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Light-scattering study of dynamical behavior of antiferromagnetic
spins in the layered magnetic semiconductor FePS3
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Critical phenomena were studied by Raman scattering in the two-dimensional Ising-type antifer-
romagnet FePS3. Below T&=118 K the Brillouin-zone-boundary phonon Raman peaks were ob-
served because of the formation of a magnetic superstructure. Above and below T& a low-

frequency broad band was observed, and it was interpreted in terms of Raman scattering from
transverse acoustic (TA) phonons throughout the Brillouin zone, which was induced by the spin dis-

order. The spectrum reflects the two-dimensional one-phonon density of states of the TA phonons.
The temperature dependence of the Raman intensity shows a maximum at T& and agrees with the
Ornstein-Zernike form. A quasielastic component due to the magnetic critical scattering was first

observed by light scattering. The intensity tends to diverge at T&. As soon as the spin-disorder-
induced Raman spectrum was quenched with decreasing temperature, a one-magnon Raman spec-
trum began to emerge. The Raman process was discussed using a phenomenological spin-dependent
Raman theory.

I. INTRODUCTION

Recently considerable attention has been directed to-
wards the two-dimensional (2D) antiferromagnetic sys-
tem, because the spin fluctuations are expected to be
strong. Interesting problems about the critical phenome-
na prompted us to study light scattering in 2D antifer-
romag nets.

Iron phosphorus trisulfide is well known as a 2D
Ising-type antiferromagnet. It also has a layered crystal
structure with the monoclinic symmetry of space group
C2/m (CzI, ), ' as shown in Fig. 1. The interlayer mag-
netic interaction is thought to be much smaller than the
intralayer magnetic interactions, as well as large anisotro-
pies in lattice dynamics and electronic properties.

A 2D antiferromagnetic ordering occurs at Tz = 118 K
in the layer. In the antiferromagnetic phase each Fe +

ion, which is arranged in a honeycomb lattice in the
paramagnetic phase, is ferromagnetically coupled in a
layer with two of the three nearest neighbors. And the
ions construct ferromagnetic linear chains which are cou-
pled with each other antiferromagnetically in a layer.
The successive layers in the c direction have an antiferro-
magnetic spin ordering, forming a magnetic superstruc-
ture, doubled with respect to the primitive unit cell along
the c axis, as well as the t2 axis (see Fig. 2).

Since the critical phenomena have been discovered in
the magnetic scattering of neutrons, a number of
neutron-scattering experiments and theoretical studies
have dealt with the dynamical behaviors of ferromagnetic
and antiferromagnetic spins. ' On the other hand, Ra-
man scattering has played an important role in the obser-
vation of magnons, which indirectly reflects spin fluctua-
tions in the ordered state. In particular, two-magnon Ra-
man scattering in antiferromagnets yields information on
the magnon-magnon interaction, because its spectrum
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FIG. l. (a) Crystal structures of FePS3 and (b) its projection
along the b axis (from Ref. 1). The thick lines denote the primi-
tive unit cell and t&, t2, and t3 are unit vectors of the primitive
unit cell in (a).
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FIG. 2. Magnetic structure of FePS3 presented by Fe atoms.
Closed and open circles are up and down atomic spins, respec-
tively (from Ref. 1).

could not be understood within the framework of a sim-
ple theory of noninteracting magnons. Hence there has
been great interest in the Raman scattering by one mag-
non and two magnons. '

Furthermore spin-dependent phonon Raman scattering
has been discovered in the ferromagnetic semiconducting
spinels CdCr2S4 and CdCr2Se4 by Steigmeier and Har-
beke. They found that the integrated Raman intensities
of certain lines among the Raman-active phonons in-
crease abruptly below the Curie temperature. This has
posed new and interesting theoretical problems and has
been investigated experimentally and theoretically in
magnetic semiconductors, in particular, in the ferromag-
netic spinels CdCr2S4, CdCr2Se4, and HgCr2Se4 and in eu-
ropium chalcogenides EuX (X=O,S,Se,Te). Suzuki and
Kamimura proposed a mechanism of the d-
electron-phonon scattering process. However, the mea-
surements of Raman scattering of the ferromagnetic
spinels with various wavelengths of excitating laser light
showed that the increase of the integrated Raman intensi-
ty below the Curie temperature is due to the resonant
enhancement, " in addition to the magnetic ordering
effect. ' lt occurs when the energy of the excitation light
corresponds to that of electronic transition undergoing
exchange splitting.

On the other hand, the spin-dependent Raman scatter-
ing from the symmetry-forbidden phonons whose spec-
trum reflects one-phonon density of states has been ob-
served in the paramagnetic phase of the europium chal-
cogenides. This problem is reviewed in Refs. 13—15. The
Raman spectrum shows a broad spectral line of half-
width -35 cm ' extending approximately from the
Brillouin-zone-center TO-phonon to the LO-phonon fre-
quencies. Tsang et al. ' pointed out that it originated
from a symmetry-breaking mechanism due to spin disor-
der. When the spins are randomly aligned, the spin dis-
order lifts the inversion and translational symmetry in
the phonon-plus-spin system, which allows us to observe
the first-order Raman scattering from phonons with finite
wave vectors.

As the long-range magnetic ordering is induced by re-
ducing temperature through the transition temperature
and by applying the magnetic field, the broad bands due
to the spin-disorder-induced Raman scattering are rapid-
ly quenched, and new sharp lines appear in EuSe (Refs.
14 and 17—20) and EuTe. ' ' ' The appearance of first-
order Raman scattering originates from the Brillouin-
zone-folding effect due to the formation of magnetic su-
perstructure, i.e., it is attributed to inelastic scattering
from the zone-boundary phonons and the mid-zone pho-
nons induced by the elastic ("Bragg") magnetic scattering
from the magnetic superstructure. ' ' ' Similarly the
zone-boundary phonons were observed in the antiferro-
magnetic phase of VI2.

On the other hand, Silberstein et al. ' observed that
the broad line due to the spin-disorder-induced Raman
scattering is continuously switched to a sharp line upon
cooling from the paramagnetic phase to the ferromagnet-
ic phase in EuS. Guntherodt et al. found that the peak
positions of the broad bands shift continuously to the
high-frequency side in the ferromagnetic phases of EuS
and EuO. The frequency shifts are unusually large for
phonons only. Giintherodt et al. and Silberstein ex-
plained them by switching from the spin-disorder-
induced Raman scattering to the second-order process of
one magnon plus one phonon upon cooling through the
ordering temperature. The frequency shifts result from
the frequencies of magnons.

Recently the effect of magnetic ordering on the phonon
Raman scattering has been studied in another class of
layered compounds, the transition-metal phosphorous tri-
chalcogenides 3hVX3 (M = transition metal,
X =S,Se). The enhancement of Raman intensities of
Raman-active phonon peaks and the appearance of new
phonons have been observed below Tz in the Raman
spectra of FePS3.

In this paper we shall focus on the effect of spin fluc-
tuations on the Raman spectra of the 2D antiferromagnet
FePS3 and study the critical pheneomena in the antiferro-
magnetic phase transition. We observe the low-frequency
Raman scattering from transverse acoustic (TA) phonons
with finite wave vectors which are induced by spin disor-
der in the paramagnetic and the antiferromagnetic-
ordered states. In the vicinity of the Neel temperature
we found strong enhancement of the quasielastic com-
ponent in the low-frequency Raman spectrum. It is due
to the magnetic critical scattering by light. To the best of
our knowledge, this is the first report of this kind. In the
temperature region where the spin-disorder-induced Ra-
man spectrum is quenched, we observe Raman scattering
from a magnon. We shall discuss their effects of spin
fluctuations and spin ordering on the Raman scattering
by a phenomenological theory.

II. EXPERIMENTAL

The single crystals of FePS3 used were synthesized by
the vapor-transport method. The surfaces with good op-
tical quality were easily obtained by cleaving.

The Raman-scattering measurements were performed
with use of the argon-ion laser lines in a quasibackscatter-
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ing geometry with the Brewster-angle incidence. To
avoid sample heating by the laser beam only few tens of
milliwatts were used in the present experiment. Measure-
ments were carried out as a function of the temperature
by employing a variable-temperature SMC-TBT cryostat.
The scattered light was dispersed with an instrumental
resolution of about 1.5 crn ' by a double-grating mono-
chromator Jobin-Yvon U1000 with holographic gratings
and detected by a photon-counting system.

III. RESULTS

Figure 3 shows the temperature dependence of the
low-frequency anti-Stokes and Stokes Rarnan spectra in
the z(x, x +y)z geometry in FePS3. Here z is perpendic-
ular to the basal plane or parallel to the t3 (c'), and x
and y denote two arbitrary, but mutually perpendicular,
directions on the basal plane. Since the refractive index
is large, the wave vector of the incident light is approxi-
mately perpendicular to the surface within the sample.
In the paramagnetic state we observed an asyrnrnetric
peak at about 100 cm ' with a low-frequency tail. It has
a very steep slope at the high-frequency side. As the fre-
quency shift is decreased below about 60 cm ', so does

the Raman intensity. We can also see this structure
below T& =118K, but cannot see it below 85 K, which is
far below Tz, except for the low-frequency component.
This quasielastic component is due to the magnetic criti-
cal scattering, as will be discussed below. The asym-
metric peak at about 100 cm ' and the quasielastic
scattering show a maximum in Raman intensity and
disappear almost completely at 21 K.

Below Tz =118 K four new sharp peaks appear at 88,
94, 108, and 122 cm '. Figure 4 shows the temperature
dependence of the Stokes Raman spectrum. The frequen-
cy of the 122-cm ' (21-K) peak shifts to the low-
frequency side with increasing temperature, while the fre-
quencies of the other three peaks remain unchanged. The
former is a Raman peak from a magnon, as will be dis-
cussed later.

The Stokes Raman spectrum may be described by a
spectral function,

I
I(co)= [n(co)+1] +b

(co —coo) +I
where coo, I, and K are the phonon frequency, the damp-
ing constant, and the coupling coeScient of the phonon
for the photon, respectively. n(co) is the Bose factor, and
b is the background. The integrated intensity is given as
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FIG. 3. Temperature dependence of Stokes and anti-Stokes
Raman spectra in FePS3. Ar+ means a plasma line of an Ar+
laser.

FIG. 4. Temperature dependence of Stokes Raman spectrum
at low temperatures in FePS3. Arrows show the one-magnon
Raman peaks.
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curve denotes the square of the magnetic moment of Fe + ion
obtained by neutron diffraction (Ref. 2).
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The obtained squares of the coupling constants for the
peaks at 88, 94, and 108 cm ' are shown in Fig. 5. The
frequency and the square of the coupling constant of the
122-cm ' peak as a function of the temperature are
shown Fig. 6, in addition to the frequency obtained by
infrared-absorption measurements.

IV. THEORY OF THE SPIN-DEPENDENT
PHONON RAMAN SCATTERING

The spin-dependent Raman scattering from phonons
has been discussed theoretically by many au-

FIG. 6. Temperature dependence of the frequency coo and of
the square of coupling coefficient E of the 122-cm ' (21-K)
peak. Triangles were obtained by infrared absorption. A dotted
curve is only guide for the eye.

thors 8'i3']4, 22 —z4, 26, 3O —32 We shall develop theoretical
discussion about the spin-dependent phonon Ram an
scattering in terms of the phenomenological
theory. " ' The Raman scattering I(co) is related
to the electronic susceptibility as follows:

4

I(u)=
3 g E,'Eb EbE,' f dt e '"'(X&,(t)X,'(, (0)),

where E,' (E,') is the polarization vector component of the incident (scattered) photon, to=tt); —rt)„co; (t)), ) is the fre-

quency of the incident (scattered) light, c is the light velocity, the bracket ( ) denotes the canonical ensemble average,
and

(r) — t'(tlrt)H —t(tlt()B
Xb'a —e gb'& e (4)

Here H is the Hamiltonian. In order to describe the spin-dependent Raman scattering, the electronic susceptibility may
be expanded in powers of the displacements of the ions from their equilibrium and of the ion spins: ' '

X~b =X~b+ QXa(, (j;K,s )u~(K, s )+ QX~b( J;K,s;j;K,s )u~(K, s )u (K,s')+ QX,„o;r,m )S (r, m )

++X,&( ; (7m';o. ', ', rm)S (r, m )S .(r', m')++X, b(j;K,s;o , r, m )uJ(K, S)S "(r,m )

++X,b(j;K,s;cw, mt;o'; 'mr')u (K,s)S (r, m)S (r', m')+

Here

~Xab
X~b(J;KrS )

Bu, (K,S )
(6a)

~Lab

~ +ab
X,b(o , r, m;o', w', m')"

(6c)

(6d)

a2
~ 't

~
~ab

Xrttr(JrKrsr J rK rs )=
r r )

t)u . ( K, s )t)u ( K,s
(6e)
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b(g K s o'r'm o' r' m')

~ Xat

Bu.(K,S)BS (r, m )BS .(r', m')

iu( K, s)— 2', co„(q )

' 1/2

e„~(s,q)

X e ' '"'[a„(q)+a„(—q)], (7)
I

uj(K, s) is the jth component of the displacement of the
sth nonmagnetic or magnetic ion in the vth unit cell,
S (r, m ) is the o component of the mth magnetic ion
spin in the rth unit cell, and j,o =(x,y, z).

The second and third terms in Eq. (5) represent the
first- and second-order Raman scattering from phonons,
respectively. The fourth and fifth terms show the first-
and second-order Raman scattering from magnons below
T~, respectively. The sixth and seventh terms give rise to
Raman scattering under simultaneous excitations of the
phonon and spin systems linear and quadratic in the
spins, respectively. The displacement is given by

where N is the number of unit cells in the crystal, M, is
the mass of the sth ion, R(K) is the position vector of the
Kth unit cell, and a„(q) [a„(q)] is the annihilation
(creation) operator of the normal mode of branch n with
frequency co„(q), wave vector q, and jth component of
the polarization vector c.„(s,q). Similarly we get

S (r, m)=X ''yS (q)e (8)
q

Several authors' ' ' ' ' ' pointed out that the
spin-disorder- and the spin-ordering-induced phonon Ra-
man scattering can be interpreted in terms of one-
spin-one-phonon mechanism. The sixth term is the most
important in Eq. (5) and takes an essential role in the
spin-dependent phonon Raman scattering in magnetic
semiconductors. We, therefore, take only the sixth term
into account. The interaction between the displacement
of the ion and the ion spin originates from the electron-
phonon interaction and from the spin-orbit interaction
which couples the electron angular momentum to the lo-
calized spin. Substituting Eqs. (7} and (8) into Eq. (5), we

obtain

NR
g,b(j;K,s;tr;r, m )u, (K,S)S (r, m )=gg,b(j,s;cr, m;q)

1/2

s„,(s,q) A„(q)S (
—q), (9)

where A„(q)=a„(q)+a„(—q) and y,b(j,s;o, m;q) is a Fourier component of y,&(j;K,S;o;r,m ) since it depends on
the vectors R(K) and R(r) only through their difference R(p ) =R(K)—R(r), i.e.,

g,b(j;K,s;cr;r, m )=N ' g y,&(j,s;o, m;q)e (10)

Using Eq. (9), the Raman spectrum may be rewritten as

CO;
I(co}=

3 y E,'Eb EbE,'grab, (j,s;cr, m;q)y,'t, (j',s', 0'', m', q)
27Tc ~ b g' b'

NA

2

1

M, M, co„(q)co„(q)

' 1/2

s„,.(s, q) s„' '(s', q)

X I dte '"'(A„(q;t)A„.(q;0))(S ( q;t)S"—( —q;0)) .

Here we have used the relation

( A„(q;t)A„(q';0)) =5(q —q')( A„(q;t)A„(q;0)) . (12)

In the temperature region where the magnon picture does not hold, spin correlation is approximately independent of
co or the time t and represented as '

g (S ( q; t )S* ( —q;0—) ) —(S,( —q) )(S,(q) )5(q —t2 /2)+ g (S (
—q)S ~ (q) ) 5 (13)

Here

S ( q t)=S ( q t)——(S ( ——q)),
which represents the spin fluctuations. Below TN, (S,(q)) appears at q=tz /2 and the magnetic structure becomes
doubled with respect to the primitive lattice unit cell, as shown in Fig. 2 and as will be discussed later.

Using the Green's function G(q;n, n';co) for phonon,

G(q, n, n', icoI ) =P ' f d (uTA(q;u ) A(q; ))0e (15)

where V' is the time ordering operator, u =it/A, p=1/ke T, and coI =2ml/(pA), and taking the lattice anharmonicity
into account, the phonon correlation function is given as follows:
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2&l

1 1-5„„ lim
i(1—e t'"

) s-0+ co+i5+co„(q)—p(q, n;co+i5)/pA

1

co i—5+ co„(q)—p(q, n; co i—5 ) /pfi

co—i5—+co„(q) p—(q, n;co+i5)/pA

co+—i5+co„(q)—p(q, n;co i5—)/ph
(16)

Here p(q, n;co) is the self-energy part and is given as

lim [ p(q, n—;co+i5)/pA]=b, „(q;co)+il „(q;co) .
5~0+

If b,„(q;co) and I „(q;co) are small compared with co„(q), we obtain

1„(q) 1„(q)
dt e ' '( A„(q;t)A„,(q;0))-5„„

OD 1 —e ~" [co—co„(q)] +I „(q) [co+co„(q)] +I „(q)
(18)

where co„(q) is the renormalized frequency:

co„(q)=co„(q)+h„(q;co) .

In arriving at this result, we used the fact that A„(q;co) is an even function of co, while I „(q;co) is an odd function of co

and we have set I „(q;+icoi)= —I „(q;—~co~)-I „(q), where I „(q) is independent of co. The first term of the
parenthesis in Eq. (18) denotes the Stokes component, and the second term the anti-Stokes one.

V. SPIN-ORDERING-INDUCED PHONON RAMAN SCATTERING

The first term in Eq. (13) gives the Raman scattering for the normal mode of branch n at q =t2 /2 which is induced
by the spin ordering below T~:

I„(co)=C„(tf /2)

m, m'

1 1 1 I „(t2/2) I (t2 /2)

1 —e ~"" co(t'/2) ~ [co—Q„(t'/2)] +I „(t'/2) [co+co„(t2/2)] +I „(t2/2)

x g (S,(
—t2/2))(S, ,(t,*/2)), (20)

where C„(q) is proportional to the Raman tensor and it is given by

N;
C„'(q) = g E,'E,'.E,'E,'grab, (j,s;cr, m;q)y,', (j ', s', cr', m', q)

1/2

e„,(s, q)s„,'(s', q) .
S S

(21)

We assume that it is independent of o., 0', m, and m', but
it depends on the polarization and the frequency of the
incident light, and the polarizations of the scattered light
and of the normal mode of branch n, although their
suffixes are omitted.

Equation (20), therefore, represents the three sharp
peaks at 88, 94, and 108 cm ' appearing below T~. They
are Raman-inactive phonons with the zone-boundary
wave vector of q=t2/2 in the paramagnetic phase. The
"spin lattice" becomes doubled with respect to the chemi-
cal primitive unit cell along the basal layered plane.
Then the zone-boundary phonons at q=t2 /2 become Ra-
man active below T~. Bernasconi et al. calculated lat-
tice dynamics of MPX3, where M =Mn, Fe, Ni or Zn and
X=S or Se. The zone-boundary reciprocal-lattice point
at q=t2/2 corresponds to the M point in the Brillouin

I„—C I n [co„(t2/2)]+1I

x[(S„(t2/2))+(S„(t2/2)) ]', (22)

I

zone. The 88-cm ' peak can be assigned to acoustic
modes at q=t2/2 in which all atoms vibrate approxi-
mately along the basal plane. Their frequencies are al-
most degenerate. The 94-cm ' peak is assigned to an op-
tical mode, and the 108-cm ' peak to a TA mode in
which all atoms vibrate approximately along the z direc-
tion, i.e., the t3 or c* axis. Scagliotti et al. ' have ob-
served the appearance of new peak at 161 cm ' below T&
in addition to the three peaks. It is also assigned to an
optical mode at the M point.

The integrated Raman intensity for the Stokes scatter-
ing is given as
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&'-C'[(S„(t;/2) ) + (S„(t,'/2) ) )' . (23)

where C =C„(t2/2)/co(tz /2). Comparison between

Eqs. (2) and (22) gives

sideration that the spin system of FePS3 is described by
the Ising model, in the vicinity of T~, it may be written
as

We obtain that at T & Tz ~ ~ (- —
)

2S(2S+1) X

m, rn' o Xo
(25)

(S(,(t2 /2) ) + (S2, (t2 /2) ) =0,
andat T&Tz

(S),(t2 /2) )+ (S2,(t2 /2) ) ~ M( T),

(24a)

(24b)

where S is the magnitude of the spin at the Fe + ion. Us-
ing mean-field theory, the magnetic susceptibility is writ-
ten in the form

where M(T) is the magnetic moment of the Fe + ion.
The dotted curve in Fig. 5 denotes the square of the mag-
netic moment obtained by neutron diffraction. The
agreement is roughly good, but not very good near the
Neel temperature. We do not have good explanation for
the disagreement near T& at present.

x„(q) A,OT/T~

Xo A, +Ao[J(t2/2) —J(q)]/J(t2/2)
(26)

where J(q) is the exchange interaction. The inverse
correlation length A, is determined in the mean-field
theory as

VI. SPIN-DISORDER-INDUCED PHONON
RAMAN SCATTERING

A,o(T/Tz —1), for T) Tz

2A,O( 1 —T/Tz ), for T (Tz.

(27a)

(27b)
The second term in Eq. (13) describes the phonon Ra-

man scattering which is induced by spin disorder.
Marshall and Lowde obtained the Ornstein-Zernike
form for the spin correlation function. Taking into con-

I

Assuming that y„(q)/yo is independent of q and
denoting it by g /go, the Raman scattering for the n

branch mode becomes

2S(2S+ 1) Xzz 1 1 ~ 1 ~n q

Zo 1 —e ~" ~
q co„(q) [co-co„(q)]'+I'„(q)

r„(q)
[co+A„(q) ] + I „(q)

(28)

Here we replaced C„(q) by C„(co) which is a function of
co. If I'„(q)=0, we obtain

I

sume that the dispersion of the TA phonon with
q„=(q„+q )' along the basal plane is written as

2S(2S+ 1) Xzz 1

3 g 1
—

Pfizer
(29)

corA(q) =co ~sin(q„r/2) ~, for 0~ q„&q

where

(30)

where D„(co ) is the one-phonon density of states of the
n-branch mode, i.e., the Raman spectrum reflects the
one-phonon density of states.

The low-frequency broad band with an asymmetric
peak at about 100 cm ' can be ascribed to the spin-
disorder-induced Raman scattering from the TA phonon,
in which all atoms vibrate approximately along the z axis,
with q, =0 on the basal t3 plane. For simplicity we as-

l

2S(2S+ 1 ) Xzz 1 2Q
rA rA

8m'
(31)

and

q r=vr . (32)

Using Eq. (28), the Raman scattering for n =TA phonon
is rewritten as

Xy -d-,.(q)
TA(q) [ — TA(q)] + ~TA(q)

I rA(q) sin [coTA(q)/~ ]

[~+~rA(q) 1'+ I rA(q) l~' —~&A(q) l'"
(33)

Here 0 is the surface area of the crystal. Moreover, we
assume that

2S(2S + 1 ) &Z2 2Q
0 TA 3 K r

(35)

r,
TA('q) ~TA(q)100

(34)

Using appropriate parameters of co, I 0, and Co, which
is given by

and is assumed to be independent of co, we fit Eq. (33)
with our Rarnan spectra, as shown in Fig. 7. The agree-
ment between the theoretical and experimental spectra is
quite good except for the low-frequency region. The ob-
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tained parameters are shown in Figs. 8 and 9. It should
be noted that the intensity of the low-frequency spectrum
below 30 cm ' is ~eaker than the theoretical one above
148 K. In particular at 294 K the observed low-

frequency spectrum is much weaker than the theoretical
one. This leads us the conclusion that Co has a strong
frequency dependence in the low-frequency region, which
decreases with decreasing co.

We plotted I(co)/[n(co)+1] which was observed at
co=+10 cm in the present experiment and which is
approximately proportional to Co observed at co=+10
cm ', in Fig. 8, too. It has stronger temperature depen-
dence than Co and shows a maximum at Tz, which sug-
gests that there exists another scattering process of light
in the low-frequency region.

The square of coupling constant is proportional to the
magnetic susceptibility which is written as Eq. (26). If we
set [J(t2/2) —J(q)]/J(t2/2)=0. 25, we obtained a
dashed curve in Fig. 8, and it matches well with our data
of C02.
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them unit at 148 K. A dotted curve denotes the Ornstein-
Zernike form of Eqs. (26), (27a), and (27b) with
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VII. MAGNETIC CRITICAL SCATTERING

I(co=+10 cm ')/[n(co=+10 cm ')+1] is approxi-
mately proportional to Co observed at +10 cm ', where
n(ca) is the Bose factor, and it seems to diverge at Tz.
We consider the central component to be due to the mag-
netic critical scattering in addition to the spin-disorder-
induced Raman scattering from the TA phonon.

In Fig. 7, the intensity of the low-frequency spectrum
observed at 294 K is weaker than the calculated one due
to the spin-disorder-induced Raman scattering from the
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FIG. 7. Comparison between the experimental Raman spec-
tra and the calculated Raman spectra due to the spin-disorder-
induced Raman scattering from the TA phonon. Open circles
denote the Raman spectra calculated by assuming that Co of
Eq. (35) is independent of co and triangles those calculated by
taking into account the co dependence of Co below 30 cm ' as
shown in Fig. 10. The dashed lines show the backgrounds in the
calculation. Ar+ means a plasma line of an Ar laser.
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FIG. 9. Temperature dependence of co and I o used in the
calculation.
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FIG. 10. The co dependence of Co. It was set unit above 30
cm ' and obtained assuming that the theoretical curve of Eq.
(33) agrees with the experimental Raman spectrum at 294 K.

TA phonon. This difference comes from neglect of the q
dependence of Czz(q) and y„(q). This neglect is not ap-
propriate in the small-~q~ region, since the electron-
phonon interaction of TA phonon is strongly q depen-
dent particularly in the small-~q~ region and it decreases
as q becotnes small. On the other hand, y„(q) increases
abruptly around q=t2 /2 but its effect probably does not
contribute to the co dependence of Co, as will be discussed

later. We believe that the whole spectrum of the broad
band observed at 294 K originates from the spin-
disorder-induced phonon Raman scattering and the mag-
netic critical scattering does not contribute to it, because
the temperature is far above the Neel temperature. Fit-
ting the theoretical spectrum with the experimental one
at 294 K gives us Co as a function of co, as shown in Fig.
10. Here we set Co above 30 cm ' unit. We think that
the co dependence of Co does not change when we de-
crease temperature. The triangles in Fig. 7 denote the
theoretical spin-disorder-induced phonon Raman spectra
below 30 cm ', when we calculated them taking into ac-
count the co dependence of Co. Figure 11 shows the
differences between the theoretical and experimental
spectra. Near the Neel temperature the quasielastic
scattering due to the magnetic critical scattering is
enhanced.

In the magnetic materials, the critical scattering has
been often observed by inelastic-neutron-scattering exper-
iments. The magnetic critical scattering by light also has
been studied theoretically by Moriya, L'vov, and Hal-
ley. But it has never been observed experimentally in
the magnetic system by light scattering, as far as we
know.

Moriya " reported that it is impossible to observe the
critical scattering in the paramagnetic phase of the anti-
ferromagnets when the scattering vector qo is much far
from the antiferromagnetic vector, since qo is nearly
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CT TDTqoco

1 e ~Am ~ ~2+(D q2)2
(36)

where y is the temperature- and e-independent constant,
I

equal to zero in the light scattering. But Halley took
into consideration the fluctuations of the energy density
E(q;t ) in addition to those of the magnetization and cal-
culated the critical scattering by hydrodynamic model of
spins. At T& T~, only the fluctuations of the energy
density give a nonzero contribution to the critical scatter-
ing in the antiferrornagnets. Then the critical scattering
is given as

I(co)= f dt e ' '(E(qo, t)E*(—
qo,'0))2' CTk~ T DTqo

I(co)= ~2+ (Drqo~ )2
(37)

At T & T„, we need to consider the magnetization m,
in addition to the energy density:

CT is the magnetic specific heat and DT=ET/CT when

ICT is (the magnetic contribution to) the thermal conduc-
tivity. And when ~-DTqo &+~i us, one obtains
qo-q;sin(8 j2), where 8 is the scattering angle of the
light and q, is the wave vector of the incident light, al-

though we have assumed that qo =0 in the previous dis-
cussion. When Plica«1, we obtain a Lorentzian line
shape:

I(~)= ~ f dte ' '[(E(qo;t)E"(—qo;0))+J (m, (qo;t)m, '( —qo;0))]

CT TDTqom 2 g~~D~~qo
2 2

+J2
e

—Phrs) ~ ~2+(D q2 )2 ~2+(D q2 )2
(38)

Here D)~ is the diffusion constant for the component of
the magnetization parallel to the sublattice magnetiza-
tion, y~~

is the parallel susceptibility (not staggered) in

units of (@ps ), and J is the exchange.
We fitted Eqs. (36) and (38) with experimental spectra,

assuming that DTqo =7 crn ' at T ) Tz and

DTqo =DI~qo =7 crn ' at T & Tz for simplicity. The
dotted curves in Fig. 11 denote the theoretical spectra
which are calculated using the method of least squares.
The agreement is very excellent. The obtained CTT
(T & T~) and Cr T+J

y~~ (T & TN ) are shown in Fig. 12.

I

buted to the second-order process of one magnon plus
one phonon.

Raman scattering from one magnon and two magnons
have been discussed theoretically by many authors. '

The Raman scattering from one magnon is derived from
the fourth term in Eq. (5).

IX. DISCUSSION

FePS3 has a layered structure and its primitive unit cell
is shown in Fig. 1(a). Below Tz the magnetic superstruc-

VIII. ONE-MAGNON RAMAN SCATTERING

The 122-cm ' (21-K) Raman peak appears far below

TN and its frequency shifts to the high-frequency side as
the temperature is decreased. The corresponding sharp
peak showing the same frequency shift was also observed
by infrared absorption. No other phonon peaks showing
such a large frequency shift were observed by Raman-
scattering and infrared-absorption measurements. We,
therefore, assign it to a magnon.

It should be noted that the spin-disorder-induced pho-
non Rarnan spectrum disappears and at the same temper-
ature the one-magnon Raman spectrum begins to emerge.
Giintherodt et al. and Silberstein stated that the
spin-disorder-induced phonon Raman spectrum is con-
tinuously switched to a sharp Raman line originating
from the second-order process of one magnon plus one
phonon in the ferromagnetic states of EuS and EuO. But
we observed no such continuous switching from the
broad band due to the spin-disorder-induced Raman
scattering to a sharp peak. Although the broad band due
to the spin-disorder-induced process was not observed by
our infrared-absorption measurement, we observed a
sharp absorption peak showing the same frequency shift
as that of the Rarnan line. The sharp line cannot be attri-
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FIG. 12. Temperature dependence of CTT above T& and
CTT+J'y below T,„.
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ture is formed not only along the basal plane but also
along the c axis. The zone-boundary phonons at
q=t~/2, q=t3/2, and q=t2/2+t3/2 become Raman
active in the antiferromagnetic ordered state. The Ra-
man peaks observed at 88, 94, and 108 cm ' are assigned
to the zone-boundary phonons at q=tz /2, because their
frequencies approximately agree with the calculated
ones. We observed no zone-boundary phonons at
q=t3/2 and q=t2/2+t3/2. It suggests that the spin-
phonon interaction along the basal plane is much
stronger than that perpendicular to the basal plane,
reflecting the two dimensionality in the spin-phonon sys-
tern. Probably it is related to the fact that the magneto-
striction effect was observed only along the basal plane.

The effect of two dimensionality also was observed in
the spin-disorder-induced Raman scattering. The TA
phonons with q, =0, where q, is perpendicular to the
basal plane, participates in this scattering. The spectrum
reflects two-dimensional density of states of the TA pho-
nons.

We observed the low-frequency zone-boundary pho-
nons which are induced by the spin ordering, and the TA
phonons which are induced by the spin disorder. For the
low-frequency phonons the Fe atoms vibrate, while for
the high-frequency phonons they do not move and their
frequencies approximately agree with those of vibrations
of P2S6 molecule. It suggests that the displacement of
the magnetic ion strongly interacts with the spin of the
same magnetic ion. Probably it is correlated to the mag-
netostriction effect. However, we did not understand
why only the TA phonons, in which mode atoms vibrate
mainly along the z direction, contributed to this Raman
scattering.

The two-dimensional density of states shows logarith-
mic divergences at van Hove —singularity points. We
adopted a one-dimensional singularity at cu when we
calculated the spin-disorder-induced Raman spectrum.
This divergence is stronger than the logarithmic one.
The stronger divergence is reduced by introducing the
phonon damping constant larger than the real one. The
frequency of co does not correspond to that of TA pho-
non at the M point ( q = t2 /2), but to the K point.
The phonon at the M point was observed at 108 cm '

by
the spin-ordering-induced Raman scattering below Tz.

The intensity of the spin-disorder-induced phonon Ra-
man scattering as a function of temperature shows a max-
imum at T& and agrees with the Ornstein-Zernike form.
This is due to an increase of the fluctuations of spin in the
vicinity of the Neel temperature. As is apparent in Eqs.
(25)—(27), the spin-disorder-induced Raman scattering
from the TA phonons near the M point is expected to be
strongly enhanced in the vicinity of T~. However the
density of states terminates at the frequency of TA pho-
non at the M point and the phonons near the M point do
not mainly contribute to the spin-disorder-induced pho-
non Raman spectrum. We, therefore, think that the as-
sumption that [J(tz /2) —J(q)]/J(t~ /2) is independent
of q is quite good.

The three-dimensional phonon density of state is pro-
portional to co near co=0, while the two-dimensional one

is proportional to m. In the present case the spin-
disorder-induced phonon Raman scattering is written as
ITA (co) ~

~
co

~

' near co =0 using Eq. (33) when

kz T))Ace, which reflects the two-dimensional property.
Our experimental result sho~ed a divergence near co=0
at high temperatures. This is mainly due to the two-
dimensional nature.

The intensity of the spin-disorder-induced Raman
scattering near co =0 has approximately temperature
dependence of n(co) —T. But we observed that the ob-
served quasielastic component abruptly increased as the
temperature was decreased from 294 K to Tz and
showed a maximum at Tz. We cannot do without the
light-scattering process of magnetic critical scattering.
In particular, the quasielastic component comes mainly
from the magnetic critical scattering in the vicinity of the
Neel temperature. The magnetic critical scattering was
able to be approximately described by only one Lorentzi-
an with a damping constant. In the vicinity of the Neel
temperature one can see the A,-type anomaly reflecting
the specific heat in Fig. 12. These facts suggest that the
observed magnetic critical scattering originates mainly
from the energy-density fluctuations not only above but
also below T~ except for the very low temperatures.
Brya and Richards ' studied two-spin-fluctuation light
scattering in MnF2, NiFz, and RbMnF3. The
quasielastic-scattering spectrum due to the two-spin-
fluctuation scattering showed approximately a Gaussian
line shape. The magnetic critical scattering observed in
FePS3 is apparently different from it.

It is interesting that the spin-disorder-induced Raman
scattering is quenched far below T~ and at almost the
same temperature the one-magnon Raman scattering be-
gins to appear. The spin-disorder-induced phonon Ra-
man scattering may come from the short-range fluctua-
tions of spin rather than the long-range one. This sug-
gests that the magnon picture is correct in the tempera-
ture region where the short-range fluctuations are
quenched.

X. CONCLUSION

We performed light-scattering measurements in the
two-dimensional antiferromagnet FePS3 as a probe of
dynamical critical properties of spins. We observed the
spin-ordering-induced Raman scattering from the zone-
boundary phonons, the spin-disorder-induced Raman
scattering from TA phonons throughout the Brillouin
zone on the basal plane, the magnetic critical scattering,
and the one-magnon Raman scattering. The integrated
Raman intensity of the spin-ordering-induced phonon
Raman scattering is roughly proportional to the square of
the magnetic moment of the Fe + ion. The spin-
disorder-induced Raman spectrum from TA phonons
reflects the two-dimensional density of states. Its intensi-
ty as a function of temperature agrees well with the
Ornstein-Zernike form, indicating an increase of the
short-range spin fluctuations in the vicinity of the Neel
temperature. The one-magnon Raman scattering was ob-
served in the temperature region where the spin-
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disorder-induced phonon Raman scattering was
quenched. The quasielastic scattering due to the magnet-
ic critical scattering was observed both above and below

T~ and its intensity showed a maximum at T~. The
profile can approximately be described by a Lorentzian
line shape. The magnetic critical scattering originates
mainly from the energy-density fluctuations. The present
experiment is the first observation of magnetic critical
scattering by light.
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