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LIGHT SCATTERING STUDIES OF SOLIDS AND ATOMIC VAPORS 

Tai-Chang Chiang 

ABSTRACT 

We have used the general technique of light scattering and lumines

cence to study the properties of a number of material systems. First, 

multi-phonon resonant Raman scattering up to four phonons in GaSe and 

one- and two-phonon resonant Raman scattering in the mixed GaS Se, 
x 1-x 

crystals with x < 0.23 are investigated. The results can be explained by 

a simple theory in which the dispersion of the resonant behavior is do

minated by resonances with the Is direct exciton states. Second, the ob

servation of one-phonon resonant Ra.̂ an scattering in HfS is reported. 

The dispersion of the Raman cross section shows no sharp structures at

tributable to excitonic transitions, and is therefore believed to be due 

to resonances with band to band transitions. The result is used to de

termine the position of the direct gap of HfS,,. Third, the first obser-

vation of the ii-polarized one-magnon luminescence sideDand of the T. 

( G) -*• A ( S) excitonic transition in antiferromagnetic MnF. is pre

sented. The theory of Loudon is used to fit the experimental spectrum 

quantitatively. An effective temperature of the crystal is deduced from 

the simultaneously observed antiStokes sideband emission. Using pulsed 

excitation and detection, we have also observed multi-magnon (< 7) exci

tonic luminescence sidebands in MnF , KMnF , and RbMnF . A simple model 

based on two-ion local exchange is proposed to explain the results quali

tatively. Fourth, the first observation of two-magnon resonant Raman 
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scattering in MnF„ around the magnon sidebands is reported. The resonant 

scattering involves a different mechanism than the non-resonant case and 

leads to a number of new results. A simple theoretical description ex

plains the experimental observations. Fifth, a detailed theory of exci-

ton-exciton interaction in MnF is developed to explain and to predict 

the experimental results on two-exciton absorption, high level excitation, 

and exciton-exciton scattering. Possible experiments on excicon-exciton 

and exciton-magnon interactions in MnF are proposed and examined. Sixth, 

Brillouin scattering is used to obtain the five independent elastic con

stants of the layered compound GaSe. The results show clear elastic an-

isotropy of the crystal. Resonant Brillouin scattering near the absorp

tion edge is also studied, but no resonant enhancement is found. Seventh, 

two-photon parametric scattering in sodium vapor is studied. Phase match

ing angles and scattering cross sections are calculated for a given set 

of experimental conditions. Preliminary experiment shows that the ex

pected signal is much less than the sodium dimer fluorescence. 
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I. General Introduction 

Laser light scattering has been widely used to study many fundamen

tally important properties of materials. Raman scattering and Briilouin 

scattering are among the most commonly used techniques. Raman scatter

ing, loosely defined as light scattering off elementary excitations of 

higher frequencies, usually probes excitations in the energy range from 
A -1 about 10 to 10 cm . Brillouin scattering, defined as light scattering 

off an elementary excitation of the acoustic branch, probes the energy 

range from about 0.01 cm to 10 cm . These two techniques nave been 

used quite extensively to study the phonons, polaritons, ripplons, mag-

nons, free carriers in semiconductors, impurity excitations, electronic 

excitations o." an atom, etc. They provide rather detailed information 

about the energies and dispersions of the elementary excitations and 

their mutual interactions. Since the advent of turr'.lile eye lasers, a 

new area in light scattering has appeared. By cunir.g the incoming photon 

frequency to resonate with the states of the material system, interesting 

new phenomena often show up. The spectral properties o» the syo;ei;. i.~, 

the range of energies of the photon itself can be directly investigated 

and the interactions between various elementary excitations can be 

probed. Thus, resonant Raman scattering and resonant Brillouin scatter

ing have become extremely important spectroscopic tools. Strong enhance

ment of the phonon Raman cross sections and the appearance of multi-pho-

non modes near resonance are among the commonly observed resonant effects 

in semiconductors. Such an example is given in Section II on resonant 

Raman scattering in GaSe and mixed GaS Se^ crystals. We will see there 
x 1-x 

that the dispersion of the photon-exciton interaction and the strong ex-
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citon-phonon coupling are responsible for the resonant effects. This 

connection is actually also used in Section III to deduce the position 

of the direct gap of HfS_, which has been controversial and difficult to 

determine by other means due to the weak transition moment associated with 

the direct gap. Magnetic excitations are also interesting subjects for 

resonant Raman study. Section V deals with resonant Raman scattering by 

two magnons in antiferromagnetic MnF : The symmetry of the wave func

tions, selection rules, and specific electron-spin coupling mechanisms 

lead to interesting new effects in this case. Although perfect theoreti

cal fits to the experimental data are not available due to the inherent 

many-body nature of the above problems, the qualitative behaviors can be 

understood, interesting physics can be isolated, and even important phys

ical parameters can often be deduced. We have also performed Briliouin 

scattering experiment in GaSe. Briliouin scattering can be considered 

as light diffraction by a sound wave as well as light scattering off an 

acoustic phonon. It can yield useful information connecting the macro

scopic and microscopic properties. GaSe is chosen as the subject of 

study because of its layered structure and possible two-dimensiona^ uu-

haviors. 

In a Raman or Briliouin process, the number of elementary excita

tions involved is in general small such that the phase memory is pre

served during such a process. In contrast, a luminescence process in 

general refers to a light scattering process involving a large number of 

elementary excitations. After laser excitation, the system relaxes to a 

quasi-steady excited state and radiatively recombines. The phase memory 

is lost roughly in the sense that the system forgets at the time of radi

ative recombination how it has been prepared. The spectral features are 
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more characteristic of the properties of the system rather than the man

ner of excitation. A good deal of information can be obtained and often 

complements the Raman scattering results. Single and multiple phonon 

sidebands of electronic transitions are well-known luminescence pheno

mena in solids. We present in Section IV the study on single and multi

ple magnon sidebands of excitonic transitions in some antiferromagnetic 

crystals. The phonon sidebands are relatively weak, in this case due to 

the spin selection rules peculiar to a magnetic system. 

A Raman or Brillouin process is usually instantaneous while a lumi

nescence process is characterized by finite rise and lall times. It is 

interesting to study the time evolution of a light scattering process 

since this is directly related to the dynamics of the system. Ordinary 

CW light scattering techniques yield only static or kinetic information 

about "he system. With the introduction of short tunable laser pulses 

and fast electronics, the system can be selectively (resonantly) pre

pared and then probed cr monitored at a later time. This time-resoiveo 

resonant light scattering has received much attention and is a fast grow

ing area of research. The wealth of information that can be obtained is 

well illustrated in Section VI on the exciton-exciton and exciton-magnon 

interactions in MnF . The closely related high excitation experiment in 

MnF is also discussed there. MnF. is chosen as the subject of study 

since it is a relatively simple system exhibiting a lot of interesting 

phenomena. It is a "clean" system to test the many-body theory. 

Finally in Section VIII, we study light scattering of a different 

kind, namely, two-photon parametric scattering in sodium vapor. A para

metric process is a nonlinear optical process in which two new frequencies 

are generated simultaneously. We consider sodium vapor as the nonlinear 
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medium since it is a simple atomic system whose optical properties c?i 

be calculated easily. A parameteic process is of practical importance 

as well as great theoretical interst, because it may lead to the con

struction of new tunalbe coherent sources. 
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II. Resonant Raman Scattering i'i GaSe and GaS Se_ 
° x 1-x 

A. Introduction 

Resonant Raman scattering (RRS) around excitonic transitions in so

lids has been a subject of extensive investigation in recent years. 

Among the various semiconductors, the layered GaSe and GaS Se crystals 

seem to be particularly worth studying. They have direct as well as in

direct exciton states near the band gap with relative positions varying 
2 with x. In this section, I will present^ (i) measurements on multi-phonon 

RRS up to four phonons in pure GaSe and (ii) one- and two-phonon RRS in 

GaS Se. with x < 0.2J. 
x i-x 
The layered compounds GaS and GaSe form a continuous series of mixed 

crystals GaS Se with 0 < x < l."1 The crystal structures show three x 1—x 
different types of stacking of the layers: c, y sr, ". a, which have been 

described in the literature. For 0 < x < G.2i, tne (..-stacking dominates 

and is shown in Fig. 1. 

Optical studies including absorption, ' reflection and photolumin-
3 7 escence ' have been recently reported. It has been round that in each 

mixed crystal GaS Se, with 0 < x < 0.25 at liquid X„ temperature, there x 1-x 2 g 
exist a direct exciton at 

ID, (x) = 2.102 + 0.'/28x(eV) (1) 
dx 

wi th a b i n d i n g energy of 20 meV, and an i n d i r e c t exc i t on a t 

OJ. (x) = 2.064 + 0.520x(eV) (2) 
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with a binding energy of ~~ 35 meV. 
9 

The uhonon modes of GaS Se, have been studied by infra-red and 
x 1-x 

9 10 

nonresonant Raman spectroscopy. ' Corresponding to change in composi

tion of the mixed crvstals, some phonon modes show the two-node behavior, 

while others show either the one-mode or the local-mode behavior. it 

is interesting to see how the various modes behave as the exciting laser 

frequency varies around the excitonic transitions. Such study has ax-

ready been reported in pure GaSe crystals. The A" (LO; mode at 2A7 

cm and E' (LO) mode at 255 cm , respectively, show a strong reson

ance enhancement, while the two A' modes at 135 and 310 cm show much 

less apparent resonant behavior as the exciting laser frequency approach

es the direct exciton. The strong enhancement of the two LO modes (unre

solved in mixed crystals with x > 0.1) is presumably due to the FrOiicn 

interaction between LO phonons and excitons. In particular, the E' 

(LO) phonon (255 cm ) appears to couple most strongly with the exciton 

states. As a result, we were able to observe multi-phonon modes up to 

four phonons involving E' (LO) in pure GaSe and 2c.' *" (L&) modes in 

the mixed crystals. 

B. Experiment and Results 

Monocrystalline samples of GaS Se with x = 0, 0.05, 0.12, 0.17, 

and 0.225 were grown by the Bridgeman technique. Back-scattering from a 

polished surface parallel to the crystal c-axis was used in the measure-
12 ments because of the larger oscillator strength in this configuration. 

In order to reduce the luminescence background to a tolerable level witn-

out appreciably broadening the exciton line widths, the samples were im

mersed in liquid N during the measurements. Before each meeasurraent, 
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the Janis dewar holding the samples and the liquid N coolant was pumped 

down to a pressure about 400 mraHg tu reduce the temperature. The dewar 

was then backfilled and pressurized with He gas to eliminate N bubbling. 

Temperature was stable within a few degrees during the measurements. The 

excitation was provided by a homebuilt jet stream CV dye laser with a 

typical output power of 100 mW. Rhodamine 6G, rhodamine 110 and coumarine 

6 dyes were used as the lasing media to cover the spectral range from 6600 

A to 5300 A. The laser light was focused onto the sample surface by a 

lens. Local heating was unimportant since the spectra normalized over la

ser power were independent of the incident power. The scattered light was 

collected by a F/1.6 projection lens, analyzed by a Spex 1A00 double mono-

chromator, and finally detected by a cooled FW-130 photomultiplier. Stan

dard photon counting electronics and a multichannel analyzer were used to 

collect the data. 

We will content rate only on the strongly enhanced Raman modes. The 

observed Raman shifts of the 1 E ' W (L0) and 2E' (1.0) modes for x = 0, 

0.05, 0.12, 0.17, 0.225 and the shifts of the 3 E , ( 2 ) (LO) , 2 E , ( 2 y + A.' 
i -1 (2) (310 cm ) and 4E (LO) modes for pure GaSe are given in Table I. All 

numbers are within ± 1 cm accuracy. 

The experimental results are summarized in Figs. 2, 3, and 4. Fig-
(2) ures 2 and 3 show the Raman cross sections of the one- and two-E' (L0) 

phonon modes respectively, as functions of exciting laser frequency and 

sample composition. Figure 4 shows the Raman cross sections of the 

3E' ( 2 ) (LO), 2E' ( 2 ) (LO) + A' (310 cm" 1), and 4 E ' ( 2 ) (LO) modes of pure 

GaSe. All data points have been corrected for sample absorption accord

ing to the following formula 
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u + u + 3.93 cm __, . 
a *•-_.> Q - R )-\i - R ) _ 1

0 (3) 
1 - ex P[- (a} + a + 3.93 cm )d] ' s 

where o is the corrected Raman cross section, a the uncorrected Raman R 
cross section normalized over the laser power. a., R , a , R are the 

absorption coefficients and sample reflectances at the laser frequency 

and the scattered photon frequency respectively. d is the sample thick

ness. The factor 3.93 cm takes account of the finite collecting depth 

of our lens. The absorption coefficient for GaSe was taken from Ref. 11 

and those for the mixed crystals were measured in our laboratory in a 
• A A 1 3 

standard manner. 

C. Theory 
14 

To explain our results, we use a simple cascade theory. We as
sume the following absorption-emission processes (in decreasing order of 
importance) dominating in the n-phonon RRS: 

1) Incoming photon at UJ excites an electron-hole (e-h) pair in the 

band continuum. The e-h pair then decays into the k - 0 Is direcc exci

ton by successively emitting n phonons. The direct exciton finally re-

combines and emits a Stokes photon at u> . 
s 

2) Incoming photon excites an e-h pair in the band continuum. The 

e-h pair decays into a k =£ 0 Is direct-exciton state by successively emit

ting m(l < m < n - 1) phonons. The direct exciton then recombines by an 

(n - m)-phonon-assisted transition and emits a Stokes photon. 

3) Incoming photon excites the k = 0 Is direct exciton. The direct 

exciton then either recombines by an n-phonon-assisted transition or de

cays into the Is indirect exciton by emitting a phonon and the resulting 

indirect exciton recombines by an (n - l)-phonon-assisted transition. 
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Sir.ee the absorption curves of these crystals are rather fiat im-

niedi;tely beyond the ;i i rec t-exi ton absorption peak, we can assume that 

the dispersion of the RRS curves is mainly due to resonances with the ex-

i iton states. The one-phonor: cross-section ran therefore be written ap

proximately as a direct product of 2 resonant terms tor i) the incident 

and ii) the scattered photon energies: 

K ph 1 1 I s i 

riCtij) describes the d i rec t-exciton absorption peak deduced from the absorp

tion measurements and A , B. and C are constants. The solid curves in 

Fig. 2 were actually obtained from Eq. (A) by using A , B1 and C as 
l - i . 1 

ad

justable parameters. The nonresonant terms B and C. were set equal to 

650 cm and 500 cm respectively, for all the five crystals; A was 

merely a normalizing constant. Our curves fit the experimental data 

points very well and a postenori confirm the dominance or the Is direct 

exciton. 

By assuming all resonances to have tne uorenczian line shape, we can 

also write down the approximate analytical expression for the two-phonon 

Raman cross-section as 

oD(2u , ) = A-fu, -ai, - 2oi , ) 2 + r M - 1 + B.FG^ - u, - u , ,I\ ) R ph 2 1 1 dx ph dOJ 2 1 dx ph d 

+ c F(M - ui. - a) r.) + D„ (u. - _ ) ' + r | _ 1. (5) 
12 1 ix ph l 2 J 1 1 ax dO J 

For 3-phonon RRS, we have 

http://Sir.ee
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o_(2oi , + 01' ) = A [ (oi - I D - 2oi - 01' ) 2 + f 2 j J 

R ph ph 3 [ 1 dx ph ph dOj 

+ B F(oi - o i - 2oi T ) + C..F(oi - oi - OJ r ) . 
3 1 dx ph d 3 1 dx ph d 

(6 ) 

For 4 - p h o n o n RRS, we h a v e 

1 2 2 1-1 

(oi - oi - Aoi ) + r + B,F(oi - o i - 301 T ) 
1 dx ph dOj 4 1 dx ph d 

+ C F(u, - ui - 2oi ,T ) . ( 7 ) 
4 J dx ph d 

In the above expressions, A., B., C. and D. are constants to be used 
i l l i 

as a d j u s t a b l e p a r a m e t e r s ; oi , , oi , , oi. a r e the f r e q u e n c i e s of the o p t i -
ph dx ix 

cal phonon, direct exciton at k = 0, and indirect exciton at the bottom 

of the indirect excito.. band respectively; r and r . are the damping con

stants for the direct and indirect excitons respectively, with r,„ re

served specifically for the k = 0 direct exciton. The function F has the 

form 
Y c 

F(Aai,D = f yi5((Aoi - y ) 2 + r 2) _ 1dy, (8) 
0 

3 where Y is a somewhat arbitrary cut-off chosen as — times the exciton 

binding energy. The value of r,n for each crystal is deduced from the 

corresponding absorption curve; Y, and Y. are taken to be 2r,„. (Depen-
d I dU 

dence of theoretical curves on r. and Y. is not critical.) For pure GaSe, 
u i 

the separation between direct and inuirect exciton states is fairly close 

to the phonon frequency involved. Accordingly, we can drop the nonreso-

nant D • term in Eq. (5). For the mixed crystals, it is, however, more 
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appropriate to drop the C term. 

The solid curves in Fig. 3 were obtained frum Eq. (5) with A 0:E :C : 

L), = 12:1:10:0, 5:1:0:12 and 12:1:0:22 for x = 0, 0.12, and 0.17 respec

tively. The solid curves in Fig. 4 were obtained from Eqs. (6) and (7) 

) + 
,(2) 

with A. :H :C = 12:1:0.2 and 20:1:0.2 for 3 E , ( 2 ) (i.O) and 2 E " 2 ) (LO) 

A' CilO cm ) modes respectively, and A,:B :C = 12:1:0.2 for the 4E' 
I 4 4 *+ 

(LO) mode in pure GaSe. 

It is :.een that the solid theoretical curves in Fig. 3 Geviate from 

the experimental data at the low-energy tail. This is because we have 

assumed a Lorentzian line shape for all the transitions i.-.volved. If we 

replace the Lorentzian function in Eqs. (5) and (S) by the observed line 

shape ci(u,r) of the direct-exciton absorption peak, with T still being 

the half width, the theoretical curves remain essentially unchanged for 

:,:. > us , , but change into the dashed curves for u.. "̂  w. . Vne agreement 
i dx i G>. 

between theory and experiment is then very good. The near-Gaussian line 

shape of excitonic transitions could be due to inhomogeneous broadening. 

The theoretical curve for GaS„ „^^Se^ ___ in Fig. 3 was obtained 
0.225 0.775 b 

with the superposit ion of another Lorentzian-type resonance at u = u. 
1 ix 

with r._ = 24 meV. It then describes the experimental results satisfac

torily. This indicates that direct laser excitation of the indirect ex-

citon is also operative in RRS although the contribution is relatively 

weak. The same resonance peak at u = a), was seen in the raw data of 
1 IX 

RRS in the other crystals, but, after absorption correction, was masked 

off by the much stronger direct-exciton resonance. This is presumably 

because the separation between direct and indirect excitons in these 

crystals is too small. Although momentum conservation forbids the di
rect excitation of indirect excitons, stacking faults in the crystals 
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can easily induce such a orocess. The iu„ ~ iu, resonance should also 
' • 1 ix 

appear in the one-phonon RRS in GaS Sen . It was indeed observed in 
>: 1 -x 

the raw data as a shoulder on the strong resonance tail, but became invi

sible after absorption correction. 

D. Conclusions 

The good agreement between theory and experiment in Figs. 2, 3, and 

A shows that the cascade description is appropriate and the dispersion of 

RRS in GaS Se, is indeed dominated by resonances with the exciton x 1-x 
states. 
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Table I 

Raman shift for various one and mulciphonon modes in GaS Se, 
x 1-x 

Shift X 

0.05 

254 

509 

0.12 0.17 0 

255 

510 

767 

0.05 

254 

509 

0.12 0.17 0.225 
t 2) E a ' (LO) 

'lY.^-1 (LO) 

0 

255 

510 

767 

0.05 

254 

509 

251 

504 

250 

500 

249 

499 

3E'K ' (LO) 

0 

255 

510 

767 

0.05 

254 

509 

251 

504 

250 

500 

2E' ( 2 )
 + A ' L 821 

1016 

0.05 

254 

509 

251 

504 

250 

500 

4 E ' U ) (LO) 

821 

1016 

0.05 

254 

509 

251 

504 



Figure Captions 

1 Crystal structure of GaS Se, with 0 < x <0.23. The crystal 
x 1-x 

symmetry group is D_, . Jh 
(2) 

2 Raman cross section of the E' ' (LO) mode as a function of la

ser frequency. O, A, •, •, and A are data points for GaS Se 

with x = 0, 0.05, 0.12, 0.17, and 0.225 respectively. Solid 

curves are obtained from theory in the text. 
(2) 

3 Raman cross section of the two-phonon 2E' (LO) mode as a func

tion of laser frequency. O, A, •, •, and A are data points for 

GaS Sen with x = 0, 0.05, 0.12, 0.17, and 0.225 respectively. 
x 1-x 

Solid and dashed curves are obtained from theory in the text. 

A Raman cross sections of the three- and four-phonon modes of pure 

GaSe: 0 3E' ( 2 ), © 2 E , ( 2 ) + A^ (310 cm" 1) , A AE' ( 2 ) . Solid 

curves are obtained from theory in the text. 



Figure 1 

17 

GaS Se,., 

e-stacking 
one layer 

O Se or S atom 
• Ga atom 

XBL 764-1031 



RAMAN CROSS SECTION (ARBITRARY UNITS) 

00 e 
M 



RAMAN CROSS SECTION (ARBITRARY UNITS) 

b 0_ 5

M °w o o 
.£> Ul (J) 

b k°n 

ro 

CD 
< 

ro 

x 
CD 

Ol 
ro 
en 

l o 
I o 
\ ° 
\ 

\ 
• D \ ^ \ 

_i. 

09 
C 
H 



RAMAN CROSS SECTION (ARBITRARY UNITS) 

c 



21 

III. Resonant Raman Scattering in HfS 

A. Introduction 

Resonant Raman spectroscopy has been successfully applied to many 

semiconductors. However, no such study has been made on transition me

tal dichalcogenides. In this section, I will present my recent experimen

tal results on such a compound, viz., HfS,,. 
2 Many transition metal dichalcogenides form layered compounds.*" A 

typical layer consists of a plane of metal atoms sandwiched between two 

planes of the chalcogenides. Three different stacking polytypes are us

ually found: IT, 2H, and 3R. The group IV B compounds including HfS 

crystallize only in the IT polytype. Within a layer, each metal atom is 

octahedrally surrounded by six chalogens as shown in Fig. 1. Due to the 

saturation of the p-orbitals, HfS,, is a semiconductor. 

The phonon spectra of HfS 0 have been investigated by infrared reflec-
3 A 

tance measurements and non-resonant Aaman spectroscopy. With D_, space 
group symmetry, there are four infrared-active modes 2A0 + 2E and two 

Raman active modes A, + E . lg g 
The electronic band structures have been studied by optical transmis

sion ' and reflectivity ' measurements. These results have been com-
7-9 pared with theoretical band structure calculations. It is generally 

believed it is an indirect-gap semiconductor with gap energy around 1.9 

eV. However, the energy of the lowest direct transition is still the sub

ject of much controversy. Fong, Camassel, Kohn and Shen (FCKS) conclud

ed from their work the lowest direct transition was F„ -+ T at ~ 2.4 eV. 
o 

In contrast, Murray, Brumley, and Yoffe (MBY) obtained 3.47 eV and Mat-
9 thelss obtained 3.43 eV for the transition L. -* L. as the lowest. Since 
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the Raman cross sections should show resonant enhancement near the direct 

gap, resonant Raman spectroscopy provides a means to locate this lowest 

transition. This approach is demonstrated here. 

li. F.xperiment and Results 

We have measured the transmission of thin platelets of HfS at both 

room temperature and liquid N temperature. Very thin samples were ob-
2 tained by repeated cleaving with adhesive tapes. The thinnest sample 

obtainable was about 5 u in thickness. Due to the strong absorption, the 

range of our transmission measurements was limited. The square root of 

the measured room temperature absorption coefficient as a function of 

photon energy is shown in Fig. 2; it consists of four straight line seg

ments. At liquid N 0 temperature, the absorption curve is simply shifted 

by 0.096 eV toward higher energy side in agreement with Ref. 6. 

The Raman setup used has been described in Section II. Since only 

thin samples were available, a back scattering geometry from a cleaved 

face was employed. Samples were immersed in liquid N during the measure

ments. Both Raman active modes were observed: A, at 338 cm and E at 
lg g 

263 cm . The Raman cross sections, corrected for absorption in the man

ner described in Section II, are shown in Fig. 3 as functions of incident 

laser photon energy. 

We have also performed luminescence measurements. No luminescence 

was observed even at He temperature indicating the existence of fast non-

radiative relaxation processes. 

C. Theory and Discussions 

From Fig. 2, the onset of absorption is described by 
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0 , < 1.820 eV 
a (cm ) = ., 

4154 * (u.. - 1.82)~ , 1.820 < u> < 2.081 eV (1) 

10 which is characteristic of phonun-assisted indirect transitions. 

Therefore, the lowest gap of HfS,, is indirect with a j;,ip energy around 

l.y eV. The kink:; unserved at 2. Oh I eV, 2.289 eV, .md 2.417 eV on the 

absorption curve are probably due to other phonnn-assisted transitions. 

The Raman cross sections, shown in Fig. 3, showns resonant enhance

ment by about one order of magnitude within our dye .Laser tuning range. 

This indicates the onset of direct transitions should be near 2.2 eV. 

Since no e>:citonic structures in absorption have been observed, we assume 

the enhancement is due to direct band to band transitions. With parabo

lic conduction and valence bands and neglecting contributions from higher 

transitions, it can be shown, i or u r < u; , 

Q(OJ.;=A[>/L + C - u„ - /L ~u. ;" (2) 
g O l g 

where c(w ) is the Raman cross section at laser frequency to , A a con

stant, ui the band gap energy, and oi the phonon energy. 

The solid curves in Fig. 3 were obtained by least square fitting us

ing Eq. (2) with w as an adjustable parameter. The detailed resonant 

enhancement behavior is only fairly described by Eq. (2) due to the as

sumption we have made. However, the value of OJ determined in this way, 
g 

being 2.231 eV at liquid N_ temperature, should locate the onset of di

rect transitions fairly accurately. This value is close to FCKS's 2.A eV 

at He temperature, and very different from MBY's 3.47 eV and Mattheiss's 

3.43 eV. We therefore assign the direct gap to be F„ -> V.. at the zone 

center with an energy of 2.231 eV at liquid N„ temperature. 
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By taking into account the shift of absorption by 0.096 eV from li
quid N„ to room temperature, (u should be 2.135 eV at room temperature. 

2 g 

The kink observed in absorption at 2.081 c-V (Fig. 2) is then interpreted 

to be a phonon-assisted hot band transition involving the direct gap and 

a phonon of energy 54 meV (~ 400 cm ;. Tlie next higher kink in absorp

tion at 2.289 eV is then naturally interpreted to be due to the phonon-

assisted onset of the X + T transition involving the second highest va

lence band and the bottom conduction band. The separation oetween the 

two top valence bands is then 2.289 eV - 2.081 eV = 0.208 eV, in good 

agreement with theoretical predictions. The accuracy of tiu numbers 

mentioned here should not be overemphasized, but we do obtain a consist

ent picture. 

D. Conclusions 

By applying resonant Raman spectroscopy to Hi.S , we have been able 

to determine the position of the direct gap. The gap value obtained is 

in good agreement with that obtained by FCKS. The dispersion of the Ra

man cross sections is due to resonances with the direct gap. 
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Figure Captions 

Fig. 1 Hexagonal unit cell of HfS Heft) and the octahedral continua

tion within one layer (right). 

Fig. _ The square root of room temperature absorption coefficient as a 

function of photon energy. 

Fig. 3 Raman cross sections of HfS as functions of incident laser pho

ton energy. Solid curves are theoretical curves discussed in 

the text. 
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IV. Magnon Sidebands of Excitonic Luminescence from Ant iferromagnets 

A. Introduction 

Magnon sidebands associated with exritonic absorption and emission 

in antiferromagnetic systems have long been a subject of extensive theo-
1 2 retinal and experimental studies. In particular, the one-magnon side-

6 6 4 4 band of the excitonic transition in the A, ( S) — T ( G) manifold in 
lg ig 3 4 MnF has been most thorougly investigated. ' In absorption, while the 

r 

discrepancy between theory and experiment in the u- and c-polarized 

spectra is small, it is quite large in the -n-polarization. The discre

pancy presumably results from ignoring the exciton-magnon interaction in 

the theoretical calculation. In emission, since the exciton ar magnon 

are not simultaneously present, the exciton-magnon interaction does not 

come into play. Then the theoretical calculation agrees very well with 

the experimental «- and o-polarized spectra. However, observation of 

the n-polarized one-raagnon luminescence sideband, although predicted by 

2 
theory, has never been reported probably because of its much weaker in
tensity. In the first part of this section, our recent observation of 
the n-polarized one-magnon sideband will be reported, which is indeed 
much weaker than those with a- and a-polarizations. The spectrum can be 
described almost perfectly by the theory without the exciton-magnon in
teraction. At higher temperatures, antiStokes luminescence of the side
band has also been observed. The temperature deduced from the Stokes-
antiStokes ratio agrees with that obtained from the E. — E. exciton lu
minescence ratio. 

The magnon sideband work has oiten been limited to one- and two-

magnon sidebands. Higher-order magnon sidebands are difficult to observe 



31 

because they are either too weak or buried in the background. In the lu

minescence spectrum, strong background usually arises from impurity emis-
Q 

siun bands. With pulsed excitation and detection, however, long lived 

impurity luminescence can be largely suppressed. The second half of this 
. 9 . , . section reports our recent observation ut luminescence spectra ol up to 

7-magnor. sidebands in MnF and a few less in KMnF and KbMnF using such 

a technique. We interpret the results qualitatively by a simple two-ion 

local interaction model. Multi-magnon sidebands have earlier been pre

dicted by Bhandari and Falicov from the sudden approximation model. In 

KMnF n-magnon sidebands with n < 3 have been observed by Strauss et 

al., but no theoretical interpretation of the results nas been attempr-

B. Background Information and Review 

MnF , KMnF.,, and RbMnF have similar excitonic and magnetic proper

ties resulting from Mn ions. For simplicity, we consider only MnF..,. 

Relevant differences among these crystals will be pointed out when neces

sary. Figure 1 shows the crystal structure of MnF ."* Tne crystal struc

ture is that of rutile. and is uniaxial with the £-axis in the z-direction. 
I i 

Each Mn ion in the ground state has a nonzero spin (S = 5/2) and hence 

a nonzero magnetic moment. Below the Keel temperature of 68°K, the mag

netic moments (or spins) of the Mn ions become antiferromagnetically 

ordered via the short range exchange interaction. The ground state of 

the crystal departs slightly from the perfectly aligned state (Neel state) 

shown in Fig. 1. A unit deviation of a spin from its equilibrium posi

tion in the ground state can propagate in the crystal via mutual exchange; 
12 this collective excitation is a spin wave (magnon). 
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figure 2 shows schematically the lower energy states of MnF, in the 
4 13 14 5 -H-

various approximations. ' ' The d comiguration of an Mn ion is 

split into many terms by the Coulomb interaction. The lowest term is S 

and the first excited term is G which is rougly in the middle of the vi

sible spectrum. All the other terms are much higher in energy and out

side our laser tuning range. With the cubic crystal field added on, the 

S term becomes the A, state and the C term becomes the T, state. 
IB lg 

Turning on the exchange interaction, spin-orbit interaction, and ortho-

rornbic crystal field removes all the degeneracies. Twelve states are oh-

tained from T , though only the lowest two of these states, E. and £ , 

have been identified experimentally. Six states are obtained from A. 
ig 

in this molecular field approximation. All states discussed have even 

parity, therefore electric dipole transitions between any two levels are 

forbidden. Due to wavefunction overlapping in a real crystal, these mo

lecular field states form energy bands in the Brillouin zone of the crys

tal. Thus, E and E states form the E and E Frer.kel exciton bands, 

respectively. In the limit of low excitation, the ground manifold A. 
ig 

can be treated very well in the spin-wave approximation. We then have 

a magnon branch above the true ground state in the Brillouin zone. At 

higher excitation levels, the magnon-magnon interaction has to be taken 
12 15 into account. ' The exciton and magnon band structures are shown 

schematically in the inset of Fig. 3. The E exciton has an energy of 

18435 cm (5424 A) at the zone center and a small negative dispersion 

toward the zone boundary. The E exciton has an energy of 18418 cm 

(5429 A) and is nearly dispersionless. The magnon dispersion has been 

determined by inelastic neutron scattering. It has an energy of 8.7 

cm at the zone center and a maximum energy of 55 cm at the zone boun
dary. 
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.he optical processes we are inlerubLtd in can be described clearly 

u a i u m forms. For excitonic absorption and its magnon sideband, we 

h u -» c.. .. (k - 0) (1) 
i . 2 

ti... - E. ., (K) -r M(-k.i (2; 

respectively, waere '• . .s Cne energv oi tne ansornec pnoton, t. ,,(K; an 

V.. or E,, exciter, with crystal momentum k, and M(k) a ir.ognor. with crystal 

n.: cent urn k. A visible pnotor. has essentially zero ~er..entum, theretore 

-jiDTitia as we",". ,.s i r.ergy is conserved in Eqs. (1) r-.:,c (2). While the 

whole :ir; ". . >,L..;. zone contrinutes to the .r.agnon sice'oar.Q processes, oru.y 

::ic .'oae renter exr.tons are ;.V;I;IVLS ,n the excit./.lc processcr.. 

The L xper i men t a ; . v observer t ran :••;..; ss ion carve: oi .-".nF,, ~t "~ 2J.\ 

are shown in Fig. 3. Tne sharp 1 ,nes E. and E are the excltonic absorp-
i. 2 

tion lines described by Eq. (1). The broad bands o.(rr.) and G 0 utt the 

magnon sidebands of the E ana E,_ excitons ir. cne a (-)-polarization, re-
j . 2 

spectively, as described by Eq. (2). From the polarization dependence, 

the excitonic absorption and its magnon sideband can be shown to be due 

to magnetic dipole and electric dipole transitions respectively. There

fore, the sideband absorption, though second order in nature, are actual

ly more intense than the first order excitonic absorption. The widths of 

the E and E lines are typically about half a wavenumber and are sample 

dependent probably due to strain induced inho.T.ogenoas broadening. The 

widths of the magnon sidebands are determined by the dispersion of the 

excitons and magnons by virtue of Eq. (2). The detailed sideband shapes 
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are determined by the transition matrix elements and the density of 

states. Since the exciton and the magnon are generated simultaneously 

at close proximity in a sideband absorption process, the exciton-magnon 
6 interaction should affect the sideband positions. 

Similarly, for the excitonic luminescence and associated magnon 

sidebands, we have 

El 2 (^ = 0 ) "' h w ' ( 3 ) 

i 

E 1 2(£) -* hto + M(£) (4) 
i 

i 

E 2(t) V M C - S ) -*- ha) (5) 

where Eq. (3) is the magnetic dipole direct exciton recombination process, 

and Eqs. (4) and (5) are the electric dipole Stokes and antiStokes maynon 

sideband processes respectively. The anriStokes sideband luminescence 

process described by Eq. (5) depends on the thermal population of the 

magnons, otherwise it is just the inverse process of magnon sideband ab

sorption described by Eq. (2). On the other hand, the Stokes sideband 

luminescence process described by Eq. (4) is not related in a simple way 

to the antiStokes process. In particular, since the exciton and magnon 

involved in the process are never simultaneously present, the exciton-

magnon interaction does not come into the picture. 

The higher order luminescence sidebands are also possible, e.g. 

n 
Efk") + h w + T M(k\) (6) 

1 i=l 1 
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with 

n 
£ ki = k 
i = l 

This is the n-magnun luminescence sideband of the E. exeiton. 

Processes described by Eqs. (3), (4), (5), and (6) are our subjects 

of investigation. 

C. Experimental Description 

The MnF^ samples used were grown by the zone refining technique. 

The methods of growth for the KMnF_, and RbMnF samples were unknown. All 

samples were x-ray oriented to within 1° and cut into the form of a paral-

lelpiped with the conventional x, y, and z axes of the crystals along the 

edges. The relevant surfaces were polished to an optic.-1! finish. Sam

ples were cooled by either superiluid helium or cold helium exchange gas. 

Temperature was measured by helium vapor pressure or by a thermocouple 

attached to the copper substrate. The polaroid used for analyzing the 

luminescence signal was mounted inside the helium Dewar to avoid depolar

ization effect introduced by the Dewar windows. 90° or backward scatter

ing geometries were used. 

Two exciton-detection techniques were used: 

(i) CW excitation-detection 

The Raman setup described in Section II was used. The 5145 A output 

of an Ar laser was used for excitation. Luminescence from a sample was 

analyzed by a double monochromator and detected by standard photon count

ing electronics and a multichannel analyzer. The laser light was focusd 

into the sample with a beam diameter of ~ 50 u and typical power of 100 
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heating effect was undetectable under our experimental conditions. Spec

tra taken with this technique were In general troubled by strong impurity 

1urainescence. 

(ii) Pulsed excitation-detection 

A tunable flash-pumped dye laser was used as the excitation source. 

The laser pulses had a pulsewidth of 0.4 ;jsec and an energy of a few mil-

lijoules per pulse. Luminescence from a sample was analyzed by a double 

monochromator followed by a high gain kCA 7265 photomultiplier and a 

gated PAK-162 boxcar integrator. Part of the laser beam was used to trig 

ger two independent fast PIN photodiodes (IR-7016L from Infrared Indus

tries, Inc.). One of them with high gain circuit was used for reliable 

triggering of the boxcar gate; the other with linear gain circuit was 

connected to the second channel of the boxcar for signal normalization 

over the laser power. The Doxcar gate had an adjustable width (1-20 „sec 

and its opening was delayed by 1 usee after the leading edge of the laser 

pulse to eliminate possible pickup. 

Figure A shows schematically the timing sequence of the events. The 

impurity luminescence lifetimes (> 1 msec) were much longer than the in

trinsic luminescence lifetime (< 200 usee). We could eliminate most of 

the impurity luminescence while retaining most of the intrinsic lumines

cence by chosing a suitable gate width (< 20 usee). The laser pulse re

petition rate was also kept low (< 6 pps) in order to suppress the excep

tionally long-lived impurity lines. Then the spectrum obtained was be

lieved to be essentially intrinsic. This is supported by the following 

experimental observations. (1) With increasing gate width, impurity lu

minescence lines showed up with increasing strength. (2) For different 
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samplt'S with different impurity luminescence, the intrinsic luminescence 

spectrum was the same. (3) The intrinsic luminescence at low excitation 

intensity normalized by photons absorbed was independent of the exciting 

laser wavelength A while the impurity luminescence intensity changed ra

pidly with varying >. . (4) Intrinsic luminescence depended strongly on 

the excitation intensity. In MnF,, for example, the intrinsic luminescence 

lifetime decreased from ~ 200 ;:sec at low excitation intensities to ~ 5 

:.sec at ~- 50 MW/cm4". At high excitation intensities, the luminescence de

cay became more and more non-exponential with a very steep initial slope 

(presumably due to exciton-exciton collisions), and the luminescence in

tensity was no longer proportional to the excitation intensity. 

D. One-Maf;non Luminescence Sidebands of MnF 

(i) Experimental results 

Typical polarized intrinsic luminescence spectra of MnF obtained 

with the pulsed excitation-detection scheme are shown in Fig. 5. The ob-
4 6 served exciton lines E, and E. in the T. -»• A. transitions and the a, 1 2 lg ig 

c-polarized one-magnon sidebands o associated with E agree well with 
3 

those reported in the literature. The corresponding -jr-polarized one-mag
non sideband it is appreciably weaker and broader. At relatively higher 
temperatures, the antiStokes sideband emission is also clearly visible, 
and is relatively more intense for the Ti-polarization. In order to deter
mine the sideband lineshape more accurately, we have also recorded the lu
minescence spectrum with the CW excitation-detection scheme. The result 
for the ii-polarization is shown in Fig. 6, where in (a) the spectrum was 
obtained with the sample immersed in superfluid helium, and in (b) the 
spectrum was obtained with the sample in cold helium gas at 13DK. A 
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strong impurity luminescence line is clearly present on the low-energy 

side of the sideband in Fig. 6(a) , while the same line is apparently ther

mally quenched in Fig. 6(b). 

(ii) Theory 
2 To explain the observed sidebands, we use the theory of Loudon. In 

his formalism, two-ion local exchange interact ion is responsible for the 

inagnon creat ion or annihi la t ion and the e/.citon-magnon interact ion is ne

glected. The in te rac t ion Hamiltonian is given by 

/ n nn n 

«' " J X ) ^ . a j S+, + £ ^ 1 s | + £ v ,a+ S" + 

nn \ 

/ J TI . .a . S . + complex conjugate / • E (7) 
<ji> J l J 1 ) 

where a is the exciton creation operator, S and S the spin raising and 

spin lowering operators respectively, it's the generalized dipole matrix 

elements, E the electric field of the light wave, i(i') and j(j') the 

Mn ions on Che spin-up and spin-down sublattices respectively, the 

first term being summed over all nearest neighbor pairs (n) on the spin-

up sublattice and the second term being summed over all next-nearest 

neighbor pairs (nn) on opposite sublattices, etc. The it's can not be 

calculated in practice and are regarded as parameters. The number of 

independent components of the IT'S can be reduced by symmetry arguments. 

The local operators for the excir.ons and spins can also be transformed 

to wave operators. The resultant Hamiltonian is then used to calculate 

the sideband shapes by the Fermi golden rule. 

If only the interaction between next-nearest neighbors on the oppo

site sublattice is taken into account, then the one-magnon sideband ab-
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so rp t ion A (w) and emiss ion E (ui) in the a- or c - p o l a r i z a t i o n a r e g i v e n . 

A"" U ) 1 

u, o 
E , ,. (") 

^ | c 2 c o s 2 C > " ) c o s 2 ( ^ 
k a\ „/k a x 

2 / " " " \ ? 

k a'\ „ / k a 
2( V 2 2/ \ 

D s in I —y-ls in - I y „ . k 

(8 ) 

M!iu - c n + c (k ) 0 m • 

and those in the tr-polarization by 

A ( ID ) 

_nn . 
t (ci.0 

= F' 
! S [ s i n 2 ( - f - ) c o s 2 ( - ^ j 

2 

2 / k a\ 2 / k v a \ 1 2 / k C \ ^ 
cos ^ - f - j s i n ^ - f - j j eo s {-f-j 2 6[ht u m 

(9) 

whure C, D, and F" are coupling co-'-tants of the same order of magnitude, 

a and c arc lattice constants, e is the E exciton energy, e (k) is the 

magnon energy at k, and u, and v, are defined in Ref. 2 and reproduced 

here in Fig. 7 . Similarly, one finds that the interaction between 

nearest neighbors on the same sublattice contributes to the sideband ab

sorption and emission in the a- or a-polarization as 

A n (u>) a,o 
E n U) I a,a 

G 2-i sin 2(k c) 

2 

u k 
6[h(j U m (10) 

but contributes nothing to the sideband absorption and emission in the TT-

polarization, where G is again a coupling constant of the same order of 

magnitude as C, D, and F. 
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towards the Brillouin zone edges by the large magnon density of states. 
2 2 

However, near the zone edges, / tends to zero while LL remains finite as 
shown in Fig. 7 . It ib then easy I <i see thai 

A („,) ^ A"" (w) + A° (u) 3< A"" (u) ; ( 1 1 ; 

E (oi) ~- E n n (w) + E " (a)) ^ E n (u ; ; (12; 
a , n o ,u o, a a , a 

E (u) - E (.m) ; A (u) - A (UJ; ( u ; 
IT 71 TT Tt 

and E (ui) < A (uO , A (u) , E (u) . 
it n o, u a , a 

Dietz et al. has used Eq. (10) to fit quantitatively the observed 

oue-magnon luminescence sideband in the u ,n-pol.ir i zu\ i..'.. :J .'T<ilariy, we 

can use Kq. (9) to fit the luminescence sideband in tr.e --polarization. 

Figure 6(a) shows that the agreement between theory and experiment is in

deed excellent. In the inset of Fig. r. , we also show the c •'';.". ari .->• \ ."e-

tween theory and experiment on the n-polarized or.e-magnon absorption side

band. The discrepancy is obvious. Agreement in the luminescence case and 

disagreement in the absorption case clearly indicates that the exciton-

magnon interaction is non-negligible in the absorption process. This in

teraction should appreciably broaden the sideband absorption and shift it 
6 2 2 

to lower energy. We notice that because of the difference in u and v 

associated with the sine and cosine terms in Eq. (9), the theoretical 

lineshapes of the it-polarized absorption and emission sidebands are very 

different. Also, the integrated strength ratio of absorption to emission 

is about 23. 
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We realize from Hqs. (2) and (5) that the antiStokes sideband emis

sion is simply the inverse process of the sideband absorption only if the 

thermal population of magncns is properly take.i into account. Therefore, 

we can expect to obtain the antiStokes sideband spectrum by simply multi

plying the experimental absorption sideband, normalized to yield the cor

rect sideband absorption-to-Stokes-emission ratio of 23, by a Bose-Ein-

stcin distribution function at a proper temperature. This is shown in 

Fig. 6(b). The theoretical antiStokes spectrum corresponding to a tem

perature of 13.3°K fits very well with the observed spectrum. This tem

perature is in good agreement with the one deduced from the luminescence 
1 8 intensity ratio of the E and E,, exciton lines. In the a- and o-[ olar-

izations, deduction of the effective temperature from the antiStoket 

sideband emission is not possible because of lack of a normalizatior con

stant relating the strengths of the absorption and Stokes emissicn 

s idebandb. 

(iii) Conclusion 

We have shown that the theory of Loudon gives an excellent descrip

tion of the observed Ti-polarized one-magnon luminescence sideband in 

MnF . The effective temperature of the crystal can be deduced from the 

simultaneously observed -n-poiarized antiStokes luminescence sideband. 

E. Multi-Magnon Luminescence Sidebands of MnF , KMnF., and RbMnF-

(i) Experimental results 

Figure 8 shows in an extended region the typical polarized lumines

cence spectra of MnF obtained with the pulsed excitation-detection 

scheme. The impurity luminescence in this case was suppressed to an un

detectable level. The exciton lines E., E_ and the one-magnon sidebands 
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a., TI and the antiStoke.s one-magnon sidebands have been discussed in 
!'arl- D. Figure 8 also shows a series of luminescence peaks at lower 

energies. They form a more or less regular progression. Neighboring 

peaks are separated by ~" 55 cm which is the maximum magnon frequency in 

MnF . They are therefore identified as the mul t i-m.igriun sidebands. 

Arrows in Fig. 8 indicate where the cutoff frequencies ol the multi-mag-

non sidebands should be. The polarization properties .suggest that these 

sidebands are of electric-dipole origin. The Ti-polarization spectrum is 

however significantly different from the a- and a-polarization spectra. 

With increasing temperature, the multi-magnon sidebands as well as the 

one-magnon sidebands gradually smeared out into the background as they 

should. As shown in Fig. 8, up to 7-rnagnon sidebands were actually oo-

served in MnF . Higher-order raagnon sidebands might exist, but our spec

tra were terminated by the difficulty ol positively identifying small 

structure on the rising background. Phonon-assisted optical transitions 

are presumably responsible for this strong luminescence background. 

We have observed similar multi-magnon sidebands in the luminescence 

spectra of KMnF and RbMnF. as shown in Fig. 9. In KrtnF, , sidebands up 

to 5 magnons show up clearly. They are regularly spaced with a frequency 
19 -1 

separation close to the maximum magnon frequency of 76.3 cm . In 

RbMnF,, the E exciton line is too weak to be observed. Also, under our 

experimental conditions, two impurity lines at 5493 A and 5517 A still 

remained visible although they were greatly reduced in strength. As 

shown in Fig. 9, we have observed up to 3-magnon sidebands associated 

with E in RbMnF . They are almost regularly spaced by the maximum mag-
20 -1 non frequency of 71 cm . Interesting enough, we have also observed 

an almost identical series of magnon sidebands associated with the im-
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purity e-citon at 5493 A . This strongly suggests the localized nature 

(it the phenomenon. 

'ii) Theory 

We now concentrate our theoretical interpretation of the results on 

MnF . The discussion is equally applicable to KMnF and KbMnF . The n-

magnon luminescence sideband processes are represented mathematically by 

Kq. (b). From the perturbation point of view, such a process would ap

pear to be of higher order as the number of magnons n increases. This 

is certainly not true for the observed multi-magnon sidebands since the 

luminescence peaks in Fig. 8 are generally of comparable magnitude. We 

can however qualitatively explain the results by the following two-ion 

local interaction model. 

Instead «; using the band picture shown in the inset of Fig. 3, we 

use the states in the molecular field approximation shown in Fig. 2. Fi

gure 10 siiows the energy level diagrams of three neighboring Mn ions; A 

and B are nearest neighbors on the same sublattice while A and C are se

cond nearest neighbors on the opposite sublattices. The ground states 

<g, m J of each ion are split by the exchange fieia iaco o Zeeaan SQDIU-

veis denoted by the spin quantum number m = ± 5/2, ± 3/2, and ± 1/2. 
s 

y 
The excited state E, is a mixed state ̂ -f a ,<e,m'i with m' = ± 1/2, ± 1 m m s' s 

s s 
3/2, although <e,m' = 3/2 J or <e,m' = - 3/21 may connate. In addition 
to the exchange field, there is also the off-diagonal exchange interac-21 ± + tion J..S.S. between ion pairs. We shall treat it as a perturDation. 

Then, if the Mn ion A is initially excited, the one-magnon sideband emis

sion results from an allowed electronic transition <e,m'•. •+ <e',3/2|. 
s ' A 'A 

followed by an exchange spin-flip transition between A and B, <e',3/2j 

<g,5/2j -> <g,5/2| <g,3/2| , or from the exchange spin-flip <e,m' s'A 
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<S.5/2L -* 'e* , 5/2 [ <g , 3/2 1 t. followed bv the allowed tr.ir̂ irior: <e',5/
/2 

' -" f4,5/ 21 . Either process involves Am = 1 corresponding to the emis-
A 

.ion of one magnon, Nov, similar physical processes of the same pertur

bation order can give rise to the n-magnon sidebands with n ̂  6. For ex

ample, 'e.m'i - <(•','1/2 I followed by <e ' , 3/2 i 'g, -5/2 ; r - ̂ K, 1/2 j s A A A L A 
'R,-3/2| via .1 S S leads to a 3-magnon sideband which can have compar

able strength to the one-nwignon sideband. Kxperimentally, the ̂ -polari

zation spectrum in Fig. 8 even shows a 3-magnon sideband stronger than 

the one—magnon sideband. In a similar manner, the 2-magnon sideband can 

be explained by <e,m'| -• <e',l/2| followed by <e ' , 1/2j <g,5/2j -*• S A A A B 
<g,3/2| <g,3/2 I and others; the A-magnon sideband can be e -plained by 

<e,m;|A - <e',l/2|A followed by <e',1/2; /K.-5/2, c - -g,-l/2|A<g,-3/2,c 

and others; etc. 
+ + In this model with J. .S . S . treated as a perturbation, the n-magnon 

i.l i j 
sidebands with n > 6 will have to arise 1rom a higher-order process uti-

+ + lizing J..S.S. more than once. Strictly speaking, we should treat the 

exchange interaction as a strong coupling Hamiltonian and solve the ei-

genenergies and eigenstates for a cluster of neighboring fin ions. If 

the spin part is isolated from the orbital part, then this is just the 

sudden approximation model proposed by Bhandari and Faiicov. In such 

a model, all the multi-magnon sidebands are treated on the same footing. 

It is not easy to be quantitative in the above discussion. A real

istic calculation taking into account just the nearest and next-nearest 

neighbor interactions is already extremely difficult. In addition, the 

relative amount of m' spin mixture in the excited state is not known so s 
that the relative strengths of the magnon sidebands cannot be estimated. 

The magnon dispersion which results from exchange interaction between 
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many ion pairs over a distance is not included in our model, and hence 

the spectral lineshape of these sidebands cannot be calculated. Never

theless, the model does give a correct qualitative interpretation of the 

results. In particular, it explains how several multi-magnon lumines

cence sidebands can exist with comparable strengths. Our model treating 

the exchange interaction as a perturbation will predict in the first-or

der approximation only a one-magnun sideband in the absorption spectrum. 

It therefore also explains why n-raagnon sidebands with n > 2 has never 

been observed, 

(iii) Conclusion 

We have observed multi-magnon luminescence sidebands in antiferro-

magnetic MnF , KMnF,, and RbMnF . We have shown that a simple model 

based on two-ion local exchange can explain qualitatively the observed 

results. A quantitative analysis is not yet available. 
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Figure Captions 

1 Crystal structure of MnF . Theydashed lines outline the chemi-
/++ cal and magnetic unit cell, fin ions numbered 1, 2, and 3 are 

the first, second, and third nearest neighbors of the central 

Mn ion in the cell. Arrows indicate the direction of the 

spins of the Mn ions in the Neel state. 

2 Schematic representation of the lower energy states of MnF in 

the various approximations. See text for details. 

3 Absorption spectrum of MnF„ at 1.6°K between 18400 and 18500 
_^ / 

cm ~. The soiid and the dashed curves are for the a- and ti-po-

larizations respectively. The inset is a sketch of the relevant 

energy levels. 

4 Schematic timing sequence of the events in the pulsed excita

tion-detection scheme. The total integrated impurity lumines

cence is much greater than the total integrated intrinsic lumin

escence. However, the intrinsic luminescence is much greater 

than the impurity luminescence during the boxcar gate open time. 

5 Polarized intrinsic luminescence spectra of MnF obtained 

by the pulsed excitation-detection scheme. The laser excita

tion had a wavelength of 5200 A, a pulsewidth of 0.4 usee, 
9 a peak power of ~ 30 MW/cm for the Tt-polarization and ~ 20 

2 
MW/cm for the a- and o-polarizations, and a repetition rate 

of 6 pps. The boxcar used for detection had a gate width of 

1 usee. The sample was immersed in superfluid helium but 

laser heating was still apparent. The effective sample tem

perature was 12°K for the a- and o-polarizations and 13.8°K 



for the Ti-polarization. 

5 -n-polarized CW luminescence spectra of MnF„ obtained with a 

92 mU, 5145 A, Ar laser light: (a) with the sample immersed 

in superfluid He, and (b) with the sample at 13°K. The spec

trum in (b) is amplified by 10 relative to that in (a). Solid 

lines are theoretical curves with the background taken into 

account. The inset shows the comparison between theoretical 

and experimental absorption sideband spectra. 
2 2 

7 u and v, as functions of k in the Brillouin zone. 
k k 

8 Polarized intrinsic luminescence spectra of MnF 0. Laser inten-
2 sity was ~ 20 MW/cm for the a- and a-polarizations and ~ 30 

n 
MW/cm''" for the n-polarization; laser wavelength X = 5200 A; 

laser repetition rate = 6 pps; boxcar gate width = 1 (jsec. Ar

rows indicate the theoretical cutoff points of the multi-magnon 

sidebands as explained in the text. 

9 (a) Unpolarized intrinsic luminescence spectrum of KMnF ob

tained with laser wavelength X. = 5130 A, boxcar gate width = 

10 usee, laser repetition rate = 6 pps, and laser intensity = 
2 4 MW/cm . Arrows indicate the theoretical cutoff points of the 

multi-magnon sidebands. 

(b) Unpolarized luminescence spectrum of RbMnF obtained with 

X = 5230 A, boxcar gate width = 1 ysec, laser repetition rate 
2 = 4 pps, a.nd laser intensity = 60 MW/cm . Features marked I 

are due to impurities. Long arrows indicate the intrinsic mul

ti-magnon progression, while short arrows indicate the extrin

sic multi-magnon progression starting from the impurity exciton 

at 5492.7 A. 
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Fig. 10 Energy level diagrams of three neighboring Mn (ona in the mole

cular field approximation. Ions A and B are on the same sub-

lattice; the associated E exciton state <e,m'| may have a do-
1 s 

rainant m' = 3/2 component. Ion C is on the opposite sublattice; 

the associated E exciton state 'e.m'l may have a dominant m' = 1 s s 
- 3/2 component. Transtions between <e,m'] and •'g,m | are mag-

netic-dipole allowed and electric-dipole forbidden. 
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V. Tvo-Magnon Resonant Raman Scattering in MnF 

A. Introduction 

Resonant Kaman scattering (RRS) involving phonons has been well 

studied in nany semiconductors. Sections II ard III in this work are 

good examples. Here, I report the first investigation on RRS in a mag

netically ordered crystal, vi^., MnF., in the antiferromagnetic phase. 

We have observed RRS by two magnons. 

The optical properties of MnF,, involving excitons and magnons have 

been reviewed quite extensively in Section IV. In brief, there is a set 

of absorption lines around 18450 cm (see Fig. 3, Section IV) arising 
6 4 Irom transitions within the A. ->- T, manifold. Lines E, and £„ are 
lg lg 1 2 

due to cre,-,ti. .. of E and E^ excitons respectively, via direct magnetic 

dipole transitions while lines o. (- ) and c are the corresponding mag-
x J. Z. 

non sidebands. In the luminescence spectrum (see Fig. 5, Section IV), 

direct and magnon-assisted recombinations of the E. excitons give rise 

to the E n T and o., (n._) luminescence lines respectively, etc. 1L 1L li, 
2-4 

The Raman spectrum of MnF. has been thoroughly studied. it con
sists of four phonon modes and one two-magnon line. No one-magnon line 
has yet been observed. We are interested in the changes of the Raman 
spectra when the exciting laser frequency scans through the various ab
sorption lines. 

B. Theory 

The peak position and the cross-section of the two-magnon line for 

excitation near a , TT , and o_ lines can be obtained following, for ex-
o o c. 

ample, Loudon's derivation. ' ' The spin Hamiltonian is of the form 
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(unless specified, we use the notations of Kef. 2) 

». • E E <#tf s;s; 
< i , J > a,B 

, „aB AaB , „uli 
where C ^ = A ± j + E ^ 

l j *—' 
^ V l e re[ gi l Vr. 8 ! 1 i ' V' .^J .^?. ! ! K j i ' e v g i T V ' 

(E - hw )(E - »IUJJ 
U , \J V S U P. 

+ 11 similar terms 

Bi5 - Z ) (^B.tler |v ig txv ig t |v|e ig txe lg tjv |u Tg i> * 
J p > v J o j j j j j 

<PJtg.i|er ig.t g.i >)/ [ (E - fiu ) (E - hu )h(a,. - u, - u + ir) ] i j ' u l j v s ;i f. *. E m 

In the above equations, <g. | is the ground state of the ich Mn ion, <u i 

and <vI are the allowed excited states with energies E and E respec-

tively, and <e| is either the E or the E„ excitonic state with its en

ergy denoted by hu)„. The magnon frequency is OJ . The quantities E and 
a 

E represent the a component of the exci t ing f ie ld and the 3 component 

of the sca t te red field r e spec t ive ly , and V and V are respect ively the 

d i r ec t and exchange terms of the Coulomb in t e r ac t i on . From Eq. (1) we 

find for the two-magnon Raman c ross - sec t ion , 

d o a b a 2 a B _ v ^ i aB i 
dw ^ | a a B ^ ~~^7 . ' * 

s t wo " M k ) - w (k) + i r 
K t, E m 
f (it) H (2) 

aB 
£ s m tu„ - ai_ - 2w (^) + i r ' I 2 
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where a . and b . are constant coefficients if we assume the matrix ele-
ati dp 

ments in Eq. (1) are constant and f „(k) is a function of k. Since the 

b , term is obtained from higher-order perturbation than the a r term, 
u& ° aB 
the former should be negligible in comparison with the latter unless the 

excitation frequency is cluse to one of the magnon sidebands, i.e., 

u, ~~ UJ„ + (i) (k) . Near such a resonance, if we use the approximation i. E m 
_2 

1 x + if, *~ = eni(x)/r, we can write 

do Jdu> ^ (do Jdu, ).,D + (do ,/du) ) (3) 
uS s aB s NR ab s K 

with 

(do 'cu. )..,, = (n|a u\2/T')Tif Ak)&[u,0 - m - 2w (&)] (3a) 
t 

(da /dm ) = (TT jb J V n " ) V] l" (k")6[aj. - "„(£) - w (&) ) x aB s R aB £-J otD £ E m 

6[CD„ - u - 2w (k)] . (3b) 
/ s m 

The total two-magnon Raman cross-section is then given by 

aaB = ^V + (VR ( 4 ) 

where 

( 0aB >R " ^ V l - M s = 2 \ - 2 V / d " s ] N R ' ( 5 ) 

Equat ion (3b) shows t h a t a t r e s o n a n c e , i f (da D/dtu ) > (da fl/dw ) . _ , 
otp s K ap s NR 



the peak position of the two-magnon line is determined by 

a) - ID = 2OJ (k) = 2(i). - 2d) (k) . (6) 
I. B in 8. h. 

The above results arc easy to understand physically since the resonant 

part can be considered as due to a magnon-assisted absorption immediate

ly followed by a magnon-assisted emission. 

C. Experiment 

Our Raman setup described in Sections II and IV was used. A CW dye 

laser with a linewidth of 0.2 cm was used as the excitation source and 

the sample was immersed in superfluid He at 1.6°K. Scattered light was 

collected near the sample surface in a 90° or backward scattering geome

try. For the particular sample used in the experiment, there was an im

purity luminescence line (denoted by I in Fig. 1) overlapping with the 

o. luminescence line. 

D. Results and Discussion 

No RRS by phonons was observed. Here, we discuss only RRS by two 

magnons. We found that the two-magnon line showed a resonance enhance

ment at the magnon sidebands but not at the E 1 and E exciton lines, 

just as we expected. Figure 1 shows a set of two-magnon Raman spectra 

at several different excitation frequencies around o 1 and a_ absorption 

bands. It is seen that the two-magnon line (denoted by M) varies in 

frequency with u . Deep in resonance, the line is considerably sharper 

(limited by instrument resolution in Fig. 1). When OJ falls in the re

gion where a, and o overlap, two two-magnon lines show up, due to simul 



65 

taneous resonances in o and a with two different sets of magnon modes 
involved. We have plotted the Raman peak shift of the two-magnon line 
as a function of u> in Fig. 2(a), and the corresponding Raman cross-sec
tion o (corrected for absorption) vs to in Fig. 2(b). The same re
sults for o are given in Fig. 3. 

xz 
The results of Figs. 2 and 3 agree well with our earlier descrip

tion. Wher (da „/duj ) r, > (do r/du )„, , the Raman shift should obey Eq. 
ci£ s R a6 s NK 

(6). We find that we can indeed fit that portion of the data by Eq. (6) 
-*- -+ ;issuining u, (k) is independent of k. This is shown by the straight lines E 

in Figs. 2(a) and 3(a). The values of constant u> deduced from the fit, 
E 

for RRS near o , c , and TI absorption peaks respectively, are (o (a, ) = 1 z 1 E _L 
18420.7 cm"1, IDI'O.) = 18429.5 cm"1, and ui (TT,) = 18405 cm"1. If 0,(11,) fc. 2- E l 1 1 
and 0 are ;r,..eed magnon sidebands of E and E„ and if tne assumption of 

dispersionless ii)„(k) is correct, then ^^(c,) and 01 (IT,) should be equal E t 1 E 1 
to the frequency of the E absorption peak and U)_(a ) to the frequency 

i h z 
of the E peak. The observed E, and E lines are at ID = 18419.5 cm z 1 2. El 
and ai „ = 18436.5 cm . The agreement between OJ (c.) and u)_, is within 

the experiment uncertainty, supporting the previous suggestion thac tne 
—1 8 

dispersion of the E exciton is less than 0.5 cm . There is a discre
pancy of 7 cm between w (a_) and ii)_„. This indicates that the E ex-

E L t,Z / 
citon has a negative dispersion of 7 cm from the zone center to the 

-1 9 

zone edge, in agreement with the 6.2 cm estimate of Sell et al. The 

fact that the data can still be fitted by a straight line suggests a ne

gligible dispersion of E near the zone edge. There is a big discrepan

cy of 14.5 cm between ui (ir ) and to 1 . Since we know E. is nearly dis

persionless, this makes us suspect that TT is not a magnon sideband of 

E 1 but of a lower-energy excitonic state. However, no such state has 
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been found in absorption and v has been shown to be indeed the magnon 

sideband of E in the previous section. Similar difficulty exists in the 

calculation of the it absorption sideband shape. Even with the exicton-

magnon interaction taken into account, the calculated sideband shape 

and position are quite different from those obtained experimentally. 

The rest of the data in Figs. 2(a) and 3(a) can be interpreted 

qualitatively as follows. On the low-energy side of a magnon sideband, 

when (do „/diu ) becomes more and more dominant over (do ,/du] ) . the aB s NR a6 s R 
two-magnon line gradually changes into its off-resonance lineshape and 

the Raman peak shift moves towards the off-resonance value. On the high-

energy side close to the peak of a magnon sideband, the resonance en

hancement of those two-magnon modes near the zone edge still dominates 

(consider Eq. (2) with finite damping constants), leaving the peak posi

tion of the two-magnon line more or less unchanged. 

We have also found that Eq. (5) describes the observed two-magnon 

resonance Raman enhancement near magnon sidebands quite well. In Figs. 

2(b) and 3(b), the theoretical curves are obtained from Eq. (5) using 

the experimental lineshape of (da „/diu )„„ and with (a „)„ normalized to 
aS s NR aB R 

i t s peak va lue . The discrepancy between theory and experiment i s prob

ably a r e s u l t of the 6-function approximation in the theore t i ca l der iva

t ion . 

E. Conclusion 

We have observed two-magnon RRS in MnF around the magnon sidebands. 

The mechanism for the two-magnon RRS i s different from that for the non-

resonant case . With a given exc i t a t ion frequency ui , i t se lec ts a par

t i c u l a r se t of two-magnon modes to be most strongly resonantly enhanced. 
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Consequently, because of the presence of magnon dispersion, the two-mag-

non line shifts in frequency as u varies, and two two-magnon lines show 

up when siraultaneous resonance with two magnon sidebands occurs. The 

resonance enhancement agrees quite well with a simple theoretical des-

cr iption. 
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Figure Captions 

1 Two-Magnon Raman spectra (denoted by M) at several different 

excitation frequencies ID . Peaks I and o. correspond to im

purity and magnon-assisted luminescence lines respectively. 

2 (a) Two-magnon Raman shift and (b) Two-magnon Raman cross-sec

tion as a function of the excitation frequency m . The excit

ing and the scattering radiation are polarized along y and x 

respectively (x,y 1 c). 

3 (a) Two-magnon Raman shift and (b) Two-magnon Raman cross-sec

tion as a function of the excitation frequency u . The excit-
t 

ing and the scattering radiations are polarized along z and x 

respectively (x 1 c and z ii c) . 
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VI. In te rac t ions of Collect ive Exci ta t ions in MnF„ 

A. Introduction 

The common practice of treating the elementary excitations in a so

lid as independent particles works well under many circumstances. Never

theless, this approximation generally breaks down in high excitation ex

periments (HEE) and sideband experiments (SBE). In HEE, a high density 

of elementary excitations is generated and new spectral features may ap

pear. A well known example is the condensation of Wannier excitons in 

Si and Ge. It is interesting to study similar effects for Frankel ex

citons. The E exciton of MnF 0, with its long lifetime and narrow line-

width, provides a clean system for studying the exciton-exciton interac

tion. Some theoretical considerations and preliminary experimental re

sults will be presented here. In SBi, two or more elementary excita

tions are generated simultaneously at close proximity and therefore 

strong renormalizing effects may occur. We have already seen one exam-
2 pie in Section IV, viz., the exciton-magnon interaction in MnF„. We 

will examine possible experiments to measure this interaction. Other 
3 4 

interesting interactions such as the magnon-magnon and magaon-phonon 

interactions have been studied extensively in the literature and will 

not be discussed here. 

B. Theory 

Referring back to Eqs. (2) and (4) of Section IV and related dis

cussions, it is clear that one can selectively prepare E exciton states 

in a shell in the Briliouin zone by monoenergetically pumping the magnon 

sideband of E . The exact distribution of the prepared E. excitons in 
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the Brillouin zone depends on the three dimensional structures of the 

magnon dispersion and the exciton-magnon interaction. Subsequently, by 

monitoring the magnon sideband luminescence spectrum the distribution of 

the E exciton states in the Brillouin zone can be inferred. By pumping 

the magnon sideband of E in absorption and monitoring the magnon side

band of E in emission with certain time delay, two pieces of informa

tion can be obtained. With zero time delay, the exciton-magnon interac

tion can be deduced. This interaction has been reviewed quite extensive

ly in Section IV and Ref. 2, and will not be repeated here. With vari

able time delay, the spectral diffusion of the E excitons in the Bril

louin zone as a function of time can be obtained. This tine dependence 

is intimately related to the exciton-exciton scattering rate in the Bril

louin zone, hence, the exciton-exciton interaction can then be deduced. 

Macfarlane et al. did an experiment along this line. Due to the 

low resolution in their experiment, they could only deduce the order of 

magnitude of the exciton-exciton scattering rate. The following approxi

mate rate equation can be used to describe their results. 

dpk/dt = P k - [A(/ p k d \ ) + B][pk - <pk>] - pk/i , 
BZ 

with 

A ~ 10 1 0 cm3/sec ; B(A°K) < 106/sec . (1) 

p is the number of E excitons with wavevector k per unit volume in 

real space and per unit volume in k-space; it is a dimensionless quanti

ty. <P^ > is the average of p in k-space. 
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'v • f >A/idh 

where the integration is over the whole Brillouin zone, and 

f "\ '3 3 
/ d k = 3.945 > 10~ /cm (3) 
"'BZ 

The optical pumping rate P is i_hi. number of E excitons with wr vector 

k per unit volume in real space and per unit volume in k-space generated 

pur unit time. T - 200 usee is the exciton lifetime which is dominated 

by crapping by impurities. equation (1) says the exciton population 

distribution p generated by optical pumping tendt. to randomize in k-

space by two mechanisms, the first being exciton-exciton scattering with 
-10 3 

rate constant A ~" 10 cm /sec, and the second being collision with im
purities and phonons with rate constant B < 10 /sec for a temperature 

below 4°K. If P as a function of time is known, p, can be solved. The k. K 

exact value of P depends on the manner of excitation, the magnon disper

sion, the exciton-magnon interaction, and the linewidth of E. . It can 

be calculated exactly in principle, though complicated. For our purpose, 

a crude estimate of P for a given excitation condition is sufficient. 

This is illustrated in the following numerical example. If a focused 

laser beam of 1 W power and 50 u diameter is used to pump around the 

peak of the magnon sideband in absorption, the photon current is 2.7 x 

10 photons/sec and the photon flux is 1.4 x 10 photcns/cm -sec. As

suming an absorption length of ~ 1 cm (peak absorption is 3.0 cm for 

o. and 1.7 cm ' for " - , ) , we obtain 

/ t' d k = 1.4 x 10 excitons/cm -sec (4) 
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ton transition can be considered as an excitun sidc-aaad of another .->x.-

ton. The twu-exc i ton transition tincr/.a:. ^rc .a •.',(_..•. .... ... ,.,t'. 

ent from the aura of the energies or the separate sine,' L; ,.as ̂ L I ons. 

The energy mismatch is then a direct measure of the e>a .:on-exciton in-

teraction. Stokowski et ai. observed E, -t- a,- ..rn; I'.: .ai-i..;,uoD trai.-

sitions in MnF_ with energy mismatch of + 61 en. ana - r-U c:., , respec

tively. Unfortunately, the 2E two-exciton transition was not observed 

probably due to its much weaker oscillator strength. 

The two-exciton transition energy mismatch and i..e exriton-exciton 

scattering rate can be related easily. The complete iiair.iltonian to the 

exciton is 

http://iiair.il
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£ v i + ^ V J ) + A ( E v<,a + E v , v v ) + 

w.sere K is tin- energy uf the 1\, exciI on stale, a i : it • ori-aLiun operator o 1 i 

:.ii .1:1 !•>:.• I ton ioi <i i l /.ed on tin- i-th Mn ton oi the splo-upsabiattlce,a 
-t-+ l,,o a;.:; i ai 1 at ion . ^rr.ilur tor an excit on lucn 1 i :'.ec, on the "J-LII Mn ion 

ol i In.- sp i n-dowi. suhuiincu, i'tc. , >. .inJ |i tlif i-xf i t or.-cxc i L ion interac-

1 ion ini'ii; i us . oincc the exc i tur.-rxi i ton interaction is of s'nort ran>;e, 

tiie si-i'imd and tin.' third terms in Eq . (6) are sunned o m y over nearest 

no i f'.hnors -ii' •, ' ] • ' - • on the same sublattice and next nearest neighbors 

•:ij.' on the <i;y,.;-. 11 ij sub 1 a 11 ice , respectively. When there is only one 

exciton present, Kq. (6) predicts an energy oi E as it should be. When 
o 

liii.Tr are two e>:c i i on.-, present, Kq. (2) predicts a total energy of 2K 
o 

Jl tney are we 1 i separated, 2E -t /. if they sir on nearest neignbors, and 

2K + IJ if thev sit on next nearest neighbors. For the two-exciton ab-o • 

sorption transition, the two excitons generated are sittin- on next near

est neighbors due to the spin selection rule. Therefore, u is simply 

the measured energy mismatch in two-exciton transitions. 

By transforming the local variables in Eq. (6) to wave variables, 

we have 

0E ( v k

 + 3 k s k) + f , V C 0 8 ( c p * ) fa ,VVpV k

1

 + 

k k ,k ,p I 2 r 1 2 1 

k -n^k S k + ~N~ •* cos(ap _ /2)cos(ap /2)cosCcp 12) * 
" 1 2 1J k ] , k 2 , p x y z 

+ 
:.. , 6 K2+p 

^ - H p ^ - p 6 ^ " ^ (7) 
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therefore it should be replaced by (i. n 2 / TT ) * /Lu, where Aio is the Gaussian 

linewidth of the E .'xciton. The mode occupation numbers arc much . c.-..:-, 

than 1 under most experimental conditions, therefore we have 

— T I — = _ ~~h—\ ; n, + / J <—s- cos icp jn . -r 
dt .2 \ -n / k l / * a 2 z k„i h Au 1 k ,p ( N* 

2 64p 2. . . 2. ... 2, .„. f — cos (ap /2)cos (ap /2)cos (cp /^)n. .' 
N 2 K y K 2 ) 

(9; 

The sum over p can be e a s i l y e v a l u a t e d . Equation (9) becomes 

1 .. - ,_„ . V 2 X- I , - . , - 1 ( 1 0 ) 

d t Nh 2 
T7 ( ' t n 2 ) \ , t S (^nk t + ^ 2 n A 

Atii 1 k . \ 2 2 / 
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Assuming n, = n , an i - x p r c S b i u n f o r A in Eq . (1 ) i s i M s i j v d e r i v e d . 
n.-- If.* 

'> I , •> 9 

N h ' ' - a 

w h e r e N i s t h e number of u n i t t i - l l s n e r u n i t v o l u m e . Wi th \\L^. '- 0 . 3 o 

err. ,ind A JU cm / s e c , we u l i l a i n 

\ : 2 2 -1 
( 1 2 ) 

The 2E. two-exc i ton absorption, if ever observable, shun Id have an ener-
-1 gy rr. is match ' u , -̂  l cm 

The energy shift of the E exciton line under high level excitation 

can he evaluated by the equation of motion 

d a k 
i h - d T = E k i \ = [ V H : ( i 3 ) 

where E,» i s t h e r e n o r m a l i z e d e n e r g y f o r the s p i n - u p s u b l a t t i c e . By Eqs . 

( 7 ) and ( 1 3 ) , we o b t a i n 

E . a = E a. + — / c o s ( c p ) a . a a, . + "ir / ,, kt k o k N i-~i z q+p q k+p N *-J 
p .q p , q 

c o s ( a p / 2 ) c o s ( a p / 2 ) c o s ( c p / 2 ) 6 _,_ & a, . U 4 ) 
x r y r z q+p q k+p 

I n v o k i n g the g e n e r a l i z e d H a r t r e e - F o c k a p p r o x i m a t i o n , we o b t a i n 

E i * ~ E + -rrY] c o s ( c p )n , , . + - T n . + -zrY^ n ( 1 5 ) 
kt o N *-" z k+pt N i-J pt N *-* pi 

P P P 
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The renormalized energy depends explicitly on the mode occupation num

bers. Assuming 

n, , = n, , = constant (16) 
k* M 

corresponding to a totally relaxed exciton distribution, we obtain 

E = E. , = E, . = E + AfX + 2u)(n/2N) (17) 
kl ki o 

where n is the total number of excitons, and n/2N is the fractional num-

ber of the Mn ions which are excited. For a fully excited system, n/ 

2N is equal to one and the energy shift predicted by Eqs. (12) and (17) 

is only a few wavenumbers. In the above derivation, we have implicitly 

assumed the system is stable against the formation of new phases, such 

as biexcitons, exciton liquids, etc. The justification rt-iies mostly on 

experimental results. 

C. Experiments 

A few experiments related to the exciton-exciton and exciton-magnon 

interactions are examined here. Some of them have actually been tried 

in our laboratory. The experimental setup used has been described in 

previous sections, 

(i) Probing the exciton-magnon interaction by CW excitation-detection 

We selectively prepare the exciton distribution in a shell in k-

space by CW optically pumping the magnon sideband. The geometry of the 

shell depends on the magnon dispersion and the exciton-magnon interac

tion. The prepared excitons relax in k-space according to Eq. (1). 
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The .-.ti-.'idv stati- distribution cl i'sri;,i:is in ; i • L- k-space is monitored by 

I hr ".i.'.rvn sideband luminescence. It the relaxation rate is slow enough-, 

a nonuniform distribution of excitons should be observed and the exciton-

Sii'jinn interaction tan be deduced. 

Assuming exciting la.ser power of :•: W focused into the sample with a 

neam diameter of r_)0 „, and a wavelength near t ae ,-. absorption peak (ab

sorption length "~ 1 i:n) , we obtain from i\,s. (A) and (5) 

f 3 '<•, 3 
/ P, d k = 1.4 ' c . ' - x exci tcr is /em - s e c (18) 
BZ 

and 

P = 4.4 x exciIons/sec (19) 

Mthin the shell and zero elsewhere. integrating Eq. (1) over k, we ob-

a {»A--fj-A-\L^ d t BZ k -BZ " u ~BZ 

For CW experiment, the time de r iva t ive i s zero. Therefore, 

(20) 

J p Rd 3k = 2 x 10 h x j P d \ 
BZ " "BZ 

2.8 x 10 1 9 • x excitons/cm (21) 

By Eqs. (2) and (3), we obtain 

<Pk> = 7.1 x 10 5 • x (22). 



Substituting these values into fiq. (];, we obtain, for k, within the 

shell si-1 ec t I ve ly pumped by the laaer 

0 - 4.4 x - [10 1 0 / 2.8 / 10 1 9 • x + Kj[s - 7.1 ' lo"5 • x] 

r; ' 10 3 p, (23; 
kl 

and fur k outside the shell 

0 = 0 - [JO 1 0 * 2.8 ' JO 1 9 • x + H][;i - 7.1 * 10 5 - x] - b " 10 3 ... 

(24) 

These can be simplified to yield 

R = ̂ ---* . __J^iol_. ( 2 5 ) 
"k 2.8 >• 10 • x + h 

R is the ratio of the excess population of excitons to the background, 

and is therefore the signal to background ratio expected in the lumines

cence spectrum. At higher pumping level (larger x), the ratio R ia de

graded due to larger exciton-exciton scattering rate. 

We have performed this experiment at 2°K for various pu.tiping levels 

(10 < x <0.1) in the manner described in Section IV. No noticeable 

change in luminescence spectrum was observed. The noise to signal ratio 

in our spectrum around the a. luminescence peak was approximately given 

by 

N/S = 0.05 + 3.2 x 10 A • x "2 (26) 
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where the frist term was due to the !.ib('r power fluctuation (~ 4%) and 

sped roi.ieter driver jitter (~~ 1%) within an integration time ~ 5 seconds, 

and the second terra due to the quantum noise of the light emitting pro

cess. For an incident laser power of 1 W (x = 1), tvpically 10 photon 

counts were collected during the integration time of ~~ 5 seconds. The 
7/2 7 -4 

quantum noise to signal ratio was then 10 /10 = 3.2 • 10 . Since we 

did not observe the effect, the following limit is set by Eqs. (25) and 

(26). 

0.05 + 3.2 * 10 A • x 2 > 6.2 * 104/(2.8 - 10 9 • x + B) (27) 

This can be solved to yield 

B ^ .._,i--̂ ._.iy_ _ 2.8 » lcT • x (sec 1) (28) 
x * + 1.6 x 10 

The right-hand side of Eq. (28) attains its maximum value of ~ 5 * 10 

when x = 5 x 10 . Therefore 

B(2°K) > 5 x 105/sec (29) 

From the data of Macfarlane et al., 

3(4°K) < 106/sec (30) 

We conclude 

B ~ 106/sec (31) 



at low temperatures. 

It if, clear from the above analysis that an improvement in signal 

tcj noise ratio is necessary in order to see this effect. From Eqs. (25;, 

(26) and (10;, it is easy to show that, the ratio of H to N/S is maximized 

for x -: 10 . At hi.s value of x, k -• 'j ' 10 ^ and N/3 - '6 ' 10 "". T;,c 

laser power fluctuation contributes A > 10 to N/S; it if. therefore non-

negl i \\ ihl e. In fact, if the laser power fluctuation can be eliminated, 

N/S •: k and the effect should he marginally observable. The laser puwer 

fluctuation can be either eliminated by using an active feedback, systen: 

or avoided by adopting a phase sensitive detection scheme. Both tech

niques are not difficult to apply and should be tried in the future, 

(ii) Probing the exciion-magnon interaction by pulsed excitation-detec-

t i on 

This is similar to Experiment (i) except the excitation and detec

tion are done in very short time intervals. If the time intervals in

volved are short compared with the exciton relaxation time, the unrelaxed 

exciton distribution is observed and the exciton-raagnon interaction can 

be deduced. 

Let At and At„ (sec) be the excitation and detection intervals, 

respectively. Obviously we would like to choose them to have the same 

time origin because otherwise the detector would miss the signal if the 

beginning of At should be after the beginning of At , or the prepared 

exciton distribution would have relaxed more than necessary if the begin

ning of At should be before the beginning of At . Also we would like 

to choose 

A t x < A t 2 (32) 
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to avoid wasting the pump laser energy. 
2 If the laser has peak intensity P(W/cm") and a wavelength near the 

- absorption peak (absorption length ~ 1 ̂ :m; photon energy - 2.29 eV), 

then about 

(6.25 •• 1018/2.:'9)!'.'.t1 " 3 • 10 l b i'At. (33) 
1 i 

3 excitons per cm are generated after each laser pulse. By the definition 

of F (see Eqs. (1) and (20)) and Eq. (33), we obtain 

/ dt f P, d 3k = 3 * 10 i O PAL, (34) 
•At JW K } 

1 

where the lir..,t integration is over the pulse duration Lime At . Inte

grating Eq. (2D) with respect to 1 over the interval At , we obtain 

/ p, d3k - f dt f P, d\ - — f p,d\ (35) 

right after the laser pulse. Assuming At. *? T (~ 200 usee) and combin

ing Eqs. (34) and (35), we obtain 

/ », d 3k - 3 ' 10 1 8 PAt (36) 

at the end of the laser pulse. Substituting Eqs. (36) and (31) into Eq. 

(1), the total exciton relaxation rate in k-space is 

A / p d3k + B = 3 •<• 10 8 PAt. + 10° (-.-ec 1) (37) 
~EZ k 1 



The detection interval At should be no longer than the inverse of the 

relaxation rate In order to observe the unrelaxed dibtribution, while as 

lonf; as possible to see more signal. The optimum condition is given by 

(A17) J = 3 > 10 8 IV. t + 10 6 (38) 

The ilcUTt ion dutv factor (I)F), defined as the ratio of the detec

tion interval At to the exclton lifetime T if At 0 < T, is equal to 

DF = A t 2 / T = 5 x 10 J At 2 (39) 

The number of detected luminescence photons is proportional to both the 

detection duty factor and the number of excltons generated after each la

ser pulse. By Eqs. (33) and (39), the signal is maximized if 

PAt.At, = maximum. (40) 

Substituting Eq. (38) into Eq. (40), rhc condition becomes 

PAt. = maximum, (41) 

At = minimum. (42) 

There is also a limit on P given by 

P < P u (43) 
b 
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••.:.•_• r e P. - '-> A 10 V / cm" is the ex,n.-r . ;~je;u a] i v de r e rial ned sample break

down threshold intensity. 

Thi-re .ire in total four independent conditions s;iven by Eqs. (32), 

(18), (41), and (43) for tile three independent variables P, At , and /St,, 

After so:in- simple .i1. j;i.-hr;i, it can in- shown the solution is given by 

-9 At = At., = 3 •* 10 sec; (44) 

1' = p = 5 * 10 8 W/cnT. (45) 
b 

detected signal is also proportional to the laser repeti-

Hnvever, R should be kept below 1/-, or 

R < 1/T = 5 kHz. (46) 

to avoid appreciable luminescence signal overlapping between successive 

laser pulses. If R > 1/T, the residual exciton population from previ

ous laser pulses would contribute to the exciton-exciton scattering rate 

and the siganl to background ratio (contrast) of the spectrum would be 

degraded. Eqs. (44)-(46) are the conditions to be satisfied experiment

ally. 

A nitrogen laser pumped dye laser is likely to be the most easily 

available pump source which satisfied Eqs. (44)-(46). Let us assume the 

following characteristics of such a laser : pulse width = 3 nsec, energy 

per pulse = 30 uj , and repetition rate R = 100 Hz. """ The peak intentsi-
2 

ty P is 500 MW/cm when the laser light is focused down to a beam dia
meter of ~ 50 u. The average power is 3 mW. 

The amount of 

tion rate R. 



A clean luminescence spec t rurn with (".oou :. 1 i'.r.aI lu noise ratio arid 

resolution ''•'in be obtained in about 2 minutes usinj.; the CV.' excitation-

detection scheme (Kxper irnen t (1)) with a laser power of 1 ITIW. In the 

present experiment, the average incident power is about 'i mW, however 

the signal i:; reduced by t tie detection duty factor oi ' 2 ' JO (Eq. 

09)) compared with the (,V experiment. Therefore a ni n i rr.iirr, experimental 

time of "" i ' 10 minutes 2U days is necessary .or the present experi

ment. This is beyond our capability and we have not trieu this experi

ment . 

(iii) Induced absorption 

A pump laser is used to selectivil> prepare the exc.iton and magnun 

distributions in Lhe iirillouin zone. The excitons and magnons generated 

can absorb light to reach higher levels. A second probe laser is usee 

to monitor the absorption as functions o; pump power, time delay (in ca

se of pulsed excitation), pump and probe wavelengths, etc. Under favor

able conditions, some useful information may be extracted. For example, 

the selectively prepared magnon states can absorb lignt to reach the E. 

exciton level. By monitoring the absorption in the antxfcoK.es magnon 

sideband absorption region, the exciton-magnon interaction can be dedu

ced. The situation is very similar to that in Experiments (i) and (ii), 

and the relevant theory can be developed in much the same way. Here, we 

need to worry about the relaxation of the prepared magnon distribution 

via magnon-magnon, magnon-phonon, and magnon-impurity collisions. Since 

most of the relevant paremeters are not known in the present case, we 

merely mention this possible experiment without detailed numerical ana

lysis, 

(iv) Probing the exciton-exciton interaction by HEE 

http://antxfcoK.es


Vr.Ji.-r hi^h level excitation, the E. excitant, either shift in energy 

according to Eq. (17) or form new phases such as biexcitons, exciton li

quid, etc. We performed this experiment using the pulsed excitation-

dt-tect i>'ii scheme described in Section IV. The flash lamp pumped dye la

ser was >,sed to excite the E absorption line directly. The highest 
2 pumping level was 500 MW/cm (~ 5 mj per pulse focused down to a beam 

diameter of ~ 50 p and a pulse width of ~ 0.4 psec) limited by sample 

breakdown. The E. exciton line had a peak absorption coefficient of 

0.71 cm Theoretically, n/2N - 0.01 in Eq. (17) and a shift of about 

O.Oi rm was expected. Experimentally, we monitored the E n luminescen

ce line and no shift was observed with our highest spectrometer resolu

tion of about 0.5 cm . Furthermore, we didn't observe any new spectra. 

line, whic.fi could be identified as biexcitons or exciton liquid, showing 

up as the pumping intensity was increased. Therefore, the mean field 

theory we used t rive Eq. (17) was in no contradiction with the ex

perimental results. 

A definite and quantitative check of our theory is difficult due 

the low breakdown threshold of our MnF samples and the limit on reso^u 

tion oi ->ur spectrometer. A possible alternative is to pump the higher 

allowed transitions. For allowed band to band transitions (such as d + 

p, d -*- s, or p •+ s, etc.), the absorption length is typically 10 cm. 

With ~ 5 mj inciednt energy, the transition is easily saturated. If the 

excitations quickly relax down to the metastable E st"te, n/2N can be 

close to one. The shift is expected to be — 1 cm and should be detec

table. However, the temperature rise of the sample after the laser pul

se can be very high due to the phonons emitted as the generated excita

tions relax down. This may complicate the final analysis. Neverthe-

http://Vr.Ji.-r
http://whic.fi
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less, we hope to perform this experiment in the future. 

(v) Two-photon excitation 

Some energy levels may be reached by two-photon absorption if the 

selection rules are satisfied. In particular, if an excitation is Raman 

active, it can also be reached by two-photon absorption. The two-magnon 

transition is an example. A far infrared molecular laser is needed for 

this purpose. Of more importance is the 2E1 two-exciton transition whi

ch has not been observed by single-photon absorption. If this can be 

observed by two-photon transition, the result should provide partial ve

rification of our theory (Eq. (12) and related discussion). 

D. Conclusion 

We have studied the exciton-exciton and exciton-magnon interactions 

in MnF . In particular, a detailed theory of the exciton-exciton inter

action is developed. A few possible experiments are examined. The te

chniques used are of either the pump-and-monitor or the pump-and-probe 

type. Many other experiments and techniques are possible, for example, 

the time correlated photon counting technique for precise relaxation 
12 13 

time measurements, the application of external magnetic or electric 
14 

field, stress experiment, high pressure experiment, etc. The collec
tive excitations in MnF. and their mutual interactions are clean enough 
that detailed quantitative theories can often be developed, yet they are 
complicated enough that a complete description is awaiting more sophis
ticated theories and experiments. We hope this work will stimulate fur
ther interest in this subject. 
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VII. Brillouin Scattering in GaSe 

A. Introduction 
1 2 Brillouin scattering in solids ' has attracted much attention in 

recent years. It proves to be a very useful technique for materials 

study. It also gives insight into the fundamental nature of the coupl

ing of the acoustic phonons to the electronic states responsible for the 

optical properties. In this section, I will present our recent Brillou-
3 in scattering experiment results on GaSe. First, this technique will 

be demonstrated to be a powerful probe of the elastic properties of so

lids. In particular, all five independent elastic constants of GaSe 

have been measured accurately. Second, the results on resonant Brillou

in scattering will be presented and discussed. 

GaSe is a layered compound; its crystal structure has been descri

bed in Section II. Due to the weakness of the van der Waals bounding 

between adjacent layers, GaSe has been thought for some time to be a 

system with two-dimensional properties. However, recent band structure 

calculations as well as measurements of optical and electronic trans

port properties have indicated that GaSe has nearly isotropic electronic 

states at the forbidden gap. The crystal is easily cleaved along the 

layers, showing the mechanical properties are anisotropic. It is inte

resting to measure the sound velocities as functions of propagation dir

ection; the elastic constants can then be deduced. Such measurements 

have been done using ultrasonic techniques. However, only incomplete 

information has been obtained. The accuracy of the ultrasonic results 

is also much lower than that of our Brillouin results. 

GaSe is also a semiconductor with a gap energy around 2 eV. It has 
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been shown in Section II that the Raman cross sections of the optical 

phonons show resonant behavior as the laser frequency is tuned near the 

direct gap. Some modes are strongly enhanced while others show antire-

sonant behavior. Also multiphonon modes show up. It is interesting to 

investigate the resonant behavior of the acoustic phonons. Such a stu-
y 7 p ft 

dy has been performed on a few materials, including CdS, ' ' ZnO, 

GaAs, ' ZnSe, etc. However, no such study has been performed on 

GaSe previously. 

B. Experimental Setup 

We have constructed ? r-illouin spectrometer with a three-pass, 

piezoelectrically scanned Fabry-Perot interferometer as the center core. 
12 The construction i: similar to that of Sandercock and that of Dil and 

13 Brody. 

All the optical components used wen- mounted on single piece of 

3' x 9' x 2" steel plate lor rigidity and stability. The steel plate, 

was put on top of a sand box which in turn was supported by inflateo 

inner tubes. With chis arrangement, the building vibration was suppre

ssed to an undetectable level. 

The flow diagram of the Brillouin spectrometer is shown in Fig. 1. 

The laser used for excitation was either a Spectra Physics model 125 He-

Ne laser with an output power of 50 mW or a homebuilt CW jet stream dye 

laser with a typical output power of 100 mW. The dye laser was tunable 

between 5350 A a n d 6600 & with a linewidth of 2 GHz by inserting one or 

two etalons in the cavity. It could also be made single-mode by insert

ing more etalons in the cavity. In that case, the laser linewidth was 

dominated by jitter and was about 50 MHz. The He-Ne laser had a fixed 
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linewidth of 2 GHz. The laser linewidth was monitored by a spectrum 

analyzer during the measurements. 

After passing through a polarization rotator, the laser light was 

focused onto the sample via lens L . In the particular case shown in 

Fig. 1, the backscattering geometry was employed. The same lens used to 

focus the laser light was also used to collect the scattered light. Af

ter passing through the polarizer analyzer A, the scattered light was 

spatially filtered by lenses L„, L and pinhole P. to eliminate diffuse

ly scattered light. Two corner cubes C and C„ were used to pass the 

light three times through the Fabry-Perot interferometer to increase the 

background rejection ratio. The scattered light was finally filtered by 

a 1/4 meter J-Y monochromator with a 10 A bandpass to eliminate sample 

luminescence and Raman signals, and detected by a cooled FW-130 photo-

multiplier. Standard photon counting electronics and a multichannel 

analyzer were used for data collection. 

One of the Fabry-Perot mirrors was mounted on three piezoelectric 

transducers (PZT's). The microprocessor basea control box applied li

near ramping voltages to these PZT's to mechanically drive the mirror 

over a distance of about 0.8 y for an applied 250 V ramp. The control 

box and the multichannel analyzer were fully synchronized such that ea

ch channel in the multichannel analyzer corresponded to a fixed position 

of the mirror. The photon counts from the photomultiplier were stored 

in successive channels as the mirror moved. The result was then a Bri-

llouin spectrum. The ramping voltages were applied repetitively to fa

cilitate signal averaging. The ramping frequency was adjustable and was 

typically a few Hz. The voltages applied to the PZT's were also DC bi

ased. These DC bias voltages could be manually adjusted for initial 
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alignment of the mirrors. Due to thermal and mechanical drifts, the 

initial alignment would be destroyed after a few minutes. By self-modu

lating the DC bias voltages and monitoring the transmission peaks of the 

laser light detected by the photomultiplier, the control box automati-
14 

cally adjusted the DC bias voltages to maintain the alignment indefi
nitely. 

The Fabry-Perot mirrors were purchased from Burleigh, Inc. These 

were flat to A/200 and coated for 5500 A to 6500 A with a nominal ref

lectivity of 93% optimized for three-pass operation. The theoretical 

finesse of the Fabry-Perot system was 78, contrast 3 * 10 , and trans

mission efficiency 83%. The finesse was degraded somewhat by the modu

lation of the DC bias voltages applied to the PZT's; the measured value 

was about 60. Since the intensity of the elastically scattered laser 

light from the sample surface was typically 10 or even more stronger 

than the Brillouin signals, the high constrast value of 3 * 10 associa

ted with the three-pass configuration was a necessity. A usual single-

pass system using mirrors with 96% reflectivity would have a contrast 
3 value of 1.5 x 10 , far from enough. The free spectral range of the 

system was adjustable and was fixed at 92.0 GHz during the measurements. 

Lenses L. , L„, L_, and L, had focal lengthes equal to 4.9, 6.7, 

6.7, and 6.7 cm, respectively. These were coated achromatic plano-con

vex lenses with clear apertures 0.5 cm in diameter. The half collecting 

angle within the sample was about 1° which was about our angular resolu

tion. Pinholes P and P. had diameters of 100 u. The pinhole finesse," 15 esse 

being equal to 700, was much greater than the Fabry-Perot f inesse. 

I t s ef fect on overa l l resolut ion could therefore be negelected. 
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C. Sound Velocity Measurements 

(i) Experiment and results 

In order to propagate sound waves in any possible direction in the 

crystal, three scattering geometries including backward scattering, ref

lection scattering, and nearly 90° scattering, shown in Fig. 2, were 

used. The sample had a cleaved surface perpendicular to the c-axis and 

a polished surface nearly parallel to the c-axis, and was mounted on a 

goniometer type mount for angle measurements. The He-Ne laser was used 

as the excitation source. Some typical spectra obtained in different 

scattering geometries were included in Fig. 2. From the scattering geo

metry, the momenta of the phonons were calculated in the usual manner. 

The indices of refraction used in the calculation were taken from Ref. 

17. From the measured Brillouin shifts and calculated momenta, the so

und velicities as functions of propagation directions were obtained and 

.summarized in Fig. 3. The results were obtained at room temperature and 

were independent of incident laser power indicating no appreciable local 

heating. The absolute Brillouin scattering cross sections were not mea

sured since the collection efficiencies were difficult to estimate with 

high accuracy. The widths of thf. Brillouin modes could in principle be 

used to deduce the phonon damping parameters. However, the experiment

ally observed widths were often broadened by crystal imperfections. 

Thus, the measurements were not so meaningful. The widths of the Brill

ouin modes shown in Fig. 2 were actually dominated by the laser and ins

trument linewidths. The polarizations of the Brillouin modes were che

cked with the theoretical predictions with good agreement, 

(ii) Theory and discussion 

The space symmetry group of GaSe is D_, (6m2). There are five in-
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1 8 depent elastic constants C. , C _, C..,, C„ 0 > and C, , . The equations 
19 of motion can be solved straightforwardly to give the sound velocities 

and polarizations. There is one mode which is purely transverse for all 

propagation directions; its velocity v is given by 

vT(8) = [|(C n - C 1 2)sin 26 + C 4 Acos 26] 1 / 2/p (1) 

where 0 is the angle between propagation direction and the c-axis. and 
3 20 

P is the mass density equal to 5.03 g/cm for GaSe. The other two mo
des are in general mixed TA and LA modes; their velocities are given by 

v±(e) = ( i /p){ | (c 4 4 + c i ; isin 26 + c 3 3cos 2e) ± | [ ( c 4 4 + c i ; Lsin 2e -

2 2 2 2 "> C-.cos 0) - 4C..(C.,sin 6 - f: cos 6)sin"e + C^.CC,, + 33 kh il J_J 13 13 

2C44)sin 26J \ 

At 6 = 0 and 90", the "+" and "-" modes become purely longitudinal and 

ourely tranverse, respectively, hence they are called quasi-longitudinal 

and quasi-transverse modes, respectively. We have 

v+(0) = ( C 3 3 / p ) 1 / 2 

v_(0) = v_(90°) = vT(0) = ( C 4 4 / p ) 1 / 2 

v+(90°) = ( C 1 1 / p ) 1 / 2 
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vT(90°) = [|(Cn - C 1 2 ) / p ] 1 / 2 (3) 

Therefore, from the measured sound velocities for 6 = 0 and 90°, four 

elastic constants C,,, C,_, C._, and C,, can be deduced. In order to 11 12 33 44 
obtain C..., a different propagation direction has to be used. 

The solid curves in Fig. 3 are theoretical curves obtained by fit

ting the data using Eqs.(l) and (2). All five elastic constants have 

been obtained and are listed in Table 1. The accuracy of these values 

are better than 5% judged by the scattering of the data points. Also 

shown in Table 1 are the values obtained by Khalilov et ai. using the 

ultrasonic technique at 1.67 MHz. Some of their values are quite diff

erent from ours probably due to the inferior quality of their samples. 

In particular, they didn't measure C because measuring C. _ would re

quire "tting the sample in an oblique plane relative to the cleaved 

plane. Since GaSe is very soft, cutting the crystal in an oblique plane 

is very difficult without severe mechanical damaging. In contrast, the 

Brillouin scattering technique can yield the desired information readily 

by choosing suitable scattering geometries. 

The Brillouin scattering cross section is related to the photoelas-
** 1 tic tensor p by 

a . . = le.e.: p :(Vu) I (4) 

where e. and e. are the unit polarization vectors of the incident and 

scattered light respectively, and u is the displacement vector of the 

phonon field. From the known form of the photoelastic tensor, ' the 

polarization selection rules can be easily derived. The results for ba-
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ckward and 90° scattering geometries are shown in Table II. The data 

points in Fig. 3 have been checked with these selection rules with p.o<- i 

agreement. 

The data in Fig. 3 clearly shows the anisotropy of the mechanical 

properties. For example, the LA velocity is 2.7 * 10 cm/sec for 6 = 0 , 

which is much lower than the value of 4.6 x 10 cm/sec for 8 = 90°. A 

good measure of the anisotropy is given by the ratio 

r = v +
2(0)/v +

2(90°) = C 3 3 / C n = 0.334 (5) 

The same ratio should approach 0 for a two-dimensional solid character

ized by zero coupling between layers, and should be 1 for an isotropic 

solid. For most crystals, r > 0.5. The low value of r for GaSe is cer-

tai ; • connected with its layered structure, 

(iii) Summary and conclusion 

We have measured the sound velocities of the three acoustic modes 

in GaSe as functions of propagation direction by the Briiiouin scatter

ing technique. Accurate values for all the five elastic constants r.v-'i: 

been deduced; polarization selection rules have been verified. The re

sults show the mechanical properties of GaSe are very anisotropic due to 

the layered structure of the crystal. 

D. Resonant Briiiouin Scattering 

(i) Experiment and results 

In measuring the resonant behavior of the acoustic phonon modes, 

the tunable dye laser was used as the excitation source. The experiment 

was done at room temperature with the scattering geometry shown in Fig. 



2(a) and an incidence angle of 70° with respect to c. Both incident and 

scattered light were polarized in the scattering plane. In this arrange

ment, the quasi-TA "-" and the quasi-LA "+" modes were observed simul

taneously. The Brillouin cross sections were corrected for absorption 

in the manner described in Section II. It was found that the cross sec

tions of the quasi-TA and the quasi-LA modes remained proportional over 

our dye laser tuning range. Therefore it is sufficient to show only the 

results on the quasi-TA mode. This is given in Fig. A. Due to the una

voidable strong luminescence when exciting near the absorption edge, the 

Brillouin signals were lost in the hi^h luminescence background for m J; 

2 eV. Other scattering geometries were also tried and the results were 

similar, 

(ii) Discussion 

The direct exciton of GaSe is at 2.005 eV at room temperature. The 

absorption coefficient near the exciton absorption edge has been mea-
21 sured. The effective absorption coefficient on the Urbach tail for 

extraordinary light with an incidence angle of 70° is given by 

a = 5.9 x exp(102 x E - 198) + 1.5 (cnf1) (6) 

where E is photon energy in eV. This is plotted in Fig. 4 as a solid 
line. 

2 22 A simple perturbation theory ' predicts the Brillouin cross sec-
2 tions should be proportional to a (or a) if intraband electron-phonon 

matrix element is nonzero (or zero). We see from Fig. 4 the Brillouin 

cross section \s essentially a constant while a increases by three or

ders of magnitude approaching the direct exciton. Therefore there is no 
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resonant enhancement. In some other .'mattering georaet r i es, it was pos

sible to follow the Brillouin peaks above the band gap up to 2.1 eV. 

But in all the cases we studied, no resonant behavior was found. This 

is the first known example of a crystal with acoustic phonons which show 

no resonant beh.'.vior near the fundamental gap. The tentative interpre

tation is that the electron-acoustic phonon interaction is cjuite smaiJ 

for the lowest conduction Viand and the t op valence hand of (,aSe and t he 

nonresonai.t Brillouin cross sections are dominated h"' other electronic 

transitions. No experimental or theoretical values of the electron-acou

stic phonon matrix elements of CaSe are availa'.ie. 

(iii) Summary and conclusion 

Wc have searched for possible resonant enhancement of the Eriiiouin 

cross sections of iiaSe near the fundamental gap. No resonant behavior 

has been found. The results seem to suggest the electron-acoustic ,,::w-

non coup'Lin;', is small for the fundamental gap. I'urtner experimental .iiic 

theoretical studies are necessary to verify this assertion. 



References 

K. Vacher and L. Boyer, Phys. Rev. B6, 639 (1972). 

A. S. Pine, Topics Appl. Phys. H, 253 (1975). 

T. ('. Chiang, .1. Humas, and Y. K. Shen, Bull. Am. Phys. Soc. 2_3, 3dfi 

(1978); So], State Ccmun., to be published. 

A. iiourdon, .1. de Physique 15, C3-261 (1964); M. Schl'uter, II Nuovo 

Ciraento L3B, 313 (1973). 

(',. nt.taviani, C. Canali, F. Nava, Ph. Schmid, E. Mooser, R. Minder 

and 1. Zschokke, Sol. State Conw.un. U , 933 (1974). 

Kh. M. Khalilov and K. I. Rzaev, Sov. Phys.-Crys. _U, 786 (1967). 

A. S. Pine, Phys. Kev. B_5, 3003 (1972). 

R. Berkowicz and D. H. R. Price, Sol. State Commun. 14_, 195 (1974). 

U. K. Garrod and R. bray, Phys. Rev. B_6, 1314 (1972). 

R. G. Ulbrich and C. Weisburli, Phys. Rev. Lett. _3S, 865 (1977). 

K. Ando and C. Hamayuchi, Sol. State Commun. ̂ 6, 57 (1975). 

J. R. Sandercock, Opt. Commun. 2_, 73 (1970). 

J. G. Dil and E. M. Brody, Phys. Rev. B14_, 5218 (1976); J. G. Dil, 

Ph.D. thesis (Institute of Optics, University of Rochester, 1975) 

(unpublished), available in print at Phillips Research Lab., Eindho

ven, Netherlands. 

The control box is designed and constructed by the Electronics Shop, 

Department of Physics, University of California at Berkeley. The 

de'-ailed feedback algorithms are described in the Brillouin Stabili

zer User's Manual, available at the Electronics Shop. 

Tech Memo on Multipass Fabry Perot, available in print at Burleigh 

Instruments Inc., 100 Despatch Drive, P.O. Box 388, East Rochester, 



104 

New York 14445. 

16. R. W. Dixon, IEEE J. Ouan. Elect., Ojv-j., 85 (1967). 

17. T. A. MrHath and .1. C. Irwin, Phys. Status Solid! A38, 731 (1977). 

18. .1. F. Nye, Physical Pr_op_ert ies_ of Crj/stnhs_, Oxford : Clarendon, 

1960. 

19. See, for example, Kittel, Intrqductiujn to Solid State Physics, 3rd 

Ed it ion. 

20. .1. Dumas, private communication. 

21. A. Balzarotti and M. Piacentini, Sol. State Conraiun. 1J3, 421 (1972); 

J. D. Wasscher and J. Dieleman, Phys. Lett. 39A, 279 (1972); R. Le 

Toullec, N. Piccioli, M. Mejatty, and M. Balkanski, II Nuovo Cimen-

to, 3JSB, 159 (1977) . 

22. R. Loudon, Proc. Roy. Soc. (London) A275, 218 (1963). 



TABLE I 

Values of the elastic constants of GaSe deduced from our Brillouin scat
tering experiment and from the ultrasonic measurement of Khalilov and 
Rzaev (Ref. 6). 

Brillouin Scattering | Ultrasonic Meas. 
(present experiment) | (Khalilov and Rzaev) 

' Acoustic Phonon 
; Frequency 

C (Km/cm - sec ) I 1.05 * 10 

I <-, 3 3 

-44 

-12 

! C 13 

10 - 40 GHz 

iY 

iT 

1.67 MHZ 

1.02 * 10 12 

3.51 * 10 

1.04 * 10 11 

3.25 x 10 11 

1.26 x 10 11 

3.07 •<• 10 11 

0.70 >• 10 11 

3.24 x 10 11 

Unknown 

TABLE II 

Polarization selection rules for backward and 90° Brillouin scattering of 
acoustic phonon modes, "+", "-", and TA, in GaSe. W , HH, VH, and HV re
fer to the various polarization configurations. 

Backward Scattering 90° 
Scattering 6 = 0° 0° < 6 < 90° 6 = 90° 

90° 
Scattering 

W ; HH + + , - + + . -
VH; HV TA TA 

i 
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Figure Captions 

Fig. 1 Flow diagram of the Brillouin spectrometer. L. , L„, L„, and L, 

are lenses, A a polarizer, P and P pinholes, C and C,( corner 

cub j prisms, F.P. Fabry-Perot plates, PMT a photuraultiplier , 

and MCA a multichannel analyzer. 

Fig. 2 Typical Brillouin spectra of C.aSe obtained in the three scatter

ing geometries: (a) back, scattering; (b) reflection scattering; 

(c) nearly 90" scattering. (a) and (b) were obtained in the HH 

polarization configuration and (c) in the W configuration, 

where H and V refer to polarizations parallel and perpendicular 

to the scattering plane respectively. 

Fig. 3 Velocities of the three acoustic phonon modes in GaSe as func

tions of the propagation direction. 6 is defined as the angle 

between the crystal c-axis and the propagation direction. Solid 

curves are the theoretical curves obtained from Eqs. (1) and 

(2). 

Fig. U Measured Brillouin scattering cross-sections (crossed data 

points) of the "-" phonon mode in GaSe as a function of the in

cident laser frequency. The scattering geometry was that shown 

in Fig. 2(a) with an incident angle of 70° with respect to c 

and an HH polarization configuration. The solid curve gives 

the absorption coefficient of the crystal in this frequency re

gion. 
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VIII. Two-Photon Parametric Scattering in Sodium Vapor 

A. Introduction 

Parametric interaction of light waves in nonlinear media has re

ceived much attention in recent years. It has proved to be a very im

portant mechanism for generating new frequencies and providing light am

plification. One-photon parametric scattering has been well studied both 
2 experimentally and theoretically in the literature. I present here a 

theoretical calculation of the two-photon parametric scattering in sodium 

vapor. Preliminary experimeni.al result will also be discussed. 

The two-photon parametric scattering process is an energy conserv

ing process 

2h(jj = hu„ + hu (1) 

where two pump photons with energy hu are converted into one signal pho

ton with energy hm and an idler photon of energy hu)„. Tne nonlinear me

dium mediates tne transition but does not undergo any change itself. 

Therefore the total photon momentum is also conserved. 

2^ = t, + t3 (2) 

This is also known as the phase-matching condition. 

Sodium vapor, the nonlinear medium in our case, is a centrosymmetric 

system. Therefore, one-photon parametric scattering is electric dipole 
3 forbidden. Although quadrupole transitions have been shown to lead to 

large nonlinearities suitable for this purpose, we restrict our discus-
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sion to the two-photon parametric process because of an easy access to 

a two-photon resonance. 

The spectroscopic data of sodium is well known. There is only one 

optically active electron. Figure 1 shows a partial energy level dia-

gram. The two-photon parametric process is resonantly enhanced by choos

ing 21iu close to the 3s *• 5s two-photon transition. This is further re

sonantly enhanced if hw is close to the single photon transition 5s -» 

3p or 3p - 3s. The overall process is shown schematically in Fig. 1. 

Since the transition matrix elements are known, the cross section can be 

easily calculated. 

B. Theory 

Let the electric fields of the pump, idler, and signal beams be 

E.(t) with i = 1, 2, and 3, respectively. We define the complex fields 

E. by 
l 

/ -ioj.t\ 
E\(t) = Re(E\ e X j u; 

where Re means the real part. The nonlinear complex polarization at the 

signal frequency u is defined by 

? 3 = 3 x ( 3 ) U 3 = 2 W l - u>2) : £ ^ 2 * (A) 

**(3) 
where x is t n e third order nonlinear susceptibility and the factor 3 

•"•(3) 5 

is the degeneracy factor. x c a n t>e calculated using the perturba

tion theory within the dipole approximation. Assuming two-photon near 

resonance with the 3s -+ 5s transition, we have 
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" ( 3 ) 
X 

12h n , m , n ' , m ' 
<3s Ojr j n ' p m ' x n ' p m ' | r | 5s 0><5s 0 | r |npm> 

<npm|r |3s 0> j ^ 
wl ' V 3 ui- - ui _ 3 OJ. - w a 

1 n P 3 / 2 1 n P

1 / 2 J 

2 1 + I _ - 1 • I - \ + 

' "3 " V p

3 / 2 " ^ " ^ 2 ' 3 *2~"U~«~*2/2 

3 w2 " V P 1/2 

(5) 

N is the number of sodium atoms per unit volume, e is the electronic 

charge. The dipole matrix elements are evaluated with respect to the 

basis vectors |n£ra>, where n is the principal quantum number, S. = s, p, 

etc. the orbital-angular-momentum quantum number, and m the magnetic quan

tum number. Due to spin-orbit interaction, np state is split into nP . 

and nP / r ) states. To first order approximation, these two levels contri

bute 2/3 and 1/3 of the total oscillator strength of the transition, re

spectively. Hyperfine interaction has been neglected in Eq. (5). 
**(3) 

It is clear from Eq. (5) that x is symmetric with respect to in
terchange of w„ and (i)_ . Since a sodium atom has spherical symmetry, it 
can be shown the only non-vanishing components of x a r e 

x<3) = (3) = (3) 
Axxxx yyyy ZZLZ 

(3) _ (3) _ (3) _ (3) _ (3) (3) 
xxyy yyxx Ayyzz zzyy Azzxx Axxzz 

v ( 3 ) = v ( 3 ) = v ( 3 ) = V ( 3 ) = < 3 ) = 0 ) 

xyxy yxyx yzyz zyzy *zxzx "xzxz 

<3) = x O ) = (3) = (3) = (3) = (3) 
xyyx Ayxxy Ayzzy Azyyz Azxxz Axzzx (6) 
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Since we retain only the 5s two-photon resonant intermediate state in 

Eq. (5), the only significant components of X are 

x < 3 ) = / 3 ) o (3) = (3) = (3) 
-xxx yyyy zzzz xxyy yyxx 

(3) = (3) = (3) = (3) 
yyzz zzyy zzxx xxzz (7) 

The i n t e r a c t i o n Hami l ton ian is o b t a i n e d from the c l a s s i c a l energy 

e x p r e s s i o n , and i s g iven by 

H = v / d r x 3 / ,3 " ( 3 ) . ? ? tf*j* 
A / d r * = W 2

£ 3 (3) 

Tlie electric field is quantized in the usual way 

E"(r,t) 1 v»/8*hiiA __1_ 
2 Y \ v / n ( u , ) 

i(k*r-u.t) --!- -i(K'r-ujt) a, e + a, e k k (9) 

where V i s the volume of q u a n t i z a t i o n , n (u) the index of r e f r a c t i o n ^ t 

a n g u l a r frequency ID, and "a and a t h e pnoton a n n i h i l a t i o n and creat_i.o, 

o p e r a t o r s , r e s p e c t i v e l y . Combining Eqs . (8) and ( 9 ) , we o b t a i n 

ASTTV ( " W ^ * 

n (u) 1 )n(u„)n(a) - ) 
X3211 6 2 ^ - * 2 - * 3 ^ 4 S l 3 1 

w i t h 

_ (3) . - - - -
( 3211 - X • e

1

e

1

e

2 e 3 
(10) 

where e.̂  is the polarization vector of the i-th field. The initial and 
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final states of the process are assumed to be incoherent; they are given 

by 

V <4>ni i«-(n ! ) 2 

(11) 

;u « - - i - — (a*)"1 " 'at at JO> 
[(nr2)!]^ l 2 3 

respectively, where n is the number of pump photons in volume V, and 

]0> the vacuum state. The transition probability is ijiven by the Fermi 

golden rule. Neglecting pump depletion, we obtain 

- 5 2 ,2 "^3 
W = 4608 ~2 I 2 , , 2 3 1 l i " T - — 1 ~ — 2 — 6

2 ^ - t . - t . 
c n (d).;n (u0;n (u-.) 1 2 3 

6(2a>, - u ? - ^,) (12) 

nl c I, = —r. -, r- JiD-, (x3) 1 V n(ui ) 1 

is the pump intensity. Energy and momentum conservations are described 

by the two 6-functions. For a given ui_, u 9 i& determined by Eq. (1). 

Th e magnitudes of Te , Tc , and Tc„ a r e de termined by 

k. = u i . n ( u . ) / c (14) 
l l i 

By Eq. (2), the scattering geometry is then uniquely determined and is 

shown in the inset of Fig. 2. The scattering angle 6, is given by 
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9 3 ' 6 3 ( < 1 1 3 ) " c o s X t ( k 3 + A k i ~ k 2 ) / A k l k 3 ^ ( 1 5 ) 

with a similar expression for 8_. Conversely, if 6„ (direction of ob

servation) is defined first, lL, it , m , and w are all determined to 

within an exchange of signal and idler waves. In other words, for a 

given spectrometer setting, signal can be seen only for one particular 

6_; for a given direction of observation 8_, siganl can be detected only 

at two wave-lengths. This is important in distinguishing a parametric 

process from other processes, e.g., a Raman process. For a Raman pro

cess, the atom undergoes a transition and picks up any possible recoil 

momentum, hence the scattered photon has arbirtary direction. 

To obtain the cross section, Eq. (12) is summed over Ic. and its po

larization. For simplicity, we assume the pump light is linearly pola

rized (at any angle with respect to the scattering plane) and we do not 

analyze the polarization of the signal light. We obtain 

/ L M\ I 2 T 2 

a n T -x V l x | I-, 3 3 - - 1152 * dt dX- 5 
3 c 

1 + cos 2(8 2 - 8 ) 
3 

2 3 v y 
2 2 n (u) )n (i»2) dX„ I 

3 |(16) 

2 where d n_/dt dX_ is the number of scattered signal photons per unit 
(3) time per unit wavelength (measured in air) and x i s X • This is the 

quantity most easily measured experimentally. We can also measure the 

angular distribution given by 

d n V | x | 2 l J r 1 !o.u£ n (o) ) 
- 1152 ir J = ^ h + cos

z(Q - e.) , J , J (17) 
-I n dt d9, 5 r l'"a v 2 3' 2. . 2 . , 

3 c L J n (^)n (u2) 

To evaluate 6 (ID ) by Eq. (15) and the cross section by Eq. (16) or 



117 

(17), the refractive index is required. This is given by the Sellmeier 

formula 

mo V n* 3 2 
"nP 

+ 2 3 2 
- u u 

3/2 n 1/2 

(18) 

from which n and >: can be obtained separately, m. is the electron mass. 

f is the oscillator strength of the np level. The spin-orbit interac-np 
tion has been taken into account. 

The energy eigenvalues in Eqs. (16), (17) and (18) are in general 

complex. For a given level j, 

to. = Re(u.) - iy.(N)/2 J j J (19) 

where v . (N) is the full width at half maximum of the level and is a fun-
J 

ction of N. 

Y.(N) = Y.(0) + &y, x N/N-J J J 0 (20) 

where -y.(0) is the natural linewidth, 6y. the self-broadened linewidth 
19 3 at standard temperature and pressure, and N. = 2,69 x 10 /cm . 

We have numerically evaluated Eqs. (15) and (17) by assuming the 

following experimental conditions. A CW dye laser with 100 mW output 

power and a wavelength of 6020 A focused down to a beam waist of 25 y is 

used as the pump source. The detuning from the 3s -*• 5s transition is 

12.7 cm assuming a refractive index of 1.0002765 for air. The scat

tering volume has a length of 0.5 cm determined by the collection optics. 

The scattered light travels a distance of 3 cm in the sodium vapor of 
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1 ft 3 uniform density 7 * 10 atoms/cm before being collected and detected. 

The linear absorption of the sodium vapor is taken into account. The 

levels to be considered in the summation In Eqs. (15) and (17) are li

mited to n = 3, A, 5, and 6. The relevant quantities are listed in 
7 2 

Table I. The results on 0 (A ) and d n-/dt d* , are shown in Figs, i 

and 3, respectively. It is clear from Fig. 2 that the anamolous dis

persion associated with the 3s •+ 3p transition renders the phase match

ing angle (J. large near 5900 A and 6300 A. This is desirable experi

mentally, since the pump light can then be easily rejected spatially. 

Phase matching for 6 •' 5900 A and 6 > 6300 A is not possible. From 

Fig. 3, we see the process is strongly resonantly enhanced near the 5s 

-• 3p and 3p •* 3s transitions, but the enhancement near the 3p -»- 3s tran

sition is more th.in offset by the strong absorption of the sodium vapor 

at this wavelength. 

C. Experiment 

We have performed preliminary experiment in oraer to verify the 

theory. The Raman setup described in previous sections was used. A 

focused CW dye laser beam with a beam convergence < 1° was used as the 

pump source. A heat pipe oven produced the uniform sodium vapor. The 

principle of use and construction of the heat pipe oven have been des

cribed in detail in Ref. 6. A mask with an annular cutaway was put 

after the oven to define the range of scattering angle 8_. Typical an-

aular resolution defined by the mask was about 1°. The scattered light 

was detected by a double monochromator followed by a photomultiplier and 

photon counting electronics. The relevant experimental parameters were 

approximately as stated in the last paragraph, hence the results shown 
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2 
in Figs. 2 and 3 were expected. We tried to determent d*"n-/dt d\ with
in certain range of 6 with a spectrometer resolution of ~ 1 A. The 
overall photon detection efficiency of our system was < 1%, considering 
the reflection loss due to the optical elements, spectrometer effici
ency, photomultiplier quantum yield, etc. A maximum count rate of about 
10 /sec was expected near X, = 6148 A according to Fig. 3. 

The experimental results were disappointing. The sodium dimers, 

Na.,, though present only in small amount, gave out enormous amount of 

fluorescence (> 10 counts /sec) which totally swamped the parametric 

signal. We tried to lower the relative dimer concentration by reducing 

the sodium vapor density, but the expected signal was also lowered. In 

all the cases we tried, either the dimer fluorescence dominated the spe

ctra or no signal at all was observed above noise. 

D. Discussion 

A better experimental approach is to use low sodium density and a 

pulsed laser as the pump source. Since the two-photon parametric pro

cess depends quadratically on the pump intensity while the dimer fluo

rescence depends only linearly on the pump intensity, the signal to ba

ckground ratio can be greatly increased with the high peak power from 

the pulsed laser. However, stimulated emission may occur at high enough 

pump intensity. The transition from a spontaneous scattering process to 

a stimulated process is an interesting and yet complicated problem. A 

mathematical treatment is not attempted here. 

Another possible approach is to use a different atomic vapor such 

as strontium which has low dimer concentration, or an atomic vapor whose 

dimer fluorescence is very weak. However, a good candidate should also 
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have energy levels in the right energy range- for convenient pumping. 

E. Summary 

We have derived the expression for the cross section of the two-

photon parametric process in sodium vapor near the is > 'is transition. 

A numerical example is worked out. Preliminary experiment has not been 

successful due to the presence of strong dimer fluorescence. Future 

experiment using a pulsed laser or a different atomic vapor is suggested. 
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TABLE 1 

Parameters for sodium vapor used in Eqs, (16)-(20), 

np 

3P 

3P 
3P 

1/2 

3/2 

A P 

5p 

ui/2itc I Y(0)/2TIC 
I 

(cm ) 

169 56.18 

16973.38 

30270.63 

35041.95 

6 P 37297.34 

(cm l) 

3.3 x 10 

3.3 x 10 -4 

1.5 x 10 -5 

3.1 * io 

6Y/2HC 

(cm ) 

<3s|z|np^'np| z | 5s> 

f i ((Bohr radius) ) 

68.3 

78.9 

I 0.982 -1.3253 

0.35 0.0142 | -1.3912 

0.05 10.00221 

0 10.00073 
I 
i 

0.9374 

0.0633 
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Figure Captions 

Fig. 1 Partial mergy level diagram of the sodium atom. Two photon 

parpir.etric process with 2ui = u>_ + u is shown schematically. 

Fig. 2 The phase-matching angle u„as a function of wavelength A., for 

n = 7 " 10 atoms/cm . The inset shows schematically the 

scattering geometry. 
i 

Fig. j The calculated scattering cross section d"n./dt d\ a.«. a func
tion of A under the experimental conditions stated in the 
text. 
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