that of FeBrz and GIz. 
The structure is hexagonal CdIz layer-type structure with space group P?” f&) (Wyckoff 
1963). Layers of Fez+ ions lying perpendicular to the crystal c axis are sandwiched 
between two close-packed layers of I- ions. The Fe2+ ion is surrounded by an almost 
octahedral arrangement of I- anions and has h ( D 3 d )  site symmetry. All the ferrous 
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halides order antiferromagnetically at IOW temperature. The magnetic ordering temperature 
of Fe12 has been determined by a variety of techniques and has been given variously as 
TN = 10 K (Bizette et a1 1957) and 9.3 K (Bertrand et ul 1974) (magnetic susceptibility 
measurements), 8.9 K (Brade and Yates 1971) (specific heat measurements), 9.3 K (Fcrt eta1 
1973) (magnetization measurements) and 8.95 K (Petitgrand et a1 1980) (neutron scattering 
measurements). 

The magnetic structure of Fe12 has been studied by neutron diffraction (Gelard et 
a1 1974) and was shown to be similar to the spin structure of MnBrz. Fe12 has an 
antiferromagnetic structure with magnetic moments aligned along the crystal c axis: two 
adjacent layers with parallel magnetic moments are succeeded by two layers with magnetic 
moments in the opposite direction. These layers are parallel to the b axis and make an 
angle of 73" with the ab plane. The result is a structure in which the layers in the ab plane 
consist of zig-zag chains of ions with magnetic moments directed parallel within a chain, 
but antiparallel to adjacent chains. These chains are in the b-axis direction. This magnetic 
stlucture has been confirmed with 1291 Mossbauer measurements (Friedt et a1 1976). The 
behaviour of Fe12 in a magnetic field has been studied by susceptibility measurements 
(Bertrand et a1 1974) and magnetization measurements (Fert et al 1973, Wiedenmann et 
a1 1988, 1989) and by neutron scattering (Wiedenmann et a1 1988). Measurements in 
parallel magnetic fields up to 25 T and below TN distinguish five magnetic phase transitions 
with metamagnetic behaviour, indicating six different magnetic phases. The nature of some 
intermediate phases of this complex phase diagram has also been studied by de Graaf et 
al (1975) and by Calis et al (1982) and is characterized by changes in the ratio of spins 
parallel and antiparallel to the c axis. 

The very low-lying magnetic excitations of Fe12 without and with field have been studied 
by several methods and have provided some information on the magnon dispersion curves. 
An infrared Fourier-transform spectroscopy spechum (Petitgrand and Meyer 1976) exhibits 
three absorption peaks at w1 = 21.6 cm-', 0 2  = 29.2 cm-' and w~ = 32.2 cm-' in zero 
field that are attributed to zone-centre magnons. The first far-infrared antiferromagnetic 
resonance (AFMR) experiment in an external field has confirmed the presence of only two 
of these excitations (02 and @) in zero field (Fert et a1 1978). A second AFMR experiment 
has shown the three peaks, but q and 03 were attributed to zone-centre spin waves, while 
01 has been identified with singleion two-magnon bound-state excitations (Petitgrand et a1 
1980). This last experiment was in agreement with inelastic neutron-scattering investigations 
(Petitgrand et al 1979): the dispersion curves along the c axis exhibit two branches of spin 
waves and one branch of two-magnon bound states. The complexity of the Fe12 behaviour 
in a magnetic field and also the Fe12 low-lying excitations can be modelled with either 
four (Petitgrand and Meyer 1976) or eight (Gelard et ~l 1977) interpenetrating magnetic 
sublattices. However, it is not possible to deduce the exchange parameters from the spin- 
wave spectrum with the interpretation of four or eight sublattices (Cafis eta1 1982), because 
the conditions postulated by Tanaka and UryS are violated (Uryii and Tanaka 1975, Tanaka 
and UryO 1976a,b, 1977). More recently Wiedenmann et al (1988) from their neutron- 
scattering investigation derived five exchange parameters corresponding to three in-plane 
interactions and two of three inter-plane interactions. Optical spectra have been reported in 
the 39 000-52 000 cm-' region by Tubbs (1968), in the 4000-16600 cm-I region by Van 
Erk (1974) and in the 16000-250000 cm-' region by Pollini et a1 (1984). 

In this paper, we report on the Raman spechum of Fe12 recorded in the 0-1000 cm-' 
frequency range at low temperatures above and below the N6el temperature. In section 2, 
we give a group-theoretical analysis. In section 3 we describe the Raman experiments, 
and in section 4 results and assignments are summarized. In section 5, a comparison of 
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the phonons in Fe12 with other ferrous and cobalt halide lattices is discussed. In section 6 
an Fe12 electronic energy-level calculation is presented and a comparison is made with the 
energy-matrix parameters obtained for ferrous halides. The results obtained are summarized 
in the final section, section 7. 

2. Group-theoretical analysis 

A factor-group analysis of the zero-wave-vector lattice vibrations in Fe12 shows that in point 
group Jm(D3a) the six optical modes transform as 

rs =Atg +Azu +Eg +&. (2.1) 

The gerade modes are Raman active, with the A,, (or y:) mode observable in diagonal 
polarizations (XX), (YY) and (ZZ) and the Eg (or y:) modes visible in all polarizations 
except (ZZ). 

The diamagnetic surroundings of the ferrous ion in Fe12 form a slightly distorted 
octahedron leading to 3m site symmetry for the ion. The energy-level scheme for a single 
Fez' ion in a trigonal site is now well known (see, e.g, Johnstone er al 1978a and references 
therein). The lowest free-ion 5D(3d6) term is split by the dominant cubic component of the 
crystal field into a doublet and a triplet ('Tzg). In ,FeClz and FeBrz the 'Tzg orbital 
triplet lies lowest and the same may be expected for FeIl. Since the spin-orbit couplig 
and residual trigonal part of the crystal field are smaller than the cubic field, the 5T2g 
ground term can be treated as possessing an effective orbital angular momentum L' = 1 
and spin S = 2. The combined effect of these three perturbations is to produce 15 states that 
may be conveniently grouped into three manifolds characterized by J' = 1, 2 and 3 (with 
J' = L' + S) lying near 0, 200 and 500 cm-I, respectively (Johnstone et aI 1980). The 
resulting energy-level scheme is given in figure 1, where it should be noted that the order 
of some levels is sensitive to the trigonal field strength. All levels transform according to 
either the y:, y: or y z  representations of the j m  point group. Selection NI= for electronic 
Raman transitions from the T&*(yz) ground and thermally populated T&(y;) states are 
given in figure 1. 

3. Experiment 

The crystal of Fe12 was grown by the Bridgman method by S Legrand (CEN Saclay). 
The deep black colour of Fe12 and its mechanical properties necessitate surface scattering 
experiments. The samples were prepared in a dry box by cleaving the boule to produce 
disc-shaped sections approximately 2 mm thick, with the major faces perpendicular to the 
crystal c axis. The thinner disc-shaped section has a dark red colour. Fe12 is extremely 
hygroscopic compared with the other transition-metal dihalides and is more hygroscopic than 
CoI2. It was very difficult to obtain shiny cleaved surfaces without the presence of moisture, 
because the sample surface tarnished in a few seconds in the dry-box atmosphere. Therefore 
a final thin crystal layer was carefully peeled away just before the Raman measurements. 
Since the quality of the Raman spectrum is determined by the quality of the surface, care 
was also taken to produce a surface free of scratches and ripples. Freshly peeled samples 
were immediately mounted in an Oxford Instruments CF204 cryostat where the sample was 
immersed in He exchange gas. The sample temperature was monitored with a Scientific 



6518 D J Lockwood et a1 

'\ 
'\ 

Ramm Tensors: 

Free Cubic Spin Orbil Coupling Trigonal Field \ 
Ion Field Oh D3d 

IJ' = L' + S )  

Figure 1. The energy-level scheme for the ground 5T2g(5D) term appropriate to an Fez+ ion 
in a trigonal field. Selection rules governing uansitions from the I' = 1 manifold are given 
together with the electronic Raman scattering temm. 

Instruments NlG Ge thermometer mounted on the Cu sample block, very close to the crystal 
surface. 

In order to minimize laser heating in the sample and to maximize the scattered light 
intensity, different exciting wavelengths were tried. Because of the possibility of resonance 
enhancement, as observed in Raman scattering from Fez+ ions in CdIz (Johnstone and 
Dubicki 1980a. b), and because complete optical absorption measurements in the visible 
region were not available, we tried 457.9, 465.8, 472.7, 476.5, 488.0, 496.5, 507.7, 514.5 
and 638.4 nm laser radiation. The best results were obtained with 472.7 and 476.5 nm 
radiation and the intensity of the spectrum was just slightly weaker with 488.0 nm radiation. 
Therefore, the Raman spectrum of Fe12 was excited with - 100 mW of 476.5 nm or - 170 mW of 488.0 nm radiation fiom a Spectra Physics 164 Ar laser. The laser beam, 
after passing through an Anaspec 300s filter to reject laser fluorescence and plasma emission 
lines, was focused along the cleaved surface of the sample at grazing incidence. The incident 
laser polarization was parallel to the crystal surface (PV configuration) or parallel to the 
crystal c axis (PH configuration). In this second case, the sample temperature was slightly 
higher, because of an increased absorption of the laser beam, but the Raman signal was 
stronger. The light scattered through 90" was collected along the crystal c-axis direction 
and dispersed with a Coderg T800 triple monochromator having a spectral resolution of 
2.6 cm-' at 476.5 nm and 2.5 cm-' at 488.0 nm. The Raman signal was detected with 
a cooled RCA C31034A photomultiplier, and was processed by Ortec photon counting 
equipment. Each spectrum was recorded automatically in digital form under Digital Minc 11 
computer control. No scattered-light polarization measurements were attempted, because of 
the experimental difficulties involved in exciting and measuring the extremely weak Raman 
signal. 

In Raman experiments, local laser heating of the sample commonly occurs, producing 
temperature gradients, and the temperahue given by the Ge thermometer is not an accurate 
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representation of the me temperature of the crystal surface. In the studies of other transition- 
metal dihalides, the measured crystal temperatures were c o m t d  for the difference between 
the known N h l  temperature and the apparent ordering temperature, which was determined 
from the thermometer temperature at which notlceahle changes occurred in the bandshapes 
of electronic lines (Mischler et al 1978). In the case of Fe12 and for all of the Ar laser 
lines hied, no distinct changes occurred between the base-temperature spectrum (5.6 K on 
the thermometer) and a spectrum at a higher temperature. This result indicated that even in 
the case of the base-temperature spectrum the real sample temperature was higher than the 
N k l  temperature (- 9 K), proving considerable laser beam absorption and therefore laser 
heating (> 3.5 K) existed under these experimental conditions. 

In order to minimize absorption of the beam and in accordance with the optical 
measurements of Van Erk (1974), we also tried - 100 mW of 638.4 nm radiation (spectral 
resolution, 1.6 cm-I) obtained from an Ar-laser-pumped Spectra Physics 375 Rhodamine 
6G dye laser. The thermometer temperature was thereby reduced from 5.6 K to 4.4 K 
for the base-temperature spectrum. Furthermore, some electronic lines sharpened, grew in 
intensity, and exhibited line splitting (see section 4). These dramatic changes in the spectrum 
showed that the real sample temperature was below the N6el temperature. A study of the 
Raman spectrum of Fe12 as a function of temperature indicated that the laser heating was 
now decreased (- 2.5 K), consistent with the lower absorption of the crystal for 638.4 nm 
radiation (Van Erk 1974). At the same time the intensity of the base-temperature spectrum 
was lowered, indicating a diminished resonance enhancement in agreement with the earlier 
study of CdI2:Fe (Johnstone and Dubicki 1980b). 

4. Resdfs and assignments 

The complete Raman spectrum of Fe12 has been recorded in the frequency range 0-900 cm-' 
at various temperatures above and below TN (4.4-16.2 K thermometer temperature). 
Representative results, recorded without analysis of the scattered-light polarization, are 
given in figure 2. The Raman spectrum for frequencies in the very low-frequency region 
(0-70 cm-') and below TN is given in figure 3. Figure 4 shows the temperature dependence 
of the low-frequency Raman spectrum (50-350 cm-') of Fe12 (sample ID. 

In order to characterize overlapping lines, the spema were fitted numerically (by means 
of a least-squares computer procedure) to a number of damped harmonic oscillators of the 
form 

I ( @ )  = A ~ ~ W / [ ( W *  - + r z ~ z ]  (4.1) 
where 00. r and A2/ roo are the oscillator frequency, damping and height respectively. 
The Base population factor was neglected. Good fits were ohtamed with this model and 
representative results of the curve resolution are shown in figures 5 and 6. The parameters 
obtained from the fits are summarized in table 1, which gives for each peak the frequency 
WO, the full width at half maximum r, the height h = A'/ roo and the integrated intensity 
given by h r  = A2/oo. Table 1 also gives the peak assignments. 

4.1. Phonon lines 

All the spectra show two relatively strong nmow lines at 70.3 and 118.2 cm-' (4.4 K 
spectrum of figure 2). The linewidths are resolution l i t e d .  Their relatively weak 
temperature dependences compared with other features in the spectrum of electronic 
origin together with a comparison with results from Raman measurements of isostructural 
compounds (see section 5) confirms that these peaks are the two expected first-order phonons 
of E, and AI, symmetry. 



6520 D .I Lockwood et a1 

300 600 
Frequenry shift 11m-'I 

I 

300 600 , 900 
Fieqvincl *if1 [ d l  

Flyre 2. The R m  spccmm of Fe12 rcmrdcd for freqaencies klween 0 md 9M) m-l: (0 )  

smplc I1 at 4.4 K (red temperalure < 'TN) with the 638.4 nm inadenr-light pollrintion p d l c l  
to the ayrtd surface and (b) s~mple m 1 5 . 6  K (14 temper" > T w )  uith the 476.5 nm 
Incident-light polmiwjon pmUel 10 Ihc c l y w l  c axis 

4.2. Electronic lines for T > T, 

The nine electronic excitations expected within the 5T2g(5D) term of Fe2 ions in 
paramagnetic Fe12 must be found amongst the other peaks of table 1. 

The high-frequency lines (at 559, 584, 645, 668 and 815 cm-' in the 6.2 K sample I 
spectra) are necessarily electronic in origin. These bands are very broad (r 2 20 cm-'). 
When the temperature is increased, only the two more intense bands remain to be fitted (see 
table 1, sample I). This behaviour of peak intensity decreasing with increasing temperature 
is typical of electronic Raman bands. 

In the 2OC-500 cm-' region, the 228 and 300 cm-I lines (sample I) exhibit the same 



Raman scattering in antiferromagnetic Fe12 652 1 

0 W 40 60 I 
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Figure 3. The very low-frequency Raman specmun of Fe12 (sample U) at 4.75 K. The 638.4 nm 
incident-light polarization is p d l e l  to the crystal c axis. 

Figure 4. The temperam dependence of the low-frequency Raman spectrum of Fe12 (sample 
n) at (a) 4.4 K in PV configuration, (b) 5.5 K in PH comiguration. (c) 6.6 K in PH configuration 
and (d) 12.3 K in PH configuration excited with 638.4 nm light (see also table 1). 
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Figure 5. A band fit (full m e )  to the 4.4 K Raman s p e c "  of antiferromagnetic Fe12 (smple 
n) in the 50-350 cm-' region (see also table 1). 

, .  , , ,,. , , , ,  0 
so0 600 ' ' 800 

Frequency rhilt Im-') 

Figure 6. A band fit (full curve) to the 4.4 K Raman spectrum of antiferromagnetic Fe12 (sample 
19 in the 50W800 cm-' region (see also table 1). 

temperature-dependent behaviour as the high-frequency limes. Of the other lines listed in 
table 1, only the 210 cm-' line (sample I) is visible in all samples and may be assigned to an 
electronic excitation, mainly as a consequence of the discussion and assignments conceming 
the other Raman bands. Finally, the lowest electronic lime is not visible in these spectra, 
because its frequency is too small. For example, it occurs at 8 cm-' in the case of Fez+ 
ions in CdIz (Johnstone and Dubicki 1980a). Fuaher confirmation of the electronic line 
assignments comes from the energy-level calculation and from comparisons with results for 
other ferrous halides (see section 6). 
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4.3. Exciton lines for T c TN 

The Fe12 Raman spectrum changes substantially when the sample is cooled below TN. The 
electronic lines sharpen and grow in height, but show only small shifts in frequency (see 
figures 2 and 4). At lower temperatures, band splittings become apparent. For example, the - 580 cm-' band is seen to comprise two separate peak when the temperature is lowered, 
as can be seen in figure 2. In figure 4, the 220 cm-' line is clearly separated from the 
230 cm-' line when the temperature is decreased. This result indicates clearly that the 
sample temperature is below TN (see also section 3). In table 1, we note for each spectrum 
whether the temperature was below or above TN. 

Peak frequencies for 
prominent lines are given in table 1. Although the spectra recorded at 4.4 and 5.1 R 
(sample II results in table 1) resemble each other (see figures 2 and 6). some differences in 
the curve-fitting results can be seen. The frequencies of the two most intense peaks (561 & 1 
and 590 5 1 cm-l) remain much the same, whereas the other three peaks shift down in 
frequency by 1&20 an-' with increasing temperature. This indicates a greater sensitivity 
of the latter three peaks to the exchange interaction, which will be reduced by the increase 
in temperature for temperatures near TN. The band at 753 cm-I is certainly only an artifact 
from the fitting procedure, being required to fill in the base line at higher frequencies to the 
650 cm-' group of bands. 

Finally, the l i e  at - 810 cm-' observed for temperatures above TN was not visible 
in the Fe12 spectra below TN, which may be due to the fact that the Raman signal was 
generally weaker with 638.4 nm excitation. 

4.4. Magnon lines 

In the FeIz Raman spechum, several new features appeared in the very low-frequency 
region when the crystal was cooled below TN (see figure 3). One very weak line is visible 
near 20 cm-' and two very weak overlapping lines appear near 30 cm-'. These three 
lines are assigned to Raman scattering from magnons. Our Raman observations are thus in 
general agreement with the AFMR experimental results of Petitgrand and Meyer (1976) who 
found antiferromagnetic lines at 21.6, 29.2 and 32.2 cm-'. At higher frequencies, there is 
another weak h e  at 62 cm-' (close to the Eg phonon of 70 cm-'-see figure 3) that is also 
associated with magnetic ordering. We tentatively assign this line to two-magnon scattering 
from the magnon branches near 30 cm-'. It is unlikely to be due to excitons arising from 
the T&(y:) + T&($) transition as its frequency is too high. Because the peaks were 
very weak and because of the experimental difficulties in studying FeI2, it was not possible 
to investigate the temperature dependence of the very low-frequency Raman spechum of 
antiferromagnetic FeI2. 

Below TN, the 650 cm-' band structure is more complex. 

4.5. Other Raman bands 

As can be seen in table 1 other Raman bands were found in the Fe12 spectra 
A weak band at 142.3 j, 1.0 cm-' was visible in all samples. This band is much 

sharper (r - 5 cm-') than the FeZf electronic lines and is therefore assigned to two- 
phonon scattering from the E, phonon branch. The zonecentre combination frequency is 
2 x 70.3 = 140.6 cm-', which is in close agreement with the experimental peak frequency, 
but combination scattering from other phonons with non-zero wave vectors might also be 
responsible. 

0.3 cm-' was also present in all samples. This band 
is sharper and more intense in samples I and IU than in sample II where the band is 

Another weak band at 189.2 
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very weak and has much the same intensity as the background due to photomultiplier 
noise. Therefore, the peak frequency and liiewidth are not reliable parameters in the fits 
to the spectra of sample 11 and hence the integrated intensity values are not reliable for 
this line. The 189 cm-' line is also assigned to two-phonon scattering, but in this case 
from a combination of E, plus AI, phonons. The zone-centre combination frequency of 
70.3 + 118.6 = 188.9 cm-' agrees very well with experiment. The increased band intensity 
in samples I and El can only be explained by resonance enhancement through coupling to the 
adjacent 220 and 230 cm-' electronic lines with 488.0 and 476.5 nm excitation. A similar 
behaviour has been observed in CoBq (Lockwood et al 1979), with the analogue of the 
189 cm-' band occurring at 250 cm-' (E, plus A', phonon combination) and the analogue 
of the 220-230 cm-' band occurring at 268-270 cm-' (electronic lines). A strong coupling 
between an electronic transition and the E, optical phonons has also been observed by light 
scattering in FeCh (Johnstone et QI 1987b). This resonant coupling may also explain the 
shift of the - 220 cm-' electronic line (T > TN) from one sample to another (220 cm-' 
for sample 11, 217 cm-' for sample III, 210 cm-' for sample I), because this resonant 
coupling perturbs the electronic energy levels and is also strongly temperature dependent 
for temperatures near TN. 

The last of the optical two-phonon summation bands is due to A], phonons and can occur 
near 2 x 118.6 = 237.2 cm-'. A weak band with a relatively sharp line shape compared 
to electronic lines was visible in sample II at 240.2 f 1.5 cm-'. This line can most likely 
be assigned to the overtone of the AI, phonon. The 240 cm-' line is clearly visible at low 
temperatures, becomes a shoulder of the nearby 230 cm-I electronic line, and then finally 
disappears with increasing temperature because the linewidth of the 230 cm-' electronic 
line increases dramatically when the t e m p e m e  is increased from below to above TN, as 
can be seen in figure 4. This combination band is not visible in samples I and III, because 
of the larger linewidth exhibited by the 230 cm-' electronic band when the temperature is 
above the N6el temperature. 

Another unexplained feature is the low-frequency shoulder to the AI, phonon that is 
most clearly visible in the spectra of samples I and III. This feature seem to be obscured in 
sample 11, because it has the same intensity as the background signal due to photomultiplier 
noise. Curve resolving this frequency region reveals a sharp (I? - 6 cm-') line with a peak 
frequency of 112 f 1 cm-' (see table 1). The origin of th is  band is not clear, but it is 
tempting to assign the band to acoustic phonon overtone scamring. However, no acoustic 
phonon dispersion curves for Fe12 are available to confirm such an assignment. 

Finally, two very weak bands were found at 355 and - 440 cm-' in two samples. No 
clear explanation for these bands has been found, but their presence in only some of the 
samples suggests they may he due to impurities (i.e., the crystal may not be pure, or there 
was surface contamination of the sample after cleaving). The line at 393 cm-' in sample 1 
has a large spurious linewidth and is only an artifact introduced from the fitting procedure 
to account for the lineshape of the noisy baseline of the 300-500 cm-' region. 

D J Lockwood et a1 

5. Phonons in Fe12 

The A', and Eg phonons in FeI2, which have frequencies of 118.6 & 0.4 cm-' and 
70.3 I 0 . 4  cm-' at - 10 K, have been readily identified in the Raman spectrum from 
their resolution-limited widths and weak temperature dependences. However, the lack of 
good polarization data has precluded a symmetry assignment according to the selection rules 
of section 2. The symmetry assignments can nevertheless be determined from comparisons 
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with analogous results for other metal dihalides possessing similar crystal structures. In 
table 2 we compare low-temperature results obtained for the Raman-active phonons in 
ferrous and cobaltous dihalides. FeBr2, CoBrz and CoIz have the same crystal structure as 
FeI2, whereas FeClz and CoCl2 possess the R3m (DZd) CdCl2 structure (Wyckoff 1963). 
The CdClz structure differs from the Fe12 structure in the close-packing arrangement of 
the anions, but again two phonon lines of AI, and Eg symmetry are expected. As table 2 
indicates, the Fe12 phonons at 118.6 and 70.3 an-' have to be assigned to the Alg and Eg 
modes, respectively. The Fe& phonon frequencies for each mode are remarkably similar 
to the corresponding Cox2 case for each halogen indicating little difference in the nature 
of the metal-halogen bonding in the Fe and CO compounds. The Fe and CO halide phonon 
frequencies are approximately proportional to the inverse of the square root of the halogen 
mass. Since the normal modes for the Raman-active phonons comprise halogen motions 
only (Lockwood 1973), this indicates that the nature of the bonding for these modes is also 
not very sensitive to the halogen species. 

Table 2. A compadson of Raman results for phonon frequencies (in cm-l) in M X z  compounds 
at low temperamre. 

Mode FeCI: CoCE FeBd CoBe FeI? Cor? 

Es 149' 156.8 94.3 98.0 70.3 70.6 
Al. 250.5 253.2 158.4 160.8 118.6 120.0 

Lockwocd et nl (1982). 
Johnstone et d (1978a). 
Lockwood e r d  (1979). 
Mischler et 01 (1987). 

e Predicted uncoupled frequency (Loeltwwd et a1 1982). 

6. Electronic and magnetic excitations in Fe12 

The electronic excitations observed by Raman scattering in Fe12 generally fall into the 
groupings near 200 and 500 cm-I shown in figure 1. In this section, we compare experiment 
with theoretical predictions for these excitations within the Fe"-ion 5T2g ground term at 
temperatures above and below TN and make comparisons with results obtained for other 
similar iron halides. 

6.1. Theoretical analysis for T > TN 
An effectiveHamiltonian model of the form (Sngano era1 1970) 

Hd5T2g, D3d) = A(L; - ;L(L + 1) + A'SzLz 4- A(SxLx + SYLY) + K(S. D2 
+ P(S;L: + S;L; + S:L;) (6.1) 

has been used successfully to describe the electronic excitations in paramagnetic 
Fel,Mn,ClZ (Johnstone et ai 1980) and in CdI2:Fe (Johnstone and Dubicki 1980a) and 
should likewise apply to FeI2. In equation (6.1), (XYZ) and (xyz )  refer to trigonal and 
cubic axes, respectively, A represents the effective trigonal field, A and A' are first-order 
spin-xbit coupling parameters and K and p are second-order spin-orhit coupling parameters. 
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A detailed discussion of the various terms in equation (6.1) together with the non-vanishing 
matrix elements of Ha has been given by Johnstone and Dubicki (1980a). 

The lack of useful polarization information in the electronic Raman spectra obtained for 
Fe12 makes it difficult to assign the 'Tzg energy levels on that basis. The electronic Raman 
spectra of the similar trigonal layered compounds FeClz (Johnstone et a1 1978% 1980). 
FeBrz (Johnstone et al 1978a) and Cdl2:Fe (Johnstone and Dubicki 1980a) are, however, 
well known and comparison with these results greatly facilitated the Fe12 assignments. For 
the J' = 3 manifold, the Raman lines at 561, 584, 643 and 688 cm-' may be readily 
assigned to the A1 TYd, TYA and T L  energy levels, respectively. The TL0 level lies very 
close to the uppermost T L  doublet in FeC12, FeBrz and CdIz:Fe and probably could not 
be resolved in the Fe12 case due to the large breadths of the J' = 3 Raman lines. This was 
also the case for FeClz (Johnstone et a2 1978a, 1980). The electronic line at 811 f 4 cm-' 
is too high in frequency to belong to the J' = 3 manifold and is readily assigned to an 
electronic combination band of the two strong electronic peaks at 228 and 584 cm-' . For 
the J' = 2 manifold, and by comparison with FeBq in particular, the strongest peak at 
228 cm-' must be associated with the lowest Tko level, while the weaker broader line at 
301 cm-' belongs to the highest Tf& level. The intermediate & energy level could not 
be resolved. From the curve resolving of the spectra in this region, a weaker band lying 
just below the 228 cm-' line at - 213 cm-' was found (see table 1). This line appears to 
be electronic in origin, but would not be expected to be the missing L+ level based on the 
other Fe halide results. 

Using equation (6.1) and the energy level assignments outlimed above, the experimental 
frequencies were least-squares fitted yielding the results and effective Hamiltonian 
parameters given in table 3. There is excellent agrement between the theoretical and 
experimental energies and the J'  = 3 T&o level is predicted to lie just a few wave numbers 
below the TE* level, as expected. The J' = 2 E!,,* level is predicted at 239.1 cm-'. 
Another calculation was performed taking the 213 cm-' line as the missing &+ level, but 
an unreasonable and very poor fit ensued. The J' = 3 levels dictate that the T;',, singlet 
must lie lowest in the J' = 2 manifold. Although the 213 cm-' lime cannot be a member 
of the J' = 2 manifold it is clearly electronic in origin (see, for example, the T c TN 
spectra in figures 2, 4 and 5). It may possibly be a hot band associated with the quite 
intense 228 cm-' line. Such a hot band associated, in that case, with the lowest member 
of the J' = 3 manifold was observed previously for FeClz and FeBq (Johnstone et a1 
1978a). If this is the case in Fe12 the lowest-lying J' = 1 Tfx0 level is thus predicted to 
lie at approximately 228 - 213 = 15 cm-I, which is very close to the predicted value of 
19.6 cm-' (see table 3). Thus it is very likely that the 213 cm-' line is a hot band. 

Table 3 also shows the results of fits of equation (6.1) to electronic Raman spectra 
for FeCIz, FeBq and CdI2:Fe. The earlier results for FeC12 (Johnstone et a1 1980) and 
Cd1z:Fe (Johnstone and Dubicki 198Oa) are essentially reproduced here, but this is the 
first time that the FeBr2 data has been mated with an effective-Hamiltonian model. The 
order of the energy levels in FeBrz is well reproduced by the model, but the energy levels 
are not as accurately predicted as in the other compounds no matter how the energy-level 
assignments were rearranged (within reason). The disagreement was most evident for the 
J' = 1 and J' = 2 manifolds, whereas the J' = 3 levels fitted reasonably well. It may 
be that the dynamic Jahn-Teller mechanism invoked originally (Johnstone et al 1978a) 
to explain the FeClz and FeBrz energy levels is still required to fully account for these 
variations. Nevertheless, the results are good enough for comparisons to be made. 

AU the chemical compounds in table 3 possess the hexagonal CdIz crystal structure 
except for FeC12, which has the related CdClZ structure (Wyckoff 1963) of space group 
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R4m (D:d). In all cases the cation site symmetry is 4m &) and the Fezt ion is surrounded 
by a nearly octahedral arrangement of anions. For most compounds, the values obtained 
for A and A' are satisfactorily close to the Fezt free-ion value of -114 cm-'. The notable 
exception is FeBrz (see table 3), which again suggests a discrepancy in the model. For 
FeXz compounds, the anisotropy h - A' in the first-order spin-orbit coupling is quite 
evident and is consistent with the trigonal distortion of the anion octahedron. The sudden 
increase in h - A' in going from FeC12 to FeBrz may simply be the result of the change 
in crystal structure. Generally, A - A' decreases going across table 3, consistent with the 
increasing anion radius, and is essentially zero for CdIz:Fe, where the trigonal distortion is 
smallest (Wyckoff 1963). Of the second-order spin-orbit coupling parameters, p decreases 
in magnitude while K hardly changes in the sequence FeClz -+ FeBrz + Fe12 just as was 
found for the equivalent effective-Hamiltonian parameters for the 4T1, CF) ground term of  
CO'+ ions in the corresponding CO compounds (Mischler et a1 1987). In contrast with the 
CO halides, the effective trigonal field parameter A does not show a marked decrease with 
the sequence C1 + Br + I, as would be expected, and even exhibits a slight increase. 
Overall, A is much smaller in the Fe compounds than in the CO compounds and the small 
differences seen here between the different Fe compounds may result from the model fits 
and thus not be significant. A does drop sharply for CdIz:Fe, which is consistent with the 
large h - A' anisotropy reduction. The trends seen with the change in halide for the Fe 
compounds are thus not as clear cut as for the corresponding CO compounds, which could 
in part be due to the change in crystal structure (from CdClz to CdIz type) but might also 
point to l i t a t i ons  in the effectiveHdtonian model. 

6.2. Theoretical nnalysis for T < TN 
Below TN. Fe12 becomes anitferromagnetic and the singleion transitions show splittings 
and shifts due to the formation of excitons consequent upon the long-range order. As 
the multisublattice magnetic structure of Fe& is complicated, the exchange interactions are 
treated only approximately within the mean-field approximation by adding 
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to equation (6.1), as was done previously for FeClz and FeBrz (Johnstone et a1 1978a). 
In equation (6.2), JI and JZ refer to the dominant intralayer ferromagnetic and interlayer 
antiferromagnetic exchange parameters, respectively. The mean-field model is expected to 
be adequate for describing the higher-energy excitons where the dispersion is small, but 
cannot properly account for lower energy levels, and, in particular, the magnons, where 
spin correlation effects are important. 

For T c TN, only two sharp peaks are visible in the 200 cm-1 region of the Raman 
spectrum (see figure 2). The strongest line at 232 an-' undoubtedly arises from the equally 
strong single-ion 228 cm-I transition and the weaker line at 219 cm-I is derived from the 
singleion hot band at 213 cm-'. A weak band near 290 c m d  seen only in the strongest 
spectra (see figure 5 and table 1) probably arises from the similarly weak 301 cm-I single-ion 
transition. No other magnetic exciton lines in the J' = 2 manifold could be found, probably 
because they are quite weak as in FeClz and FeBr2 (Johnstone et a1 1978a). Five peaks were 
seen in the J' = 3 manifold for T < TN (see figure 6 and table 1) arising from the strongest 
singleion transitions at 561 (singlet), 584 (singlet), 643 (doublet expected, but only one 
peak was curve resolved) and 668 (doublet) cm-', respectively. The exciton frequencies 
measured at the lowest temperature (4.4 K, sample IQ were least-squares fitted by varying the 
exchange parameter J = JI - Jz in equation (6.2) while retaining the parameters obtained 
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from the singleion fit in equation (6.1). For J = 9.0 cm-' the predicted energy levels 
are in good overall agreement with experiment, as can be seen in table 4. There is some 
discrepancy for the lowest exciton, as was expected. The excitation at 13 cm-' deduced 
from the hot band at 219 cm-' does not match the known zonecentre magnon energies 
in Fe12 (see section 1) and thus is of unknown origin. It could arise from a lower-lying 
magnon branch in such a complicated magnetic structure with up to eight sublattices. The 
calculation showed that the frequencies of the lines at 659, 682 and 703 cm-' are strongly 
dependent on J, while the 561 and 590 cm-' lines are not so sensitive. This result is in 
general agreement with the observed temperature (and hence J) dependence of the spectrum, 
as discussed in subsection 4.3. The exciton feature observed at 659 cm-' is predicted to 
comprise two closely spaced, but experimentally unresolved, lines. The exciton predicted 
at 676 cm-' is most likely weak and not resolveable experimentally from the 678 cm-' 
exciton. Finally, an exciton is predicted at 302.5 cm-' close to the weak peak observed 
near 290 cm-' . 

Table 4. Experimental and calculated energies (in cm-l) of excitons in the 5T,(sD) ground 
term of antifemmagnetic Fe12 5 - 5 K. The mean-field exchange p m e t e r  I was 9.0 cm-l. 

, 
Experimental energy Calculated energy 

~~ 

0 0 
13&2 28.6 
- 33.0 
u2*1 241.9 
- 251.2 
- 260.6 

-290 302.5 
- 313.1 
561 & 1 565.9 
590 f 1 604.8 
659 * 3 654.3 
65913 655.4 
- 615.7 
682 * 2 618.4 
703 + 3 691.8 

The fitted J value of 9.0 cm-' is similar to values obtained earlier for antiferromagnetic 
FeClz (J = 18.5 cm-') and FeBrz ( J  = 14.5 cm-') by Johnstone et al (1978a) and 
compares favourably with values deduced by Petitgrand and Meyer (1976) from AFMR 
measuremenh (J = 13.0 cm-I), by Fert etal (1973) and Bertrand et d (1974) from the 
magnetic susceptibility (J = 7.0 and 13.1 cm-', respectively) and by Wiedenmann et al 
(1988) from neutron-scattering studies (J = 7.3 cm-I). 

6.3. Magnons 

As noted earlier in section 1, AFMR and inelastic neutron-scattering me&urements have 
revealed two zonecentre magnons at 29.2 and 32.2 cm-' and a two-magnon bound state at 
21.6 cm-'. It was difficult to probe these excitations in the Raman scattering, because of the 
h e r  light scattered by the sample, which produced a high stray-light signal near the laser 
line, and because of the local laser heating. This heating resulted in the actual measurement 
temperature being closer to Tj, where the magnons can be expected to broaden and shift 
to lower frequency. Nevertheless, Raman scattering from magnons was observed. Two 
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low-frequency peaks were observed near 20 and 30 cm-', as can be seen in figure 3, that 
correspond very well to the excitations observed earlier by the other techniques. The sharper 
peak at 20.2 cm-' i s  the two-magnon bound state, while the broader peak near 30 cm-' 
that actually comprises two lines at 29.0 and 31.5 cm-' arises from the two one-magnon 
branches. The Raman frequencies are slightly lower than the AFMR values, as could be 
expected from the laser-induced sample heating. No lower-frequency magnon peaks could 
be detected because of the insilumental stray light. The low-frequency Raman spectrum of 
figure 3 also shows a weak sharp band at 62 cm-' (beside the 70 cm-' Eg phonon) that is 
magnetic in origin and could be a two-magnon line. Neutron-scattering measurements of 
the magnon dispersion along the c axis (Petitgrand et al 1979) show the two one-magnon 
branches to be fairly flat and thus a two-magnon peak could be expected near 60 cm-' 
arising &om the usual zone-boundary scattering mechanism (Cottam and Lockwood 1986). 
Such two-magnon scattering can be comparable in intensity to the one-magnon scattering 
(Cottam and Lockwood 1986), as observed here. 

D J Lockwood et al 

7. Conclusions 

This Raman scattering study of Fe12 at low temperatures has revealed features associated 
with phonons and electronic excitations within the 5T~g(5D) ground term of Fe2+ ions. The 
electronic excitations in paramagnetic Fe12 are accurately described within an effective- 
Hamiltonian model, but comparisons of the energy-matrix parameters found for the related 
compounds FeC12, FeBr2 and CdI2:Fe suggest that the model, although adequate, is not a 
complete description of the physics involved. It may be that the dynamic Jahn-Teller effect, 
which must operate in these systems, needs also to be considered. It would be informative 
also to cany out a complete 3d6 configuration calculation for these compounds, but this 
would be a difficult task as it involves multiple diagonalization of a 210 x 210 matrix 
within the least-squares fitting procedure. 

Below TN, Raman features due to magnetic ordering were observed. The higher- 
frequency excitons could be readily interpreted in terms of a molecular-field theory for 
the exchange that gave an effective exchange constant of 9.0 cm-'. The analysis showed 
that there is probably a low-frequency magnon branch in Fe12 near 13 cm-' at zero wave 
vector. Raman scattering from one-mignon excitations was observed at 29.0 and 31.5 cm-', 
in agreement with earlier studies, together with a line at 20.2 cm-' that is due to a two- 
magnou bound state. Another magnetic peak was found at 62 cm-'; this is probably due 
to conventional two-magnon Raman scattering. 
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