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Phonons in GdS Raman scattering of an fcc metal
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Metallic, fcc GdS was investigated by means of Raman scattering. First- and second-order Raman
scattering was observed and identified by the dependence on temperature and defect concentration. Particular
consideration was given to the effect of sample stoichiometry on the Raman spectra. The symmetry-forbidden

first-order scattering is found to be defect induced, in contrast to the defect-independent, allowed, second-

order scattering. The observed defect-induced one-phonon density of states was assigned to acoustical and

optical branches. Raman scattering of GdS provides information about the phonon spectrum which cannot be
obtained from neutron scattering or infrared spectroscopy. Th& antiferromagnetic order of GdS is found to
have no effect on the Raman scattering, which is attributed to the nonresonant excitation of the 4f ' states at
about 7 eV below the Fermi level.

I. INTRODUCTION

The monochalcogenides of the rare earths (R)
represent an interesting class of cubic materials,
comprising magnetic semiconductors and metals.
Monochalcogenides of divalent 8 ions are semi-
conducting, whereas metallic for trivalent 8 ions.
Among the latter are the antiferromagnetic gado-
linium monochalcogenides GdX (X=S, Se, Te),
which crystallize in the fcc crystal structure,
Their optical properties have been investigated ex-
tensively in recent years. ' ' However, the metal-
lic character of GdX prevents the study of the pho-
nons by means of infrared spectroscopy. Also,
neutron scattering cannot provide this information
because of the extremely large neutron absorption
cross section of the natural Gd isotope (v =20000
X 10 "cm' for Gd'", compared to, e.g. , o = 0.13
x10 " cm' for Al). ' On the other hand, Raman
scattering (RS) of cubic and metallic GdX does, at
first glance, not appear to be an appropriate tool
either. First-order RS in a perfect lattice with
rocksalt structure is forbidden by symmetry.
Furthermore, RS in metals meets in general with
the difficulty of a small penetration depth of the
light. Hence, the scattering volume and the cor-
responding efficiency are strongly reduced. In this
respect, however, we could fortunately profit from
two advantageous features of GdX. First, the

plasma reflection edge of GdX is positioned in the
visible region of the spectrum. ' ' Thus, unlike
standard metals, the penetration depth of the radi-
ation of conventional lasers is reasonably high in

GdX for laser frequencies above the plasma edge.
Second, the pronounced defect structure of QdX' "
provides the possibility for the symmetry-forbidden
first-order RS to become allowed.

In this paper we present, as an extension of our
previous work on RS of GdS, ' a systematic study
with particular consideration of the stoichiometry

of the samples. To elucida. te the origin of the
scattering mechanism, we attempt to correlate
changes in stoichiometry and conduction-electron
concentration' with characteristic features of the
Raman spectra. Therefore, the measurements
have also been extended towards low temperatures
in order to distinguish between first-order and

second-order scattering. The low-temperature
measurements in turn are also of importance in

searching for magnetic excitations and for the in-
fluence of the antiferromagnetic order on the RS
of GdS. Moreover, antiferromagnetic GdS pro-
vides a good test of the importance of the localized
and magnetic 4f states as initial states in spin-
dependent phonon RS' of rare-earth compounds,
especially in EuX (X=0, S, Se, Te).' In EuX
the localized 4f states are positioned in the vicinity
of the Fermi energy, E~, whereas about 7 eV be-
low E„ in GdS." Hence, with presently used gas-
laser lines (-1.5-4 eV), only the 4f states in EuX,
but not in GdS, are subject to resonant optical ex-
citation in RS experiments. Another interesting
link between RS of GdS and of its semiconducting
counterpart EuS exists through the investigation of
the solid-solution system Eu, Gd, S (0 &x ~1.0)
and the calculated phonon dispersion of EuS. '

A brief review of the electronic structure of GdS
is given in Sec. II. Sample preparation and experi-
mental results on RS of GdS are presented in Sec.
III, followed by a discussion in Sec. IV.

II. ELECTRONIC STRUCTURE OF Gds

Some basic information about the electronic
structure of GdS has been provided by photoemis-
sion"" and optical experiments. ' ' Gadolinium
has the electronic configuration [Xe]4f 5d'6s'. In
compounds, such as GdS, it prefers the trivalent
ionization state because of the very stable half-
filled 4f shell. Hence one electron per Gd~' ion is
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TABLE I. Interpolated data of the samples used in
this work. The reflectivity minima R~, associated with
the plasma reflection edge of Gd„S (x=1.0, 0.8, 0.7)
serve as a basis for interpolating composition and con-
duction-electron concentration n~& of the data of Ref. 3.

This work R~n 10
(interpolated) Ref. 3 (eV) (cm ) Color Sample

GdS p 94 3.4 2 ~ 63
3.2 2.35 Gold Single

crystal

Gdp 8S

Gdp YS

Gdp 94S 3 0 2 12
2.45 1.8

2.15 1.6

Red

Blue

Single
crystal

Thin
film

70

60-

0
0

~ 40-

0) 30-
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l0-
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Photon Energy (eV)
4.5

FIG. 1. Room-temperature reflectivity of Gdg pS~, p

(gold, single crystal) and Gdp. VS (blue, thin film).

transferred to the (5d, 6s) states, which form the
conduction band. The 5d orbitals are split by the
cubic crystal field into zone-center f~ and e,
states. The Fermi energy E~ is positioned within
the partially filled 5dt2g -derived subband. The
S(3P) orbitals form the valence band which is well
separated from the (5d, 6s) conduction band. "'"
The onset of interband transitions from the p
valence band into empty (5d, 6s) states above Er
depends on stoichiometry. It occurs at 3.1 eV
for Gd, „S and at 3.5 eV for GdS, „.' 'The de-
fect structure of GdS (cation and/or anion va-
cancies) manifests itself in an unusual change
in conduction-electron concentration without
significantly changing the lattice parameters or the
structure of the lattice. The plasma reflection edge
is positioned in the visible region of the spectrum
due to a strong coupling between plasmons and in-
terband transitions. ' Shifts in the position of this
edge due to changes in conduction-electron concen-
tration cause a drastic change in the color of the
samples. This change can range from bright lust-

rous gold' for GdS, „to dark blue for Gd, ,S (Table
I and Fig. l). Two representative ref lectivity
spectra of samples used in this work are shown in
Fig. 1. The ref lectivity minimum at 3.2 eV of the
gold-colored sample (Gd, ,S, ,) indicates a compo
sition of GdS close to 1:1by comparison with pre-
vious optical data. ' The ref lectivity spectrum of
the blue-colored sample (Gdo.,S), with its minimum
at 2.15 eV and a maximum at 2.9 eV, is very simi-
lar to that of GdTe. ' The latter sample is also
blue in color and has its onset of interband transi-
tions at 2.0 eV. With the laser lines used in this
investigation (2.4-2.7 eV), we are in a region of
about 20/p ref lectivity. According to the optical
constants obtained by Kramers-Kronig analysis
of the reflectivity' the penetration depth of the
light in this region is d-200-400 A. For Gds a
quantitative correlation has been established be-
tween the ref lectivity minimum, associated with
the plasma reflection edge, and the stoichiometry
of the sample. ' The samples used in this work
have been characterized primarily on the basis of
the position in energy of these ref lectivity minima.
The composition and conduction-electron concen-
tration of our samples have been determined by
interpolating previous data' as shown in Table I.
This is sufficient for the purpose of our present
work in order to correlate trends in RS with those
in composition and conduction-electron concentra-
tion of the samples.

III. EXPERIMENTAL RESULTS

Some general aspects of crystal growth of Gd
monochalcogenides have been outlined in Ref. 3,
including references cited therein. The GdS single
crystals used in the present experiments (Table I)
were grown from the melt. Gd and S in stoichio-
metric ratio were sealed under vacuum in a tung-
sten crucible and then heated to 2500 'C for 15 min.
The melt was slowly cooled down to 2080 'e at a
rate of 25 'Cp h and then rapidly cooled down to
1000 'C. Thus crystals of an aver'age length of
3 mm were obtained. These crystals were also
used for the preparation of thin films by current
heating of a tungsten boat. The evaporation occured
onto glass substrates, kept at 490 C. During eva-
poration the pressure rose from about 5X10 ' Torr
to approximately 10 ' Torr. After deposition, the
films were annealed for 1 h at 10 ' Torr and 350 'C.
The films had deep blue color. Their structure was
examined by transmission electron microscopy of-
small carbon films which had been exposed to the
vapor beam simultaneously with the glass sub-
strates. In addition to the rocksalt structure of
GdS, evidence for smaQ amounts of additional struc-
tures was found.
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FIG. 2. Raman spectra of Gd f pS f p (gold, single cry-
stal), Gdp. SS (red, single crystal), and Gdp. YS (blue,
thin film) at 300 K.

The residual material left in the tungsten boat
after evaporation had orange to red color, parts of
which showed the cleavage properties typical of
GdS. One such cleavage plane was used in our
measurements and is referred to as red sample
(Table I and Fig. 2).

Our measurerrents were performed by means of
conventional experimental techniques. Most of the
Ar' laser lines were used. Representative room-
temperature spectra of Gd, .OS, ., Gd .,S and Gdo.,S
are shown in Fig. 2. The spectra in Fig. 2 as well
as those in Figs. 3-5 have been redrawn from the
original data by omitting the noise. To get an idea
of the signal-to-noise ratio in our measurements
and to demonstrate the significance of spectral
features, the noise level has been reproduced in
Fig. 7. As already mentioned, first-order RS of
GdS is forbidden by symmetry in a perfect crystal.
However, for all samples we observe detailed and
similar structures in the range from 50 to 600
cm '. Apart from some changes in intensity and
width of the bands, all structures of the three dif-
ferent samples in Fig. 2 appear around the same
frequencies: Between 70 and 120 cm ' (A) and
140 and 240 cm ' (2A), around 285 cm ' (0), be-
tween 350 and 410 cm ' (0+A) and around 565 cm '
(20). The meaning of the symbols will be explained
in Sec. IV. In this section these symbols are used
just for the sake of convenience. However, it
should be mentioned, of course, that 0 stands for
optical, A for acoustic and that the notations 2A,
0+A and 20 denote possible overtones and com-
binations of the corresponding bands. ' The A and
0 bands show a much stronger intensity for the
samples with cation deficiencies (Gdo. ,S, Gd, ,S)
than for Gd, OSy, p At the same time, the broad 2A
band shows a small increase in intensity with in-
creasing cation deficiencies, but most significantly

2A

IS
K

Flz
UJI-
x
c9X
CK
hlI-I-

~30K

I . I

50 100 200 300

WAVE NUMBER (cm-&)

FIG. 3. Raman spectra of Gd&.pS&.p (gold, single cry-
stal) at different temperatures.

a change in its shape. The 0+A band of Gdg pSy 0

shows a double-peak structure similar to that of
the A band. Correspondingly, the disappearance of
the double-peak structure in the A band of Gda. ,S
and Gda, S is also observed for their 0+A bands.
On the other hand, the intensity of the 0+A and
20 bands is practically unaffected by changes in
stoichiometry of the samples.

Here the question arises as to whether deviations
from stoichiometry and/or the concurrent change
in carrier concentration (Table I) are responsible
for the systematic changes in the spectra of the
various samples of different compositions. In

order to clarify this point, we have attempted to
characterize the detailed features of the spectra in
Fig. 2 and the underlying scattering mechanism.
Therefore, we have performed measurements as a
function of temperature. This, in turn, is also of
importance in studying the influence of magnetic
order on the RS.' Figure 3 shows the Raman spec-
tra of a Gdg OSg 0 single crystal for various temper-
atures between 300Kand10K. All bands show a
small, continuous shift towards higher frequencies
upon cooling below room temperature. While the
intensity of the 0 band is practically unaffected by
changes in temperature, the A band decreases in

intensity by about a factor of 3 upon cooling from
300 to 10 K. Over the same temperature range
the most striking decrease in intensity by about a
factor of 9 is observed for the 2A band upon cool-
ing. At 10 K this band has been reduced to an in-
tensity about that of the A and 0 bands. A very
similar behavior is found for Gdo. ,S in Fig. 4: the
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The polarization dependence of the RS of a (100)
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5 for T =300 K. The most dominant contribution to
the scattering is found in the x(yy)X configuration
(A~+4E,), compared to a relatively small contri-
bution from the T~ Raman tensor component in
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changes in intensity upon cooling are approximately
the same as for the corresponding bands in Fig. 3.
The decrease in intensity of the A and 2A bands in
Figs. 3 and 4 is observed already for T»T„
(=50 K} and thus does not coincide with the onset
of magnetic order or even short-range order. The
spectra for T &T„ in Figs. 3 and 4, neasured in
zero external magnetic field, do not show any in-
dication of additional structure or shifts associated
with the onset of antiferromagnetic order or due to
magnetic excitations. This is, at first glance,
somewhat surprising in view of the relatively high
T„™50K and the very recent observations of spin-

IV. DISCUSSION

GdS is a metallic compound with an unusual
change in conduction-electron concentration due to
deviations from stoichiometry. A 30% change in
conduction-electron concentration accompanies a
30% increase in Gd vacancies from Gd, oS~ 0 to
Gd, ,S. However, our notation Gd, .P,., does not
necessarily mean that the crystal is indeed stoi-
chiometric and perfect. Obviously, the assignment
of a Gd, P,., composition to our gold sample by
interpolating previous optical data is not very
accurate. Furthermore, chemical and microprobe
analysis' can only provide a Gd to S ratio. Hence,
without measuring the density of the material, a
1:1composition can also imply equal amounts of
vacancies in either sublattice. Consequently, the
weak structure in the Raman spectrum of Gdy OSy 0
in Figs. 2, 3, 5, and 7 can possibly have its origin
in a defect-induced first-order RS, besides struc-
ture due to allowed second-order RS. The possibi-
lity of the latter being due to a second-order pro-
cess in which a phonon and an electron-hole pair
are simultaneously created cannot be discarded.

A band analogous to the A band in Fig. 2 is also
observed around similar frequencies in EuS, Eu, „
Gd„S, Eu, „Sr„S, and SmS."" On the basis of the
calculated phonon dispersion and the derived, un-
weighted one-phonon density of states of EuS ' "
and SmS, '" there is strong evidence that the A
band in Fig. 2 corresponds to the density of states
of acoustic phonons. The two peaks of tPe A band
of Gdy OSy 0 in Figs. 2 and 3 at 83 cm ' and 103
cm ', respectively, agree well with the two pro-
minent peaks of TA phonons at 84 cm ' and of LA
phonons at 116 cm ' in the density of acoustic pho-
nons calculated for EuS. " Hence we conclude
that the A band of Gd, S(x= 1.0, 0.8 and 0.7) in Fig.
2 occurs because of defect-induced first-order
Raman scattering. This is strongly supported by
alloying EuS with GdS. The A band of EuS be-
comes increasingly more pronounced with increas-
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ing Gd concentration in the Eu, „Gd„S solid-solution
system. Besides possible clustering effects, the
Gd" ions act as defects due to their different ionic

0 0
radius rGd3+ =1.02 A, compared to rF„2+ =1.12 A.
Analogously, the A band of Gdy OSy 0 in Fig 2 be-
comes more intense with increasing cation defi-
ciencies. Further support for the first-order
nature of the A band is given by its Stokes-anti-
Stokes ratio and by the relatively weak tempera-
ture dependence. of its integrated intensity in Figs.
3 and 4. The latter is in good agreement with the
calculated temperature dependence of the Bose
factor of first-order Stokes scattering of a mode
at, e.g. , 80 cm ' as shown by the experimental
points (+) in Fig. 6. The breakdown of translation-
al and inversion symmetry due to defects in a per-
fect cubic lattice relaxes the k-selection rule.
First-order RS becomes allowed throughout the
Brillouin zone. Consequently, we conclude that
the A. band in Figs. 2-5 and 7 represents the den-

, sity of states of acoustic phonons.
An increase in intensity with Gd defects or va-

cancies similar to that found for the A band is also
found for the 0 band around 285 cm ' in Fig. 2.
The defect-induced origin of the scattering of the
0 band is also supported by comparing cleaved and
polished surfaces of a single crystal as shown in

Fig. V. Clearly, the weak 0 band of the cleaved
Gdg pSy 0 single crystal becomes more intense upon
polishing its surface. By doing so, one -introduces
additional defects. Scattering due to. these surface
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where n is the conduction-electron concentration,
m~ the effective mass, and ~„ the optical dielec-
tric constant. For Gd, .p, 0. with interpolated
values n=2.33X10"cm ', m~=1.3, and e„=3.7
from Ref. 3, we obtain k, & k ~ = 0.259 & 10' cm '
&k =w/a=0. 565&&10 cm '. Since the 0 band is
expected to originate primarily from the high den-
sity of states of LO phonons near the zone bounda-
ry, we conclude that it is not affected much by
screening. Thus, the increase in intensity of the
0 band from Gd, .P, 0 to Gdo. 7S is primarily due to
the increase in defect concentration. The concur-
rent decrease in conduction-electron concentration

defects is very important because of the small
penetration depth of the scattering light. The tem-
perature dependence of the 0 band in Figs. 3 and 4
is extremely weak. Its integrated intensity follows
very well the calculated Bose factor of a first-
order phonon process at, e.g., 280 cm ' as shown

by the experimental points ( ) in Fig. 6. From the
frequency range of the calculated LO phonon
branch (225-285 cm ') and TO phonon branch
(175-220 cm ') in EuS, '"we presume that the 0
band of Gd, S (x= 1.0, 0.8, 0.7) around 285 cm ' in
Fig. 2 corresponds to the one-phonon density of
states of optical phonons, most likely from the LO
branch. The latter is screened by conduction elec-
trons for wave vectors Ik, I smaller than the
Thomas-Fermi wave vector

2m m*
I TF I (8v2)2/3k 2 e t
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of about 30% is too small to result in drastic
changes in the screening of the LO phonon branch.

Differences in frequency position of the experi-
mentally observed density of states of LO phonons
in GdS around 280 cm and in EuS around 240 cm '
""indicate a general trend in 8-S compounds.
The 20% increase in volume compressibility from
EuS to SmS has been found to result in a softening
of the LO phonon branch near the zone boundary,
particularly near the L point. ' The one-phonon
density of states of LO phonons in SmS is found
experimentally around 195 cm ', ' in agreement
with a theoretical calculation using the overlap
shell model. ' On the other hand, the TO branch
is not strongly affected. A similar comparison
between semiconductirig EuS and metallic Gdg meets
with difficulties. However, qualitatively the 50%
smaller volume compressibility of GdS compared
to EuS is presumably responsible for the 20% in-
crease in frequency position of the LO phonon den-
sity of states in GdS.

The zone-center TO phonons of EuS are found
experimentally at 178 em '." The overlap-shell-
model calculation for EuS shows the TO branch
between 175 em ' and 220 cm '. '" This branch
is not subject to screening by conduction electrons
and does not seem to be affected strongly by
changes in volume compressibility of A-S com-
pounds. Hence; there is a possibility that the
density of states of the TO branch Rnd of the
screened LO branch near the zone center contri-
bute to the 2A. bRnd Rround 200 cm Rs 1ndlcated
in Figs. 2 and 5.

The 20 band around 565 cm ' in Fig. 2 does not
depend on the composition of the samples. It is
assigned to the allowed second-order RS from
optical phonons. Similarly, the intensity of the
0+A band in Fig. 2 does not depend on the stoiehi-
ometry of the samples either. The only change ob-
served, a smearing of its double-peak structure in
Gd, ,S, , with incxeasing cation deficiencies, goes
in parallel with that in the A band. Because of this
fact, we have attributed the 0+A band to allowed
second-order RS from optical (0) and acoustic (A)
phonons, rather than to 2TO. The latter band
should appear at higher frequency (-400 cm ') than
the 0+4 band.

Finally, we would like to concentrate on the
structure 2A. within the gap of acoustic and optical
phonons in Fig. 2. While the A band increases
strongly in intensity with increasing cation defi-
eieneies, the 2A band changes mainly its shape.
The 2A band shows for Gd, OSy p ln Fig. 2 a double-
peak structure similar to that of the A band, ex-
cept for reversed order in peak intensity. This
double-peak structure disappears with increasing
cation deficiencies in the same way as in the A

band (Fig.2). A very similar change in shape of
the 2A band can be observed by comparing the RS
spectra of a cleaved single-crystal surface of
Gdy OSy 0 with that of a polished surface as shown
in Fig. 7. The double-. peak structure in the 2A

band of the cleaved Gdy OSy 0 single crystal is
smeared out after mechanical polishing. Since the
polishing introduces additional defects, this smear-
ing parallels the increasing cation deficiencies.
From the position in frequency of the 2A band Rnd

also from the similarity of changes in shape of the
A Rnd 2A bands with defect concentration, one
might suspect that the 2A band corresponds to
twice the A band. This is indeed confirmed by its
temperature dependence in Figs. 3 and 4. The de-
crease in intensity of the 2A band by a factor of 9
from 300 to 10 K i,s much larger than that of the A
and 0 bands (see Sec. III). The temperature depen-
dence of the integrated intensity of the 2A band, as
shown by the experimental points (0) in Fig. 6, is
in fair agreement with that of the calculated Bose
factor„assuming a two-phonon process for the 2A

band (e.g. , u&»= 85 cm '). The systematically
higher values of the experimental points with re-
spect to the calculated Bose factor might be due to
a contribution of the one-phonon density of states
from the TO branch to the 2A band as tentatively
indicated in Figs. 2 and 5. However, we conclude
that the dominant contribution to the 2A band be-
tween 140 and 240 cm ' in Figs. 2-5 and 7 is pri-
marily due to allowed second-order RS from acous-
tic phonons. As a result of our present systematic
study as a function of sample composition and tem-
perature, we have to modify somewhat a previously
given interpretation. ' The 2A band had been inter-
preted as originating from TO phonons alone.
Changes in the 2A and 0 bands with increasing ca-
tion deficiencies had been attributed primarily to
changes in the LO-phonon dispersion curve due to
screening effects by the varying conduction-elec-
tron concentration. Although this effect is not
completely negligible, we believe that the change
in conduction-electron concentration of our samples
(Table I) is too small to compete with the more
dominant changes in defect concentration as evi-
denced by our present experimental findings. .

The scattering in GdS is dominated by the contri-
bution of the A~+4E, Raman tensor components as
shorn in Fig. 5. A comparison of the scattering in
x(yz)z' (T2 ) and z(z —y, z+y)X (SE,) configurations
from a (100) crystal face of GdS shows the approx-
imate relation 3E = 2T,~ over the whole spectral
range of Fig. 5. Hence we obtain in Fig. 5 for the
contribution in x(YJ)X conf lguratlon A~+ 4' = A~
+,'-T„. Comparing with the T~ spectrum of Fig. 5
we conclude that the A& component is negligible.
Thus the scattering mechanism in GdS is dominated
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by the E~ (45%)and T,~ (55+) Raman tensor compon-
ents. The E~ mode symmetry involved for, e.g. , the
defect-induced one-phonon 0 band, is a volume-con-
serving vibration of the S ions with respect to the cen-
tral Gd vacancy. The volume of the nearest-neighbor
S octahedron around a Gd vacancy is conserved for
vibrations of opposite S ions, because the S ions
are touching one an.other.

%'e want to account with a simple model for the
defect-induced scattering mechanism as observed
for the 0 band in Fig. 2. The two-phonon process
ean be viewed as a one-phonon process induced by
the "disorder" generated by the second phono@.
The defect-induced first-order RS can also be
viewed as a second-order process, i.e., one-pho-
non forbidden scattering mostly by zone-edge pho-
nons induced by the violation in translational sym-
metry associated with defects. Hence we should be
able to compare the scattering intensity of, e.g.,
the oband with that of the 20 band. The oband
increases in intensity with Gd vacancies, contrary
to the defect-independent 20 band.

The scattering intensity J, of the bvo-phonon
second-order process (20) is given by

I, - ~R "]'(u-)(u ')~Ã (2)

i,/I, = ,'(u,')IV/(&')X, — (5)

J, can be calculated using the above formula for
(cP;), 0; =280 cm ' from Fig. 2 and M =53.2. The
major problem consists in an estimate of (r ) 1n.
first approximation, a Gd vacancy in Gd 'S cor-
responds to a lack of charge transferwf two valence
electrons from Gd to S. Hence, instead of a S2

0
ion of radius 1.84 A we have a neutral S atom of

where R~'~ is the corresponding second-order
Raman tensor, Ã the total number of cells in the
crystal, and (u', ) the mean square amplitude of the
S displacement due to a lattice vibration of fre-
Qllency Q)~

K(na+ 1)("")= 4MIIn, ' (8)

with n& the Bose factor and M the reduced mass of
the diatomic lattice, 2/M = 1/M, + 1/M, .

For the one-phonon impurity-induced process
(0) we replace (u', ) in Eq. (2) by the temperature-
independent disorder-induced fluctuation in the
atolI11c Pos1'tlolls (t' ):

(4)

For cation vacancies (r') is mainly the mean
square defect-induced displacement of the S iona
from their equilibrium position at zero tempera-
ture and N~ is the total number of such defects.
For the intensity ration I,/I~ of the 20 and 0 pro-
cesses we obtain

i'adius 1.27 A. A total change in S radius of 0.57
0
A occurs. In a local description we consider the
octahedron of six nearest S neighbors around
a Gd vacancy. Hence each S ion is affected by onl.y

6 of the above charge transfer, resulting in a re-
duction in radius of 4r =6X0.57 A.

It is reasonable to assume that the defect-induced
displacement of each S ion is proportional to 4r.
The amplitude in the direction of the central Gd
vacancy is nr/v2, because the S' iona are touch-
ing one another along the line connecting their
centers. We obtain

(r ) = (b,~/v 2 ) x 1/Nx 6, (6)

where 1/N is a normalizing factor and the factor 6
considers the effect of one vacancy on. six neighbor-
ing S iona. Hence we can calculate E~ for, e.g. ,
Gdp SS with X„=0.2¹Finally, we obtain from our
model a ratio I,/I, =0.07 for Gd, ,S. Taking into
account the above simplified assumptions, this re-
sult agrees fairly well with the experimental obser-
vation of I,/I~ =0.1 for Gd, ,S in Fig. 2.

Our present experiments on GdS have not pro-
vided any evidence of spin-dependent phonon RS
with the onset of antiferromagnetic order, con-
trary to EuSe, and EuTe.' We believe thai this
has to be associated with the fact that the 4f states
around 7 eV below E~ are not resonantly excited by
the 2.4-2.7 eV laser excitations used. This fact
is presumably also responsible for the lack of two-
magnon scattering. Without resonant excitation of
the magnetic 4f states, the exchange-scattering
mechanism for two-magnon scattering in antiferro-
magnets" seems to be inoperative. On the other
hand, one- magnon sea tter ing of GdS is expected to
occur at very low frequencies since the magnon
energy at k-0 depends only on the anisotropy field.
The latter is very small for the spherically sym-
metric QI, ground state of Gd '. Hence the one-
magnon scattering will be hidden underneath the
strong Rayleigh tail below 50 cm ' in Figs. 3 and
4. In addition, it will be resonantly enhanced only
around 4 eV, "due to the 'S,y, -'P~ transition. " In
the present case of GdS resonant enhancement is
expected to occur for transitions from the 4f'
states to empty 5d states above E~ for photon ener-
gies Aw &7 eV.

It is of particular interest to mention the striking
similarity between the Raman spectra of GdS and
those of superconducting transition-metal com-
pounds, such as TiN, ZrN, and NbG. ' The latter
group of materials exhibits also a pronounced de-
fect structure and a plasma reflection edge in the
visible region of the spectrum. One also observes,
as in GdS, a defect-induced first-order RS and
allowed RS of second order. The only differences
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concern a partial overlap of the 2A and 0 bands
and a systematic shift of the phonon modes to higher
frequencies because of the lighter cation and anion
masses in these tx ansition-metal compounds. In
GdS superconductivity is suppressed due to the
Gd"('S, i,) magnetic moment of V ps. However,
LaS, which has no occupied 4f states, represents
the isoelectronic and superconducting (Tc = 0.84 K)'
countexpaxt of GdS. Hence the study of Raman
scattering in LaS appeaxs to be an interesting pro-
ject for future work.

V. CONCLUSION

Qux RS experiments on Gds have provided impor-
tant information about phonons which is otherwise
not accessible. By pex'fox'xning investigations as a
function of sample stoichiometx y and temperature
we mere able to identify defect-induced fixst-ordex
scattering from acoustic and optical phonons with

respect to allowed second-order RS.
Since the localized 4f states of GdS have not been

resonantly excited by the laser lines used, the ef-
fects of spin-disorder-induced scattering ox spin-
dependent phonon RS, as observed in EuX, are
absent. This in turn emphasizes the important
role of the localized 4f levels as initial states in

RS of EuX and SmS. The first-order RS of GdS is
seen to be dominated by defects rather than by con-
current changes in conduction-electron concentx a-
tion. The defect-induced RS of GdS provides a sen-
sitive measure of the stoichiometry of the samples.
Comparison with light-scattering experiments on

other NaCl-type tx ansition-metal compounds indi-
cates a general txend for the scattering mechanism
and the' phonons observed in this class of cubic
materials.

Note added in proof. While proofreading this
paper the results'of neutron scattering of YS came
to our attention [P. Roedhammer (private com-
munication); P. Roedhammer, W. Reichardt, W.
Weber and F. Holtzberg, Int. Conf. on Lattice
Dynamics, Paris, 19VV (unpublished)]. Neutron
scattering of supex conducting FS indicates that the
TQ, LQ branches are flat and practically overlap
each other, thus implying an essentially zero
TQ-LQ splitting at the zone boundary. At first
sight, this result appears to be opposite to our
tentatively assigned TQ-LQ splitting in Figs. 2
and 5. Although we cannot exclude similar dis-
persion curves for antiferromagnetic GdS (neu-
tron scattering data are not as yet available), one
should consider that there may well be a difference
in the electxon-phonon coupling of these two com-
pounds. Vfe feel that this point desex ves further
independent investigations.
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