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Forced Rayleigh Scattering
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A sensitive Hayleigh-scattering technique has been developed which combines the ad-
vantages of stimulated and classical scattering. Forward Hayleigh scattering (3-mrad
angular separation) in NaF was observed between 300 and 20 K. The scattered intensity
varies by more than 4 orders of magnitude within this temperature interval. Quantita-
tive agreement with theoretical values based on the Landau-Placzek theory is found for
E &80 K. Scattering rates considerably larger than expected are found for lower tem-
peraturess.

Light scattering is a powerful tool for the in-
vestigation of thermodynamic fluctuations in
transparent materials. In spite of its large sen-
sitivity, however, there remain interesting in-
teractions which are still below the level of de-
tectability. Particular difficulties are encoun-
tered with scattering in the forward direction
and at the "central" peak because of superposed
stray light. At low temperatures the detection
of the central or Rayleigh peak is further ob-
structed by very weak coupling between entropy
(temperature) fluctuations and light. '~ The few
published data on Rayleigh scattering in solids
reflect this situation. On the other hand, de-
tailed experimental knowledge on the central
peak in the scattered spectrum could substan-
tially heighten the insight into such phenomena
of current interest as phase transitions and col-
lective modes —for example, second sound in di-
electric crystals.

In an attempt to overcome these difficulties
we have performed a scattering experiment with
an artificial, strong temperature fluctuation gen-
erated by means of two intersecting, slightly ab-
sorbed laser beams. The resulting thermal grat-
ing was intense enough to cause strong scatter-
ing (or diffraction) of a probing beam of different
wavelength even under the above-mentioned un-
favorable conditions; for example, scattered
light was clearly detected in NaF at 20 K at an
angle of only 3 mrad with respect to the incident
beam. The increased sensitivity results from a
favorable combination of the features of classi-
cal and stimulated scattering which, for distinc-
tion, shall be called "forced" Rayleigh scattering.

The theory of forced Rayleigh scattering is
readily derived from that of stimulated Rayleigh
scattering. @ The amplitude ~T and the grating
constant k are given by the wave vectors k„k,

The numerator accounts for absorptive (n) heat-
ing along the interference structure of the two
"pump" light beams [cf. Eqs. (2. 11) and (2.11a)
of Ref. 4]. The denominator represents the coun-
teraction of heat diffusion with thermal conduc-
tivity K. If the pump is modulated with frequen-
cy ~ the response 5T(u&) is reduced by the same
Lorentz factor (1+4~'/r„') ' which determines
the classical Rayleigh line. I & is the inverse of
the transient thermalization time:

and depends on the volume specific heat C~. With
the parameters of our experiment (see below)
we find, for example, 5T =1 mdeg at 300'K and
0.02 mdeg at 30'K as compared to a statistical
fluctuation' (AT~)'~~ =0.6X 10 9 and 0.4& 10 deg,
respectively.

The relation between the amplitudes and wave
vectors of the incident (E3, k ) and the scattered
(E4, k4) radiation is derived either also from the
theory of stimulated scattering ' or, alterna-
tively, from that of dielectric volume gratings':

(k ~ &)E,=it, '(n '&n/BT )e f f ATE~,

ks —k~ = k.

(4)

The derivative of the refractive index e has to
be taken with the constraints discussed below
and, in more detail, by Pohl and Schwarz' and
Wehner and Klein. '

The experimental arrangement is depicted in
Fig. 1, As a first application we have chosen
the forward Rayleigh scattering in NaF which is
of interest for the phenomenon of second sound. a

and the intensities Iy I2 of the two exciting waves:

k=k, —k,
(2)
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FIG. 2. (a) Scattered signal (averaged over 2~4 pulses)
at three temperatures. (b) Decay time versus grating
constant.
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FIG. 1. Experimental arrangement.

The pump light source is a 10-% CO, laser, the
wavelength of which just falls into the short-
wavelength tail of the Reststrahlen band of NaF'
(n =0.3 to 0. 5 cm ' depending on T) The la. ser
beam is sent through a chopper CH, generating
pulses of duration t~= 0.17 or 1.0 msec at a rep-
etition rate of 47.3 Hz or multiples of this fre-
quency. Two beams, 1 and 2, of equal intensity
are produced by an appropriately coated Ge beam
splitter BS. They are sent through the enframed
system of mirrors which allows adjustment of
spatial frequency, orientation, and (by means of
the loudspeaker-mounted mirror M2) phase of
the interference pattern at M7. Then the radia-
tion is imaged into the sample by means of mir-
ror M9 which also serves to couple the light of
the probe beam 3 from the He-Ne laser into the
sample.

The sample, a (100)-oriented normal-qualit
N aF crystal of 2-cm length and 1-cm diameter10

— uaiy

zs mounted on a cool finger within a Dewar (T =

15-30 'O'K&. The laser beams illuminate an area
approximately 3 mm in diameter. About 50% of
the radiation is absorbed in the crystal. The
angle between the two pump beams can be varied
between 45 and 80 mrad resulting in a grating
constant k between 270 and 480 cm ' and a scat-
tering angle between 3 and 6 mrad for the 16-
times-shorter wavelength of the He-Ne laser.
A spatial filter SF behind the cryostat selects
the direction of the scattered beam 4. The strae s ray
light which also passes through the filter is de-
liberately enhanced by a thin scratch on the crys-
tal surface in order to have a well-defined local
oscillator for heterodyne detection. Hence the

received signal is proportional to the amplitude
of the scattered radiation, not to its intensity.
The electronic detection apparatus consists of
a photomultiplier PM, an oscilloscope, and dif-
ferent types of signal averagers (boxcar, lockin,
or multichannel analyzer).

The response of the scattered signal to a rec-
tangular pump pulse of 1-msec duration is illus-
trated best by displays of the multichannel ana-
lyzer [Fig. 2(a)]. The slow response at room
temperature is clearly distinguished from the
rectangular shape of the signals at 77 and 20 K.
The difference is caused by the strong increase
of K at low temperatures. ' At 20'K the signal
is very weak and scarcely overcomes the ran-
dom noise. The signal was identified in various
ways: (i) It is emitted exactly into the expected
direction. (ii) It disappears if one of the pump
beams is blocked. (iii) It changes phase when
the loudspeaker-mounted mirror M2 is moved.
(iv) In one experimental run, a chopper wheel
with periodic window arrangements was used.
The signals measured at 0.06, 0.3, 1.0, and 3
kHz are on a Lorentzian curve with the expected
half-width of about 2 kHz (T =315 K, k =430
cm '). (v) Most important, the inverse relation-
ship of E4 and &~ to k' is experimentally con-
firmed by the angular dependence of the signal.
In Fig. 2(b) the room-temperature experimental
decay times as determined from the pulse shape
are plotted. The excellent agreement with the
theoretical curve as obtained from Eq. (3) with
C~ = 3.14 J/cms deg'~ and K=0.2 W/cm de
noteworthy. Only at the smallest k is a devia-
tion towards too large values of 7 observed,
which might be caused by the large wavelength
with respect to the illuminated cross section.
It should be mentioned that the determination of
transient times is equivalent to line-shape mea-
surements [Eq. (3)], another crux in classical
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FIG. 3. Signal versus temperature. The symbols re-
fer to different grating constants and pulse widths. The
curves refer to theoretical calculations.

Two curves calculated from Eqs. (2) and (4)
and normalized to 300'K are also shown in Fig.
3. The dashed one is based on the well-known
theory of Landau and Placzek which assumes
that Rayleigh scattering is caused by purely iso-
baric temperature fluctuations which couple to
a light wave only by thermal expansion. The
coupling parameter in Eq. (4) is then simply

(n 'Bn/BT), &q= (n 'Bn/BT)LP

= P(pn 'Bn/Bp)r. (6a)

(
1 Bn 1 Bn

&~
2(Bn/BT)p

n BT,gf n BT)g p P,ggn P„ (6b)

The volume thermal expansion p and (pn 'Bn/
Bp)r (where p is the density) have been deter-
mined previously. 2 The decrease in scattered
amplitude as indicated by the strongly decaying
dashed curve is caused by two factors: P is pro-
portional to 7'~ at low temperatures, and the heat
conductivity may reach a maximum value of
about 50 W/cm deg at -15'K as compared to -0.2

W/cm deg at room temperature. " In the cal-
culation of the solid curve the simplifying as-
sumptions made above were dropped, since tem-
perature fluctuations in solids cannot be com-
pletely isobaric and the contribution from direct
coupling (Bn/BT)~ is not necessarily small. 2'7

The coupling parameter is therefore rewritten

scattering due to the frequently very small line-
widths.

The temperature dependence of the scattering
was investigated quantitatively between 300 and
20'K (Fig. 3). Curves a and d representing the
most widely different values of the parameters
k and t~ were followed through the whole temper-
ature interval. The other two curves, b and c,
were restricted to the high- and low-tempera-
ture regions, respectively, for reasons of align-
ment and because substantial additional informa-
tion was not expected from a qualitative survey
of the omitted regions. The experimental accu-
racy is limited by the motion of the cool finger
(due to thermal expansion) at elevated temper-
atures and shot noise and output fluctuations of
the detection system at low temperatures. The
experimental curves are corrected for a temper-
ature-dependent n and normalized to their re-
spective steady-state values at 300 K. The tran-
sient times of approximately 300 and 70 psec at
270 and 430 cm ' (Fig. 2), respectively, then
require a reduction of 30%% for curves a and d
and of 7%%uo for curve 0 at 300'K.

with P,~f--P(1+2c,~/c»)/3, where c», c», and

p» are the respective elastic and Pockels con-
stants. ' In NaF, the correction tends to reduce
the already small low-temperature values ob-
tained above. Even a cancelation due to counter-
action of parameters is predicted for 7.

' = 34'K. 2

Above approximately 80 K the experimental
values agree well with theory, in particular if
the signal reduction due to transient effects is
corrected for (not shown in Fig. 3). The results
presented are, to our knowledge, the first ex-
perimental confirmation of the Landau-Placzek
theory in solids and with respect to temperature
dependence, Moreover, the result emphasizes
the relevance of the above-mentioned extension
to the original theory.

Below 80 K, experimental results start to de-
viate in a systematic way from the calculated
ones and from each other. The signals are by
far too large at low temperatures though the qual-
itative character of the temperature dependence
is preserved. In particular, a flat minimum is
observed in each curve at about 30 to 40'K which
may be considered as an indication of the pre-
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dieted cancelation. During the pulse the crystal
temperature rises by one or two degrees which
may explain the flatness of the minimum but not
the observed absolute magnitude of the signal.
Thermalization of the absorbed CO2-laser radia-
tion might get sufficiently slow at these temper-
atures to influence the coupling parameter by a
nonequilibrium phonon distribution. We do not
believe that the investigated normal-quality crys-
tal allows for a well-developed second-sound
mode but deviations from the diffusive law might
also exist. The answer to these interesting ques-
tions will require considerably more work which
is beyond the scope of this report. We are plan-
ning to extend the forced-Rayleigh-scattering
technique to rf-modulated pump radiation in or-
der to investigate the low-temperature Rayleigh
peak in more detail.
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We present an x-ray photoemission spectroscopy study of the rare earths La, Ce, Pr,
and Nd. We show that the spectra of these metals in the vicinity of the Fermi energy ac-
count for the 4f levels as well as for the valence states. The energy location of the 4f
electrons is in fairly good agreement with an existing computation performed in the
framework of the renormalized-atom method.

The energy position of the outer electronic
levels in rare-earth metals has already been
the subject of various photoemission studies. ' '
Conventional uv light (h~ ~ 11 eV) is not very
suitable for exciting 4f electrons because of the
small matrix elements for the excitation of the
d states of the continuous spectrum (ed) and be-
cause of the poor overlap of the 4f wave func-
tions with the eg wave functions which are hin-
dered by centrifugal repulsion from penetrating
deep into the atom cores at low kinetic energies.
uv-photoemission spectra give information about
valence states but hardly reveal the existence of
4f electrons. In contrast, it has been thought
until now that soft x-rays would predominantly

excite the 4f electrons. The spectra of rare-
earth metals obtained by x-ray photoemission
spectroscopy (XPS) were interpreted exclusively
in terms of 4f levels and a satisfactory agree-
ment was found with the general predicted fea-
tures of these states. ' ' For Sm and Nd, how-
ever, the appearance of a peak near the Fermi
level does not correspond at all to the expected
behavior of the 4f electrons as a function of the
atomic number. The origin of this peak is not
well understood. For example, excited final
states are likely to be observed in incomplete
shells but they always appear in the spectra at
higher binding energies than the ground state.
The possible location of the 4f ground state just

35


