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The symmetry-forbidden first-order Raman scattering in the paramagnetic phase of europium
chalcogenides has been analyzed in terms of the Raman tensor components, their resonance
enhancement, and the phonons involved. The most dominant scattering contribution is due to
the antisymmetric Fl+5 Raman tensor component. On the basis of the phenomenological theory

of spin-dependent Raman scattering from phonons, the I'fs component is a direct proof of
simultaneous one-phonon one-spin excitations. Less intense but more resonantly enhanced
contributions from the symmetric I'f; and I'fs components are due to one-phonon two-spin ex-
citations. The anion-mass-dependent peak position of the first-order Raman scattering in the
paramagnetic phase has been attributed to a locally full symmetric (4/) hole-phonon coupling,
involving zone-boundary optic phonons. The associated breakdown in Kk-selection rule ori-
ginates from the disorder of the spin system in the paramagnetic phase. A proposed model for
the scattering process under optical 4f7 —4 654! excitation predicts a transition from one-

phonon zero-frequency spin excitations in the paramagnetic phase to one-phonon one-magnon
excitations in the magnetically ordered phase, consistent with our experimental observations.

I. INTRODUCTION

In the study of inelastic light scattering of magnetic
semiconductors the effect of magnetic order on Ra-
man scattering (RS) from phonons has attracted con-
siderable attention in recent years.! The investiga-
tions have been concentrated mainly on the
chromium-chalcogenide spinels?~® and the europium
monochalcogenides EuX (X = 0,S,Se,Te)."”? For
fixed exciting laser frequency in the Cr-chalcogenide
spinels the magnetic order affects the phonon RS in-
tensity through "resonance tuning" of the interband
transitions undergoing exchange splittings upon cool-
ing below the Curie temperature.*® On the other
hand, in the EuX compounds, with the localized,
magnetic 4 f states as initial states in the RS process, a
simultaneous excitation of the spin and phonon sys-
tems via spin-orbit coupling in the excited, intermedi-
ate state has been revealed recently.?’ Similar con-
clusions have been arrived at in a model by Sakai and
Tachiki.?* A phenomenological treatment of this
problem has been presented by Safran et al.?>%

In this paper we are concerned with spin-dependent
RS of EuX, the most simple, model-type class of
magnetic semiconductors which crystallizes in the
NaCl structure.'® Although first-order phonon RS of
EulX is forbidden because of inversion symmetry, it
nevertheless shows some new, anomalous features,
which seem to be unique to this class of magnetic
semiconductors: In the paramagnetic phase of EuX
an overtone sequence is observed at multiple fre-
quencies of a fundamental w,.®!%!%7 The latter is
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positioned between the zone-center TO and LO pho-
non frequencies and is due to first-order phonon
RS.%1917 Hence the fundamental w, appears to be
symmetry forbidden. Tsang et al.® have proposed a
symmetry-breaking mechanism for the first-order RS
in the paramagnetic phase of EuX in terms of spin dis-
order. On the other hand, Vitins and Wachter!? 1928
attributed the qualitatively similar appearance of mul-
tiphonon inelastic light scattering in magnetic order-
ing EuX and diamagnetic YbX (X =S,Se,Te) to a "hot
luminescence" process, thus seemingly disproving the
spin-disorder model for EuX. This model has been
questioned'® 72! and discarded recently.2®% In
focusing on the qualitatively similar appearances of
multiphonon light scattering in EuX and YbX, Vitins
and Wachter overlooked the quantitatively different
phonons, selection rules, and magnetic ground states
involved in the RS of EuX, particularly in the
paramagnetic phase,'®!”20 and of YbJX at all tempera-
tures.'? In the latter case, as well as in ferromag-
netically saturated EuX,! 7% 142! the first-order "for-
bidden" LO(T) scattering is understood in terms of
finite wave-vector effects in the Raman tensor due to
the Frohlich electron-phonon interaction.?

In this paper the main emphasis is on first-order
spin-dependent RS from phonons in the paramagnetic
phase of EuX, where the scattering mechanism has
been rather controversial until recently.?%-242>27 Pre-
viously, the evidence for spin-disorder-induced RS in
the paramagnetic phase of EuX has been deduced
mainly from the temperature- and magnetic-field-
dependent quenching of the scattering intensity upon
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cooling through the magnetic ordering temperature.®®
However, the experimental data, especially the sym-
metry analysis in the paramagnetic phase, were in-
complete. Hence, in the model of spin-dependent
phonon RS of EuS by Suzuki,'? the mechanism of
simultaneously exciting the phonon and spin systems,
involving spin-orbit coupling and the antisymmetric
Raman tensor component, has been omitted. On the
other hand, the model of spin-disorder RS by Safran
et al.? arrives for the one-phonon one-spin mechan-
ism at a symmetric Raman tensor, which disagrees
with our experimental and theoretical findings?® and
also with the model by Sakai et al.?*

Our measurements of the polarization dependence
and resonance enhancement of the symmetry-
forbidden first-order phonon RS of EuS and EuSe at
300 K around the fundamental gap have revealed the
dominant contribution of the antisymmetric I'fs Ra-
man tensor component. This fact has provided the
basis for the explanation of the frequency position
and line shape of the scattered spectra in terms of a
parameter-free microscopic theory. The model con-
siders the simultaneous excitation of the phonon and
spin systems, the spin-orbit coupling of the 4 f elec-
trons in the excited, intermediate state, and a locally
full symmetric coupling of the localized 4 f hole to
LO phonons. The uncorrelated Eu?* ion spins in the
paramagnetic phase are taken into account by the in-
coherent part of the spin-correlation function, enter-
ing the RS cross section.

Our work has been divided into two parts: an ex-
perimental (I) and a theoretical (I1)*! part. Section II
of the experimental part (this paper) deals with our
experimental results on RS in the paramagnetic
phase, including the effect of diluting the Eu ions
and of the magnetic order on this scattering. The ex-
perimental results are discussed in Sec. III in terms
of the phenomenological theory of spin-dependent
RS. The microscopic theory is introduced in Sec. II
of the theoretical part®! which is the basis for the cal-
culation of the RS cross section for the paramagnetic
phase (see Sec. III of Paper II). Section IV of the
theoretical part is concerned with the lattice-
dynamical model for calculating the phonon disper-
sion curves and the Raman spectra.

II. EXPERIMENTAL RESULTS

A. Sample preparation and
experimental technique

The preparation technique for single crystals of
EuX and Eu,_,Gd,S used in this work has been tak-
en from the literature.’? Handling of the materials
has been performed in an argon box. The molybde-
num and tungsten crucibles used for the crystal
growth have been sealed in vacuum by electron beam

welding. The EuO samples have been prepared from
an Euy03—Eu mixture, with the Eu,0; pressed into
pellets and heated in vacuum. EuS single crystals
have been prepared either from the elements or from
powder produced by the H,S reduction of Eu,0;.
Metallographic investigations have revealed that the
EusS single crystals grown from the elements showed
less or no precipitates compared to the crystals grown
from the prereacted powder. The Eu3*S single crys-
tals (90% enrichment of 3*S) have been grown in a
tungsten crucible from material prereacted from the
elements. The crystals showed no precipitates. Sin-
gle crystals of Eu; -,Gd,S have been grown by seal-
ing the elements in the appropriate ratio into
tungsten crucibles. The material with 10 at.% Gd
showed very few, homogeneously distributed precipi-
tates in the ingot, increasing in density and size to-
wards the crystal-gas interface. Polycrystalline films
of Eu; _,Gd,S (x =0.09,0.30) have been prepared by
simultaneous evaporation of pressed EuS powder and
GdS crystals in ultrahigh vacuum:** (RS on films
with x =1.0 has been reported elsewhere.’*) EuS has
been evaporated from a tungsten crucible by electron
beam bombardment, whereas GdS has been eva-
porated by current heating of a tungsten boat. The
glass substrates have been heated to 320°C. The
pressure during evaporation rose from about 5 x 10~°
Torr to about 107 Torr. The odeposition rates of GdS
(=<6 A/ sec) and of EuS (15 A/ sec) have been con-
trolled by two quartz oscillator systems. After depo-
sition, the films have been annealed for 1 h at 350°C
and 107 Torr. The NaCl stucture of the Eu;_,Gd,S
films has been confirmed by transmission-electron
microscopy of samples evaporated onto small carbon
films, which have been evaporated simultaneously
with the glass substrates. The composition of the
films has been determined by x-ray fluorescence
analysis.

Powders of the solid-solution system Eu;_,Sr,S
have been prepared by Pink of Siemens Research La-
boratory, Munich, using a method described else-
where.?

The RS spectra presented in this paper have been
measured by conventional technique, such as double
monochromator with holographic grating and photon
counting. Special care has been taken to keep sample
heating by the laser light as low as possible. For the
measurements at low temperatures the samples have
been either kept in He exchange gas or immersed
into pumped liquid He. The samples used in our in-
vestigations have been always freshly cleaved prior to
the measurements.

B. First-order RS in the
paramagnetic phase

Resonant RS of EuX is restricted to the first ab-
sorption maximum between 1 and 3.5 eV, using the
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FIG. 1. Raman spectrum (unpolarized) of EuS at 300 K for two different S isotopes.

commercially available gas lasers and photon count-
ing techniques. This absorption maximum has been
assigned on experimental grounds to a
4f"—4£°5d(t5,) transition, i.e., from the localized
4f level into the lower crystal-field split 5d state.?
RS of EuO has escaped experimental observation for
a long time. As we have reported earlier!” the Ra-
man spectrum of EuO at 300 K shows a fundamental
wo and subsequent overtones. The fundamental at
wo =411 cm™, with a half-width of 100 cm™, is posi-
tioned between the zone-center TO (182 cm™!) and
LO (435 cm™" phonon frequencies.’” This is con-
sistent with the findings for all other EuX compounds
in their paramagnetic phase.>!%'® The salient
features of RS of EuO have been found to be practi-
cally independent of different quality and
stoichiometry of the samples. However, a strong
Stokes as well as anti-Stokes luminescence is easily
encountered which most likely has obscured the
proper observation of RS of EuO in previous at-
tempts.” #1228 This luminescence has been investi-
gated and attributed to the presence of Eu** impuri-
ties.??

In order to gain direct information about the pho-
nons contributing to the fundamental wg of EuX in
the paramagnetic phase, we have substituted anions
as well as cations (see Sec. II E). In the case of EuS
we have chosen two different S isotopes, *2S and **S.
Figure 1 shows the Raman spectra of Eu®2S and
Eu S at 300 K. The spectrum of Eu32S shows the
well-known features, consisting of a fundamental at
wo =240 cm™' and its higher harmonics.>'® The fun-
damental wy with 30 cm™! half-width is positioned
between the zone-center phonon frequencies wro
=178 cm™ and wro=267 cm™.?® Substituting S

by the 3*S isotope results in'a 5 cm™! shift of the fun-
damental wy from 240 to 235 cm™! as shown in

Fig. 1 (see inset). The higher harmonics are also
subject to a shift by about twice the amount of the
fundamental. The shifted frequency wg of the funda-
mental wg results directly from the anion mass ratio
wg =-mo(M32S/M34S)'/2. This is indicative of an anion
mass dependence of the fundamental w, in the
paramagnetic phase of EulX.

The first order RS of EuSe and EuTe, respectively,
is shown in Figs. 11 and 13 of Paper 1. In going from
EuO to EuTe the peak position wq of the first-order
RS shifts systematically towards lower frequencies
and the half-width decreases from 100 cm™! for EuO
to 22 cm™! for EuTe.

The above indication of an anion mass dependence
of the frequency position of the fundamental wy has
been further tested for the whole EuX series at 300 K.
The result is shown in Fig. 2, where the frequency of
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FIG. 2. Anion mass dependence of the peak position of

first-order RS of EuX at 300 K; y is the mode Griineisen
parameter [Eq. (1)].
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the fundamental wy of EuX at 300 K has been plotted
versus the inverse of the square root of the anion
mass (My)~'2. The full circles represent the experi-
mental values. Except for EuO, the experimental
points fall almost on a straight line through the ori-
gin. However, one also has to take into account the
volume changes among the members of the EuX
‘series. Thus we have corrected the values of wg by a
Grilineisen-like parameter

__dln0, (@)
Ya dnv)

where Q,(q) is the frequency of the phonon with
wave vector q and branch index j, and Vis the unit
volume. Choosing V of EuTe as a reference, the
whole EuX series has been fitted by a single, constant
value of y =0.36, such that the corrected values of
wy (open circles in Fig. 2) fall on a straight line
through the origin. Hence we conclude that the fre-
quency of the fundamental wy of EuX in the
paramagnetic phase depends directly on the anion
mass. The relationship established in Fig. 2 provides
clear evidence that the dominant contribution to the
fundamental wy is from optic phonons at the zone
boundary, with the lighter anions vibrating with
respect to the heavier cations. Hence, another con-
clusion can be drawn that the fundamental wg of EuX
in the paramagnetic phase is due to first-order RS
and does not result from a second-order process, like
two acoustic phonons or one acoustic and one optic
phonon. At first glance, this result seems to contra-
dict K conservation. However, as will be shown
below, the simultaneous excitation of the phonon
and spin systems in the spin-disordered paramagnetic
phase provides the additional degree of freedom to
‘couple to phonon @ vectors from the whole Brillouin
zone (BZ).

(1

C. Selection rules and resonance enhancement
of first-order RS in the paramagnetic phase

The polarization dependence of the first-order RS
of EuX in the paramagnetic phase has not been in-
vestigated systematically until recently.?’ Tsang et al.®
did not find any polarization dependence in EuS and
EuSe for exciting laser frequencies between 2.4 and
2.6 eV. On the other hand, Schlegel et al.!° reported
that for 2.81-eV laser excitation in EuS the polariza-
tion of 80% of the scattering intensity is rotated by
90 ° with respect to the incident polarization. In or-
der to reconcile these two observations we have in-
vestigated the polarization dependence of the funda-
mental wy of EuX at 300 K as a function of exciting
laser frequency and for different scattering configura-
tions.

In a first attempt we have analyzed the fundamen-
tal wg, i.e., first-order RS of EuS at 300 K with
respect to the three irreducible, symmetric com-

ponents of the Raman tensor for the O, point
group,*** using (100), (110), and (111) single-
crystal faces and linear polarized light. The evalua-
tion of the I'f, T't, and I'fs symmetry components
from the integrated, absolute scattering intensities,
however, revealed some inconsistencies. These could
be resolved by implying that the antisymmetric I'fs
component is nonzero. By using linear polarized
light there are only three linearly independent equa-
tions for the four unknowns. However, if one con-
siders that the contribution from each symmetry
component I';t =0, we arrive at inequalities stating
that I'fs #0.

For a direct determination of the four independent
symmetry components of the Raman tensor we used

k-
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FIG. 3. Symmetry analysis of the Raman tensor of fgrst-
order RS from a (001) face of EuS at 300 K for 4416-A laser
excitation, using linearly and circularly polarized light.
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in addition circular polarized ligoht. Figure 3 shows
the Raman spectrum for 4416-A laser excitation of a
cleaved (001) crystal face of EuS at 300 K. The fol-
lowing four different scattering geometries have been
used (Fig. 3 from top to bottom): z(x +y,x —y)Z,
z(x,x)z, z(x+iy,x+iy)z, and z(x,y)Z The
corresponding symmetry components for each of
these scattering configurations are given in Fig. 3. By
measuring the areas under the peaks one arrives at a
system of four linearly independent equations, from
which each irreducible symmetry component of the
Raman tensor can be determined. Obviously there
results that I'fs # 0 and that it gives the most dom-
inant contribution. This result confirms the earlier
observation by Schlegel et al.!? that the scattered
light is polarized to 80% perpendicular to the incident
polarization. However, they attributed the scattering
to a dominant T, (T'%) component, whereas our
analysis shows that it is due to the off-diagonal, but
antisymmetric I'fs component. The observation of
the antisymmetric Raman tensor component is a
surprising fact, since it is usually too small to be
detected in RS from phocnons.‘”‘43 The result analo-
gous to Fig. 3 for 5145-A laser excitation has been
published earlier.2’

Figure 4 shows the resonance enhancement of the
I'fs and the T'f,, 'S scattering components of EuS at
300 K measured as a function of the exciting laser
frequency between 1.5 and 2.8 eV. The I'f com-
ponent has been found to be zero within experimen-
tal errors. The scattering intensities have been
corrected for the absorption, measured on the very
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FIG. 4. Resonance enhancement of first-order RS of
EuS at 300 K for the antisymmetric (I'fs) and symmetric
(I't. I'%) Raman tensor components; the full symmetric
(I't) component is zero within experimental errors. The
solid and dashed lines are the result of the microscopic
theory in Paper II (Ref. 31).

same sample used for the resonant RS experiment
and also taken from the literature.’® Moreover, par-
ticular care has been taken for the corrections in-
volved in the experiment, i.e., different responses of
the circular and linear polarizers, spectrometer
response, and background subtraction. The largest
errors arose in determining the areas under the peaks
as indicated by the error bars in Fig. 4. Over the fre-
quency range used, the dominant contribution to the
first-order RS in the paramagnetic phase results from
the antisymmetric I'fs Raman tensor component.

The resonance enhancement is over more than two
orders of magnitude. On the other hand, the I'f; and
I'$s components are, compared to the I'fs component,
weaker in intensity, but more resonantly enhanced,
i.e., appear in a narrower energy region. Analogous
results for EuSe are shown in Fig. 5. In this case we
had difficulties in measuring the resonance enhance- .
ment in the vicinity of the fundamental gap because
of the occurrence of the Franck—Condon lumines-
cence. With respect to the relative intensities of the
different scattering components the behavior of EuSe
is very similar to that of EuS. The solid and dashed
lines in Figs. 4 and 5 are the results of the micro-
scopic theory, which will be presented in Paper II,
Sec. III. In the case of EuSe the agreement between
experiment and theory is worse compared to EuS.
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FIG. 5. Resonance enhancement of first-order RS of
EuSe at 300 K for the antisymmetric (I'fs) and symmetric
(I'f, ') Raman tensor components,; the full symmetric
(F,*) component is zero within experimental errors. The
solid and dashed lines are the result of the microscopic
theory in Paper 11 (Ref. 31).



20 SPIN-DISORDER-INDUCED RAMAN SCATTERING FROM . . .1. .. 2839

. This is mainly due to systematical experimental er-
rors because of the subtraction of the luminescence
background.

D. Effect of magnetic order
on first-order RS

In order to fully elucidate the scattering mechanism
of first-order RS in the paramagnetic phase of EuX,
we have extended our investigations into the magnet-
ically ordered phase. The effect of magnetic order on
RS from phonons in EuX has been investigated in
previous works quite extensively 87171%21-27 A
temperature- and magnetic-field-dependent quench-
ing of the scattering intensity of EuS and EuSe in the
paramagnetic phase has been observed upon cooling
below the ordering temperature.®~!%!? The intensity
quenching in the vicinity of the Curie temperature of
EuS has been shown to follow a spin-correlation func-
tion.!%!!' On the other hand, for EuO as well as
EuTe the scattering intensity has been reported to be
independent of magnetic order.!? The increase of the
scattering intensity of the first-order RS in EuTe
upon cooling below the Néel temperature has been
considered by Vitins et al.'*?? as evidence against the
spin-disorder induced RS in the paramagnetic phase.

Here we report selected complementary data of the
magnetic-order dependence of first-order RS in EuX,
in support of the model of spin-disorder induced RS
in the paramagnetic phase?® and consistent with its
extension into the magnetically ordered phase. In
Fig. 1 of Ref. 26 we have shown the temperature
dependence of the I's; + I'fs components of first-order
RS of EuO for 5145-A laser excitation. Upon cooling
from 300 to 5 K the integrated scattering intensity
does not follow the usual Bose factor.?**4>4* The in-
tensity decreases for 125 K, shows a weak maximum
slightly above the Curie temperature Tc =69 K and
quenches strongly below T-. However, at S K we
still observe a nonvanishing scattering intensity,
which extends well beyond the estimated LO(T") pho-
non frequency of about 438 cm™! at 5 K.37 The peak
position of the fundamental wy shows a shift from
411 cm™! at 300 K to about 445 cm™" at 5 K which is
unusually large for phonons only. Similar tempera-
ture dependences of the peak position and integrated
peak intensity of the fundamental wp have also been
observed in EuS. In Fig. 6 we show the temperature
dependence of the peak posmon of the fundamental
wp of EuO and EuS for 5145- A laser excitation. The
shift of wg upon cooling from room temperature in
both cases deviates from the expected linear behavior
at temperatures slightly above the Curie temperature
Tc. The total frequency shift from 300 to 4.2 K of
Awo/wo=17% in EuO and Awo/wo=25% in EusS is
much larger that what is éxpected from the tempera-
ture variation of the lattice constant, including also
the magnetostrictive contribution below T¢. The to-

EuO0 — 430
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250
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FIG. 6. Temperature dependence of the peak posmons [N
of first-order RS (I'fs +T{s) of EuO and EuS for 5145- A
laser excitation.

tal change in lattice constant between 300 and 4.2 K
is Aag/ay=0.33% for EuO and Aay/ag=0.28% for
EuS.* According to the relation

Aw/w=-3yAa/a ()

and using y =0.36 from Fig. 2, we obtain total fre-
quency shifts of Aw/w=0.36% for EuO and
Aw/w=0.31% for EuS between 300 and 4.2 K.

Hence we conclude that the nonlinear temperature-
dependent shift of wy has to be attributed to the on-
set of magnetic order, but is not associated with mag-
netostriction. The onset of this nonlinear shift for

T > T¢ is most likely due to the onset of magnetic
short-range order. In particular, we would like to
point out that the magnetic-order-induced shift of wy
has nothing to do with a resonance effect associated
with the excited, intermediate state undergoing an
exchange splitting for T < Tc. The 5145-A (2.41-
eV) laser excitation used in Fig. 6 falls in the case of
EuO into a region where the optical 47 —4f°5d (t;,)
transitions do not show any shifts as seen in the mag-
neto-optical spectra.’®46:47 Thus the shift wg in Fig. 6
cannot be attributed to the emergence of the "forbid-
den" LO(T") scattering as claimed by Safran.?’ This
scattering should show a strong and fairly sharp reso-
nance near E{' =1.55 eV.!*#2!'4 The above considera-
tions are also contrary to our previous interpretation'’
that g shifts at very low temperature to the frequency
of the LO(T') phonon.

On the other hand, the case of the antiferromagnet
EuTe has been shown in Fig. 2 of Ref. 26 for tem-
peratures above and below the Neel temperature
Ty =9.8 K and for resonant 5145- A laser excitation.
No shift of the peak position wg is observed in the
I'f +4T1, scattering configuration upon cooling from
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300 to 2 K. A small shift of 3 cm™ is observed for
the I'fs +T'fs Raman tensor components. Contrary to
the ferromagnets EuO and EuS, antiferromagnetic
EuTe shows an increase in the first-order RS intensi-
ty for T < Ty. In the scattering intensity at 2 K the
I'f +4T1, symmetry components dominate over the
I'$ +I'fs components.

E. Singie-ion effects

We have also performed RS measurements on
solid-solution systems obtained by substituting Eu?*
by isoelectric Sr** or Gd** ions. The dilution of the
Eu?* ions in such solid-solution systems provides a
good test of the scattering mechanism and the spin
correlations involved in the various magnetic phases.

In Fig. 7 we show the Raman spectrum of a (100)
single-crystal face of Eug¢7Sr0330 at 300 K. This
spectrum is very similar to that of Fig. 1 in Ref. 17.
In particular, the frequency positions
nwe(n=1,2,3, ...) of EuO are unchanged upon Sr
substitution, in agreement with the anion mass
dependence of wy in Fig. 2. For the fundamental w,
the dominant contribution to the scattering intensity
is from the I'fs + I'{s symmetry components. This is
qualitatively consistent with the findings for EuS and
EuSe in Sec. IIC.

The Raman spectra of the Eu; _,Sr,S solid-solution
system at 300 K are shown for x =0.05, 0.6, and 0.9
in Fig. 8. Because of the powder samples used in
these measurements, the quality of the spectrum of,
e.8., Eug 95Srg0sS is poor compared to that of EuS in
Fig. 1. However, we can again identify the un-
changed frequency positions of the fundamental wg
and its overtones with varying x between 0 and 1.

. |
412 817 1204 1580
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FIG. 7. Raman spectrum of a°(100) single-crystal face of
Eug 67519 330 at 300 K for 5145-A laser excitation ( the
scale of the Raman shift is linear in A ).
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FIG. 8. Unpolarized Raman spectra of powder samples of
the Eu) _,Sr,S solid-solution system for x =0.05, 0.6, and
0.9 at 300 K using 4579-A laser excitation.

. The rising background at higher Stokes shifts for

x =0.6 and x =0.9 in Fig. 8 is attributed to the onset
of the Franck—Condon luminescence. EuS shows a
luminescence below 150 K with a Franck—Condon
shift of 0.5 eV.*® With increasing x in Eu; _,Sr,S,
however, the Franck—Condon shift decreases and the
emission intensity becomes increasingly strong at
room temperature.*’

In the Eu;_-,Sr,O and Eu; _,Sr,S sglid-solution
systems the ionic radii of Sr2* (1.13 A) and Eu?*
(1.12 A) are very similar, whereas their masses differ
significantly. The unchanged frequency positions of
the fundamental wg and its overtones upon substitut-
ing Eu?* by Sr?* are in further support of an anion
mass dependence of wg as concluded from Fig. 2.

That the RS of EuX in the paramagnetic phase is
indeed associated with a single-ion effect has been
tested in the case of EugSrgoS. This material shows
a spin-glass behavior,*® i.e., the Eu?* ion spins are
statistically distributed over the lattice sites without
any long-range order between them. On the other
hand, the spin disorder in EuS for T >> T refers to
the thermally disordered orientations of the Eu?* ion
spins whose distribution otherwise has the periodicity
of the lattice. Figure 9 clearly demonstrates that the
scattering intensity and the frequency position of the
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FIG. 9. Temperature dependence of the unpolarized Ra-
man spectrum of Eug ;Srg ¢S (powder) for 4579-A laser exci-
tation.

fundamental wp at 300 K do not change significantly
upon cooling to 6 K. This is contrary to the
magnetic-order-induced quenching of the scattering
intensity and the shift in peak position of the funda-
mental wg of EuO and EuS in Fig. 6. Also the over-

tones (2wo and 3wy) do not shift in frequency upon
cooling, but become rather slightly more pronounced.
The result of Fig. 9 provides clear evidence that the
first-order RS in the paramagnetic phase of EuX is
due to uncorrelated single Eu?* ion spins.

Practically unchanged frequency positions
nwo(n=1,2, ...) of EuS are also found in the
Eu; -,Gd,S solid-solution system. In Fig. 10 we
show Raman spectra of thin films with x =0.09 and
x =0.3 at 300 K. However, with respect to the
scattering intensities the Eu, _,Gd,S system behaves
differently with increasing x compared to Euj_,Sr,S
in Fig. 8. In going from x =0.09 to x =0.3 in Fig. 10
the intensity of the wy and 2w peaks is strongly
quenched. For x =0.09 also the ratio of integrated
intensities 12,,,0/1,,,0 is much smaller compared to that

observed for the EuS in Fig. 1. The intensity
quenching with increasing Gd concentration in

Eu, -,Gd,S cannot be due to the dilution of Eu?*
ions as is obvious from Fig. 8. The difference, how-
ever, between Sr?* and Gd** substitutions in EuS is
that each Gd** ion contributes one conduction elec-

-
Eug7Gdg3S .

wo
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2
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FIG. 10. Unpolarized Raman spectra of the Eu; _,Gd,S
solid-solution system for x =0.09 and 0.3 at 300 K using
5145-A laser excitation. (Spectra for x =1.0 have been pub-
lished in Ref. 35.)

tron and that the ionic radius of Gd** (1.02 &) is by
9% smaller than that of Eu?* and Sr**. An intensity
quenching of the wg and 2wy peaks in Fig. 10 due to
increasing free-carrier concentration with increasing
Gd concentration is very unlikely. No change in the
scattering intensity of the fundamental wy has been
found for insulating and conducting samples of EuS
and EuSe at 300 K.2 Our RS experiments of EuO,,
containing oxygen vacanies and undergoing a
semiconductor-metal transition,*! did also not reveal
any free-carrier-induced intensity quenching at the
phase transition. This is consistent with the conclu-
sion in Sec. II B, that zone-boundary optic phonons
are contributing to the fundamental wo of EuX at
300 K. The latter phonons will not be subject to
screening by free carriers as discussed for Gds.
Hence, an ionic size effect of the smaller Gd3* ions,
inducing a lattice distortion in the EuX matrix and in-
fluencing the electron-phonon coupling, might be
responsible for the changes in scattering intensity
with increasing x in Eu; _,Gd,S (Fig. 10) and will be
discussed in Sec. III.

The bands A4 and 24 at lower frequencies than g
in Fig. 10 denote, respectively, first-order defect-
induced and second-order RS from acoustic phonons.
The first-order RS (4) for x =0.09 is found to in-
crease strongly for x =0.3, i.e., upon introducing
additional defects in the EuS lattice. This assignment
is consistent with that for GdS.3

The role of lattice defects and spin correlations in
the Eu; -,Gd,S solid-solution system has been tested
for a single crystal with x =0.1. The effect of the Gd
dopant on EuS is to provide nominally one conduc-
tion electron per Gd** ion and to increase the Curie
temperature from 16.5 K for x =0 to 50 K for
x =0.1.2 The Raman spectrum of Eug¢Gdy ;S at 300
K in Fig. 11 shows, like in Figs. 1 and 10, a funda-
mental (wo=240 cm™) and its overtone. Cooling
from 300 to 7 K results in a strong quenching of the
fundamental wp in Fig. 11 and in a shift of its peak
position of similar magnitude as that of EuS in Fig. 6.
At 7 K some residual structure is observed between
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FIG. 11. Temperature dependence of the I'fs + I'fs Raman
spectrum of a (100) single-crystal face of Eug, 9Gd0 IS for
4579-A laser excitation.

200 and 280 cm™'. In particular, a broad shoulder
extends up to 280 cm™, i.e., beyond
Q10(¢g =0) =270 cm™

The broad bands below 130 cm™ (4) and around
200 cm~1(24) are very similar to those in Fig. 10.
They are attributed to defect-induced first-order RS
and allowed second-order RS from acoustic phonons,
respectively. Both bands are reduced in intensity
upon cooling, approximately in agreement with the
Bose factor. The two peaks at 70 and 140 cm™!,
respectively, coincide roughly with the TA(L) and
LA (L) phonon frequencies (see Paper II, Sec. II).
They sharpen upon cooling and shift slightly towards
higher frequencies. These two peaks can possibly be
due to local modes associated with the Gd substi-
tuents, giving rise to acoustic modes. They have not
been observed in Fig. 10 presumably because of the
polycrystalline structure of the thin evaporated films.

F. Second-order RS

While the first-order RS from phonons in the NaCl
structure is parity forbidden, the second-order RS
from phonons is allowed. As a representatrve exam-
ple we show in Fig. 12 (top) EuS for 7993- A laser
excrtatron which is below the absorption edge of
7522 A (1.65 eV).3¢ The spectrum of the I'f +4TH,
scattering components is similar to the second- order
Raman spectrum of SrO.> In particular, it shows
also a cutoff around the 2LO(T") phonon frequency
[534 cm™ (Ref. 38)] and a broad maximum just
below this frequency (— 480 cm™!) which has been
attributed in both cases!”*? to 2LO(L) phonons. An
assignment has been given elsewhere!” and a further
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FIG. 12. T'{+4I'f; and T'S; Raman spectra of EuS at
300 K for different laser excrlatrons below (7993 A), in the
vicinity (7525 A), and above (5208 A) the fundamental ab-
sorption edge.

discussion in terms of the calculated two-phonon
density of states will be given in Sec. IV of Paper II.
The rich structure of the I'f +4T'}; scattering com-
ponents changes in intensity and finally disappears as
the exciting laser line approaches the maximum of
the 417 —4f "Sd(tzg) absorption band around 5400
A36 For 5208-A laser excitation in Fig. 12 (bottom)
the I't +4T'}; and T'$s + I'fs spectra become very simi-
lar. Interestmgly enough the I'fs +I'fs spectrum is
practically the same for all three laser lines shown in
Fig. 12. Thus the nwy overtone sequence of Fig. 1 is
also observed for the 7993-A laser excitation, which
is by 3wy below the fundamental gap. Obviously, this
observation rules out a recombination process of
"hot" electrons which has been suggested by Vitins
and Wachter!'?!%-28 a5 explanation for the multipho-
non RS in EuX.

Figure 12 shows clearly that second-order RS in
EuS is observed only for nonresonant laser excitation
below or in the vicinity of the fundamental gap. On
the other hand, for resonant 4 f — 5d excitation,
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first-order RS and its iterated overtone processes
dominate. Second-order RS of EuSe and EuTe,
respectively, is shown in Figs. 8 and 10 of Paper

II. We did not observe second-order RS in EuO be-
cause its fundamental gap is at 1.1 eV, i.e., in a spec-
tral region which is not easily accessible.

III. DISCUSSION

A. First-order RS in the
paramagnetic phase

RS of EuO has been reported previously to be of
weak intensity”®!? and even independent magnetic
order.!? Tsang et al.® attributed this weak scattering
intensity to the nonresonant excitation by the laser
lines used. On the other hand, in the "hot lumines-
cence" model Vitins and Wachter'??® the apparently
weak scattering intensity of EuO was assumed to
result from a low probability of radiative recombina-

_tion because of the large orbit of the excited electron.

Our previous results'”26 and those in Figs. 2 and 6
clearly show that EuO behaves according to a sys-
tematic trend throughout the EuX series. In particu-
lar, EuO exhibits the largest number of overtones
which decreases from EuO to EuTe.!® This is con-
sistent with earlier predictions by Tsang et al.? on the
basis of the Williams-Smit model.**

Previously, several more qualitative arguments
have been given in support of first-order RS for the
fundamental wy of EuX at 300 K.2 A quantitative
comparison of the Stokes to anti-Stokes scattering in-
tensity ratio for the fundamental wo of EuS, however,
cannot distinguish between a first- or second-order
process as claimed by Schlegel et al.' For wy=240
cm™! the ratios turn out to be the same for first- or
second-order RS. Moreover, the temperature depen-
dence of the integrated intensity of the fundamental
wy of Eu0,%® EuS (Sec. II D) and EuSe, EuTe
(Ref.12) does not at all follow the Bose factor.
Hence, no direct information can be obtained con-
cerning first- or second-order RS. The above con-
siderations emphasize the importance of the relation-
ship established in Fig. 2 in order to identify the fun-
damental wp in EuX as a one-phonon scattering pro-
cess. This will be further corroborated by the micro-
scopic description of the line shape of wy by a weight-
ed one-phonon density of states from the LO branch
(see Paper 11, Sec. IV).

B. Electron-phonon coupling

The result in Fig. 2 shows that optic phonons,
mainly from the zone boundary, contribute to the
fundamental wg because of their high density of
states (see Paper II, Sec. IV). In this section we dis-
cuss the electron-phonon coupling mechanism under

optical 4/ — 5d excitation and the hence deduced
phonon symmetries involved in the first-order RS of
EuX in the paramagnetic phase.

In the EuX series the highest occupied electronic
states are the localized 47 states of Eu?*. They are
initial states in RS for photon energies between 1 and
3 eV. With the optical excitation of 4/ (Eu?*)
—4£55d"(Eu®?) there is associated a 14% reduction
in ionic radius of Eu?*.® The resulting isotropic
compression couples to the locally full symmetric
(T'{) displacements of the ions with respect to the Eu
ion. Considering the nearest-neighbor (nn) approxi-
mation one can write the full symmetric combination
of displacements of the six nn S ions as follows:

+
Ty

Um = (ux'?l - ux' __—r']) + (uy,—r~2 - uy. _—r})
+(uz,—f§ - Uz,_-r-s) , 3)

with
Ti=24(1,0,0), ,=34(0,1,0), $;=32(0,0,1) ,

| L . .
where U,! is the combination of nn ion displace-
ments of I’} symmetry with respect to site T, U is
n

the j component (j=x,y,z) of the displacement of
the ion at site T,(n =1, 2, 3) and a is the next-
nearest-neighbor (nnn) Eu-Eu distance. The Fourier
transform of Eq. (3) gives

rf 1 —iTT, —
On = Ee Ql?h([,q) , 4)
q
with
h(ULT) =w(1,T) sin%qxa +w,(,T) sin];q,a

+w, (1, T) sin%q,a ,

where N is the number of unit cells, My is the anion
mass, w; is the j component of the polarization vec-
tor, and Q, 7S the normal coordinate of a phonon
with wave vector @ and branch index /. The function
h(1,q) is zero for §=(0,0,0) and has its maximum
at the zone boundary for §=(mw/a)(1,1,1). It fol-
lows that the dominant contribution in this locally
full symmetric electron-phonon coupling is from LO
phonons at the L point of the BZ. The normal mode
coordinates of the LO(L) phonons are indicated by
the arrows in Fig. 13. The anion planes (hatched tri-
angles) are vibrating against each other, with the Eu
planes at rest.

In the case of Eu; _,Gd,S in Fig. 10 a possible ex-
planation for the quenching of the scattering intensity
with increasing x may be a reduced electron-phonon
coupling. The smaller size Gd** ions can induce a lo-
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FIG. 13. Nearest-neighbor anion (X) coordination around
a Eu?* jon in the NaCl structure of EuX. The arrows indi-
cate the normal mode coordinates of the LO(L) phonons.

cal lattice distortion in which the neighboring S ions
will be closer to Gd3* than to Eu?*. This should
manifest itself in a reduction of the strength of the
full symmetric hole-phonon coupling. On the other
hand, in the case of Eu,Sr,_,S the increase in
scattering intensity with decreasing Eu concentration
in Fig. 8 may be related to a resonant process. With
decreasing x the 4/ — 5d transition shifts towards
higher energy and overlaps increasingly with the laser
line used.>®

0 X0
AXag(wpthy 7 S ) = 3 < S +
2T JT T
nm JT,. T, a“j-rnasa—r' n im

agr

— ) 3)
- ERaﬂj_r;',aT' U+ S,r +2R

with X, as the frequency- , wave-vector-, and spin-

dependent electric susceptibility tensor, w; as the in-

cident laser frequency, U;+ as the jcomponent of
n

the displacement of the ion at site T,, S_— as the o

U'Tm

component of the ion spin at T,,, and o,j = (x,y,z).
Ré;?,,., denotes the Raman tensor, with n accounting
for the order of the derivatives of X,g with respect to
ion displacements and spins. Equation (5) describes
RS under the simultaneous excitation of the phonon
and spin systems. The first term of Eq. (5) is linear
in the spin §, which transforms like an axial vector
according to I'fs in the point group O,. This fact cou-
pled with time-reversal invariance leads us to con-

0T, 0T

. g U;—
m J Tn m B Ty, 0Ty 0 Ty I Th

C. Spin-dependent RS in the
paramagnetic phase

The most striking result of RS of EuX in the
paramagnetic phase is the observation of the dom-
inant antisymmetric I'{s scattering component in Figs.
3—5. In principle, the antisymmetric Raman tensor
component should be observable in RS from pho-
nons under resonance conditions, where the quasi-
static approximation breaks down.*"*>** However,
so far this has not been observed experimentally.*
On the other hand, the antisymmetric Raman tensor
component has been observed in light scattering from
magnons®’ and electronic levels.’® It has also been
observed®® and discussed® for vibronically active
modes of electronic transitions. Since none of the
above cases seem to apply to RS of EuXin the
paramagnetic phase, and in view of the pronounced
effect of magnetic order on first-order RS in EuX
(Sec. IID), the observation of the antisymmetric
scattering component has provided the basis for the
model of spin-dependent RS in EuX. The microscop-
ic description of this model will be presented in Sec.
IT of Paper II. Here we give an introduction based on
the phenomenological theory.

In the phenomenological treatment of RS from
phonons the electronic contribution to the suscepti-
bility of the solid is expanded in powers of the dis-
placements of the ions from their equilibrium posi-
tions. In spin-dependent RS from phonons the spin-
dependent electric susceptibility is expanded in terms
of the ion displacements and the ion spins.? 132461
Hence we have

X,
A u-—S~S::+"'

E T 0T =
A auj-,;'aSa—romE)Sal_r.: n m o,

'

m m

)
SUTSI_‘I-‘-"' >
r

o
m m m

I

clude that the Raman tensor Réfg),,,,, has to be an-
tisymmetric (T'fs symmetry). The Raman-active pho-
non modes transform with respect to T,, as

M) =T @If; =TT ST, &I

According to our discussion of the electron-phonon
coupling in Sec. III C only the I't-symmetry phonons
should be of importance.

On the other hand, the square of the spins in the
second term of Eq. (3) is even under time reversal

Is®Tf=IF+THh+T%

The full symmetric (I'f) component of the product of
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the spin operators which transforms like S2, howev-
er, vanishes because it does not induce transitions in
the spin system. Hence the Raman tensor Rijﬁ)j oo
is symmetric and transforms like T}, and .
The above phenomenological symmetry analysis
can account for our observations in Figs. 4 and 5.
The dominance of the I'fs component is due to the
“one-phonon one-spin term in Eq. (5). On the other
hand, the less intense contributions form the I'f; and
I'3s components can be attributed to the one-phonon
two-spin term in Eq.(5). This is consistent with the
higher order of this term in the expansion of X,g and

with the more resonant enhancement due to the
higher-order derivative of X,g. Moreover, the sym-
metry analysis is also consistent with our experimen-
tal findings in Figs. 3—5 that the I't component is
zero within experimental errors.

The absence of spin-orbit coupling in the 4./7(}S;/,)
ground state of Eu?* excludes a direct spin-phonon
interaction. Hence the spin and phonon systems are
decoupled in the ground state and we can factorize
the phonon- and spin-correlation functions in the Ra-
man scattering cross sections. For the one-phonon
one-spin term of Eq. (5) we can write

—d
820— _ 0)? 2 ESES EiEiLTd’ —-iQt X (t)x* (0)
8090 2mc 2, T tetRR ) A Xy (DX;15(0))
4
w;
2w agﬂ;

I
jr",arm, Ty

+oo
QD rips p@ri _1_ —i * *
ExRQELELR OE) - _f,, dr e (0, ) (Ser, (DT @) L ©)

n STy

where E;((‘:I) are the a (') polarization-vector components of the incident (scattered) photon, Q = w; — w; is the

difference between the incident and scattered photon frequencies and ( ) is a thermal average. The last two
terms in the angular brackets of Eq. (6) denote the phonon and the two-spin correlation functions. The former
term contains the phonon normal coordinates, the phonon frequencies, and the Bose factor. A microscopic
description of the scattered spectra has to account for three factors: (i) The coupling constants entering Rézﬁ), (ii)
the electron-phonon coupling in form of phonon normal coordinates and their polarization vectors, and (iii) the
spin-correlation function for the appropriate magnetic phase.

The spin-correlation function in Eq. (6) can generally be written?>6?

Xoo! (@, T) = 0ged(w— Q;(T)) (S,(—7)) (Se(T)) +8(0— Q,(T) — Q,(—7))

+oo
1 ok [ _
x5 :[the (SE (=3, 08,.(T.0) )

where S, (@) is the Fourier transform of the o com-
ponent of the spin in @ space, o =w; — w;, Q,,(q) is
the frequency of a magnetic excitation with wave vec-
tor g, and Q;(q) is that of the phonon with branch
index j. The latter enters through the phonon-
correlation function after transforming the ion dis-
placements to phonon normal coordinates. The first
term in Eq. (7) describes with respect to the spin sys-
tem coherent, elastic scattering due to the average ’
magnetization (sublattice magnetization) of a fer-
romagnet (antiferromagnet). Transitions in the spin
system are neglected. Thus, if the magnetization is
directed in z direction the elastic scattering is propor-
tional to the square of the magnetization (S,)Z. The
second term of Eq. (7) describes inelastic scattering
due to magnetic short-range order. For T < T¢y this
term describes magnon excitations.5?

For T >> T¢y the first term in Eq. (7) vanishes.
On the other hand, the second term equals a constant
% S,(S,+1).22 Consequently, the scattering cross
section in Eq. (6) is described at T >> Ty by a

L

one-phonon density of states weighted by the locally
full symmetric electron-phonon coupling (Sec. III B).
The latter favors LO(L) phonons as concluded previ-
ously'” and confirmed by the microscopic model in
Paper II.

So far we have not discussed the mechanism which
is responsible for the spin dependence of the electric
susceptibility in Eq. (5). A possible mechanism like
in one-magnon scattering involves the coupling of
the electromagnetic radiation with the spin system via
spin-orbit coupling. It will be shown in Paper II that
this is indeed the case as confirmed by the micro-
scopic calculation of the resonance RS measurements
in Figs. 4 and 5.

In Fig. 14(a) we show the Feynman diagram for
the one-phonon one-spin RS process. The incident
laser radiation of frequency w; creates an electron-
hole pair due to the interaction H,,. Because of the
strong localization of the 4 ° hole in the excited in-
termediate state, we consider the full symmetric (I'f)
electron-phonon coupling (Sec. III B) only for the 41



2846 GUNTHERODT, MERLIN, AND GRUNBERG 20

Q)
b) v
i ___ . Q
[}
wj Wj
Wg=W;-N Wg =W; ==y,
Is?=5> | JIs=s-1> FEVq,
47 BS — |S%Z=S-1>
T» TC,N T« TC,N

FIG. 14. (a) Feynman diagram of the one-phonon one-
spin RS process of EuX in the paramagnetic phase
(T >> Tc ). o; (w) is the frequency of the incident (scat-
tered) photon, H,y, denotes the interaction of the elec-
tromagnetic radiation with the electron-hole pair, Hy, is the
(4/) hole-phonon interaction, H, is the spin-orbit interac-
tion, 7 (') and Q (£,,) are the momentum and frequen-
cy, respectively, of the excitation of the phonon (spin) sys-
tem, with @'=—q'. (b) Electronic states involved in the
RS process of Fig. 14(a) (T >> T y) and for the RS pro-
cess in the magnetically ordered phase (7' << T y).

hole as indicated by Hy, in Fig. 14(a). Furthermore,
we consider only the spin-orbit coupling of the 4f°
excited hole state which amounts to A;=0.17 eV.%
The smaller spin-orbit coupling of the excited 5d
electron is not taken into account. After recombina-
tion of the electron-hole pair-a (Stokes) scattered
photon of frequency w; =w; — Q is emitted. The
states involved in the scattering process are sketched
in Fig. 14(b). The initial state in the RS for

T >> Tcy is the eightfold degenerate 4./7(3S7,,)
ground state of Eu?*. After emitting a phonon of
frequency ( in the intermediate state, the excited
electron recombines to a final state, which may differ
from the initial state in the spin quantum number.
Because of the degeneracy of initial and final states
this gives rise to zero-frequency spin excitations
Q,,=0. However, the spin system can take up
momentum ' =—q, where @ is the phonon wave
vector, and thus the K conservation is fulfilled.

D. Effect of magnetic order
on spin-disorder-induced RS

From Fig. 14(b) follows an obvious extension of
the scattering mechanism discussed above into the
magnetically ordered phase (T < T¢y). In this case
the eightfold degeneracy of the ground state of the
Eu?*ions at T >> Ty is lifted by the exchange field
H.,=2JzS /g us, where J is the isotropic exchange
coupling constant, z is the number of neighbors con-
sidered, and S is the magnitude of the spin vector.
The energy separation between the 25 +1 nondegen-
erate levels of different S, values equals
A=hQ,,M/M,, where M is the magnetization (sub-
lattice magnetization) of a ferromagnet (antifer-
romagnet), M; is the corresponding saturation mag-
netization, and (1, is the magnon frequency

Qm(a) =gl‘flll'{ex[1 —7(6)] ’

with

y(Q) =

N |

Sexpliq(T,—-T)] . (8)
J

Consequently, we expect a transition from one-
phonon zero-frequency spin excitations in the
paramagnetic phase to one-phonon one-magnon
scattering in the magnetically ordered phase. This is
the origin of the nonlinear frequency shift of the
maximum g of first-order RS of EuO and EuS in
Fig. 6 upon cooling below the Curie temperature. At
low temperatures T << T¢ the shift is expected to be
wo=N1o(qL) + Q,(—q.). The values of

Q,, =32 cm™" and 10 cm™!, respectively, deduced
from Fig. 6 for EuO and EuS are close to the values
Q,(q.) =44 cm™" and 8 cm™! measured with neu-
tron scattering.%* The difference between these
values can be accounted for as follows: In the mag-
netically ordered phase the transverse part of the
second term in Eq. (7) for spin components
transverse to the direction of the spontaneous mag-
netization (or sublattice magnetization) is the impor-
tant term, while the longitudinal part vanishes at low
temperature. Hence we obtain in mean-field theory
for an isotropic ferromagnet®?

~15(S+1) I/Te
[J(0) —J(@)1/7(0)
iy (G) +1 _ s
——w—Q — Q= ,
X Qm(_q’) (0 j(q) ( CI))

()]

where n,,(§) is the thermal occupation factor of the
magnons and J(§) =3, Je'd '™ is the gth Fourier
component of the exchange between a spin at the ori-

- gin with that located at T,,. In EuX the latter term is
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well approximated by considering only the nn fer-
romagnetic (J;) and nnn antiferromagnetic (J,) ex-
change interactions. Inserting Eq. (9) into Eq. (6)
and taking into account a domain average, the scat-
tered spectrum for 7 < T¢ is given by a weighted
combined density of one-phonon and one-magnon
states. As discussed in Sec. III C the locally full sym-
metric Hy, weighs heavily zone-boundary phonons,
mainly LO(L) (see Paper II). On the other hand, we
see from Eq.(9) that magnons with wave vectors

q — 0 are weighted most strongly. This means that
the region in @ space contributing substantially to the
scattered spectra for 7 < T¢ is much less restricted
to the sum of Q,0(q,.) and the domain-averaged
zone-boundary magnon frequency. This is why for
EuO (J,,J; >0) the maximum at 5 K in Fig. 1 of
Ref. 26 and in Fig. 6 occurs around 445 cm™!, which
is smaller than the sum of Q.0(g.) =414 cm™' and
the zone-boundary magnon frequencies between 44
and 48 cm™'.** However, in EuS (J; >0,J, <0) the
zone-boundary magnon frequencies are much smaller
than in EuO and differ strongly in magnitude for dif-
ferent symmetry directions, with Q,(q.) being the
smallest one. The 1/Q,,(Q) weighting factor in Eq.
(9) favors Q,(q,) =8 cm™!, which is close to the
value Q,, =10 cm™! deduced from Fig. 6. In
Eu9Gdp S the Curie temperature that is roughly
three times higher compared to EuS should give rise
to a larger Q,, than that of 10 cm™! deduced from
Fig. 6. This may be the origin of the shoulder in Fig.
11 at 7 K which extends up to 280 cm™!, beyond the
wp peak position.

An interesting point concerns the temperature-
dependence of the integrated intensity of the Raman
spectra. From Egs. (6) and (9) follows that the in-
tegrated intensity for T << T¢,y is proportional to )
n(Q,) +1, where n(Q,) is the Bose factor and Q,,
is an average magnon frequency, whereas for
T >> Tcy it is proportional to S(S +1)[n(Q) +11],
where Q is an average phonon frequency. This tem-
perature behavior was first observed by Schlegel and
Wachter'? in the case of EuS: The scattered intensity
quenches below T¢, following a two-spin correlation
function. This quenching below T¢ can also be ob-
served for EuO in Fig.- 1 of Ref. 26. In the case of
Eug;SroeS in Fig. 9 the nonquenching of the scat-
tered intensity is consistent with the fact that the ma-
terial does not order magnetically.

The situation is different in the case of EuTe. In
the measurements reported by Giintherodt' and
Schmutz et al.% with 6471- and 4765-A laser lines,
respectively, a strong quenching of the first-order RS
is observed for temperatures below Ty =9.6 K. In
addition, one observes a sharp line at 113 cm™ which
corresponds to the scattering of LO(L) phonons in-
duced by the antiferromagnetic spin superstruc-
ture.!'5 However, neither the sharp line, nor the
quenching of the first-order RS are observed in the

spectra in Fig. z of Ref. 26, which have been taken
with the 5145-A laser line. These facts are indicative
of a resonant effect: The excitation energy is 2.41 eV,
which is only about 0.01 eV above the maximum of
the E,' structure in the reflectivity spectra®® [a strong
resonance of the LO(T') scattering in the vicinity of
the E,' peak was observed by Silberstein et al.'* in
the magnetic-field induced ferromagnetic phase of
EuTel. Under resonant conditions the one-spin
one-phonon mechanism [see Eq. (6)] is not neces-
sarily the most important one and higher-order per-
turbation terms, like the two-spin one-phonon
mechanism, have to be taken into account. The fact
that the sharp line at LO(L) which is associated with
the one-spin one-phonon term does not show up at
T =2 K in Fig. 2 of Ref. 26 indicates that the two-
spin one-phonon mechanism has to be considered in -
this case. The two-magnon one-phonon excitation
has to be neglected because one would expect a
stronger quenching of the intensity with decreasing
temperature compared to the one-magnon one-
phonon scattering process. However, the elastic
scattering from the spin superstructure together with
the one-magnon one-phonon excitation can explain
the nonquenching of the intensity in Fig. 2 of Ref.
26. In the phenomenological treatment of this pro-
cess one has to consider the following terms in the
expansion of the electric susceptibility in Eq. (3):

AXap= 3 R oD 7 U T"nSz,'i‘mS;mr ; (10)

with z the direction of the magnetization of one sub-
lattice and S; =S, +iS,. The scattering cross sec-
m

tion for this process is proportional to the product of
the square of the sublattice magnetization (S;)? and
of the two-spin correlation function. The increase of
the sublattice magnetization below Ty compensates
the reduction in the magnon population factor. This
explains why the strong quenching of the scattering
intensity observed below the magnetic ordering tem-
peratures of EuO (Fig.8), EuS,!° EuSe,® and
EuTe,"® far from a resonance is not observed in
EuTe under resonant conditions. It is important to
mention that, like in the cases of EuO and EuS dis-
cussed above, the scattered spectrum of EuTe related
to Eq. (10) results from the combined, weighted den-
sity of one-magnon and one-phonon states. In EuTe
the frequencies of the magnons are smaller than 4
cm™'.¢7 This is consistent with the fact that only
minor shifts (<3 cm™) are observed in Fig. 2 of
Ref. 26 upon cooling from room temperature to 2 K.

IV. CONCLUSION

Although a wealth of experimental data on RS of
the EuX series has been accumulated since the
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pioneering work of Ray et al,’ the investigations
have been partly lacking the desired completeness,
leading to rather controversial interpretations. This is
particularly true for the symmetry-forbidden first-
order RS in the paramagnetic phase of EuX.

In summarizing our experimental work presented
here, which has been focused mainly on this latter
point, we want to emphasize the important informa-
tion that has been gained about the RS mechanism
from the systematic analysis of the Raman tensor
components and the measurement of their resonance
enhancement. The observation of the dominant an-
tisymmetric I'fs Raman tensor component in the
paramagnetic phase is the most direct prove that the
phonon and spin systems are excited simultaneously
and that the breakdown in k-selection rule originates
from the disorder of the spin system. The resonance
enhancement of the Raman tensor components has
given clear evidence for attributing the I'fs com-
ponent to the one-phonon one-spin mechanism and
“the T, I'fs components to the higher-order one-
phonon two-spin excitation process. The latter as-
signment is essentially supported by the vanishing I't"
component.

For the dominant one-phonon one-spin mechanism
the RS cross section is determined by the phonon
and the two-spin correlation function. The scattering:
in the paramagnetic phase is determined by a one-
phonon density of states, weighted by the electron-
phonon coupling. For the latter we have proposed a
locally fully symmetric 4 f~hole—LO-phonon coupling,
which is shown to be correct by the microscopic
theory in Paper II and which is consistent with the
experimentally established anion mass dependence of
the first-order RS. On the other hand, the contribu-
tion of the two-spin correlation function to the RS
cross section has been tested by diluting Eu®*, giving
rise to spin-disorder-induced RS even at low tempera-
ture. '

The extension of the one-phonon one-spin scatter-
ing mechanism from the paramagnetic into the mag-
netically ordered phase leads to a transition from
one-phonon zero-spin excitations to one-phonon

one-magnon excitations, as confirmed experimental-
ly. Under resonance conditions, as shown for the
case of EuTe, the two-spin one-phonon mechanism
can be of equal strength as the one-spin one-phonon
excitation process. This is the reason for the non-
quenching RS intensity of EuTe upon cooling below
the magnetic ordering temperature, contrary to the
behavior of all other EuX. ‘

The outstanding new feature of RS in a magnetic
semiconductor with respect to "normal" semiconduc-
tors is that the RS cross section depends additionally
on the spin-correlation function. Hence the sym-
metry of the spin system determines that of the pho-
non system. This can give rise to spin-disorder-
induced RS in the high-temperature paramagnetic
phase and to magnetic "Bragg" scattering of phonons
induced by spin superstructures in antiferromagnetic
phases. The necessary condition for the simultane-
ous excitation of the spin and phonon systens is that
the localized, magnetic states are initial states in RS
and that the two systems are coupled, for instance,
via spin-orbit coupling in the excited, intermediate
state. In this sense the EuX series can be considered
as a model-type class of magnetic semiconductors for
the study of spin-dependent RS from phonons.
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