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Raman vs Rayleigh scattering in the soft-x-ray region
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A sharp and intense structure of the core exciton is observed in total photon yield spectra of a cubic BN
crystal at 192 eV, below the transition from the boros Igvel to the conduction-band edge. We have
discovered, however, that the Raman intensity for leaving behind the valence exciton does not show any
enhancement even when the frequency of the incident field crosses the core-exciton level. This comes from the
fact that relative magnitudes among the nonlinear channels depend on the relevant frequency. We analyzed the
Raman spectra taking into account the strong coupling between the core exciton and radiation fields, i.e., the
polariton effect, Rayleigh scattering, and the Auger prode38163-18207)09335-1

Many similar electromagnetic phenomena have been obthe Raman signal leaving behind the valance exciton is
served over wide frequency ranges. For example, transieshown in Fig. 2. The valence exciton, with excitation energy
coherent optical effects have been successfully observed ihl.8 eV, is made of the conduction-bands(®)® electron
the visible and infrared regions, while these concepts origiand the valence-band §p°)" hole. This signal intensity in-
nate from the magnetic resonances in microwave frequercreases very rapidly when the incident frequeney ap-
cies. The optical laser is also a typical example, and it is afroaches the conduction-band edge excitation axtheoint
application of the maser principle to optics. The search foffom the boron % level. Even when, howeved, crosses the
lasers with higher frequencies is now going on. However, it
is difficult to realize ultraviolet or x-ray lasers under the
present technology because spontaneous emission is too
strong to be overcome by stimulated emission in such
higher-frequency regions. This shows that the extension of
concepts valid for the visible frequency region to x rays is
highly nontrivial. Therefore, we expect that nonlinear optical
responses are also dependent on the selected frequency as
well as on the kind of relevant elementary excitations.

Core excitons in semiconductors and insulators have been
studied theoreticall7® and experimentalff7® with a number AT
of models_and several measurement methods. Carson and 190 195 200 205 210 215 220
Schnatterly found that both the exciton intensity and bind-
ing energy could be explained with a Wannier model. Re- Photon Energy (eV)
cently, synchrotron radiation sources and measurement sys- LARANRRARE LAY RLARRRRRAN AALLARLLLS RALLLRERE] RN

) : GH
tems have been improved to the extent that Raman scattering —  ¢BN 30K -
spectra in the soft-x-ray regic%and the core-exciton struc- L B1s-TPY
ture in total photon yield(TPY) spectra", have been ob-
served. These are usually interpreted by conventional exten-
sions of concepts established in the visible frequency region.

A strong core-exciton line is observed very clearly in
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TPY spectra of cubic BN crystal at 192 eV, below the tran- A _
sition from the boron 4 level to the (Zp®) conduction-band ‘

edge, as shown in Fig. 1. The core exciton differs from a ISPV Db Do bon o
valence exciton in several ways. First, the core exciton has a 190 191 192 193 194
larger binding energy than the valence exciton. The binding ) Photon Energy (eV)

energy of the core exciton in cubic BN is about 2 eV. Ac-

cordingly, the oscillator strength also has a large value. g, 1. (a) Total photon yield TPY) spectrum ocBN at 30 K
Therefore, it seems that the core exciton deeply contributeg, the region of transition to the conduction-band edge from the
to various scattering processes of electromagnetic fieldgoron & core level.(b) TPY spectrum near the core-exciton fre-
Soft-x-ray emission spectréSXES are also observed as a quency, which was enlarged from pa&. A,B,C, ... ,M denote
function of pump frequency, ranging from 190 eV to 195 eV, the incident frequencies at which soft-x-ray emission spectra are
in a range about the core-exciton frequency. Observation akken as shown in Fig. 2.
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states. The final state created by emission of the signal pho-

4 ton w, after absorbing the incident photas consists of a
[ conduction-band electron arount} and a hole in the va-
lence band aroun&s, and they form the valence exciton.

Here the final-state interaction has also been taken into ac-
1l count. Then we can simplify the Hamiltonian as follows:

Ho=|a)Ea(a|+§b: |bYEL(b|+|c)E(c|, 1)

4 | V.
MMA iy —d Vo=§b: {Ib)Vpa(al +[c)Ver(b| +H.c}. 2
B IO SREECS oY )
aus ¥y b ——I
M 3 p Here, H.c. denotes Hermitian conjugate terms. The initial
—H

et i 8 L TRTYT state|a) consists of a ground statg) of the crystal with an
MM“MM;‘A‘%A G energy Eq and_ an incideqt photon with the freTqueneM
mumwmuwlwg, h, | T - created (annihilated by B; (By) so th_at|a)—Bl|g> and
: E.=Ey+fw;. The final statelc) consists of the valence
) exciton and a scattered photan created b)B;. Therefore,
MM\D E.=Egt ﬁw?. HereEgX_C is the energy of the valencg exci-
Wﬂ&w ton. We consider many intermediate stdtesthat are virtu-
—C ally and actually excited by incident photons; that is, the
MM\B core-exciton stat¢hy) =|n=1s,Ky), higher bound, and un-
W%M\ A bound states. Transition matrix elements between stajes

and|b) are denoted by ,,. The core exciton with the wave

Intensity (arb. units)

1'75 180 185 vector K for the center-of-mass motion has an enhanced
®, (eV) transition dipole moment:
(bol 1elg) = VN &oref 16(0) 8K, Ko), (3)

FIG. 2. Soft-x-ray emission spect(&XES of cBN at 30 K
under excitation from the bororslevel to just below the conduc- where u¢, is the transition-dipole moment per unit cell
tion band.A,B,C, ... N correspond to pump frequencies denoted from the boron § state to the bottonX, of the conduction
in Fig. 1. Thick solid lines describe the theoretical spectra of Ramarhand with dominant boron 2 componentsN is the total
scattering leaving behind the valence exciton, and thin lines denotg,,mber of unit cells per unit volume, arfd<(0) is the en-
the calculated sum spectra of Raman scattering and Iuminescencge|Ope function at the origin=0 for the electron-hole rela-

i . tive motion in the & state. The electric-dipole approxima-
core-exciton frequency around 192 eV, the Raman signajon, is almost satisfied, as it is electric-dipole allowed, and

intensity does not increase, although this transition has a gine sjze of the unit cell is still smaller than the wavelength in
gantic transnmn—@pole momen_t. Th|_s is in stark contra}st t?the soft-x-ray region. The relaxation rates of higher bound
the case of the visible region in which Raman scattering i$,ng unbound states are so large that the energy separations
extremely enhanced at the exciton absorption peak. Here, aween the higher bound states are smeared out and there-
should be noted that the polariton effects become importantre merge into the unbound states. As a result, the Elliott
because the core exciton has the gigantic dipole momenkie, is constituted in the absorption specttiriote that a
What is more, it is necessary to take into account other Scaﬁwacroscopic enhancement ofN is missing for the
tering channels, i.e., Rayleigh scattering, the Auger proces?ransition-dipole momenY, . between a core exciton and a

etc. Although some experimental re.sults show.defmlte COIM&yalence exciton and also for other transition-dipole moments.
lations between Raman and Rayleigh scattering, there have 1o o e-exciton statéby) is strongly coupled to the

been few theoretical studies on the relation between thos, . : o :
; . ; ._—ground stat by the gigantic transition-dipole moment as
scattering channels. In this paper, taking these mechamsrg 4g) by 99 b

) ) . ve. Therefore, first we pick h rmsin .
into consideration, we have formulated the resonant Ram tated above erefore, first we pick up the terms in Egs

scattering due to the core exciton of cubic BN and analyze nd(2) describing the most strongly coupled levels:
the SXES, in particular, to answer the question of why the Hi=|a)Eq(al+ |bo) ES(bo| + [bo)Vo(al + |a) Vo bo,

core exciton does not contribute to Raman scattering. The 4)
relative roles of Rayleigh and Raman scattering are also dis-
cussed for the first time in the soft-x-ray region. with Vo=V, for b= core exciton (%,K). This is diagonal-

Let us now calculate the Raman spectrum due to the corized under the following transformation:
exciton. For the intermediate states created by an incident
photon w4, the Coulomb attraction between a conduction- | ) |a)
band electron and a hole created in the carstate of boron 18) bo)
works as the intermediate state interaction and makes them
form a core exciton as well as unbound electron-hole paiand

cos¥ sind
—sind cos

(5
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Ho=|a)Eq{al+|B)E4B (6) However, the splitting o, andE 4 is not modified because
_ of the sum rule of oscillator strength. Thus, we use the model
with that the coupled modes, 4 suffer from the dephasing and
lifetime effects proportional to their excitonic components,
_ c —FC\2 2
Eop=(hwi+Ef)/2* \/(ﬁ“’l 1s) 74+ Vo, (7 ie., E,z are simply replaced byE, s+il', ; with

VI EETVE I',=T'.co andT z=Tcsir’d. When the relaxation of va-
cost=Vo/V(E1s—Ep)"+ Vo, ®  lence excitorl", is also taken into account, th&function in

Now we define the unperturbed Hamiltonighand interac- EQ- (12) is replaced by a Lorentzian form with half-width
tion V as I', . From the TPY spectrum, thesktate of the core exciton
is isolated and the higher bound and unbound states consti-
_ tute an Elliott step. The summation ovbr-b, (1s core-
H=|a)E(al +|,B>E,3(,B| + 2 [b)En(b| +[c)Ec(c], exciton statg corresponds to that over states composing the

°7bo (9) Elliott step. In order to compare the observed Raman spec-
trum with 1 (w,,w,), we approximate the summation over
_ b+ by by a single contribution withe, = E 44 (the excitation
V:b;) [le)Ver(bl+[0)Vps{(a|cost—(B|sind} ] energy from the boronsdllevel to the conduction-band edge
° atX,) and introduce a parametéf for products of transition
+|c)Vcb0{<a|sin6+<B|cosa}+ H.c. (100  matrix elements. Then the spectrufw,,w,) is simplified

. . into the following form:
For the time being, we assume the coherence length of the

exciton to cover the crystal and neglect other scattering pro-
cesses, that is, relaxation effects except Raman scattering.wy,w)=
The initial density operatop,=|a){a| is also rewritten as

Wcosd JZ

Vqysing+——
‘ 0 Ea(wl)_Eedg

: : 2y’ 2co$6(T ,+T
po=C030]a)(al +5ir?0|8)( 8|~ cospsing{] ) 22 it T
Ye E,—El @) +(I',+T,
+[B)al}. (11) e
. . Wsing |2
Off-diagonal terms can be neglected for stationary +{ |Voco— —————
responsés and po~ cog6|a){a|+sirtd B)A. Ep(®1) —Eeqg
The Raman scattering spectruifw,,w,), starting from , .
the initial stateger) and|B), is evaluated according to Refs. n 2y Vzcosze} 2sifo(I+T,) _
11 and 12. We have the following spectrum: e © (Eg—El wp)?+ (I g+T,)?
. (c|VIb)(b|VIi)|? (13
l(wy,0)=2m 2, [(c|V]i}+ >, ——r—" ,
i=a.B b#bg Ei—Ep Here the luminescence components from éhand 8 states

are also added because these channels become open only
Xw;d(E.~Ei), (12) under the presence of dephasifig*! These are proportional

where w, = cog6, wﬁ:sinza and we have sek=1. The 0 2y'/y.and the population of the excited state as given by
energiesE; andE, are dependent on the incident and scat-EQ. (4.12) of the first part of Ref. 11. Now, we choose

v

tered photon energias; andw,, respectively. This descrip- Eedge= 194.75 €V,E{,=192.055 eV E,, =118 eV,T',=1
tion is justified when the coherence lendth of the core €V, andV,/W=0.1 eV~ '. These numerical values, with the
exciton is much longer than the wavelength of incident ~ exception ofW, are estimated from experimental d&f&The
light ;. The summation over intermediate states in formulavalue of W is only an adjustable parameter and this choice
(12) does not include the core-exciton state because the inwill be discussed later. The valuesd§ andI'; we adopted
tial state is a hybrid of the core exciton and the ground stat@re consistent with the very small reflectance of the order of
with an incident photon due to the polariton effect. That is10 °~10"° near the core-exciton resonariéeln order to
the reason why enhancement does not appear in the RamemaluateE, 5, I', 5, and co¥, we useV,=0.2 eV,I';=0.1
spectra around the core-exciton resonance, while it does apV, andy’'/y.=5. We compare the calculated Raman spec-
pear around the band-edge excitation. tra with the experimental results in Fig. 2 and the peak in-
As a matter of fact, the core exciton suffers from othertensities of those Raman spectra are plotted in Fig. 3. An
scattering or relaxation channels, for example, Rayleigh scaggreement between theory and experiment is excellent ex-
tering, the Auger process, dephasing relaxativs rate is cept atw;=Ef . Our theory succeeds in reproducing the
denoted byy') and so on. Due to these processes, the corexperimental results, namely, that there is no enhancement in
exciton decays into the ground state before Raman scatterirtpe Raman spectra due to the core exciton in spite of the
occurs. In formula(12) for Raman scattering those other sharp peak structure in TPY as shown in Fig. 1. In short, this
channels are well described by the decay constants as far asmes from the fact that the transition dipole moment of core
none of the other channels is dominant. We denote the lifeexciton to valence exciton is much smaller than that to the
time of core excitons due to Rayleigh scattering and otheground state; in other words, it is due to polariton effects. In
channels by T.,=(27.) ! Taking account of these addition,W comes from the summation of many intermedi-
dephasing and lifetime effects, the eigenenergy of core excite states, so that the small valueMp/W=0.1 eV ™! looks
ton E{, should be replaced Wy{+il'., where['.=y.+y'.  reasonable.
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A AL I LA ™ ordinary LT splittingA ; because of the large,~200 eV.
- It is possible that this large coupling constary gives a
. splitting in the Raman spectra, but the experimental spectra
i —#— Experiment N do not show such a clear splitting because the decay rate due
-+ Theory (Raman) i . . . .
B <&+« Theory i to Rayleigh scattering and the Auger effect is so large. This
means that Rayleigh and other scattering contributions can-
not be independent of the Raman spectra and the various
scattering channels are strongly correlated. The large decay
rate does not break the polariton effects and the polariton
splitting 2V, is not modified owing to the sum rule of oscil-
lator strength. So the formalism using the polariton concepts
o, (eV) remains valid in this case. On the other hand, the polariton
effect is negligibly small in the gas system of atoms and
FIG. 3. The peak intensity of Raman scattering as a function ofnolecules, which was not discussed in this paper. However,
incident frequencyw,. The solid line represents the experimental Rayleigh scattering is expected to be much stronger than
values, and dotted and dashed lines represent calculated ones fdaman scattering in the soft-x-ray region. The competition
Raman scattering and for the sum of Raman scattering and lumbetween these channels is one of interesting future problems

Peak Intensity (arb. units)

nescence, respectively. in atomic or molecular gases.
We conclude that the enhancement due to the core exciton
It is worth noting that the energy splitting, at the reso-  ES, does not appear in the Raman scattering spectra leaving
nant excitation is not identical to the longitudinal-transversepehind the valence exciton because the core exciton is hy-
(LT) splitting A r:* bridized so strongly to the ground state through its gigantic
transition-dipole moment. The polariton concept survives in
[wiA | T the soft-x-ray region. Although the polariton splitting is not
Vo~ 2 (14 clearly observed, the experimental results are well repro-

duced by introducing the relaxation due to Rayleigh and
where w; denotes the frequency of the transverse excitonother scattering channels and the frequency-dependent com-
Therefore, in the soft-x-ray region, the coupling constgnt petition between Raman and Rayleignd othey scattering
between the core exciton and photon is much larger than thehannels is revealed.
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