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Comment on "Resonant Scattering or Absorption Followed by
' Emission"

Y. R. Shen
Department of Physics; University of California,
: and
Inorganic Materials Research Division,

Lawrence Berkeley Laboratory,
Berkeley, California 94720

ABSTRACT

The resonant scattering which is governed by transverse
relaxation is physically different from absorption followed: by
emission which is affected by longitudinal relaxation. A

number of physical‘ekamples are given.
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Solin and Merkelo in a recent articlel claimed that there is no
difference between resonant Raman scaﬁtering (RRS) and hot luminescence
(HL) (or emission after absorption). They extended Klein's intuitive
‘theoretical derivation2 to support their argument. Their conclusion is
in conﬁfadiction withrthat derived from the density-matfix fdrmalism3.
The densityAmatrixvapproach_shows that RRS is connected énly wifh the
off—diagonal density matrix elements and is governed by transverse re-
iaxation, whilé HL‘is?c;nnectedlwith re#l popﬁlation chaﬂge‘in the
excited state and is affected by longitudinallreiaxaéion. Here we want
to reassert that RRS and HL are different physical processes and to
point out that the apparent contradiction arises becauée Solin aﬁd
Merkelo have ignored the difference between transverse and 1§ngitudinal
relaxation.

Solin and Merkelolbconsidered only theicollisionless case where
the linewidths:of all states are naturallyvbfoadened. Their conclusioq
was then based solely on the result that inAthe_steady state, the .re-
sonant emission cross-section derived from an intuitive argument agrees
with the Raman scatteriﬁg cross-section from the‘gggg;.scattering
fqrmula. In fact, for this special caée, the same mathematical result

was obtained in Ref. 3 with the density-matrix formalism but the physical

interpretation is different. As shown there (Eqs. (7) - (10) of Ref. 3

withll(t—e)) = 1), in the limiting case of lifetime broadening with
2T"nI’ ng = 1 and '_I‘g> Tn’ Tf (We use the same notations here as in Ref. 3),

it is the overall differential cross-section for Stokes emission (HL+RRS)
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which-réduces to the usual expression for resonant Raman scatteringz.
The intégrated HL cross;section is equal to-the_infégrated (HL+RRS) Stokes
emission cross—ééction. This happens because of iﬁterferénce between
HL and RRS in some frequency regions. In the more general caseé,'
~however, these results are not valid but the ovérall Stokes emission
créss—section still consists of two parts, HL and RRS, as pbinted out
. in Ref. 3. We emphasize here that even iﬁ the limiting case of life-
time bro&dening, the usual expfession'for resonant Ramén scattering has -
actually had contributions from both HL and RRS. Therefore, the con-
clusion of Solin and Merkelol is not'cor:ect.

| For the matter of clarification, we sﬁould point out that the
definitions of HL and RRS existing in the literature are not unique,
Here, we follow the definition: in Ref. 2. We start from a rather
geﬁeral definitions of differential scattering cross—éectién
_dzo/dedQ « im'<;(3)(w ). E(m )>. We can write
3w <p1§3) (ws)v +<p (3) (4>, and hence d’0/du_di=

(d O/dw dﬂ) + (d G/dw dﬂ) . The HL part (or absorption followed

(2)(0) (longitudinal

by emissiQn) arises from the excess population Pon
v excitétion) pumped into the intermediate state <n| by the exciting field.
The RRS part is connected only with the off-diagonal density matrix ele-
ments (transverse excitation). Clearly, from our definition, HL and

-RRS can interfere4, and therefore cannot really be separated from each

other, at léast in steady-state measurements.
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However, the relaxations of longitudinal and transverse excitatipns

(an& henée the relaxations of HL and RRS) are in general véry different

and are moét appropriately taken care of by the density-matrix formalism.

We have, for the density matrix operator p, the equation of motions—

L 3p _ : 1 (20 |
% = (O + 3]+ GED (W
We normally assume for optical transitions,s’9
( at )damping % ﬁ;.[winpnn - wnipii] for 1 = J_
: i : .
= - . ¢ . :
Fijpij for i j (2)

where win is the transition probability from <n| to <il. The same

. ; . 5-7 .
equations have been used in many magnetic resonance problems . It is

seen clearly from Eq. (2) that the relaxations for longitudinal ex-

citations (Apii) and for transverse excitations (Api with i#j) are

3

different. Only in special cases, the two are connected. For a two-
level system, Eq. (2) leads to the well-known longitudinal and tréns—

verse relaxations times, Tl and T2 respectively. Recently, Rousseau

. 10 .4 ' . . ;
et al. have indeed observed these two relaxation processes in their

work on resonant Raman scattering and fluorescense in I, vapor,.

2

In response to the suggestion of Ref. 1 that the results of Ref. 3
(Eq. (6) and (7)) may not be correct, we now feel obliged to give a brief
' ’ 11

discussion on the derivation in Ref. 3 to confirm those results. We

consider only the steady-state case (u(t - to) = 1 with to+ © in
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Eqs. (6) and (7) of Ref. 3). The transient case'follows essentially the
same derivation. The detailed procedure of der1v1ng Eq. (6) of Ref 3

has been. spelled out clearly by Bloembergen.12 In fact, the expresssion

(3

of <P follows directly from his derivation, taking into account

(ws)>RRS

only the resonant term with the damping constants incorporated. A similar

_derivation leads to <P(3)(wé)> That the steady~state expression of

HL®

<P( )(ws)>HL in Eq. (6) of Ref. 3 is correct can be seen as follows. For
hot luminescence from <n| to <f|, the system is equivalent to a two-level

system with the populations pnn = pii)(O) and pff = 0, It is well-known

that for such a syetem, we have8’12

> + .

(Ps fn g ) ) -iwgt 3)
h(w - w . + 1P ) \pff Pan’© ‘ . (

s nf ,

| <§( )>

We also know from the well-known formula for resonance saturation that

the second—order population change p( ) ~induced by the exciting field
lS7,8,13
(2) _ >tz 2,2 2 .2 o '
Pan '_zrng?nl(Pz gz)ngI g — o)+ Tl “

Substitution of Eq. (4) into Eq. (3) leads immediately to the steady—

state expression of <P(3)(ws)> in Eq. (6) of Ref 3, We should also

HL

comment in pass1ng that the damping term which appears in the equation

for p( ) in Eq. (5) of Ref. 3 is’ an approximation. According to Eq. (2),

it should be
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BQ»(.Z) : : (2) (2) (2) 3 !
nn = _ s 5 .
(=g ) (wg + an)p + (wnfpff ¥ else ) (3)
- .damping.
but since péf) 0, éz) = —vpii), and W /W f 1 from thermal état}stical

con51deration, we have, as a good approx1mat10n,

(2) o , :
(ap"“ ) - -1 o® | (6)
ot nnpnn :
‘ ~damping .

where an.= wgn + wfn. Thisvapproximation is not generally'trﬁe f9?>pnn’

especially when pig)

is non-negligible.
fWe note that the resonant scattering cross-section derived in Ref. 1

is different from that in Ref. 3. This is because Solin and Merkelo1
used a spgcific model iﬁ their derivation. Normélly, the scattering cross-
sectiog Qe are intefested in .is proﬁortional to the sfeady-stéte
transifion rate. Solin and Merkeloyhowéver coﬁsidered a different casé.
They assumed that initially (t = to) the system was in an excited stéte

i”., They calculated the total time—integratéd‘(from t = to tQ t =
transition probability for the system making transition'frpm |i> to
another excited state ll>‘while scattering a photon at.wz into a photon
ét ws. Thgir sqaftering crqss—séction_waé'then definéd és:proportional.
to this pime—integrated-transitiop probgbility. In their case, we
expect no stgady—state population in‘any_state involved.in the transition
(as can be seen, for exampie, from ﬁq. (13a) of Ref. (1)). Con;equently;

they did not obtain the same result as the one given in Ref. 3. The
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implication of Ref. 1 that they had used essentially the same ex-
pression for the scattering cross-section as in Ref 3 was wrong The
results derived in Ref. 1 are also not valid when the equilibrium popul—v
ations of either li> or l£> or both are non—negligible.

~According to the'definitions of HL and RRS in Ref. 3,,the distinction

_between the two processes comes mainly from the difference between

While it may be difficult to distinguish unambiguously HL and RRS without
transient time-resolving measurementéq 14there are 1nnumerable physical

: 15
~cases Jhich are based on the dlfference between 1ongitudinal and trans—

verse relaxations, some of them being similar to the case of HL and RRS.

A few examples have already been given in Ref. 3. Here, we consider a

few more. One uell—known example 1is anti—Stokes Séétﬁeringnl6ii7

in a medium in the presence of strong laser and Stokes fields. It can be
»generated by both direct and indirect (two-step) processes. In the direct
,bprocess,>the laser and the Stokes fields excite the vibrational wave (pro-
| portional to the‘off—diagonal density matrix elenent betweennthe'ground
state and the excited vibrational state) and the.vibrational wave in turn
couples with the laser field to create the anti-Stokes field. The response
is governed by the transverse relaxation time T2 of the vibrational state.
In the indirect process, the laser and the Stokes filelds actually pump a
non-negligible excess population into the vibrational excited state via

the Raman process. This excess population can then yield an anti-Stokes
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scattering which decays with the longitudinal relaxation time_T1 bf-the

vibrational state. Kaiser and h:-!_s‘corworkers'18 have used these difect.aﬁd '
iﬁdirect processes in fheir time-resolving experiments to meaéure respéé-
tively Tl and T2 of vibrationél or phonon rélaxation in iiquids and solids.
'They’ére also céntemplating the method of.exciting thesvibrational exci-
tation directly byva coherept inffared source.l9 Thé same siguationvshbﬁld

1

and another laser beam at wy is used to induce emission at Wy =Wy

latter caseAis equivalent to the case of HL andARRs;.eﬁcept that induéed

appear if a laser beam at w, is used to excite an optically excited state

This

two-photon emission to the ground state occurs instead of,ohe-photon emis-
 sion to a lower excited state. In the discussion of Solin and Merkelo,1

they have ignored the question of longitudinal and transverse relaxations.
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