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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 GanSel_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 1ls direct exciton states. Second, the ob-
servation of one-phonon resonant Raman scattering ia Hsz is reported.
The dispersion of the Raman cross section shows no sharp structures at-
tributable to excitonic transitions, and 1s 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 HfSE. Third, the first obser-
vation of the m-polarized one-magnon luminescence sideband of the 4Tlg

ey » Oa

6 . A . . , .
lg( S) excitonic transition in antiferromagnetic MnF, is pre-

2
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

X and RbMnF_. A simple model

3’ 3

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

tatively. Fourth, the first observation of two-magnon resonant Raman



scattering in Man 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 MnF2 ig developed to explain and to predict

the experimental results on two-exciton absorption, high level excitation,
and exciton-exciton scattering. Possible experiments on exci:con-exciton
and exciton-magnon interactions in MnF2 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 Brillouin
scdatlering are among the most commonly used techniques. Raman scatter-—
ing, loosely defined as light scattering off elementary excitations ol
higher frequencies, usually probes excitations in the energy range from
about 10 to lO4 cm_l. Brillouin scattering, defined as lignt scattering
off an elementary excitation of the acoustic branch, probes the energy
range from about 0.01 cm_l to 10 cm~l. These two technigques nave been
used quite extensively to study the phonons, polaritons, rippions, mag-
nons, free carricrs in semiconductors, impuricy excitations, electronic
excitations o. an atom, etc. They provide rather detailed information
about the cnergies and dispersions ¢. the e¢iementary exclitations and
their mutual interactions. Since the gaventr ol tuntbie dye lasers, a
new area in light scattering has appeared. By tuning the incoming photon
frequency to resonate with the states of the materizl system, interescing

new phenomena often show up. The speciral Propeltiesh 0. the

v

Yol L4
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 scacter-
ing have become extremely important spectroscopic tools. Strong ephance-
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 I1 on resonant

Raman scattering in GaSe and mixed GanSe crystals. We will sze there

1-x%

that the dispersion of the photon-exciton interaction and the strong ex-



citon-phonon coupling are responsible for the resonant effects. This
connection 1is actually also used in Section III to deduce the position

of the direct gap of HfS which has been controversial and difficult to

93
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 MnFZL 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 Brillouin
scattering experiment in GaSe. Brillouin scattering can be considered

as light diffraction by a sound wave as well as light scattering ofi an
acoustic phonon. 1t 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. ce-
haviors.

In a Raman or Brillouin process, the number of elementary excita-
tions involved is in general small such that the phase memory is pre-~
served during such a process. 1In 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



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 reclatively 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 vise and 1all times. 1t is
interesting to study the time evolution of =z light scattering process
since this is directly related to the dynami.s of the system. Ordinary
CW light scacvtering techniques yield only static or kinetic information
about -nhe system. With the introduction of short tunabie laser pulses
and fast elcctronics, the system can be selectively (resonantly) pre-
pared and then probed cr monitored at a later time. This time-resoivec
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 Man. The closely related high excitation experiment in
Man is also discussed there. Man 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 tne many-body theory.

Finally in Section VIII, we study light scattering of a diiferent
kind, namely, two-photon parametric scattering in sodium vapor. A para-
metric process is a nonlinear optical process in whichtwo new frequencies

are generated simultaneously. We consider sodium vapor as the nonlinear



medium since it is a simple atomic system whose optical properties czn

be calculated easily. A parameteic process is of practical importauce

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

struction of new tunalbe coherent sources.
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Resonant Raman Scartering i GaSe and GaSXSe

-
4

A.
crystais

Introduction
Resonant Raman scattering (RRS) around excitonic transitions in so-
cen a subject of extensive investigation in recent years.

lids has be
Among the various semiconducrtors, the layered GaSe ana GaSX‘Se1 %
seem to be particularly worth studying. They have direct as well as in-

dirwct 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- andé two-j3honon KRS in

< 0.2%.

with x
Tne layered compounds GaS and GaSe form a contiauocus series of mixed

;aS_Se.
X 1—X
crystals GaSySel _with 0 € x € 1.7 The crystal structures show three
S A
different types of stacking of the layers: ¢, y &n. 3, whnich have been
For 0 < x < (.25, tne v—-stacking dominates

literature.
and phorolumin-

described in the

and is shown in Fig. 1.
. . . . 3,5 .
Optical studies including absorption, reflecticn
escence3’7 have been recently reported. It has been ifcund that in each
mixed crystal GanSel_ with 0 < x < 0.25 at liocuid N2 temperature, there
(1)

exist a direct exciton at

= 2.1 423 '
wdx(x) 2,102 + 0.728x(eV)

-~

with a binding energy of 20 meV, and an indirect excirton at

2.064 + 0.520x(eV)

wix(x)



with a binding energy or ~ 35 meV.

9
The phonon modes of Ga$ Se1 have heen studied by infra-red” and
X

nonresonant Raman spectroscopy. Corresponding to change in composi-

tion of the mixed acrvstals, some phonon modes show the two-mode behavior,

: . Lo ) 10
while others show cither the one-mode or the local-node behavior. It
is interesting to see how the various modes behave as the exclting laser
frequency varles around the excitonic transitions. Such study nhas ai-

(2

. I
ready been reported in pure GaSe crystals. The A;

cm—1 and E'(z)

(LG, mode at 247
c —‘l (3
(LO) mode at 255 cm ~, respectively, show a strong reson-
\ . ) . -1 .
ance enhancement, while the two A1 modes at 135 and 310 cm show much
less apparent resonant behavior as the exciting laser f{requency approach-
es the direct exciton. The strong enhancement of the two LO modes (unre-
solved in mixed crystals with x > 0.1) is presumabliy due to the Frdliicn
interaction between LO phonons and excitons. In particular, the gri-/
-1 o .
(LO) phonon (255 cm ~) appears to couple most strongly with the exciton
states. As a result, we were able to chserve multi-phonon modes up to
v(z}

four plonons involving E'(i) (LO) in pure GaSe and Z:2 (L0O) moaes in

the mixed crystals.

B. Experiment and Results

Monocrystalline samples of GanSel_x 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 ¢-axis was used in the measure-
ments because of the larger oscillator strength in this configuracion.
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 N2 during the measurements. Before each meeasurment,

o



the Janis dewar holding the samples and the liquid N_ coolant was pumped

2
down to a pressure ahout 400 mmHg to reduce the temperature. The dewar

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

2
Temperature was stable within a few degrees during the measurements, The
excitation was provided by a homebuilt jet stream CW dye laser with a
typical output power of 100 mW. Rhodamine 6G, rhodamine 110 and coumarine
6 dves 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 hedating was unimportant since the spectra normalized over la-
ser power were independent of the incident power. The scattered light was
callected by a F/1.6 projection lens, analyzed by a Spex 1400 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 concentrate only on the strongly enhanced Raman modes. The

(2)

~

{7
observed Raman shifts of the lE'\L) (LO) and 2E’' (1.0) modes for x = 0,

) i
$0.05, 0.12, G.17, 0.225 and the shiits of the 3 (2 (LO), 25 (2 4 a
4
E.(2)

(310 cm—l) and 4 (LO) modes for pure GaSe are given in Table I. Al

=t

numbers are within * 1 (:m_l accuracy.
The experimental results are summarized in Figs. 2, 3, and 4. Fig-
. 1(2)
ures 2 and 3 show the Raman cross sections of the one~ and two-E (LO)
phonon modes respectively, as functions of exciting laser frequency and
sample composition. Figure 4 shows the Raman cross sections of the

(2) (LO) modes of pure

2 .
30 (2 Loy, 2e'? (LO) + A} (310 cm by, and 4E"
GaSe. All data points have been corrected for sample absorption accord-

ing to the following formula11



where nR is the corrected Raman cross section, 6 the uncorrected Raman
cross section normalized over the laser power. P RR’ as, R5 are the
absorption coefficients and sample reflectances at the laser frequency
and the scattered phaton frequency respectively. d is the sample thick-
ness. The factor 3.93 cmﬁl takes account of the finite collecting depth
of our lens. The absorption coefficient for GaSe was taken from Ref. 1l

and those for the mixed crystals were measured in our laboratory in a

1
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 w, excites an electron-hole (e-h) pair in the

1
band continuum. The e-h pair then decays into the k = 0 1ls direcc exci-
ton by successively emitting n phonons. The direct exciton finally re-
combines and emits a Stokes photon at wee

2) Incoming photon excites an e-h pair in the band continuum. The
e-h pair decays into a k ¥ 0 ls direct-exciton state by successively emit-
ting m(1 S 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 1ls direct exciton. The direct
exciton then either recombines by an n-phonon-assisted transition or de-

cays into the 1s indirect exciton by emitting a phonon and the resulting

indirect exciton recombines by an {(n - 1)-phonon-assisted transition.



Since tne avsorption curves of these crystals are rather flat im-
mediztely bevond the direct-exiton absorption peak, we can assume thar
the dispersion of the RRS curves is mainly due to resonances with the ex-
citon states. The one-phonor cross-section can therefore be writrten ap-
proximiately as a direet product of 2 resonant terms tor i) the incident
and 1) the scattered photon ener;ies:

Al[u(w]) + 3.1 - [‘1(“‘5) + T, (4)

- hY
“R(mphl i

1
n{w) describes the direct-exciton absorption peak deduced from the absorp-
tion measurements and AJ, Bl and Cl are constants. The solid curves in
Fig. 2 were actually obtained from Eq. (4) by using Al' B, and C1 as ad-

i

justable parumeters. The nonresonant terms B. and C. were set egual to
J i 1 i G

650 cm_1 and 500 Cm—l respectively, for all the five crystals; Al was
merelvy a normalizing constant. Our curves fit the experimental data
points very well and a posteriori coniirm the dominance of the 1s direct
exciton.

By assuming all resonances to have the Lorentzian line shape, we can
also write down the approximate analytical expression fo% the two-phonon

Raman cross-section as

B 2.2 ]-1 - ~
GR(ZwPh) = AZ[(ml Yk prh) + FdO] + BZF(u,1 W45 wph’rd)
+[c Flu, - I“)+DH(‘ - )2 + 12 i-1 (5
27 T Yix T Ypnetd 241N T tax dal - !

For 3-phonon RRS, we have


http://Sir.ee

2 ~2 | -i
+ w' = - - -w'
Oy Y upn) T A3y mug, s mwi T Ty
+ B Flw, - - w T+ -
oy mugy T Bl TGy —ey e LT
(6)
For 4-phonon RRS, we have
a,(by ) = A, |(w, -~ w - 4w )2 + Tz -1 + B F(w. - w - 3w r-
R* ph 4 1 dx ph d0 4 1 dx ph’ d’
+ - - r
CQF(m] Ydx zmph' d)' . (7

In the above expressions, Ai, Bi’ C. and D. are constants to be used
i i

as adjustable parametcrs; mph’ Wy o Wy, are the frequencies of the opri-

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

of the indirect excito.. band respectively; I' and Fi are the damping con-

d

stants for the direct and indirect excitons respectively, with T re-

d0

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

form
Y
c
1 -
F(Aw,T) =f v ((aw - % + 127 hay, (8)
0
where YC is a somewhat arbitrary cut-off chosen as %‘times the exciton
binding energy. The value of rdO for each crystal is deduced from the

corresponding absorption curve; I', and ri are taken to be 2Pd (Depen-

d 0’

dence of theoretical curves on Fd and Fi is not critical.) For pure GaSe,

the separation between direct and inuirect exciton states is fairly close

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

.
.

nant D2 term in Eq. (5). For the mixed crystals, it is, however, more

10



11

appropriate to drop the C2 term.

The solid curves in Fig. 3 were obtained from Eq. (5) with quﬁvzcj:

b, = 12:1:10:0, 5:1:0:12 and 12:1:0:22 for x = 0, 0.12, and 0.17 respec-

a“

tively. The solid curves in Fig. 4 were cobtained from Egs. (6) and (7)
; i . = .09 2010 2 L2y IR {2)
with A,}:bj.C3 = 12:1:0.2 and 20:1:0.2 for 3k (1.0) and 2E (LO) +
' - -1 . . . . _ =9 - 5 ;(2)
Al (310 ¢m 7) modes respectively, and AA'BAZC’ = 12:1:0.2 for the 4E
4

1
(LO) mode in pure GaSe.

It is seen that the solid theoretical curves in Fig. 3 ceviate rrom
the experimental data at the low-energy tail. This is because we have
assumed a Lorentzian line shape for all the transitions iavolved. 1f we
replace the Lorentzian function in Egs. (5) and (5) by the observed line
shape a(w,T) of the direct-exciton absorption peak, with I still being
the half widih, the theoretical curves remain essentiallv unchanged for
wy > gy but change into the dashed curves for wy <;udh- 10he agreement
between theory and experiment is then very good. 7The near-Gaussian line
shape of excitonic transitions could be due to inhomogeneous broadening.

The theoretical curve for Ga$ in Fig. 3 was obtained

0.225°%0.775

with the superposition of another Lorentzian-type resonance at wy = w
4

with riO = 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 W= W was seen in the raw data of
RRS in the other cryscals, 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-

rTect excitation of indirect excitons, stacking faults in the crystals



can casily induce such a prOCESS.]l The Wy -~ w,  Tesonance should also
appear in the one-phonon RRS in GaS__Sel < It was indeed observed in
A —£

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

KRS in GanSe is indeed dominated by resonances with the exciton

1-x

states.

12
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Table |

Ramuan shifr for various one and multiphonon modes in Ga$ Sel
x -

Shift X

Ly
E (L0) 255 254 251

!

3E'

1

2

T

(2) (1.0) 510 509 504 500 499
(2) (LO) 767
"(2) + A'l 821

£ (D (10 10186

4




Fig.

Fig.

Fig.

Fig.
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Figure Captions

Crystal structure of Gas_Se with 0 & x << 0.23. The crysctal

1-x
symmetry group is DBh'

1 (2}

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

ser frequency. O, A, O, ® and A are data puints for GanSel_x
with x = 0, 0.05, 0.12, 0.17, and 0.225 respectively. Solid
curves are obtained from theory in the text.

Raman cross section of the two-phonon 2E'(2) (LO) mode as a func-
tion of laser frequency. O, A, O, ®, and A are data points for
GanSel_X with x = 0, 0.05, 0.12, 0.17, and 0.225 respectively.
Solid and dashed curves are obtained from theory in the text.
Raman cross sections of the three- and four-phonon modes of pure

case: 03D @ gD 4 Al (310 en 1y, 8 4p (3 so1id

curves are obtained from theory in the text,
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III. Resonant Raman Scattering in Hf52

A. Introduction

Resonant Raman spectroscopy has been successfully applied to many
semiconductors.1 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: 1T, 2H, and 3R. The group IV B compounds including Hsz

crystallize only in the 1T 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.

Tne phonon spectra of HfS_  have been investigated by infrared reflec-

2

3 - 4
tance measurements” and non-resonant Xaman Speciroscopy. With D3d space

group symmetry, there are four infrared-active modes 2A,7u + 2Eu and two

Raman active modes Alg + E

The electronic band structures have been studied by optical transmis-

3 6!

measurements. These results have been com-

pared with theoretical band structure calculations.ﬁ9 It is generally

sion and reflectivity
believed it is an 1ndirect-gap semiconductor with gap energy around 1.9
eV. However, the energy of the lowest direct transition is still the sub~
7
ject of much controversy. Fong, Camassel, Kohn and Shen (FCKS)  conclud-
- +
ed from their work the lowest direct transition was FZ - F3 at ~ 2.4 eV.

In contrast, Murray, Brumley, and Yoffe (MBY)8 obtained 3.47 eV and Mat-

the1559 obtained 3.43 eV for the transition L3 -+ L1 as the lowest. Since

21



the Kaman 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,

B. Experiment and Results
We have measured the transmission of thin platelets of Hf52 at both

room temperature and liquid N2 temperature., Very thin samples were ob-
tained by repeated cleaving with adhesive tapes.2 The thinnest sample
obtainable was about 5 y 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 1is shown in Fig. 2; it consists of four straight line seg-
ments. At liquid N, temperature, the absorption curve is simply shifted
by 0.096 eV toward higher cnergy side in agreement with Ref. 6.

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

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

face was employed. Samples were immersed in liquid N2 during the measure-

ments. Both Raman active modes were observed: Alg at 338 cm__l and E_ at
263 cm-l. The Raman cross sectiouns, 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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w ™ 1.820 ev

4154 % (v - 1.82)° , 1.820 <w < 2.081 eV (1)

which is characteristic of phonon-assisted indirect transitions.
Therefore, the lowest pap of HES_ is indirect with a pap enerygy around
1.9 ¢V, The kinks obscrved ar 2,081 eV, 2.289 oV, und 2.517 eV on the
absorption curve are probably due to other phonon-issisted transitions.
The Raman cross sections, shown in Fig. 3, showns resonant ennance-
ment by about one order of magnitude within our dye .uascer tuning range.
This indicates the onset of direct transitions shauld be near 2.2 eV,
Since neo cexcitonic structures in absorption nave beca obscvrved, we assume
the canancement is due to direct band to band transitions. With parabo-
lic conduction and valence bands and neglecting contributions from higner

.o . i1
transitions, it can be shown, for v, <w ,

where G(wi) is the Raman cross section at laser frequency w,, A a con-

0
stant, mg the band gap energy, and w, the phonon energy.

The solid curves in Fig. 3 were obtained by least square fitting us-
ing Eq. (2) with wy 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 mg determined in this way,

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

2

rect transitions fairly accurately. This value is close to FCKS's 2.4 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 Fz -+ T3 at the zone

center with an energy of 2.231 eV at liquid N, temperature.

2



By taking into account the shiit of absorption by 0.096 eV from 1i-

quid Nz to room temperature, w  should be 2,135 eV at room temperature.
B
The kink observed in absorption at 2.08) eV (Fig. 2) is then Interpreted
to be a phonon-assisted hot band transition involving the direct gap and
. -1 s NP
a phonon of cnergy 54 meV (~ 400 cm ). The next nigher kink in absorp-
tion at 2.289 eV is then naturally interpreted to be due to the phoaon-
. - + . . . .
assisted onset of the F3 + F3 transition involving the second highest va-
lence band and the bottom conduction band. The separation petween thne
two top valcence bands is then 2.289 ev - 2.081 eV = 0.208 eV, in good
. . L 7 - - :

agreement with theoretical predictions. The accuracy of tne numbers
mentioned here should not be overemphasized, but we do obtain a consist-

ent picture.

D. Conclusions

By applying resonant Raman spectroscopy to HES_, 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 adirect gap.
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Figure Captions

Hexagonal unit cell of Hsz (left) and the octahedral continua-

tion within one layer (right).

The square root of room temperature absorption coefficient as a
function of photon energy.

Raman cross sections of Hsz as functions of incident laser pno-

ton energy. Solild curves are theoretical curves discussed in

the text.
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1V. Magnon Sidebands of Excitonic Luminescence from Antiferromagnets

A. Introduction
Magnon sidebands assoclated with exeitonic absorprtion and emission
in antiferromagnetic systems have long been a subject of extensive theo-

»

retical and experimental studies. In particular, the onc-magnon side-

4 - -
band of the excitonic transition in the 6A1H(65) "AT, ('G) manifold in
B 1
MnF, has been most thorougly investigated.3’4 In absorption, while the

2
5
discrepancy between theory and experiment in the u- and c-polarized
5
spectra is small, it is quite large in the n-polarization. The discre-
. . . 6
pancy presumably results from ignoring the exciton-magnor. interaction in
the theoretical calculation. 1In emission, since the exciton ar magnon
are not simulrtaneously present, the exciton-magnon interaction does not
come into play. Then the thevretical calculation agrees very well with
the experimental - and g-polarized spectra.” However, obscrvation of
the n-polarized onc-magnon luminescence sideband, although predicted by
2 ,

theory,” has never been reported probably because of its much weaker in-

. . , . .7 .
tensity. In the first part of this section, our recent observation of
the m-polarized one-magnon sideband will be reported, which is indeed
much weaker than those with a- and o-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 El —-E2 exciton lu-
minescence ratio.

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

magnon sidebands. Higher-order magnon sidebands are difficult to observe
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Luecause they are either too weak or buried in the background. 1In the lu-
ninescence spectrum, strong background usually arises from impurity emis-
) .8 . : .
sion bands. With pulsed excitation and detection, however, long lived
impurity luminescence can be largely suppressed. The sccond half of this
section reports our recent observation” of luminescence spectra ot up to
7-maynon sidebands in MnF, and a few less in KMnF, ond RbMnF, using such
& 2 3 3
4 technique. We interpret the results qualitatively by a simple two-ion
local interaction model. Multi-magnon sidebands have carlier been pre-
. . S - . . 10
dicted by Bhandari and Falicov from the sudden approzimation model. In
KMnFB, n-magnon sidebands with n € 3 have been observed by Strauss et

1i . . . P .
al., but no theoretical interpretation of the results nas been attempr—

ed.

B. Background information and Review

MnF,, KMnF., and RthF3 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-

9

ture is that of rutile and is uniaxial with the é-axis in the z-direction.

sary. Figure 1 shows the crystal structure of MnF Tne cryscal srruc-
+ . . s -
Each Mn ion in the ground state has a nonzero spin (5 = 5/2) and hence
a nonzero magnetic moment. Below the Néel temperature of 68°K, the mag-
. X . - =+ . X

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 (Néel 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 (magnom).
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Figure 2 shows schematically the lower energy states of Man in the

4 4 5 -
4,13,1 The d° coniiguration of an Mn++ ion is

split into many terms by the Coulomb Interaction. The lowest term is 65

various approximations.

. 4
and the first excited term is G which 1is rougly in the middle of the vi-
sible spectrum. All the other terms are much higher in energy and cut-
side our laser tuning range. With the cubic crystal field added on, the

6 6 4
S term becomes the Alg state and the G term becomes the LTln state.
bH

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

rombic crystal field removes all the degeneracies. Twelve states are ob-

tained {rom 4Tlg, though only the lowest two of these states, E, and E

1 2’
. e . . . 6

have been identified experimentally. Six states are obtained from Al'

g

in this molecular field approximatrion. All startes 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, El and EZ states form the El and EZ Frankel exciton bands,

respectively. 1In the limit of low excitation, the ground manifeold 6A1
Y

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 E2 exciton has an energy of

18435 cm-1 (5424 A) at the zome center and a small negative dispersion16

toward the zone boundary. The El exciton has an energy of 18418 cm_l

(5429 A) and is nearly dispersionless. The magnon dispersion has been
determined by inelastic neutron scattering.l7 It has an energy of 8.7

_ -1
cm ! at the zone center and a maximum energy of 55 cm = at the 2one boun-

dary.



The oprical processes we are interested in can be described clearly

cnowquation torms.  For excitonic absorption and its magnon sideband, we

Dave

ho - [ q(h = 0) (1)
he = B0 {8 T M- (2,
14«

respectivesy, where b s the

. N . N N — PR
Couerygy ¢ he Qbsurovd pnuton, L L%, an

1,2
- .- . . . - e . N .

F. or i, ciciton with orvatal momentun =, and M(K) o mognoa with crystal
i -

.

. . . . -
nomentum K. A visible phioton nas cssenciclily zero monwenium, thereiore
[ . - - . . . o . P .-
TODENTUD S Wes . .S cneTgy 18 conserved iu Egs. (G oaac (2. While due

whatle BricLiunin Zone

to the &agnon sidevana processes, onuy

U soae CERter eXeLlons are (avGh Yo N The eXJlion.U processes
— - - . il ~ 3
Phe odperinentai sy abserved Lfdnsiiisaslon Curve: oi snf, ot SN
s
are snown in Fig. 3. The sharp l.nes Z. and E, are the excitonic adsorp-
4 -
tion lines describped by Eq. (1). ne broad bands ¢.(7.) and G e Th

magnon sidebands of the E, ana EZ a2xcitons in cne O(w)-polarizacidon
4

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

the excitonic absorption and its magnon sideband czan be shown to be du2
to magnetic dipole and electric dipole transiticns respectively. There-

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

ly more intense than the first order excitonic absorprion. The widtas of

the E1 and E2 lines are typicaily about half s wavenumber and are sample
dependent probably due to strain induced innhomogenous broadening. Tae

widths oi the magnon sjdebands are determined by the dispersion of the

excitons and magnons by virtue of Eq. (2). The detailed sideband shapes



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 e¢xciton-magnon
interaction should affect the sideband positions.

Similarly, for the excitonie luminescence and associated magnon

sidebands, we have

El’z(i{ = 0) -+ hu ' (3)
‘ :
&> -
El'?_(k) + hw + M(k) (4)
H
i
El,?_(k) + M(-k) » hw (5)

where Eq. (3) is the magnetic dipole direct exciton recombination process,
and Egqs. (4) and (5) are the electric dipole Stokes and antiStokes magnon
sideband processes respectively. The antiStokes 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. 1In 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
EI(K) + ho + ;2;1 M(Ki) (6)



with

- -+
ki = k
i=1
This is the n-magnun luminescence sideband ol the E1 exciton,
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 KMnF3 and RbMnF, samples were unknown. All

3
samples were x-ray oriented to within 1° and cut into the form of a paral-
lelpiped with the conventional x, v, and z axes of the crystals along the
edges. The relevant surfaces were polished to an opticsl finish. Sam-
ples were cooled by either superiluid nhelium 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 p and typical power of 100
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mW.  Same wnectra were ohtained ar different excitarion lavels and 1nral
heating effect was undetectable under our experimental conditions. Spec-
tra taken with this technique were {n general troubled by strong impurity
luminescence.

(11) Pulsed excitation-detection

A tunable flash-pumped dye laser was used as the excitation source.
The laser pulses had a pulsewidth of 0.4 usec and an envrgy 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 PAR-162 boxcar intcgrator. Part of the laser beam was used to trig-
ger two indcependent fast PIN photodiodes (IR-7016L from Infrared Indus-
tries, Inc.). One of them with high gain circuit was used for reliable
triggering of tne 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 poxcar gate had an adjustable width (1-20 _secs
and 1ts opening was delayed by 1 psec after the leading edpge of the laser
pulse to eliminate possible pickup.

Figure 4 shows schematically the timing sequence oi the events. Tne
impurity luminescence lifetimes (> 1 msec) were much longer than the in-
trinsic luminescence lifetime (< 200 psec). We could eliminacte most of
the impurity luminescence while retaining most of the intvinsic lumines-—
cence by chosing a suitable gate width (< 20 usec). 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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samples with difrerent 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-

Q,’
pidly with varying Xi. (4) Intrinsic luminescence depended strongly on
the excitation intensity. In MnF, for example, the intrinsic luminescence
lifetime decreased from ™~ 200 psec at low excitation intensities to ™ 5
wsec at ~ 50 MW/cmz. At high excitation intensities, the luminescence de-
cay became more and more non-exponential with a very steep initial siope

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

tensity was no longer proportional to the excitation intensity.

D. One-Mapgnon Luminescence Sidebands of MnF2
(i) Experimental results

Typical polarized intrinsic luminescence spectra of MnF2 obtainead
with the pulsed excitation-detectiorn scheme are shown in Fig. 5. The ob-

served exciton lines El and E2 in the ATlg -+ 6A1g transitions and the a,
c-polarized one-magnon sidebands 0y associated wirth El agree well with
those reported in the licerature.3 The corresponding w-polarized one-mag-
non sideband LY is appreciably weaker and broader. At relatively higher
temperatures, the antiStokes sideband emission is also clearly visible,
and is relatively more intense for the n-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 n-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 13°K. 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).
(i1) Theory

To explain the observed sidebands, we nuse the theory of Loudon.2 In
his formalism, two-ion local exchange interaction is responsible for the
magnon creation or annihilation and the exciton-magnon interaction is ne-

glected. The interaction Hamiltonlan is given by

n nn

n
+ + + o+ + - + -
H' = E : T 8. 5., + 2 :n a, §, + :E: m a_ §,., +
A s i . ] 3 L3
gors ML iy 1 b 53> 3373 3
nn
- + - -
:E: m,.a, S, + complex conjugate/ * E (7)
<ji> 33 1

where a+ is the exciton creation operator, S+ and S the spin raising and
spin lowering operators respectively, 7's the generalized dipole matrix
elements, B the electric field of the light wave, i(i') and j(j') the
Mn ions on the 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 (mn) on opposite sublattices, etc. The 7's can not be
calculated in practice and are regarded as parameters. The number of
independent components of the 7's can be reduced by symmetry arguments.
The local operators for the excitons 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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. ful L. nn . .
sorption A (w) and emission E (w) in the a- or c-polarization are given,

in the rero-temperasgure sppreximation, by
nn
(w) k_a k a

@0 = Z C2c052<»—x~~>cos <_)'.>

nn 2 o)
E (w) k <

a,u

2 (8)
k_a o of%,c J“k
. - - -+
+ D sin ~é~>sin ~5 7 )isin < . [vz dfhw - eg ¥ cm(k)]
k
and those in the m-polarization by

nn

A (w) k a k a
} ;1 = F Z [91n2<—-)2(——>cosz<—%—>
[0 E

’ 2 (9)

k_a koa\l L fk o\ "k
+ cos |\ ——)sin —)jcos —%— v2 Slhw - o * e (k)]
- k

where €, D, and F are coupling co-~~tants of the same order of magnitude,

&+ -
a and ¢ are lattice constants, €, is the E, exciton energy, cm(k) is the

0 1
magnon energy at i, and uy and v, are defined in Ref. 2 and reproduced
here in Fig. 7 . Similarly, one iinds that the interaction between

nearest neighbors on the same sublattice contributes to the sideband ab-

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

P2

A" (W) Vi
;‘"’ = Gz; sinz(kzc) 2{8hw - e, ¥ r_m(i)] (10)

E. oW K Yk

but contributes nothing to the sideband absorption and emission in the 7-
polarization, where G is again a coupling constant oI the same order of

magnitude as C, D, and F.
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8
The summarinna nuer k in the ahoue conatinone are weighred heavily

towards the Brillouin zone edges by the large magnon density of states.

2 2 . .
However, near the zone edges, v, tends to zero while uy remaing finite as

k
show in Fig. 7 . It is then easy to see that
A () =A™ () + AT (W) = AT (u); (1)
a,a c,a 5a G,u
- ~ 0N n st N .
I'.O‘“(w) Eo,u(w) tE (w) = Eo’u(w, (12
o TN . =~ ,00, . .
E (w) TE (W) 5 A (W) =A (w) (13

and Eﬂ(m) <’/\_n(w), Ao1u(u), Eo’a(w).

Dietz et al.'j has used Eq. (10) to fit guantitatively the observed
one-magnon luminescence Sideband in the a,9-polar.zaien. S miiarfiy, we
can use Eq. (9) to fit the luminescence sideband in teae “-polarization.
Figure 6 (a) shows that the agreement between theory and esperiment 1§ in-

PR Saud

deed excellent. In the inser of Fig. &, we also show Cne €on arisc:
tween theory and experiment on the 7m-polarized cre-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 abnsorprion process. This in-
teraction should appreciably broaden the sideband absorption and shift it
6 . 2 2
to lower enecrgy. We notice that becoause of the difference in uy and Vi
associated with the sine and cosine terms in Eq. (9), the theoretical
lineshapes of the m-polarized absorption and emission sidebands are very

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

is about 23.



We realize from Kgqs. (2) and (5) that the antiStokes sideband emis-
sion is simplv the inverse process of the sideband absorption only if the
thermal population of magnens is properly takea into account. Therefore,
we can expect to obtain the antiStokes sideband spectrum by simply multi-
plving the experimental absorption sideband, normalized to yield the cor-
rect sideband absorption-to-Stokes-emission ratio of 23, by a Bose-Ein-
stein distribution function at a proper temperature. This is shown in
Fig. 6(b). The theoretical antiStokes spectrum corresponding to a tem-
purature 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
intensity ratio of the El and E2 exciton lines.18 In the o~ and og-jpolar-
izations, deducrion of the effective temperature from the antiStokes
sideband cvmission is not possible because of lack of a normalizatior con-
stant relating  the strengths of the absorption and Stokes emissicn
sidebands.

(iii) Conciusion

We have snown that the theory of Loudon gives an excellent descrip-
tion of the observed n-polarized one-magnon luminesczence sideband in
Man. The effective temperature of the crystal can be deduced from the
simultaneously observed mn-polarized antiStokes luminescence sideband.

E. Multi-Magnon Luminescence Sidebands of ManF KMnFB, and RbMnF

2’ 3

(i) Experimental results
Figure 8 shows in an extended region the typical polarized lumines-

cence spectra of MnF, obtained with the pulsed excitation-detection

2

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

detectable level. The exciton lines El' E2 and the one-magnon sidebands
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9 T and the antiStokes one-magnon sidebands have been discusged in

Part D. Flgure 8 alsen shows a series of luminescence peaks at lower
energies. They form a more or less regular progression. Nelghboring
peaks are separated by ™ 55 cm_] which {4 the maximum magnon frequency in
MnF2.17 They are therefore identified ae the multi-magnon sidebands.
Arrows in Fig. 8 indicate where the cutoff frequencies of the multi-mag-
non sidebands should be. The polarization properties. suppest that these
sidebands are of electric-dipole oripgin. The w-polariziation spectrum is
however significantly different from the 9- 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-magnon sidebands were actually ob-
served in Man. Higher-order magnon sidcbands might exist, but cur spec-—
tra were terminated by the difficulty o! positively i1denriiying small
structure on the rising background. Phonon-assisred optical transitions
are presumably responsible for this strong luminescence background.

We have observed similar multi-magnon sidebands in the luminescence
spectra of KMnF3 and RanF3 as shown in Fig. 9. 1In KMnFB, sidebands up
to 5 magnons show up clearly. They are regularly spaced with & frequency
separation close to the maximum magnon frequency19 of 76.3 cm—l. In
RanFB, the E2 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 El in RanFB' They are almost regularly spaced by the maximum mag-

-1
non frequencyzo 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 supgests the localized nature
ot the phenomenon.
{1i) Theory

We now concentrate our theoretical Interpretation of the results on

Han. The discussion is evqually applicable to K}‘lnF3 and RanFB' The n-
mapnon luminescence sideband processes are represented mathematically by
Eq. (6). From the perturbation point of view, such a process would ap-
pear to be of higher order as the number of mapgnons n increases. This
is certainly not true for the obscrved multi-magnon sidebands since the
luminescence peaks in Fig. & are generally of comparanle magnitude. We
can however qualitatively explain the results by the following two-ion
local interaction modeil.

Instead i using the band picture shown in the inset of Fig. 3, we
use the stutes in the molecular field approzimation shown in Fig. 2. Fi-

'

pure 10 shows the cnergy level diagrams of three neighboring Mn ions;H A
and B are nearest neipghbors on the same sublattice while A and C are se-
cond nearest neighbors on the opposite sublattices. The ground states
<g, msi of each ion are split by the exchange fiela incoe v Zeeman sublu-
vels denoted by the spin quantum number m, = £ 5/2, = 3/2, and * 1/2.

The excited state E, is a mixed state 2; a_,<e,m'; withm' =+ 1/2, =
1 m_m S s
3/2, although <e,m; = 3/2; or <e,m; = - 3/21 may cowinate, In addition

to the exchange field, there is also the off-diagonal exchange interac-

. 21 + ¥ . . s
tion Jijsisj between ion pairs. We shall treat it as a perturbation.

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

sion results from an allowed electronic transition <e,m;§A -+ <e',3/2;q

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

<g,5/2]B > <g,5/2|A<g,3/2[B, or from the exchange spin-flip <e,m;|A
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<g.5/2|n » 'e',S/Zi‘<g,}/2! followed by the allowed trancirion <e' 5/

r. -
L

A

. fg,S/ZéA. Either process involves hmg = 1 corresponding to the emis-
wion of oune magnon., Now, similar physical processes of the same pertur-
bation order can glve rise to the n-magnon sidebands with n € 6, For cx-

ample, ’c,m;}A - (e',]/ZIA followed by (e',B/ZfX(g,—S/Z;( - ‘g,l/ZIA
& “

+ . . .
’g,—3/2[( via SC leads to a 3-magnon sideband which can have compar-

J, 5
AC A
able strength to the one-magnon sideband.  Experimentally, the T-polari-
zation spectrum in Fig. 8 even shows a 3-magnon sideband strunger than
the one-magnon sideband. Tn a similar manner, the 2-magnon sideband can
be explained by <e,m;lA -+ <e‘,l/2|A followed by <e',l/2;A<g,5/2iB -
<g,3/2|A<g,3/2]P and others; the 4-magnun sideband can be e<nlained by

<e,m;1A -+ ce',l/ZiA iollowed by <c',l/2;A“g,—5/2iC - <g,-l/2:A<g,—3/2,C

and others; etc.

+ F
In this model with J'jSiS' treated as @ perturbation, tne n-magnon
i :

“

sidebands with n > 6 will have to arise trom a higher-order process uti-
- ¥ N
lizing Jijsisj more than once. Strictly speaking, we should treat the
exchange interaction as a strong coupling Hamiltonian and soive the ei-
genenergies and eigenstates for a cluster ol neighboring Mn ions. If
the spin part is isolated from the orbital part, then this is just the
. . 10

sudden approximation model proposed by Bhandari and Falicov. In such
a model, all the multi-magnon sidebands are treated on the same footing.

It is not easy to be guantitative 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
that the relative strengths of the magnon sidebands cannot be estimated.

The magnon dispersion which results from exchange interaction between
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miany lon palrs over a distance is not included in our model, and hence

the speciral 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 exchanyge interaction as a perturbation will predict in the first-or-
der approximation only a one-magnon sideband in the absorption spectrum.
It therefore also explains why n-magnon sidebands with n > 2 has never
been observed.
(iii) Conclusion

We have observed multi-magnon luminescence sidebands in antiferro-

and RbMnF_. We have shown that a simple model

magnetic MnF7, KMnF3, 3

based on two-1vn local exchange can explain qualitatively the observed

resuits. A quantitative analysis is not yet available.

45



10.

11.

12.

13.

14.

46

References

D. D. Sell, J. Appl. Phys. 139, 1030 (1968).

R. Loudon, Advan. Phys. 17, 243 (1968).

R. E. Dietz, A. E. Meixner, H. J. Guggenheim, and A. Misetich, J.
Luminesc. 1, 2, 279 (1970).

D. D. Sell, R. L. Greene, and R. M. White, Phys. Rev. 158, 489 (1967).
Conventional notations 6, a, and n are used to denote the three po-
larization geometries (F L c, kL&), (BELeé, kle), and (Elf &,

k 1 &) respectively. For a uniaxial crystal, spectra in all three
polarization geometries are needed in order to determine whether a
transition is electric dipole or magnetic dipole in origin.

Y. Tanabe, K~i. Gondaira, and H. Murata, J. Phys. Soc. Japan 25,
1562 (1968).

T. C. Chiang, P. R. Salvi, J. Davies, and Y. R. Shen, Solid State
Commun., to be published (1978).

R. L. Greene, D. D. Sell, R. S. Feigelson, G. F. Imbusch, ana H. J.
Guggenheim, Phys. Rev. 171, 600 (1968).

T. C. Chiang, P. R. Salvi, J. Davies, and Y. R. Shen, Solid State
Commun., to be published (1978).

R. Bhandari and L. M. Falicov, J. Phys. C : Solid St. Phys. 5, 1445
(1972).

E. Strauss, V. Gerhardt, and H. Riederer, J. Luminesc. 12, 13, 239
(1976) .

See, for example, C. Kittel, Quantum Theory of Solids.

R. 5. Meltzer and L. L. Lohr, Jr., J. Chem. Phys. 49, 541 (1968).

A. M. Clogston, J. Phys. Chem. Solids, 7, 201 (1958).



15.

16.

17.

18.

19.

R. J. Elliott, M. F. Thorpe, G. F. Imbusch, R. Loudon, and J. B.
Parkinson, Phys. Rev. Letr. 21, 147 (1968).
N. M. Amer, T. C. Chiang, and Y. R. Shen, Phys. Rev. Lett. 34, 1454
(1975); 36, 1102 (1976).
A. Okazaki, K. C. Tuberfield, and R. W. H. Stevenson, Phys. Lett. 8,
9 (1964).

-a/kt /

The luminescence intensity ratio of Eq to E, is piven by e (f2
i

£

fl), where &4 is Lhe energy separation between E, and El excitons,

and f2 and f] the oscillator strengths of the E2 and El excitons,
respectively.

€. G. Windsor and R. W. H. Stevenson, Proc. Phys. Soc. 87, 501
(1966).

S. J. Pl kart, M. F. Collins, and C. G. Windsor, J. Appl. Phys. 37,
1054 (1966).

K~1. Gondaira and Y. Tanabe, J. Pnys. Soc. Japan 2i, 1527 (1966).

47



Fig.

Fig.

Fig.

Fig.

Fig.

1

2

3

4

5

48

Figure Captions

Crystal structure of MnFZ. Thefdgshed lines outline the chemi-
e ;
cal and magnetic unit cell. )hl ions numbered 1, 2, and 3 are
/
the first, second, and third nearest neighbors of the central
++ . - o .
Mn ion in the cell. Arrows indicate the direction of the
: + .
spins of the Mn ions in the Neel state,
Schematic representation of the lower energy states of MnF2 in
the various approximations. See text for details,
Absorption specgrum of MnF2 at 1.6°K between 18400 and 18500
/
Fa
cm ~. The sgiid and the dashed curves are for the o- and n~po-
larizations respectively. The inset is a sketch of the relevant
energy levels.
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.

Polarized intrinsic luminescence spectra of MnF, obtained

2
by the pulsed excitation-detection scheme. The laser excita-
rion had a wavelength of 5200 A, a pulsewidth of 0.4 psec,

a peak power of ~ 30 MW/cm2 for the m-polarization and ~ 20
MW/cm” for the a— and g-polarizations, and a repetition rate
of 6 pps. The boxcar used for detection had a gate width of

1 psec. The sample was immersed in superfluid helium but

laser heating was still apparent. The effective sample tem—

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



Fig. 6
Fig. 7
Fig. 8
Fig. 9

for the n-polarization.

n-polarized CW luminescence spectra of MnF, obtained with a

2
92 mW, 5145 A, ArT 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

dccount. The inset shows the comparison between theoretical

and experimental absorption sideband spectra.

9
ui and v; as functions of k in the Brillouin zone.

Polarized intrinsic luminescence spectra of Man. Laser inten-
sity was ~ 20 HW/cm2 for the o- and og-polarizatrions and ~ 30
MW/cmz for the n-polarization; laser wavelength Al = 5200 A;
laser repetition rate = 6 pps; boxcar gate width = 1 psec. Ar-
rows indicate the theoretical cucoff points of the multi-magnon
sidebands as explained in the text.

(a) Unpolarized intrinsic luminescence spectrum of KMnF, ob-

3
tained with laser wavelength Ai = 5130 A, boxcar gate width

10 usec, laser repeticion 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

3
AZ = 5230 A, boxcar gate width = 1 uysec, laser rTepetition rate
= 4 pps, and laser intensity = 60 MW/cmz. 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.
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50

Energy level diagrams of three nelghboring Mn fwung in the mole-
cular field approximation. Tons A and B are on the same sub-
lattice; the associated E, exciton state <e,m;] may have a do-
minant mé = 3/2 component. lon C 18 on the opposite sublatrice;
the associatled El exciton state (e,m;{ may have a dominant m; =

- 3/2 component. Transtions between <e,m;] and fg,mslare mag -

nctic-dipole allowed and electric-dipole forbidden.
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V. Two-Magnon Resonant Raman Scattering in HnF2

A. Intruduction

Resonant Raman scattering (RRS) involving phonons has been well
studied in many semiconductors. Sections II ard III in this work are
pood evxamples. Here, I repcrt the first investigationl on RRS in a mag-
netically ordered crystal, viz., MnF, in the antiferromagnetic phase.
We have observed RRS by two magnons.

The optical properties of Man involving excitons and magnons have
been reviewed quite extensively in Section IV. 1In brief, there is a set

-1
of absorption lines around 18450 cm (see Fig. 3, Section IV) arising

from transitions within the

6 — - A -
Alg 11g manifold. ILines Ll and £, are

duc to creat.. . of El and E_ excitons respectively, via direct magnetic

dipole transitions while lines o, (= j and ¢, are the corresponding mag-
4

< L

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

direct and magnon-assisted recombinations of the El excitons give rise

to the E and 0O, m..) luminescence lines respectivel atc.
1L TSR P A
; . L. =4 L
The Raman spectrum of MnF, has been thoroughly studied.” iv con-

2

sists of four phonon modes and one two-maznon line. No one-magnon line
5 . .

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 Ol, nl, and 02 lines can be obtained following, for ex-
2,3,6

ample, Loudon's derivation. The spin Hamiltonian i1s of the form



(unless specified, we use the notations of Ref. 2)

Y Zczi’;‘k 5TsT (1)

<1,3> u,B

(18 UB uf
cre = A + B
where CiJ ij 1j

1 7]

< 4 t>e 1 Loey tp 1 b
af i :{: gilg |cr [g ij gilv 1IV x‘“i ﬁj u gJ ‘Lf,.h B.
(E - hm )([ - hm )

W,V

+ 11 similar terms

E }E: (<g e, Tler N ng1><uilgjtlv|e Lg t><e lg T]V Iu Tg 1> ¥

JM ]

<u11gjl[era]gingl>)/[(Ev - hms)(E"J - hwdh(w, - wp - W+ 0]
In the above equations, <gii is the ground state of the ith Mn ion, <y,
and <v[ are the allowed excited states with energies E and Ev respec-
tively, and <e] 1s either the El or the E2 excitonic state with its en-
ergy denoted by hwE. The magnon frequency is w - The quantities Ez and
ES represent the a component of the exciting field and the B component
of the scattered field respectively, and V and vex are respectively the
direct and exchange terms of the Coulomb interaction. TFrom Eq. (1) we

find for the two-magnon Raman cross-section,

do b 2
af _ ]
_z;laag + 2 iox
k

w, - mE(iZ) - mm(Tc) + il

£ (B r' . ; (2)
‘wl - wg - me(k) + iF'f
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where a . and b 5 are constant coefficients if we assume the matrix ele-
ag a

ments in Eq. (1) are constant and fuB(E) is a function of E. Since the

b term is obtained from higher-order perturbation than the a

term
[lf: ¥

af
the former should be negligible in comparison with the latter unless the
vxcitation frequency is cluse to one of the magnon sidebands, i.e.,
-
W, < wp + mm(k). Nedr such a resonance, if we use the approximation
x

, -2
R S O = 1&4(x)/7, we can write

dcuﬁ/dw5 = (douB/dms)NR 4 (douﬁldws)R (3)

with

2 e g

3 G = ot Y& I _ _ 14

(€5 4 ew )y = (nla 17/ )};faa(k)\s.mﬂ w, - 2w (K] (3a)
k

. _ 2, .2 ot . - o _ Y > .
(do_ /dw ) = (n7]b 17/Ti )20 06w~ w () - w ()] x

bt

- - 20 (K] . (3b)
s m
The total two-magnon Raman cross-section is then given by

(o ) {4)

( NR * aB°R

)

OuB - OuB

where

(o @ [(doa (w, ~w_ = 2w2 - ZwE)/de]NR . (5)

aB)R B R s

i >
Equation (3b) shows that at resonance, if (dous/dms)R (douB/dms)NR’



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

-+ -+
- =2 k) = -~ .
w, w mm( ) Zml ZwE(k) (6)
The above results are ecasy 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_l 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
L luminescence line.

%

D. Results and Discussion

No RRS by phonons was observed.7 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, and Ez exciton lines,

1
just as we expected. Figure 1 shows a set of two-magnon Raman spectra
at several different excitation frequencies around 9 and 9, absorption
bands. It is seen that the two-magnon line (denoted by M) varies in

frequency with w, - Deep in resonance, the line is considerably sharper

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

gion where o and 9, overlap, two two-magnon lines show up, due to simul-

64
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taneous resonances in 9 and 9, with two different sets of magnon modes

involved. We have plotted the Raman peak shift of the two-magnon line

as a function of wy in Fig. 2(a), and the corresponding Raman cross-sec-

in Fig. 2(b). The same re-

tion oxy (corrected for absorption) vs wy

sults for 0., are given in Fig. 3.
The results of Figs. 2 and 3 agree well with our earlier descrip-
ion. g d > d e Re shi .
tion Whep (doue/ mS)R (douﬁ/ ws)NR' the Raman shift should obey Eq
(6). We find that we can indeed fit that portion of the data by Eq. (6)
assuming mE(ﬁ) is independent of k. This is shown by the straight lines

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

for RRS near 95 Gy and ™ absorption peaks respectively, are mE(ol) =

-1 e -1 . -1 .
18420.7 cm ~, wE(Oz) = 18429.5 cm ~, and mE(ﬂl) 18405 cm ~. If Ol(ﬂl)

and o, arc inwced magnon sidebands of El and E2 and if tne assumption of

dispersionless mE(ﬁ) is correct, then mE(Gl) and mE(ﬂl) should be equal

to the frequency of tne E, absorption peak and “E(Oo) to the frequency

1
of the EZ peak. The observed El and E2 lines are at Wey = 18419.5 (:m_l
-1 . R
and Wpy = 18436.5 cm ~. The agreement between mE(Gl) and wpp is within

the experiment uncertainty, supporting the previous suggescion that ctne

dispersion of the El exciton is less than 0.5 cm-l.8 There is a discre-

This indicactes that the E, ex—

-1
pancy of 7 ecm ~ between mE(cz) and Wpot 2

citon has a negative dispersion of 7 cm_l from the zone center to the
zone edge, in agreement with the 6.2 cm-l estimate of Sell et al.9 The
fact that the data can still be fitted by a straight line suggests a ne-
gligible dispersion of E2 near the zone edge. There is a big discrepan-

cy of 14.5 (:m"l between mE(ﬂl) and w Since we know El is nearly dis-

El°
is not a magnon sideband of

persionless, this makes us suspect that ™

E1 but of a lower-energy excitonic state. However, no such state has



been fcund in absorption and 7. has been shown to be indeed the magnon

1
sideband of El in the previous section. Similar difficulty exlists in the
calculation of the " absorption sideband shape. Even with the exicton-
magnon interaction taken into account, the calculated sideband shape10
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 (dcaB/dws)NR becomes more and more dominant over (dcuﬁ/dms)R’ the
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. 1In Figs.
2(b) and 3(b), the theoretical curves are obtained from Eq. (5) using
the experimental lineshape of (douB/de)NR and with (ouB)R normalized to

its peak value. The discrepancy between theory and experiment is prob-

ably a result of the é-function approximation in the theoretical deriva-

tion.

E. Conclusion

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

2

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

resonant case. With a given excitation frequency w it selects a par-

1:

ticular set of two-magnon modes to be most strongly resomantly enhanced.
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Consequently, because of the presence of magnon dispersion, the two-mag-
non line shifts in frequency as wy varies, and two two-magnon lines show
up when simultaneous resonance with two magnon sidebands occurs. The
resonance enhancement agrees quite well with a simple theoretical des-

cription.
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Figure Captions

Twa-Magnon Raman spectra (denoted by M) at several different
excitation frequencies wo . Peaks I and 9L correspond to im-
purity and magnon-assisted luminescence lines respectively.
(a) Two-magnon Raman shift and (b) Two-magnon Raman cross-sec—
tion as a function of the excitation frequency w - The excit-
ing and the scartering radiation are polarized along y and X%
respectively (x,y L ¢).

(a) Two-magnon Raman shift and (b) Two-magnon Ramun cross-—sec-—
tion as a function of the excitation frequency w, - The excit-

ing and the scattering radiations are polarized along z and x

respeceively (x L ¢ and z ) ¢).
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V1. Interactions of Collective Excitations in Man
A. Introduction

The common practice of treating the elementary excitations in a so-
1id 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

. 1 C s : : : e
Si and Ge. It is interesting to study similar effects for Frankel ex-
citons. The El exciton of MnF,, with its long lifetime and narrow line-
o

width, provides & cluan system for studying the exciton-exciton interac-
tion. Some thicoretical considerations and preliminary experimental re-
sults will be presented here. In SBEZ, two or more elemeutary excita-—
tions are generated simultaneously at close proximity and therefore
strong renormalizing effects may occur. We have already seen one exam-

. . : . . L2 -
ple in Section 1V, viz., the exciton-magnon interaction 1in Mnrz. We
will examine possible experiments to measure this interaction. Ocher
. . . 3 4
interesting interactions such as the magnon-magnon~ and magnon-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 El exciton states

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

sideband of El. The exact distribution of the prepared E, excitons in

1
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the Brillouin zone depends on the threc dimensional structures of the
magnon dispersion and the exciton-magnon interaction. Subsequently, by
monitoring the magnon sideband luminescence spectrum the distribution of
the El exciton states In the Brillouin zone can be inferred. By pumping
the magnon sideband of El in absorption and monitoring the magnon side-
band of El in emission with certain time delay, two picces of informa-
tion can bhe obtained. With zero time delay, the excitoan-magnon inturac-—
tion can be deduced. This interaction has been revieweca quite extensive-
ly in Section IV and Ref. 2, and will not be repeated here. With vari-
able time delay, the spcectral diffusion of the El exc{tons in the Bril-
louin zone as a function of time can be obtained. This time dependence
is intimately related to the exciton-exciton scattering rate in the Bril-
louin zone, hence tne exciton-exciton interaction can then be deduced.
Macfarlane et al.5 did an experiment along this iine. Due to the
low resolution in their experiment, they could only deauce the order of
magnitude of the exciton-exciton scattering rate. The following approxi-

mate rate equation can be used to describe their resul:ts.

3
dp, /dt = 2 - [A(f p,dK) + Bllo, - <p,>) = o /7 ,
BZ

with

-10 3 o 6
A~ 10 cm”/see ; B(4°K) <10 /sec . 1)
Py is the number of El excitons with wavevector k per unit volume in

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

ty. <Dk> is the average of Py in K—space.
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<Dk> = f Dkdjk//' d3k (2)
BZ BZ

where the integration is over the whole Brillouin zone, and

J{- d3k = 3.945 x iu:B/cm3 (3)

BZ

The oprical pumping rate Pk is vhe number of El excitons with wr vector

-

k per unit volume in real space and per unit volume in K-space generated
per unit time. 71 = 200 usec is the exciton lifetime which is dominated
by trapping by impurities. LZquation (1) says the exciton population
distribution P gencrated by optical pumping tends to randomize in P

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

-10 3 ; . s . .
rate constant A ~ 10 cm” /sec, and the second being collision with im-

- L " 6
purities and phonons with rate constant B < 10 /sec for a teuperature
below 4°K. If Pk as a function of time is known, p, can be solved. The
[

exact value of Pk depends on the manner of excitation, the magnon disper-

sion, the exciton-magnon interaction, and the linewidth of El' it can
be calculated exactly in principle, though complicared. For our purpose,

a crude estimate of Pk for a given excitation condition is suificient.

This is illustrated in the following numerical example. Ii 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 %

23

1
10 8 photons/sec and the photon flux is 1.4 x 10 pho:ons/cmz—sec. As-

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

-1
9y and 1.7 ecm = for ﬂl),6 we obtain

./ P d3k = 1.4 % lO23 excitons/cmj—sec (40
BZ k
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tively. Unfortunately, the ZE] two-excliton transition was not ooserved
nrobably due to its much weaker oscillator scrength.

The two-excitoa transition energy mismatch ond t.v exciton-exciton

scattering rate can be related easily. The complete iiamiltonian fo  the

exciton is
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N )
") . —~ + ~ * . hd -+ + 4+ \
H o=k 4.4, +‘) a.a + A a d.4,,d,, t Adua a8, +
T R A S o R = i1 iR AR IR
i i <{i'- <3y
+ +
.- a.ia,a, i, (6)
R S SR T
c’])‘»
wiere Boois the energy of the hl vEciton stale, & the creation vperator
w 1

Doloan o excdton pocalived on the I-th Mn ton o the spin-upsablatiice,a,

: . ++ ‘
Coe anmrndlation perator for an oexceiton Jovalized on the j=dh Mn 1on
b the spin-down subiattice, etce., & oand 3 the veciton-vxcition interac-
Pron eneryies.  Since the exciton-cxeitun interaction is of short ranye,
the seeend and the third terms in kEq. (6) are summed ons over nearest
neighbors <ii' -, 35" on the same sublattice and next nearest neighbors

“ije en the oppesite sublattice, respectively.,  Wien ihere i1s only one

cxciten present, Eg. (6) predicts an cnergy ol E as 1t should be. When

(&)

litere are two

“itona preseat, Eq.o () predicts o roral energy of 2
(&)

1o tney are well separated, '..‘Eio 1+ 4 if they siton nearest neignbors, and
2¢ 4+ 4 if they sit on next nearest neighbors. For the two-exciton ab-
sorption transition, the two excituns generated are sittin® un next near-—
est neighbors due to the spin sciection rule. Therefore, u is simply

the measured energy mismatch in two-exciton transitions.

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

we have

+ + I+ +
H=EZ(uu +_—35>+—~ 2: cos{cp )je a a, a, *+
o4 ik k" k N kKo z iuk2+p ky =7k, Ty

+ + z
BB B B + 8 cos(apy/z)cos(apv/Z)cos(cpZ/Z) x
1 * 7

[ +p < pbk k N
2
2“1 ky sk, ,p
B, . a8
k2+p“k -p k2“k1 (7



+ + ,
where 1 and 0 are eaciton creation operatar, Tor toe Lo up and Liu-

down cablattices ) respectively, ete,, a and ¢ tattice ronytants, and N

the number of unit cells in the crystal. The exciton-exciton scattering

rate can be obtained by appliying the Fermi polden rade to toe ctates

(0 g n 1n _ Tn it and nt 1 _-,T“" o, and we ave
k] kZ k] p k2 pl k] kzl SR A

dn

kot . 2 .
1 27 bs o A
at ) E ; ., Cos (Lpz) (“k i + l)(n‘» . .>A..’Tn .

h K, p N

T

]

2
H4y 2 . 2 . 2 .
' ;—- cus (_.’J})X/;Z)('US (;xpy/'ﬁ)(-m, (r_'pZ/Z)(n, o + ;><nk -t + .

K
N 2

—

n n l* o, + oW - W = b > (B,
1 K, =i < 3
kzl k'i f ( Kath kl P K <

where N1 is tne mode occupation number tor the spln-up sublaltice, el

B
.! -
danad h.ruL_ the eneryy ol oan ereiton with momentum e, elo. oo Tolloe-
1
tion is always satisiied for the dispers.onelss B, exaaton op Mor

4

therefore it should be replaced by (ini2/%) “/bw, where Aw is the Gaussian

L. . - . 7 .
linewidth of the E] sxciton. The mode occupation numbers are much .usa

than 1 under most experimental condicions, therciore we have

dn 1 O
U <§.x12> i E : whoa
e N ,—- cos (cp_Jn, .
dt hzl\m T le kz,p { N z 1(2!
64’ 2 2 2 {
Y cos (ap /2)cos“(ap /2)cos " (cp /2)n._ .> (9,
N X y z Ry j

N
The sum over p can be easily evaluated. Eguation (9) becomes

dn
k1 ; . 5 (12 )

—— = = ——— (min2)*n ()\ n + 4u°n > (10)
dt N %Aw U i Kyt kot


file:///p.n-

Assuming n, = 5

w! K+ !
2 b2 2
A - (7ind) T0A7 + 4T)
N b
o
where 5 is the number of unit cells per unit volume. With hae -
Q
-1 6,7 -10 3 . .
rm " and A ™10 cm”/sec, woe obtain

The 2E. two-exciton absorption, if ever ohservable, should have an

i

1 Ccm

~a "]

gv mismatch ‘u,

an cvxpression for A In Eq. (1) is casily derived.

(11)

(12)

ener-

The energy shift of the El exciton iine under hign level excitatrion

can be evaluated by the equation of motion

where E is the renormalized energy for the spin~up sublattice.

k7
{(7) and (13), we obtain

_ 43
E ,a = ank ¥ N cos(cpz)a
Psq

+ o + 8u
a SH
qtp q kt+p N

X

o
Fa)

c:os(apx/2)cos(apy/2)cos(cpz/2)fﬁ;_pﬁqcmk_kp

. . : . 0 ;
Invoking the generalized Hartree-Fock approximatlon,l we obtain

4 42 Sy
E, = E + 22 Rl 22
kt ZEo Ty §COS(sz)nk+pT * N zp:in * X %np#

By Egs.

(14)

(15)
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The renormalized energy depends explicitly on the mode occupation num-

bers. Assuming

n =n

Kt = constant (16)

ki

corresponding to a totally relaxed exciton distribution, we obtain

E=E, =E, =E 4(x + 2 17,
IR S S u) (n/2N) (17)
where n ic 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 onc 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 relies 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 i—space according to Eq. (1).



The ateady state distribution or excitons in (he ®-space is monitored by
tie mapnon sideband uminescence. It the relaxation rate 1s slow enough,
a nonuniform distribution of excitons should be observed and the exciton-
mapnon interdaction can be deduced.,

Assuning exciting laser power of ® W lucused into the sample with a
neam diameter of 50 5, and a wavelength near toe - absorption peak (ab-

sorption dength ~ 1 cm), we obtain from Dys. (4) and (5)

3 25 _ 3 .
P,dk = 1.4 - 4 Cox oexrcitons/om —sec (18)

and
P = 4.4 x excitons/scc (19)

. . . N . . P ks
within the shell and zeruv elsewhere. .ntegracing Eg. (1) over k, we ob-

talin

= pkd3k =f P dk -lf pkdjk (20)
BZ Bz ° T3z

For CW c¢xperiment, the time derivatlve is zero. Therefore,

f okd3k 2 x 107" xf Pkd3k .

BZ BZ

i

2.8 x 1019 - X excitons/cm3 (21)

By Egs. (2) and (3), we obtain

<p > = 7.1 % 107 - x (22)
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Substituting these values into Eq. (1,, we ohrain, for il within the
shell selectively pumped by the laser
-10 19 -5
0= 4.4 » - {10 10 » 2.8 » 10 x4 HJ[pP - 7.1 207’ %)
1
-5 103 7 (23
kl

and for k? outside the shell

0=0-1101«28.10" " x4+ Bllo, - 7.1+ 1077 - %] - 5 x 10° S
(243
These can be simplificed to yield
f 9
k. - "k 4
el
R = *;%___“: . b.2 ; 10 (25)
“k2 2.8 » 107 - zx + &

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 K 1s Ge-
graded due to larger exciton-exciton scattering rate.

We have performed this experiment at 2°K for various punping levels

-6 . . . . , . -

(10 < x <0.1) in the manner described in Section IV. No noticeabie
change in luminescence spectrum was observed. The noise to signal ratio

in our spectrum around the ¢, luminescence peak was approximately given

1
by

T

N/S = 0.05 + 3.2 x 107 - x (26)

Qe
N



where the frist term was duce to the laser power fiuctuation (T 4%) and

~

spectrometer driver jitcer (U 1%) within an integration time 5 seconds,
and the second term due to the gquantum noise of the light emitting pro-
NN . . 7
ress, For an incident laser power of 1W (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 obscrve the effect, the following limit is set by Egs. (25) and

) -4 -5 S - 4 ) 9
0.05 + 3.2 ~ 10 f X 2 6.2 % 10/(2.8 - 107 * x + B) (27)

8 -1
B® s - 2.8 x 167 - x (sec ) (28)

The right-hand side of Eq. (28) attains its maximum value of ™~ 5 x lO5

when = = 5 % 10_5. Therefore
B(2°K) = 5 x 105/sec (29)
From the data of Macfarlane et al.,5
3(4°K) < 10%/sec (30)

We conclude

B ~ 106/sec (31)



at low temperatures.
It is c¢lear from the above analysis that an improvement in signal
to noise ratfo Is necessary in order to wee this cffectv.  From Egqs. (25,

(26) and (30), it is easy tu chow that the ratlo of B to N/S 18 maximized

—/ s P
for x = 107 . At his value of %, R = 4 < 10 and N/S - & - 10U

laser power fluctuastion contributes 4 # 10_2 to N/S; it is therefore aon-
neglipible.  In fact, if the laser power {luctuation can be eliminated,
N/S < K and the effcect should be marginally observable.  The laser power
fluctuation can be either eliminated by using an active {ecdback system
or avoided by adopting a phase sensitive detectlon scheme. Both tech-
niques are not difficult to apply and should be tried in the future,
(ii) Probing the exciton-magnon interaction by pulsed excitation-detec-

tion

This is similar to Experiment (i) except the excitaticn and deioo—
tion are donce in very short tirme intervals. If the time intervals in-
volved are short compared with the exciton relaxation time, the unrelaxcd
exciton distribution is observed and the exciton-magnon interaction can
be deduced.

Let Atl and At2 (sec) be the excitation and detection intervals,
respectively. Obviously we would like to choose¢ them te nave the same
time origin because otherwise the detector would miss tie signal if whe

beginning of Atl should be after the beginn.ng of At.,, or the prepared

2
exciton distribution would have relaxed more than necessary il the begzin-
ning of Atl should be before the beginning of Atz. Also we would like

to choose

At < At (32)

a-



to avoid wasting the pump laser coergy.
2
If the laser has peak intensity P(W/cm™) and a wavelength near the
"1 absorption peak (absurption length ~ 1 ¢m; photon cnergy = 2.29 eV),

then about

(6.25 ~ 1018/2-39)P$t1 Sy 1007 par (33)

. 3 5 - .
cxcitons per cm are generated after cach laser pulse. By the definirtion

of PF (sce Eqs. (1) and (20)) and Eq. (33), we obtain
dtf P, d'k = 3 10*° PoL (34)

wvhere the tir.t integration is over the pulse duration time Atl. Inte-

, Wwe obtain

f akd3k—~f de Pkd3k——_£f akdBk (35)
BZ bt BZ RV

right aiter the laser pulse. Assuming Atl < 1 (™~ 200 usec) and combin-—

grating Eg. (20) with respect to v over the interval Atl

ing Eqs. (34) and (35), we obtain

(W3]

fdekfian 1018 par (36
% 1

~

at the end of the laser puise. Substituting Eqs. (36) and (31) into Eq.

Y
(1), the total exciton relaxzation rate in k-space is

A f s &k + B = 3 108 Pac, + 10° (rec™h) (37)
By K 1
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The detection interval t[z should be no longer than the inverse of the
relarxation rate in order to obscerve the unrelaxed distribution, while as
long as possible to see more signal. The optimum condition {s given by

- K 6
(Atv) L. 3. 10 PLL] + 10 (38

The detcection duty factor (DF), defined as the ratio of the detec-

tion interval At, to the exciton lifetime v if Ar

2 ., €1, Is equal to

DF = at_/1 = 5 x 10° at (39)

The number of detected luminescence photons is proportional to both the
detection duty factor and the number of excitons gencrated after each la-

ser pulse. By Eqs. (33) and (39), the signal is maximized if

PAtlAt2 = maximum. (40)

Substituting Eq. (38) into Eq. (40), rhe condition becomes

PAt, = maximum, (41)

or
Atz = minimum. {42)

There is also a limit on P given by

PP (43)

B&



. O T . - Soe 3 3
= 5 ~ 107 W/erm™ is the exper.mentaliy determined sample broak-
down threshold intensity.

There are in total four indepencent condirions given by Eqs. (32),

{38), (41), and (41 for rthe three independent variables P, At], and At .
After some simple olpebra, it can be shown the solution is given by
: -4 .
ALI: ALE = 3 « 10 sec; (L4)
8 2
P o= Pb =5 » 107 Wem . (45)

The amount of detected signal is also proportional to the laser repeti-

tion rate K. However, R should be kept below 1/7, or

e
2

1/7 =5 kHz (46)

to avoid appreciable luminescence signal overlapping between successive
laser pulses. If R > i/r, the residual exciton population from previ-
ous laser pulses would contribute to the exciton-exciton scattering vate
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 Egqs. (44)-(46). Let us assume the
following characteristics of such a laser : pulsc width = 3 nsec, energy
per pulse = 30 pj, and repetition rate R = 100 Hz.ll Tne peak intentsi-
ty P is 500 MW/cm2 when the laser light is focused down to a beam dia-

meter of ~ 50 . The average power is 3 mW.
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A clean luminencence spectruam with pood Sipnas Lo nuise ratle and
resolution can be obtained in about 2 minutes using the CW excitation-
detection scheme (Baperiment (1)) with 4 laser power of 1 oW, In the
present experiment, the average incident power 1s about 3 mw, nowever
the signal is reduced by the detection duty factor of @ 2+ 134 (Eq.
(19)) compared with the (W experiment. Therefore a mintmom evxperimental

. - - 4 , . . .
time of = % » 10 minutes - 20 days is necessary .ol the presceil experi-
ment. This is beyond our capability and we have not tried tnis experi-
ment .

(iii) Induced absorption

A pump laser is used to sclectivily prepare the exciton and magnun
distributions in Lhe Brillouin zone. The excitons and magnons generatued
can absorb light to reach higher lcvels. A sccond probe lascr Ls used
tu monitor the absorption as functiont. oi pump power, time delay (in ca-
sc of pulsed excitation), pump and probe wavelengins, ctc. Under favor-
able conditions, some useful informarion may be extracted. For example,

the selectively prepared magnon states can ahsorpb lignrt to reach rthe E.
1

exciton level. By monitoring the absorption in the antiltukes magnon
sideband absorption region, the exciton-magnon interaction can te dedu-
ced. The situation is very similar to that in Experiments (i) and (ii),
and the relevant theory can be develcped in much the same way. Here, we
need to worry about the relaxation of the prepared magnen distribution
via magnon-magnon, magnon-phonon, and magnon-impuricy ccllisions. 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

o
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vrider high level excitation, the El excitrns cither shift in energy
acrcording to Eq. (17) or form new phases such as biexcitons, exciton li-
quid, ectc. We performed this experiment using the pulsed excitation-
detection scheme described in Section IV,  The flashlamp pumped dye la-
ser was used ta excite the E absorprion line directlv. The highest

. c 2 . - :
pumping level was 500 MW/cm™ (~ 5 mj per pulse fucused down to a beam
diameter of ~ 50 . and a pulse width of ~ 0.4 usec) limited by sample

breavdown. The E. exciton line had a peak ahsorption coefficient of

0.71 cw? b Theoretically, n/2N = 0.01 in Eq. (17) and a shift of about

0.01 rm was expected. Experimentally, we monitored the £, luminescen-
p » 1

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, whicn could be identified as biexcitons or exciton liquid, showing
up as the pumping intensity was increased. Thereiore, 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 MnF2 samples and the limit on resc.u

tion o1 -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 absorntion length is typically 10—6 cm.

With ~ 5 mj inciednt energy, the transition is easily saturated. If the

st"te, n/2N can be

excitations quickly relax down to the metastable El o

. R -1 L . _  o .
close to one. The shift is expected to be ~ 1 cm = and should be decec—
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
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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-phcoton 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-miagnon
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 Man. In particular, a detailed theory of the exciton-exciton inter-
action is developed. A few possible experiments are examined. The te-
chniques wused 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 MnF2 and their mutual interactions are rlean 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

L has attracted much attention in

Brillouin scattering in solids
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-~
in scattering experiment results on GaSe.3 First, this technique will
be demonstrated to be a powerful probe of the elastic properties of so-
iids. 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
calculations4 as well as measurements of optical and electronic trans-
port properties have indicated that GaSe has nearly isotropic electronic
states at the forbidden gap.S 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.6 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 alsoc a semiconductor with a gap energy around 2 eV. It has



been shown in Section I1 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 cnhanced 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-

dy has been performed on a few materials, including CdS,2’7’8 ZnO,8

9,10 11
»

GaAs, ZnSe etc. However, no such study has been performed on

GaSe previously,

B. Experimental Setup

We have constructed 2 "-illouin spectrometer with a three-pass,
piezoelectrically scanned Fabry-Perot interiferometer as the center core.
The construction i: similar to that of Sandercockl2 and that of Dil and
Brody.l3

All the optical components used were mounted on single piece of
3" x 9" x 2" steel plate for rigidity and stability. The steel plate
was put on top of a sand box which in turn was supported by inflarec
inner tubes. With cnis arrangement, the building vibration was suppive-
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 and 6600 A 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 Ll. 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 analvzer A, the scattered light was

spatially filtered by lenses L L, and pinhole Pl to eliminate diffuse~

2’ 73

ly scattered light. Two corner cubes Cl and C2 were used to pass the
light thvee 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 electronies 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 based 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 full? 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-
1llouin 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 wminutes. 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-
cally14 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 x 108, 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 107 or even more SLronger
than the Brillouin signals, the high constrast value of 3 = 108 associd-
ted with the three-pass configuration was a necessity. A usual single-
pass system using mirrors with 96Z reflectivity would have a contrast
value of 1.5 x 103, far from enough. The free spectral rangc of the
system was adjustable and was fixed at 92.0 GHz during the measurements.

Lenses Ll, L2, L3, and L4 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-

15
tion. Pinholes Pl and P2 had diameters of 100 u. The pinhole finesse,

being ecqual to 700, was much greater than the Fabry-Perot finesse.

Its effect on overall resolution could therefore be negelected.



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.1
The indices of refraction used in the calculation were taken from Ref.
17. From the measured Brillouin shifts and calculated momenta, the so-
und velscities 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 the. 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 D3h (6m2). There are five in-
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18 .
depent elastic constants Cll’ ClZ’ Cl3’ C33, and 044' The equations
of motion can be solved straightforward1y19 to give the sound velocities

and polarizations. There is one mode which is purely transverse for all

propagation directions; its velocity Vo is given by
_rl .2 2.41/2
vp(8) = [5(C; - € ,)sin + ¢, cos”0] T /s )

where 0 is the angle between propagation direction and the c-axis. and
. ) 3 .20
p 1is the mass density equal to 5.03 g/cm™ for Gale. The other two mo-~

des are in general mixed TA and LA modes; their velocities are given by

1 2 2 1 2
= ol + + = ~ T -
v, (8) (1/p){2(c44 C,;8in"6 + C, cese) ZIKCAA + C . sin”6

o COSZO)Z - 4C,, (C sin29 -C 26) 'n26 + C +
33 44711 33608 PIst

13(C13

zcl‘l‘)sinzzojl/z}l/2 (2

At 8 = 0 and 90°, the "+" and "-" modes become purely longitudinal and
ourely tranverse, respzctively, hence they are called quasi-longitudinal

and quasi-transverse modes, respectively. We have

1/2
v, (0) = (Cy,/0)

v_(0)

v_(90%) = v.(0) = (c,, /)

v,(90°) = () /o)



vp(90°) = [3(ey, - ¢ /)M (3)

Therefure, from the measured sound velocities for 8 = 0 and 90°, four

elastic constants C C33, and C can be deduced. In order to

4

a different propagation direction has to be used.

11’ Cl2‘
obtain Cl3’
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 I. 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 31.6 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.
would re-

In particular, they didn't measure C,_ because measuring C

13 13

quire ntting 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

0,4 ]éiéj:; (v | (4)

where éi and éj are the unit polarization vectors or the incident and
-
scattered light respectively, and u is the displacement vector of the

1,18

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 go-i
apreement.

The data in Fig. 3 clearly shows the anisotropy of the mechanical
properties. For example, the LA velocity is 2.7 x 105 cm/sec for 8 = 0,
which is much lower than the value of 4.6 x 105 cm/sec for 8 = 90°. A
good measure of the anisotropy is given by the ratio

r = v,2(0)/v,2(90°) = C,./C.. = 0.33% (5)
+ + 33" 711
The same ratio should approach O 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 . v connected with its iayered 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 Brillouin scatter-
ing technique. Accurate values for all the five elastic constants nave
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 Brillouin Scattering
(i) Experirent 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.
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2(a) and an incidence angle of 70° with respect to ¢. 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. 4. Due to the una-
voidable strong luminesc2nce when exciting near the absorption edge, the
Brillouin signals were lost in the high luminescence background for wy 2
2 eV. Other scattering geometries were also tried and the resulrs vere
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-
sured.:Zl The effective absorption coefficient on the Urbach tail for
extraordinary light with an incidence angle of 70° is given by

@ = 5.9 x exp(102 x E - 198) + 1.5 (co 1) (6)

where E is photon energy in eV. This is plotted in Fig. 4 as a solid

line.

2
A simple perturbation theoryz’Z_

predicts the Brillouin cross sec-
tions should be proportional to az (or a) if intraband electron-phonon
matrix ele 'ent is nonzero (or zerc). 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



resonant enhancement.  In some ather soattering geometries, it was pos-
sible to follow the Brillouin peaks above the bhand gap up to 2.1 eV,
But in all the cases we studied, no resonant behavior was found.  Thnis
is the first known example of a crystal with acoustic phonons which show
no resonant behavior near the fundamental gap.  The tentative interpre-
tation is that the clectron-acoustic phonon interaction is quite smals
for the lowest conduction band and the top valence band of GaSe and the
nonresonant Brillouin cross sections are dominated b other electronic
transitions. No experimental or theoretical values of the electron-acou-
sUic phonon matrix elements of GaSe are availallc.
(1i1) Summary and conclusion

We have scarched for possible resonant enhancement of the Briliouin
cross sections of GaSe near the fundamental gap. No rescnant behavior
has been found. The results seem to sugpest the clectron-acouscic no-

non coupling is small for the fundamental gap. Farther cxperimental anc

theoretical studies are ncecessary to verify this assertion.
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Values of the elastic constants of GaSe deduced

tering experiment and

Rzaev (Ref. 6).

TABLE 1

from the ultrasonic measurement of Khalilov and

e “__W- —— e —
| Brillouin Scattering | Ultrasonic Meas. !
i { (present experiment) | (hhallluv and Rzaev)
|

. — e e
| Acoustic Phonon ; 10 - 40 GHz i 1.67 MHZ
; Frequency : ; :
P ————M‘A*af-% e i e S e s e ———— e
icll(gm/cm - gec’) | 1.05 = 10 ’ 1.02 » lO '
' L S, S,
|Gy : 3.51 » 1011 1 3.07 « 101
: |
b e - - e i e e -______________i
¢ 1.04 = 101t 0.70 » 10! _
YA f
. 1 :
. C | 3.25 x lOll 3.24 x lO_l !
i 12 : { ;
1 Cpy 1.26 x 107 Unknown {
| 3

TABLE I1

Polarization selection rules for backward and 90° Brillouin scactc

acoustic phonon modes, “+", "-", and TA, in GaSe. VV, HH, VH, and HV re-

fer to the various polarization configurations.

Backward Scattering 90°
B = 0° 0° < 8 < 90° g = ggo | Scattering
W; HH + +) - + +, -—
VH; HV TA TA

from our Brillouin scat-

tering of
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Figure Captions

and L

Flow diagram of the Brillouin spectrometer. L LZ‘ L3, 4

l)

are lenses, A a polarizer, P, and P, pinholes, C

1 2 and C2 corner

1
cub~ prisms, F.P. Fabry-Perot plates, PMT a photumultiplier,

and MCA a multichannel analyzer.

Typical Brillouin spectra of GaSe 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 VV configuration,
where H and V refer to polarizations parallel and p.-rpendicular
to the scattering plane respectively.

Velocities of the three acoustic phonon modes in GaSe as func-
tions of the propagation direction. & 1s 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).

Measured Brillouin scattering cross—sections (crossed duta
points) of the "-'" nhonon mode in GaSe as a function of the in-
cident laser frequency. The scatteriay geomerry was that shown
in Fig. 2(a) with an incident angle of 70° with respect tn &

and an HH polarization configuration. The solid curve gives

the absorption coefficient of the crystal in this frequency re-

gion,
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VII1. Two-Photon Parametric Scattering in Sodium Vapor

A. Introduction
Parametric interaction of light waves in nonlinear media has re-

; . . 1 .
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

. R . 2
experimentally and theoretically in the literature. 1 present here a
theoretical calculation of the two-photon parametric scattering in sodium
vapor. Preliminary experimen.al result will also be discussed.

The two-photon parametric scattering process is an energy conserv-

ing process

Zhwl = huz + hw3 (1)

wnere two pump photons with energy hw, are converted into one signal pho-

1

ton with energy hw, and an idler photon of energy hmz. Tne noniinear me-—

3
dium mediates tne transition but does not undergo any change itself.

Therefore the total photon momentum is also conserved.

%, =% + K (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
forbidden. Although quadrupole transitions have been shown3 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 vasy 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 thl close to the 3s » 5s two-photon transition. This is further re-
sonantly enhanced if hm3 is close to the single photon transition 55 =~
3p or 3p » 3s. The overall process is shown schematically in Fig. 1.
Since the transition matrizx elements are known, the cross section can be

easily calculated.

B. Theory

Let the electric fields of the pump, idler, and signal beams be

éi(t) with i =1, 2, and 3, respectively. We define the complex ficlds
E by
i ™
- B —-iw,t
E.(t) = Re(é. e 1 ) (3)
i i

where Re means the real part. The nonlinear complex polarization at the

signal frequency w, is defined by

3
_ 1—»(3) _ : A%
33 = 3x 7wy = 20y - w,) §1§1E2 (4)
«(3) . . . s .
where y is the third order nonlinear susceptibility and the factor 3
. +(3) 5 .
is the degeneracy factor. can be calculated” using the perturba-

tion theory within the dipole approximation. Assuming two-photon near

resonance with the 3s - 5s transition, we have



. L b
X(j) = - JELg : : <3s Ojr!n'pm'><n'pm'|r|5s 0><5s Ol;]npm>
12h” n,m,n',m’
r- . -
<npm|;|35 0> (2w } w 3-l§>w - : + % w, = i )
1 5s 1 nP3/2 1 nPl/Z
el
ST T e T s T
3 n'I’3/2 3 n'Pl/2 2 ‘P3/2
1 1
ERTAETI ()
"ty

N is the number of sodium atoms per unit volume, ¢ is the eleccronic
charge. The dipole matrix elements are evaluated with respect to the
basis vectors |nim>, where n is the principal quantum number, % = 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 nP3/2
and nPl/7 states. To first order approximacion, these two levels contri-
bute 2/3 and 1/3 of the total oscillator strength of the tramsition, re-

, 6 - . . . .
spectively.,  Hyperfine interaction has been negiected in Eq. (5).

: +(3) | R .

It is clear from Eq. (5) that is symmetric with respect to in-

terchange of w., and W Since a sodium atom has spherical symmetry, it

2
. +(3)
can be shown the only non-vanishing components of ¥ are

3 _ .3 _ ™
X yxxx nyyy zZzZzZ

3 _ 3 _ 3 _ 3 __ 3 | 3
- - =X =X

XXYY yyxx yyzz zzyy ZZXX XXZZ
(D3 ) ) ()
XYXY YXYX yzyz zyzy Xzxzx ~ Xxzxz
3 _ (3 _ .3 _ (3 _ 3 (6)

xxyyx nyxy Xyzzy xzyyz Xzxxz Xxzzx
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Since we retain only the 5s two-photon resonant intermediate state in

Eq. (5), the only significant components of x(3)
»
3 _ () 3 _ (3 (3
X xxx nyyy zzZ2 Xxxyy - Kyyxx
X(B) _ (3 :(?) - ‘(3) N
yyzz zZzyy Z2ZXAX XX2Z 2

The interaction Hamiltonian i{s obtained from the classical energy

expression, and is given by
- s kg
H=-3—/d3rx(3)§§'rfEfEf (8)

The electric field is quantized in the usual way

r > .
. 15~ f8&rhw ~ KT - wt) | ot - LETY - owr) N
E(r,t) = 2{;( > ) L e +E e 9

where V is the volume of quantization, n(w) the index oi refraction at

. . .+ ps : s
angular frequency w, and ak and ak the pnoton annihilation and creatio.

operators, respectively. Combining Eqs. (8) and (9), we oktain

2.2 (mzw w )li
g - 48 1%2%3 . s S
nz(w Yo (. ) (w.) 3211 2121 - IEZ - IEB 2 93 %1 %1
1 2 3
with
= (3) : 2422
X3211 ~ K 1 €181%5%, (10)

where ei is the polarization vector of the i-th field. The initial and



final states of the process are assumed to be incoherenc; they are given

by

n
ji> = —= (a+) 1 |o>
(nl!)2 1
(11)
1 +.M 7
+ o+
o= — - — 10>

BENTRET R

respectively, where o, is the number of pump photons in volume V, and
'0» the vacuum state. The transition probability 1s wiven by the Fermi

golden rule. Neglecting pump depletion, we obrain

5 wow,
T I L £ 3 g
o3 G % -
271231 nz(ml)nz(mq)nz(%) ® - ¥, - R,
(2] = wy = ) {(12)

where

Tt

=1 < 4
1 v onle) Wy

(13)

is the pump intensity. Energy and momentum conservations are described

by the rwo §-functions. For a given Wy Wy 1s determined by Eq. (1).

2
The magnirudes of Kl’ EZ’ and Ks are determined by

k. = w.n(w.)/c (14)
i i

By Eq. (2), the scattering geometry is then uniquely determined and is

shown in the inset of Fig. 2., The scattering angle &, is given by

3
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1lo

~lp,2 2 .2
8, = 85(w;) = cos  [(K] + 4k] - K5)/4k k] (15)

with a similar expression for 62. Conversely, if 8, (direction of ob-

3
servation) is defined first, KZ' K3, Wy and w3 are all determined to
within an c.ichange of signal and idler waves. In other words, for a
given spectrometer setting, signal can be seen only for one particular
63; for a given direction of observation 63, siganl can be detected only
at two wave-lengths. This is important 1n 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 Kz 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

2.2 3
4'n le' I w wl n(w,) [d6,!
i EURPP B AL [1 + cos?(o, - 63)] B T W i ¥

3 ¢’ n? ()0’ @, |43,

where d2n3/dt dx3 is the number of scattered signal photons per unit
time per unit wavelength (measurec in air) and y is xiziz' This is the

quantity most easily measured experimentally. We can also measure the

angular distribution given by

d'ny 3 Vhl'ng 2 5,3 ()
— = 1152 = — [} + cos (92 - 93)] - T (17)
3 c n (wl)n (wz)

'To evaluate 63(w3) by Eq. (15) and the cross section by Eq. (16) or
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(17), the refractive index is required. This is given by the Sellmeier

formula
2 hnNe® 2 1 1 1
I T D L e T (18)
O P - w u)nP - W
372 1/2

from which n and « can be obtained separately. my is the electron mass.
fnp is the oscillator strength of the np level. The spin-orbit interac-
tion has been taken into account.

The energy cigenvalues in Egs. (16), (17) and (18) are in general

7
complex. For a given level j,

. = Re(uw,) - iy, (N)/2 (19)
“3 “3 i
where yj(N) is the full width at half maximum of the level and is a fun-

ction of N.

where yj(O) is the natural linewidth, 6yj the seli~broadened linewidth
at standard temperature and pressure, and NO = 2,69 x 1019 /cm3.
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 u is
used as the pump source. The detuning from the 3s + 5s transition is
12.7 cm_l 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



uniform density 7 % 10}6 aLoms/cm3 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 Egs. (15) and (17) are li-
mited ta n = 3, 4, 5, and 6. The relevant quantities are listed in
Table 1.7 The results on 03(R3) and d2n3/dt dlj are shown in Flgs. 2
and 3, respdctively. Tt is clear from Fig. 2 that the anamolous dis-
pursion assoclated with the 3s + 3p transition renders the phase match-

ing angle 6. large near 5900 A and 6300 A. This is desirable experi-

3
mentally, since the pump light can then be easily rejected spatially.
Phase matching for 63 ¢ 5900 A and 63 > 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 thun offset by the straong absorption of the sodium vapor

at this wavelength.

C. Experiment

We have performed preliminary experiment in order 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 93. 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‘na/dc dxj with-
in certain range of 63 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, ete. A maximum count rate of about
3 _ . .

107 /sec was expected near A3 = 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
- 8 6 . .
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. 1In

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, tne 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



have energy levels in the right energy range {or convenient pumping.

E.  Summary

We have derfved the cxpression for the cross section of the two-
photon parametric process in sodium vapor near the 3s o+ 55 transition,
A numerical example is worked out, Preliminary experiment has nnt been
successful due to the presence of strong dimer fluorescence.  Furure

cxperiment using a pulsed laser or a different atomic vapor is sugirested.
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Parameters for sodlum vapor used in Egs,

TABLE 1

(16)-(20).

T I |
w/2me i ¥(0)/2mec 6y /2n¢ <3s|z|np><nplz]5s>

-1, -1 -1, ! a

np (cm ) (cm ) (cm )i f { ((Bohr radius)Z) .

| 1 i

A A S T

4 2 o b ! é i

3Py, | [16956.18 | {3.3 « 10 6%.1 ‘ | |
- !

3p 1 0.982 -1.3253

-4 ! :

3Py, | [16973.38 | {3.3 x 10 78.9 ’ | i

B { ;

T = - |

| :

4p 30270.63 | 1.5 x 107° | 0.35 |0.0142 | -1.3912 '

: ]

. SRS B —
!

! t ,

Sp 35041.95 | 3.1 x 1071 0.05 [0.00221 0.9374 !

b i !

‘ ( : )
x : ‘

| 6p 37297.34 | © 0 10.00073 - 0.0633
| ! ,
! | i ]




Figure Captions

Partial encrgy level diagram of the sodium atom. Two photon

parpmetric process with Zwl = w, + Wy is shown schematically.

The phasc-matching angle 6335 a funcrion of wavelength A, for
3

6
n=7x lO] aLoms/cm3. The inset shows schematically the

scattering geometry.

9
The calculated scattering cross section d"n. /dt di, as a func-
3

3

tion of AB under the experimental conditions stated in the

text.
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Figure 3
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