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Raman spectra of iron phosphorus trichalcogenide crystals (FePX;,X =S,Se) are measured, and a
compilation of the peak frequencies is given. The spectral features due to first-order phonon Raman
scattering are analyzed and assigned. At low temperatures in iron phosphorus trisulfide the vibra-
tional Raman-scattering efficiency displays an anomalous enhancement and new structures appear.
The temperature dependence of the integrated intensity, bandwidth, and frequency of the Raman
peaks is studied and correlated with the antiferromagnetic ordering. It is found that the spin super-
structure produces a folding of the phonon dispersion curves into the center of the Brillouin zone and
activates new phonon modes in the Raman spectrum.

INTRODUCTION

Iron phosphorus trisulfide is a good example of a two-
dimensional (2D) Ising-type antiferromagnet with the
magnetic ions arranged in a honeycomb lattice. It exhib-
its, around 118 K, a magnetic phase transition from the
paramagnetic phase to an ordered phase in which fer-
romagnetic linear chains are coupled to each other antifer-
romagnetically in the ab plane.!? Similar magnetic prop-
erties are found in iron phosphorus triselenide.’ At
present these layered compounds, as well as nickel phos-
phorus trisulfide, are the object of intense studies for their
interesting magnetic properties! ~° and for their promising
performances as lithium-battery electrodes.®~*

Recently, spin-dependent phonon Raman scattering in
FePS; has been reported.’ In the present work, the effects
of the magnetic ordering on the Raman spectra of iron
phosphorus trichalcogenides are extensively investigated,
and new details on the lattice dynamics are obtained by
studying the low-temperature spectra.

Despite the low scattered intensity and the opacity of
these compounds, Raman spectra are measured with good
spectral resolution on cleaved single crystals, and cross
and parallel polarization of the scattered light are ana-
lyzed. A complete compilation of the Raman frequencies
is given, and the previous peak assignments®'® are recon-
sidered and corrected. The Raman spectra of iron phos-
phorus triselenide are reported for what we believe is the
first time, and the effects of the selenium-sulfur substitu-
tion are briefly discussed. Dramatic changes in the pho-
non peak intensities are observed at low temperatures only
in the Raman spectrum of iron phosphorus trisulfide.
The peak intensities, bandwidths, and frequencies are
measured at various temperatures between 4.2 and 300 K,
and a correlation between the Raman tensor and the anti-
ferromagnetic order is found.

Anomalous intensity enhancements and the abrupt ap-
pearance of zone-center phonon peaks which are forbid-
den in the paramagnetic phase can be observed in the Ra-
man spectra of magnetic crystals at the onset of the mag-
netic ordering.!! Also zone boundary phonons can be ac-
tivated by the magnetic ordering if the magnetic super-
structure can assure the momentum conservation.'?~!*
The intensity of the enhanced peaks depends on the tem-
perature like the spin-correlation function of the crystal.!!
The spin-dependent and the spin-independent Raman
scattering have generally different selection rules and reso-
nant behaviors,!! so that the study of the low temperature
phonon Raman spectrum in magnetic crystals can provide
new details on the lattice dynamics.

Until now, however, the spin-dependent phonon Ra-
man scattering has not received adequate attention. Only
some experimental works'?~!° and a few theoretical stud-
ies'! have been published on the subject. This fact has
stimulated the present investigation of the Raman scatter-
ing in transition-metal phosphorus trichalcogenides
around the magnetic transition.

EXPERIMENTAL

The Raman measurements are carried out on iron
phosphorus trichalcogenide single crystals. The samples
are cleaved to obtain a surface with good optical quality,
and immediately placed under vacuum in a temperature
variable SMC-TBT cryostat. The temperature is mea-
sured by means of a silicon diode on the copper sample
holder.

The Raman spectra are excited by Kr*™ and Ar™" laser
lines in a quasibackscattering geometry with the laser
beam at Brewster-angle incidence. To avoid sample heat-
ing by the laser beam only few tens of milliwatts are used
in these experiments. The scattered light is dispersed by
means of a double-grating Coderg PH1 spectrometer and
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the signal is analyzed by a conventional photon-counting
system. The spectral resolution is about 1.1 ecm ™! in the
bandwidth measurements and of about 6.7 cm~! in the
integrated intensity measurements.

The samples used in the present work are characterized
by differential scanning calorimetry (DSC) in the tempera-
ture range 90-300 K. These measurements are made by
means of a Perkin Elmer DSC-II calorimeter. A A-type
peak is observed in the DCS traces of FePS; and FePSe;
at 118 and 106 K, respectively.?”
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FIG. 1. Unit cell of the iron phosphorus trisulfide (a) and of
the iron phosphorus triselenide (b).
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CRYSTALLOGRAPHIC AND MAGNETIC STRUCTURE

Iron phosphorus trisulfide is a layered compound with
the AICIl; structure?! where the empty intralayer anion
octahedra are filled by phosphorus dimers. As shown in
Fig. 1(a) this structure originates from a small monoclinic
distortion of the rhombohedral CrCl; structure. Hexago-
nal sulfur sheets are arranged along the ¢ axis in an ABC
stacking and each transition-metal cation has three cation-
ic neighbors in the same sheet and two in each adjacent
sheet. The monoclinic unit cell contains a single layer
and four formula units. The lattice parameters are
a=5.934 A, b=10.28 A, c=6.772 A, and B=107.2°.222}
The structure parameters of FePS; and of other MPS;
compounds have been recently determined and correlated
with their chemical properties by Brec and co-workers.?*

FePSe; is somewhat different from FePS;. It belongs to
the rhombohedral FeCl; structure, with the phosphorus
dimers filling the empty intralayer octahedra and no
monoclinic distortion. The selenium layers are stacked
along the ¢ axis in an 4B sequence; iron ions display the
same arrangement in the sheet, but have only one iron
neighbor on an adjacent layer [Fig. 1(b)]. The rhom-
bohedral unit cell contains three layers and six molecules.
The lattice parameters are a=6.265 A, ¢=19.80 1&, and
y= 1200.22.23

The magnetic cell of the trisulfide is doubled along the
¢ axis with respect to the crystallographic one, but it is
unchanged in the ab plane.? In the triselenide the mag-
netic cell is doubled both along the a and c¢ directions as
compared to the crystallographic one, and the symmetry
is then lowered from rhombohedral to triclinic.?

RAMAN SPECTRA

Despite the complex unit cell the Raman spectra can be
interpreted by considering a simple pseudocell containing
one P,X anion and two iron cations.'® The P,X, anion
normal modes and the metal cation vibrations will be ob-
served. The staggered P,X¢ molecule belongs to the Dsy
symmetry group and six Raman active modes are expect-
ed: three A4,,-type modes (polarized) and three E,-type
modes (depolarized) (see Fig. 2).%

This simple picture is supported by the following
effects.

(a) The spectral pattern in the 150-600 cm~! frequency
region is not affected by the metal cation substitution and
is very similar to that of NayP,S¢ aqueous solutions,
which contains free (P,S¢)*~ anions.!®

(b) The pattern systematically shifts to lower frequen-
cies when selenium substitutes sulfur.

(c) The Raman shift of the weak bands detected in the
0-150 cm ™! region decreases as the metal cation mass in-
creases.'®2°

However, this model does not give the actual ion vibra-
tions in the crystal. Future work will concentrate on lat-
tice dynamics calculations in order to get a more realistic
picture of the MPX; lattice vibrations.

In Figs. 3 and 4 the FePS; and FePSe; Raman spectra
at room (a) and liquid helium (b) temperatures are shown.
They are excited by the 488.0 nm and the 476.5 nm lines
of an Ar™ laser. The peak frequencies are given in Table
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FIG. 2. The six Raman modes of the ethanelike X, Y, mole-
cule (D3, group) (Ref. 25).

I, and are compared with the calculated P,S¢ normal
mode frequencies reported in Ref. 10. Experiments with
parallel or cross polarizations are carried out also, and the
results are shown in Table I.

On the basis of the present experiments and of previous
analysis,” ! the Raman peaks can be assigned as follows.
A weak fine structure occurs around 580 cm ™' in FePS;
at liquid helium temperature, whereas only a weak band
is observed at 573 cm ™! in the room temperature experi-
ments. The frequency of this structure fits quite well the
E,(vyy) mode frequency which has been calculated by
different authors.!®?” Slight lattice distortions could be
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FIG. 3. Raman spectra of FePS; recorded at room tempera-
ture (a) and at liquid helium temperature (b), excited by the
448.0 nm line of an Ar* laser.
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FIG. 4. Raman spectra of FePSe; recorded at room tempera-
ture (a) and at liquid helium temperature (b), excited by the
476.5-nm line of an Ar™ laser.

responsible for the observed splitting.

A weak peak, which has not been observed before in
FePS;, is detected at 480 cm~!. In infrared absorption
experiments a band has been found around this frequen-
cy'® and assigned to the A g (v3) mode, which involves
mainly the P—P bond stretching. Neither the E,(vg)
nor the A4,,(v;) mode are found in the FePSe; Raman
spectra.

The intense peaks at 380 cm~! and at 221 cm ™! in the
FePS; and FePSe; spectra, are strongly polarized. They
are assigned to the A,(v;) mode of the P,X, group, the
symmetric stretching vibration of the P—X bonds. At
room temperature the 275 cm~' and 215 cm~! peaks in
the FePSe; spectrum and the corresponding peaks at 180
cm~! and 149 cm ™! in the FePSe; spectrum are depolar-
ized. At low temperatures in FePS; they are split in two
components, which are active in two orthogonal scattering
geometries. They are assigned to the E,(v;) and E,(v,,)
modes, respectively.

At liquid-helium temperature the bands at 249 cm ™! in
FePS; and at 174 cm™! in FePSe; are not observed in
cross polarization measurements. Moreover in MPS;
compounds, this band has been found very sensitive to
alkali-ion intercalation and to the c-axis expansion.’®
They can be assigned to the 4,,(v,) mode (Fig. 2).

The frequency ratios between the P,S¢ modes and the
P,Seq modes are found equal to 1.72, 1.56, 1.43, and 1.50
for the A,(vy), Eg(vyy), A1z(v;), and E,(v,,), respective-
ly, in good agreement with the inverse square root of the
chalcogen mass ratio (1.57).

One can remark that this systematics is better verified
by the E,(vy;) and E,(v;;) modes which do not involve
P—X bond stretchings.

At low temperature the band at 161 cm ™' is strongly
enhanced in FePS; and appears depolarized. Only a very

1
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TABLE 1. Raman shifts at room and liquid helium temperature of FePS; and FePSes;. The assign-
ment in terms of normal modes of the P,S¢ cluster is reported as well as the frequencies calculated by

Sourisseau et al. (Ref. 10). (s=strong, m =medium, w=weak, p=polarized, dp=depolarized).

FePS3 FePSe; V(Calc.) P2Xe normal
RT LHT RT LHT VFeps, / VFePSe, (Ref. 10) modes (Ref. 25)
594w
573w 582w 564 Ey(vio)
564w
466w 480w 434 Aig(v3)
376s 380s (p) 215s 221s 1.72 377 Ag(vi)
283m
275m 280m (dp) 180m 181m 1.56 262 E,(vi)
243m 249m (p) 168m 174m 1.43 149 Arg(v2)
231w
215w 229w (dp) 149w 153w 1.50 171 E;(vi2)
150w 161m (dp)
118w 120w 110w 116w
109w
100w
95m (dp)
88s (dp) 78w 82w
weak structure is found around 150 cm~! in the tra around the Néel temperature, whereas the FePSe;
room-temperature spectra of FePS;,”!'® of mixed  spectrum is almost completely unaffected by the magnetic

Fe,_.Zn,PS3,%* and of other MPS; compounds.26 It is
the Raman counterpart of the strongly ir active E,(vq)-
type mode of the P,S¢ molecule observed in all the MPS;
compound absorption spectra at about 155 cm~!.'°

Two strong peaks at 88 cm~! and 95 cm~! and two
weaker structures at 120 cm™! and 109 cm~! appear in
the FePS; spectrum at low temperature. The peaks at 88,
95, and 109 cm ™! decrease in intensity around the Néel
temperature and only a broad band centered at 100 cm™!
is found at room temperature. No similar effect occurs in
the selenide spectrum, where only two weak bands appear
at 116 cm~! and 82 cm™! at liquid-helium temperature
[Fig. 4(b)], and at 110 cm~! and 78 cm~! at room tem-
perature [Fig. 4(a)].

The cation substitution effects are observed mainly
below 150 cm~'.'®?® Some bands in the infrared and Ra-
man spectra of the transition-metal phosphorus trichal-
cogenides shift to lower frequencies as the cation mass in-
creases.’® For this reason these structures have been as-
signed to vibrational modes which involve mainly the
metal cation vibrations.!*2® Our preliminary results on
the mixed Fe;_,Zn,PS; compounds support this assign-
ment. At room temperature a one mode behavior is
found for the broad unresolved band around 100 cm'~ in
FePS;, which shifts up to 77 cm~! and narrows as zinc
substitutes iron.? However the large frequency shift (23
cm~!) cannot be accounted for only by the mass
differency. Stronger metal-sulfur bonds in the iron phos-
phorus trisulfide, due to partially covalent bonds, are re-
sponsible for this effect.

MAGNETIC ORDERING EFFECTS

FePS; and FePSe; Raman spectra are recorded at
different temperatures to investigate the magnetic ordering
effects. Dramatic modifications occur in the FePS; spec-

ordering.

In Fig. 5 iron phosphorus trisulfide Raman spectra are
shown at different temperatures. The integrated intensi-
ties of the 380-, 249-, and 88-cm ! peaks, corrected for
the Bose population factor and normalized to the intensity
extrapolated at T=0 K, are reported in Fig. 6. The 380-,
249-, and 88-cm ! peak bandwidths, corrected for the slit
width, are shown in Fig. 7. All the intensity-versus-
temperature data are taken by increasing progressively the

Raman intensity ( arb. units )

1 1 N

140 240 280 380
Raman shift ( cm™)

FIG. S. Raman spectra of FePS; recorded at different temper-
atures using 488.0 nm laser excitation (Ty =118 K).
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FIG. 6. Temperature dependence of the reduced integrated
intensities 1 (T)/1(0) of the peaks at 88 cm~! (0), 249 cm~! (@),
and 380 cm™' (A) in the spectrum of FePS;, excited by the
488.0 nm line. I(0) is the value extrapolated at T=0 K.

sample temperature. We are not able, in the limit of the
experimental error, to detect hysteresis phenomena at the
transition temperature. Small hysteresis effects have been
observed however in Méssbauer measurements.’

Peak narrowings and intensity enhancements occur at
T <Ty (118 K). The strong peak at 380 cm™!' slightly
decreases in intensity (about 30%) around Ty, without
anomalous broadening. On the other hand the intensity
of the peak at 249 cm ™' decreases of about 60% and the
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FIG. 7. Temperature dependence of the bandwidths of the
peaks at 88 cm™' (0), 249 cm~! (@), and 380 cm~! (A) in the
Raman spectra of FePS;, excited by the 488.0 nm line.

bandwidth seems to exhibit a singularity going through
the magnetic transition (Fig. 7). The E, modes at
229-231 cm~ ' and 280 cm ™! appear split into two com-
ponents, and slightly enhanced at T < Ty (Fig. 5).

The splitting of these bands is due to the band narrow-
ing rather than to structural changes associated to the
magnetic transition. In effect it occurs also in ZnPS;.%°

The most spectacular effects are found in the low fre-
quency region of the spectrum. Three well resolved and
strong peaks at 88, 95, and 109 cm ! appear at T < Ty,
instead of the broad unresolved band observed around
100 cm ™! in the paramagnetic phase. A strong band is
found also at 161 cm™!, corresponding to the room tem-
perature band around 150 cm~'. Preliminary measure-
ments at liquid helium temperature on FeggZng,PS;
show enhancements and appearance of new peaks around
100 cm ™!, but with intensity comparatively lower.

All these structures have vibrational origin. The bands
at 88, 95, and 109 cm ™! and at lesser degree the band at
161 cm~!, broaden around Ty (Fig. 7), but do not shift in
frequency (Fig. 5), ruling out the hypothesis of one or
two-magnon Raman scattering. Magnon bands generally
broaden and exhibit frequency softening near the magnet-
ic ordering temperature.*°

It is also unlikely that these narrow bands (a bandwidth
of about 1 cm™! is evaluated at liquid-helium tempera-
ture) originate from electronic transitions.

The electronic excitations within the 5T2g ground state
of the Fe’* ion in an octahedral site have been recently
observed in the Raman spectra of iron doped Cdl,.*! For
metal-cation concentrations larger than 2 at. % these
bands broaden, and the fine structure due to the trigonal
distortion of the iron-site symmetry becomes unresolved.®!

A strong dependence of the vibrational cross section on
the degree of magnetic ordering has been observed in
magnetic crystals such as the ferromagnetic spinels
CdCryX, (X=S,Se),'" "' the iron dihalides FeCl,-2H,0O
(Ref. 18) and FeF,,*? the vanadium dihalides'>'® and the
1D magnetic compound CsCoBrj.3%3*

In CdCr,S; and CdCr,Se, however, resonance effects
on electronic levels undergoing splitting and shifts at T
are partially responsible for the observed enhancements,
as pointed out by Koshizuka and co-workers.!” Although
large shifts in the electronic levels at the transition tem-
perature are observed more frequently in ferromagnetic
compounds, measurements are carried out with different
Art and Kr™ laser lines from 647.1 to 457.9 nm to check
this hypothesis.

The temperature dependence of the 88 and 95-cm™
peak intensities is studied by means of the laser lines at
647.1, 514.5, and 476.5 nm, and it is found independent
of the exciting wavelength. Moreover at liquid-helium
temperature the intensity of the peaks at 88, 95, and 161
cm~! is roughly independent of the exciting wavelength
in the (1.92-2.71)-eV region, which corresponds to the d-
d transitions, partially superimposed to the charge
transfer transitions.’> Only the peak at 380 cm™!
[ A1z (v1)] exhibits a resonant behavior at the onset of the
charge transfer transitions, but it is not surprising because
of the different energy denominators in the spin-
dependent and in the spin-independent terms of the Ra-

1
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man tensor.!! One can conclude that the temperature be-

havior of the FePS; spectrum is not due to shifts in the
electronic levels involved as intermediate states in the Ra-
man scattering process.

Useful suggestions to understand the strong spin depen-
dent scattering can be obtained by the inspection of the
FePS; infrared absorption spectrum.!® It has been found
that under certain conditions the magnetic superstructure
can activate zone boundary phonons.'?~'* The modula-
tion of the exchange interactions by these lattice modes
provides an additional term to the phonon Raman tensor.
Zone-boundary acoustic modes and infrared active optic
modes can then be observed in the Raman spectra.

Now the FePS; magnetic cell is doubled along the c
axis with respect to the crystallographic one, i.e., the 4
point is folded in I' in the Brillouin zone below the order-
ing temperature. The observed intensity enhancement of
the 161 cm ! peak probably originates from this folding.
In effect, the E,(v9) mode which is infrared active with a
frequency of 153 cm™! at room temperature,'® becomes
Raman active when the unit cell is doubled along the ¢
axis in the antiferromagnetic phase as shown in Fig. 8.
Along the line of A the phonon dispersion curves in lay-
ered compounds are flat and this explains the very small
shifts between the activated Raman line around 161 cm ™!
and the corresponding infrared band. Also the A 4(v,)
mode at 249 cm™! is strongly activated (Fig. 6). This
mode presents a large component of the ions vibration
along the ¢ axis (Fig. 2) and it is also very sensitive to the
interlayer magnetic coupling in the magnetic superstruc-
ture.

The scattering mechanism discussed in Ref. 12 can ac-

FIG. 8. Infrared active E,(v9) mode of the X,Ys molecule
from Ref. 25. When the unit cell is doubled along the ¢ axis the
out-of-phase vibration of two X, Y, groups in adjacent layers be-
comes Raman active.
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count for the appearance of the strong peaks at 88 and 95
cm ! in the magnetic phase, although in the lack of pho-
non dispersion curves, a careful assignment of these peaks
is difficult. The comparison with the lattice dynamics of
similar compounds can be useful. Taking transition-metal
dihalides as a reference (Fig. 9),3¢ it can be seen that the
substitution of one third of iron ions with phosphorus di-
mers reduces the Brillouin zone volume to one third.
Particularly the K point is folded in I' and the low-
frequency A4, and E acoustic modes become zone center
modes. They are however only infrared active, and one of
them could correspond to the weak infrared band ob-
served in FePS; at 76 cm 1.1 At the same time the H
and H' points are folded in 4. Now the magnetic super-
structure folds again A4 in I' and the original 4, and E
modes can be activated in Raman. The frequency
discrepancy is not surprising here because of the acoustic
nature of these modes, which display some dispersion
along the line of A.

Moreover they are expected to be depolarized and it is
in agreement with the observation of the two bands at 88
and 95 cm~! both in parallel and cross-polarization
geometries. The splitting is probably due to the degenera-
cy lifting induced by lattice distortions.

As shown in Fig. 7 the peaks activated in the magnetic
phase exhibit line broadening. This behavior probably
originates from the coexistence in the same crystal of
paramagnetic and antiferromagnetic phases around the or-
dering temperature, which has been put in evidence by
Mossbauer measurements.’

(a)
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FIG. 9. (a) Octahedral cage of anions surrounding the metal
ion in the C6 and C19 structures of the transition-metal
dihalides. (b) The Brillouin zone of a lattice with the CdI, (C6)
structure, in which the unit cell contains only one layer along
the ¢ axis (from Ref. 36).
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The iron phosphorus triselenide Raman spectrum does
not display strong spin-dependent behavior around the
Néel temperature (T =106 K). Only small frequency
shifts and intensity changes occur as the temperature in-
creases from 4.2 to 300 K. The reasons for this different
behavior should be researched firstly in the larger in-
terionic distances in the selenide, and consequently in
weaker magnetic couplings' and also in the larger crystal-
lographic cell, which contains three layers in the selenide.
The magnetic cell is doubled along the ¢ axis with respect
to the crystallographic one in the selenide also, but in this
case zone-boundary phonons do not provide the necessary
modulation of the exchange interaction.

In effect, zone-boundary phonons activated by the
Brillouin-zone folding can be observed only in FePSs.
Both nickel and cobalt phosphorus trichalcogenides have
similar magnetic structure in the ab plane, but the near
neighbor interplanar chains are coupled ferromagnetically,
so that the magnetic cell is not doubled along the ¢ axis.
In the manganese compounds each magnetic ion is cou-
pled antiferromagnetically with the three near neighbors
and the crystallographic and the magnetic unit cells are
identical.

A general theory which accounts for the temperature
dependence of the integrated intensities of phonon Raman
scattering in magnetic crystals has been formulated by
Suzuki and Kamimura.'! Starting from the polarization
tensor of a magnetic compound in the form proposed by
Moriya,’” they have derived the following expression for
the integrated phonon Raman scattering intensity I(7T):

2

(So-S;)
I(T)=(ng+1) R+M% + kXS,

where R represents the ordinary spin-independent Raman
tensor and n is the Bose population factor. The last term
is associated with the spins of single ions and with the
electron-phonon interaction which is given by the varia-
tion of the spin-orbit interaction with the relative displace-
ments of the ions. Its order of magnitude is determined
essentially by spin-orbit coupling constant in the virtually
excited state. Generally it is at least one or two orders of
magnitude smaller than the other two terms, and it can be
neglected.!' The second term arises from the contribution
to the polarizability tensor of the type 3, R;(S;-S;),
where the nearest neighbor approximation is considered
for the spin pairs. It has been shown that both the modu-
lation of the d-electron transfer energy and of the nondi-
agonal exchange interaction by the lattice vibrations can
contribute to this term.

By wusing the expression (1), the reduced spin-
correlation function of FePS; is evaluated. The data re-
ported in Fig. 10 are obtained from the intensity of the
peak at 249 cm~'. A R /M ratio of about 2.43 is found.
The square of the reduced magnetic moment evaluated by
neutron diffraction measurements? is reported also for
comparison (Fig. 10). It represents the spin correlation
when an infinite number of neighbors is considered, i.e.,
the lower bound for the spin correlation function. The
two functions are constant up to 0.5-0.67y, and abruptly
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FIG. 10. Reduced nearest-neighbor spin-correlation function
obtained from the temperature dependence of the intensity of the
phonon at 249 cm ™! (@), in the spectrum of FePS; (see Fig. 6).
The square of the reduced magnetization m (T)/m(0) (A) is re-
ported for comparison (Ref. 2). The dashed line is shown as a
visual aid.

decrease around Ty in agreement with the 2D Ising char-
acter of FePS;. They are slightly different however in the
range 0.6-0.97T, where the spin correlation function de-
creases more smoothly. As expected the spin-correlation
function is different from zero at T > Ty, due to local
magnetic order. The peak at 380 cm~! (R /M =5.85) as
well as those at 88 and 161 cm™! (R/M=0) (Ref. 9)
display a similar behavior.

CONCLUSIONS

The Raman spectra of iron phosphorus trichalcogenides
single crystals are measured at different temperatures in
the range 4.2-300 K. The Raman peaks are assigned to
the normal modes of the (P,S¢)*~ anions and to phonons
involving mainly the iron cation vibrations. Measure-
ments with cross and parallel polarization in a quasiback-
scattering geometry let us reconsider and correct some
previous assignments.

Around the Néel temperature strong intensity enhance-
ments are observed in the spectrum of the iron phos-
phorus trisulfide, while new peaks appear in the region
80-200 cm~!. The temperature dependence of the in-
tegrated intensity, bandwidth and frequency is studied
and correlated with the antiferromagnetic order. All the
enhanced peaks have vibrational origin. Magnon scatter-
ing, resonant phonon Raman scattering on electronic lev-
els that shift at Ty, and scattering associated to phase
transitions, can be excluded on the basis of this work and
of the present knowledge on the FePS; properties. It is
suggested that the abrupt appearance of new lines in the
low-frequency region of the spectrum is related to zone-
boundary phonons activated by the magnetic superstruc-
ture. This hypothesis is supported by the available in-
frared data and by the investigation of Raman scattering
polarization.
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The general theory on phonon Raman scattering in
magnetic crystals formulated by Suzuki and Kamimura'!
successfully accounts for the temperature behavior. The
spin-correlation function of FePS; is evaluated from the
249-cm ! peak temperature dependence. Its shape is con-
sistent with the 2D Ising character of this layered magnet-
ic compound.

Lattice-dynamics calculations are now in progress.
They could further confirm the interpretation of the spin-
dependent Raman scattering in FePS; in terms of zone-
boundary phonons activated by magnetic ordering, and let
us assign more carefully the low-frequency Raman bands.
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