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The role of phonons in the soft-x-ray radiation process from a valence band to a core level in an insulator is
studied theoretically. A three-band system composed of a dispersionless core band, a conduction band, and a
valence band, with wide energy gaps between them, is taken as a typical example. Phonons with a finite
dispersion are assumed to couple weakly only with a hole in the core (barel holg. Using this model, we
calculate the resonant second-order optical process composed of an excitation of an electron from the core
band to the conduction band by an incident x ray, and a subsequent transition from the valence band to the core
band by radiating another x ray. Without the phonons, the momentum of the core hole is expected to be well
defined by the resonance condition of the incident x ray. However, this momentum is dissipated by the
phonons. If the radiation occurs completely after this dissipation, we obtain a so-called luminescence, which is
independent of the incident x ray. In this case, the spectral shape fully reflects the density afixts8eef
the valence band. However, if the radiation occurs long before this dissipation effect, we obtain a resonant
Raman scattering that depends on the incident x ray. The spectral shape of this Raman scattering has a sharp
peak, quite different from the DOS. The relative intensity between these two components is determined by the
phonon dispersion, the lifetime of the core hole, and the core-hole—phonon coupling constant. From this
theoretical framework, we have concluded that there are various cases, i.e., Raman-dominant cases and
luminescence-dominant cases, as well as intermediate cases, in good agreement with various experimental
observations. The Bsk-2p transitions of cubic BN are concluded to correspond to a luminescence-dominant
case[S0163-182608)02619-9

[. INTRODUCTION order optical process. At the first step of the SXRS, as shown

in Fig. 1, an electron is resonantly excited from a core band

In the research field of soft-x-ray spectroscopy for solidsfo a conduction band by an incident soft x ray. Thus we

one of the most important problems is how to determine thébtain a conduction electron and a vacat@yre holg in the

density of state§DOY) of the valence band of each solid core band which has no energy dispersion. At the second
correctly. The standard method to obtain information abouftep, a valence electron, as well as an excited electron in the
this DOS is photoemission spectroscof§ES. In this conduction band, can go down to the core band by radiatin_g
method, as is well known, a valence electron in a solid i Sécondary soft x ray. Throughout this paper, as shown in

emitted toward the outside of the solid after the excitation by 19- 1, we focus only on the transition process from the

an incident x ray. Analyzing the kinetic energy of this emit- valence band to the core band, as well as on the aforemen-
ted electron, we can finally determine the aforementioned
DOS. Thus this method has already greatly contributed to the

development of solid-state physics, and this situation will not o Cbgf]gu“io‘l Intensity

be changed even in the future. However, PES has some _W\"’ _______
weaknesses, since the probe in this method is the emitted \ fapan

electron itself. It must go through the surface of a solid be-

fore it is detected, and, in some cases, the kinetic motion of
luminescence

this electron may be disturbed by this surface. Surfaces differ gzl;legce
from one another, and hence the information of the DOS wiill E

be blurred. Moreover, the whole experimental apparatus of =

this method must be kept in an ultrahigh vacuum to prevent

the electron from being scattered by the atmosphere.

Recently, the soft-x-ray radiation spectroscof8XRS core
was proposed as an alternative method to determine the band T
DOS. This method is mostly free from the aforementioned
weaknesses, because its probe is the soft x ray radiated from
a solid. Figure 1 schematically shows a set of optical pro- FIG. 1. Schematic three-band system and the resonant second-
cesses relevant to this SXRS. This is a resonant second-ordetwler optical procesfleft portior). The spectrum of the x-ray ra-
optical process, different form previous PES, which is a first-diation (right portion.

phonon

Momentum
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tioned excitation process. Analyzing the energy distributiorthe luminescence, as schematically shown in Fig. 1. In this
of the radiated x ray, we obtain information about the DOS.case, the spectral shape fully reflects the DOS, being inde-
Generally speaking, this type of experimental measuremertendent of the incident energy, while, if the radiation occurs
is very difficult, because the intensity of the second-ordefong before this dissipation effect, we obtain the Raman
radiation is usually very weak. Nevertheless, this difficulty iscomponent. In this case, the spectral shape has a sharp peak,
removed gradually as the brilliance of the synchrotron radiabeing much different from the DOS, and depends on the
tion increases. At present, SXRS is becoming more and mor@cident energy. The relative intensity between these two
popular day by day. components is determined by three factors: the_ dissipation
Various experimental results have already been reportefil'e the strength of the core-hole—phonon coupling, and the
by using the SXRS method. In these observed spectra, wifetime of t_he core hole itself. From_thls theoret_lcal frame-
can clearly see two typical but rather different componentsOrK, we will show that there are various cases, i.e., Raman-

One is a component whose peak in the spectra shifts as tHﬂé)minant cases, luminescence dominant cases, and interme-
incident x-ray energy changes. We call this the Raman comdiate cases, in good agreements with various observed cases

ponent according to the conventional terminology for thebY recent experiments. The Bsi-2p transitions of cubic
optics in the visible region. Another is a component whoseBN 1S concluded to correspond the luminescence-dominant
spectral shape does not change, even if the incident energy §8Se- In Sec. I, we will present our model Hamiltonian.
changed. We call this the luminescence. Intensity ratios be-

tween these two components change from solid to solid. In

the case of the B $—2p transitions of cubic BN reported Il. MODEL HAMILTONIAN

by Agui et al, ! and in the case of hexagonal BN reported by
Jiaet al, 2 the luminescence is dominant, and the resonance,,
Raman component is very weak. Both components are comy
parable, in the case of the Tip2-3d transitions of TiQ
reported by Tezukat al, * and also in the case of the Ca H=He+Hp+H_+He +Hep, (2.1
2p«3d transitions of CaSi and CaSieported by Jiat al.*

On the other hand, in the case of the Mp«2 3d transitions whereH, denotes the Hamiltonian of the electronic system
of MnO reported by Butoriret al, ° the Raman component based on the tight-binding picture, and is composed of an
is dominant and the luminescence component cannot b@lectron and holedd, is given as

seen.

If we return to the case of cubic BN, an effect of the —p —, > cle + > ool -T,> v|T,U|
coupling between the core hole and phonons is also clearly [ [ arn
observed in the light absorption spectrum of the 8-42p
_excitation region® This coupling _is expected to play a very +(2+6Ta 2 alfalt-raz alT,a| ’ 2.2
important role to make the luminescence dominant in this 2 [ anr
case. There are many other cadesherein the core-hole— vt N ,
phonon coupling is very important in the soft-x-ray spectrosWNerec;, v, anday’ are creation operators of a core hole, a
copy. vaI(_ence_ hole, a_n_d a conduct_|c_>n electron, respgctlvely, in a

In the present stage of theoretical studies for the SXRgattice site specified by a position vectorThe lattice struc-
however, there is no systematic method to clarify why thetur‘? is taken to be a S|mple cubic. The unit of length is the
whole spectral shape separates into Raman component al@tice constante; (>0) is an energy of the core hole,
luminescence component. It is also unknown how the inforWhich is usually of the order of 100 e\ey (>0) is the
mation about the DOS is included in the spectral shape. TheNergdy gap between the conduction and valence bands. All
purpose of the present paper is to clarify these points thedghe one-body energies are referenced from_the center of this
retically. For this purpose, we will take a typical three-band€nergy gapT, (>0) andT, (>0) denote the intersite trans-
system in an insulator. It is composed of a dispersionlesger energies of the valence hole and the conduction electron,
core band, a conduction band, and a valence band, with wid&spectively, which are assumed not to be zero only between
energy gaps between them. Phonons with a finite dispersiofi€ neighboring two lattice sitdsandl’. The symbolx, -,
are assumed to couple weakly with only the core hole createdienotes this conditional summation oveand!’. When the
by the incident x ray. Using this model, we will calculate the Sign of the last term of E¢(2.2) is +, the energy gap be-
resonant second-order optical process, composed of an ex§omes indirect, while the minus sign corresponds to a direct
tation of an electron from the core band to the conductior@p. This notation will be used hereafter. In this paper we
band by the incident soft x ray, and a Subsequent transitioﬂ'eat a solid whose conduction- and valence-band-widths are
from the valence band to the core band caused by radiatingfide enough, that isT, andT, are of the order of 1 eV. For
another soft x ray. When the energy of the incident x ray issImplicity, all holes and electrons are assumed to be spinless.
given, the momentum of the core hole is well defined by thel hroughout this paper, we also neglect the Coulombic inter-
resonance condition, as easily seen from Fig. 1. However, itdctions between the electrons and the holes.
momentum is dissipated by the interaction with the phonons. In Eq.(2.1), H, denotes the Hamiltonian of photon, and is
The time required for this dissipatiofdissipation timgis  given as
determined only by the dispersion of the phonon energy,
begaqse the core band _has_, no energy dispersion. If the x-ray HpEE wkblbk, 2.3
radiation occurs after this dissipation is completed, we obtain K

Let us consider a model composed of an electronic system
eracting with photons and phonons. The total Hamiltonian
of our system is written as

€
-9
5 +6T,
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whereb| is the creation operator of a photon with a wavewherein the photon part is denoted by the number represen-
vectork and an energysy (%=1). Throughout this paper, tation.n,, is the number of the incident photon with a wave
we also omit the polarization of the photon for simplicity. vectork,; and an energy;. ny, denotes a number of the

.The. symbolH, denotes the Hamiltonian of the phonon, and 4 jiated photon with a wave vectos and an energy,. The
IS given as lowest state of the electronic part is the electron-hole
vacuum. We denote it bj0)), and itsenergy is zero. The
H=>, QquBq, (2.4  excited staté¢,) with a core hole and a conduction electron
q is defined as

whereBZ| is the creation operator of a phonon with a wave t o1 Cilt
vectorq and an energy), . As a typical example of phonon |dn)=2a,c[0)), a=N Z e ™a, (29
dispersion, we take an optical phonon with a central energy
) and with a width 6. In this case(}, is given as wherea| is the Fourier transform af] with a wave vectok.
Thus the conduction electron with a wave vedtas defined,
Qq=Q+y[cogay) +codq,) +cogq,)], (2.9  and its energy,(K) is given as

whereq,, q,, andq, denote the Cartesian componentsjof

to
In the cases of various solids referenced in Sedl{, is ga(k)= 7g+6Ta 2T, cogk,) + cogky)+ cogk,)].
about 0.2 eV or less. This energy is negligibly small com- (2.10

pared withe., while its wave vectorg can take various ) _
values in the first Brillouin zone of this simple cubic lattice, The excited statéy,), which has a valence hole and a

and will play an important role. conduction electron with a total wave vectdr is defined as
In Eq. (2.1), H, denotes the linear coupling between the
core hole and the phonon, and is given as |t =alvl ]0)), UEENfl/zZ e kiyl,

(2.1

Hereu| is the Fourier transform af| with a wave vectok.
Thus the valence hole with a wave vectors also defined,
@nd its energy, (k) is given as

Ho=—N"Y2 Q.St%9cfc(BI+B_,), (2.6
la

where S, is a dimensionless coupling constant between th

core hole and the phonoMN denotes the total number of

lattice sites in the solid. Here we should note thay)®" is

the dissipation time of the phondiit is a time within which g,(K)= —2T,[cogk,) + cogky)+cogk,)].

localized wave packets of phonons generated thrddgh (2.12

around at a certain site, propagate and dissipate all over the

solid. To make the latter formulation convenient, we now define
In the present paper, we treat only the case where holahe effective Hamiltonian of the core-hole—phonon coupled

(or electrony phonon couplings are weak, that I8, *2S;  system. We can write the effective Hamiltoniar) of the

=1. In this weak case, according to Migdal’'s theorem, thephonon without the core hole as

effects of coupling on the conduction electron and valence

hole are very small, since they have wide energy bands. In Hg=H_. (2.13

the case of the core hol_e, however, even if this interaction iShe effective Hamiltoniani) of the phonon, with a core

weak, it becomes very important because the core hole h Sle at sitel is given as

no bandwidth. From this point of view, we have neglected ’

the couplings of phonons with the conduction electron and A

valence hole. Hea=H —N"*2> Q.St% @(Bl+B_g). (2.1
In Eq. (2.1), Hep denotes the electron-photon interaction, q

and is given as

&
9
—+
> 6T,

In Sec. lll, we will calculate the transition rate of the
aforementioned resonant second-order optical process.
Hep=N""2> (bye ™'+ ble" ) {[Ma(k)afc]

kl IIl. TRANSITION RATE OF THE RESONANT

SECOND-ORDER OPTICAL PROCESS
+M,c(K) o]+ H.cl. 2.7

We denote the initial state of the electron-photon system

r?% li)), and its energy b¥; . Using the notation introduced
itr Eq. (2.8), we can rewrite it as

M (k) andM (k) are the transition dipole matrix elements
between the core and conduction bands, and between t
valence and the core bands, respectively.

Let us now denote the state of the electron-photon system [iY)=1,0]0)). (3.2
by |x)), which is a direct product of the photon p‘,!rnpl,nk2>

and the electronic pafty) as Meanwhile, we denote the intermediate state and its energy

by |m)) andE,,. This statgm)) is rewritten as

X)) =[Ny M) @), 28 |m))=10,0/| ) - (3.2
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Similarly, we denote the final state and its energy jy and TH- - - e AHq]
E:. This statef)) is rewritten as ey=— 3.1
f d >> < > Tr[e_'BHg] ( @
1£))=10,D)] k). (3.3

Changing the set of time variables from (t,, t;, t5) to (X,
Using these notations, we can now define the density matriy, r, ') as

po of the initial state of the total system at time 0 as

ty+t;
_ﬁHg = 1 1

— (il (3.9 =
Tr[e—ﬁHg]« ’ ' (3.11)

O'Etl_ti, TEtz_tl, ’T,Eté_ti,

po=|i))

WhereﬁE 1/(kBT), kB is Boltzmann'’s Constant, antis the we can I’eWI’iteP(wl,wg,t) for |arget, as
temperature. The symbol Tr denotes the trace with respect to
phonons. The time evolution of the density matpiit) at
timet, started from this initial state, can be formally denoted P(w,,w,,t)= >, >, ((f[Hegdm)){((m[Hgdi))
as fomm’

P a5 X((i[Hedm (' |Hed )

t t t

The transition probability?(w4,w,,t) from the initial state xtJ dUJ drf dr’
to the final state at timeis given as -t Jo JO

X ei(Ef_Ei)(T+i<Em_ Ej)7—i(Eq —Ej) 7’

P(wl,wz,uETr[Z<<f|p<t>|f>>} (36

X<engT'efiHe>d/T'eiHgaeiHe)dTefngTefnga)'

Expandinge™ """ and e with respect toH,, up to second (3.12
order, we obtain ) . ) _
It is well known that the transition rate(w, ,w,) is defined
t ty t N by the relation
P(wl,(l)z,t):J' dtlj dtzf dtij 1dté
° ° ° ° P(wq,w,,t)
R(wg,wp)=————"—| (3.13
XTr Z ((flHegt1)Hed t2) po t—oo
and substituting Eq3.12) into its right-hand side, we obtain
<Hot Rt 1) @7
here Rlw1,02)=3 3 ((HHadm)((mlHedl!)( Hedm)
Hed)=M"tHee ™', H'=Ht+Hy+H +Hey. ><<(m’|Hep|f))f dof dff dr’
(3.9 - Jo 0
Using Egs(2.13), (2.14), (3.1), and(3.2), we can rewrite Eq. x @l (Bt =E))o+i(Em=Ej) =i (Epy —Ej) 7’
(3.7) as o . . ) )
X(e'HgT e—IHe)drT engaelHe)dre—ngre—nga>_
Plwg,02,0)=3 2 ({f[Hedm))((mlHei)) 314
m,m’
i , , Now let us calculate the phonon part in £§.14). For this
X((i[Hedm"){((m'[Hed f)) purpose, we use the following time-ordered exponential
t ty t N forms:
xf dtlf dtzf dtij tdt)
0 0 0 0 ,
@ Ef(ti =t HEm(t—ty) — By (th—t}) ~iEj(tp—t)) elMom e~ Hen' :T+eXF{—ifo du’AH,,(u") |,
H ’ ’ . ’ . (3.13
><<e*'Hexl’(t2*tl)e'Hg(‘l*tl)elHexi(tz*tl)
Xe_ng(tZ_té)). (3.9 eng"'eiHexlTeiHQTeiHQ‘T:T_EX[{iJ'TdUAHKLH-O') ,
0
Herel andl’ denote sites in which the core hole is gener- (3.19

ated, and the symbd} - - ) denotes the average with respect
to Hy, whereAH,(u) is defined as
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AH (u)=eMe"AH,e oY, (elMa7 @ 1Hen' " giHgrgiHeng—iHgre~iHgo)
=<T+exp{—ifr du’AH,/(u")
AH=-N"Y23 o s¥% @ (Bl +B ). (3.17) °
q T
xT_ex;{if duAH(u+o) > (3.18
0

The symbolsT,. and T_ in Egs. (3.195 and (3.16 denote For further calculation, we can use the cumulant expansion
positive and negative time orderings, respectively. From Eqsnethod.’ Because the interaction is linear, we can terminate
(3.15 and (3.16), the phonon part in Eq3.14) is rewritten  this cumulant expansion up to the second order, and obtain
as the following exact result:

<T+ex{—ifr du’AH, (u’)
0

:exp[ - f duifuldu§<AH,,(u1)AH|,(u§)>
0 0

T_ex;{if duAH(u+o)
0

|

exp{ - fofdulfolhdu2<AH|(u2)AH|(U1)>

xex;{ fT,du' frdu<AH,,(u’)AH|(u+a)>
0 0

: (3.19

Hereafter, we will be concerned only with the absolute zero temperature. Executing further calculations in pachwager

this condition, we obtain
<T+ex;{—iffdu’AH|/(u’) >
0

=e28eiW(TT')eX[{NlE SqequT eXF{NlZ Sqefiﬂqq-’
q q

Texp{i frdu AH,(u+o)
0

xex;{Nlﬁ sqeiq'“">eiﬂqv(ei0qf—1)(eiﬂqf’—l)}, (3.20
q
whereS andW are the Huang-Rhys factor and the lattice relaxation energy, respectively, and they are defined as
S=N"1Y'S,, W=NT1Y S,0,. (3.2
q q

So far, we have calculated the phonon part in 8ql4), while we can also calculate the electron-photon part straightfor-
wardly from Egs.(2.9), (2.10, (2.1, (2.12, (3.1), (3.2, and(3.3). Consequently, we can obtain

1 % % ® _
R(wl’wZ):_3|Mv0(k2)Mac(k1)|zeisz‘ dO’f de dr’z E el(ki—kp—K)-A
N —® 0 0 K,k A

X ei[sa(k)+£U(K—k)+w2—w1]0'+i[sa(k)+sc—W—wl] T—i[sa(k)+£C—W—w1]T'

X exp{ N™1Y Se'er
q

exp{ N1 se %
q

eXF{ N*lz Sqe*iQ'Aequ(r(equT_ 1)(efiﬂq7" _ 1) ,
q

(3.22

A=l-1". (3.23
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Let us consider the significance of the summation dver among them. This interference effect is taken into account by
in Eq. (3.22. The symbolsl and|’ denote the sites from the summation ovef, and determines the spectral shape of
which the secondary photon is radiated. Therefore, termthis secondary radiation.
containingA express the phase difference of the photon ra- Expanding the last line of Eq3.22 with respect taS,,
diated from each site. Since our system is a quantumand executing the integration over of the first line, we
mechanical one, we do not know in which site the core holeobtain a multiphonon expansion form fB(w,,w,) as
is created and annihilated. What we finally obtain are only
the conduction electron, the valence hole, and the radiated
photon, all of Wh_|ch are in the lattice with a tran;lathnal R(wy,02)=|M,o(ka)Mac(k)) 2> R,(@1,w,)
symmetry. For this reason, we must take all possible inter- =
mediate states into account as well as the mutual interference (3.29

2

1 —Sgl, 0 o0 ) ,
Ro(wy,wp)= > > elate E —f dQ’D#(Q’)J dreileatkec— W0 ~og]r
N3Kk 2 i=0 pm! —w 0

X 8l eq(k)+e,(K=K)+wy—wq], (3.25
v ' v o e_SSH -
Ri(w,w)=—— > [N] sq.)E > e'(krkz—K—.2 qi)'A > f d0’'D, ()
Yar. ", =1 Kk 3 =1 = —o
% 2 v
xf dfeilea<k>+8c-w+“’—wﬂf[H (6% } eaK)He,(K—K)+ 2 Qq+wo—wy| (1=12,...),
0 i= i=1 i
(3.26
|
whereR,, denotes a rate of the transition process which lefts Do(Q)=46(Q). (3.29

v phonons in the final state, as well as the conduction elec-
tron, the valence hole, and the photon. Here we have intro-
duced au-fold phonon density functiod ,({2) as

DM(Q)EJ_mdQ; - J_mdﬂ

7
_Z QO
i=1

The wave vectors of the incident and the radiated photon
k, andk, are sufficiently small compared with that of elec-
ot trons and phonons. Therefore, we can approxinkatek,
Al D(Qi’)} =0, hereafter. We also introduce the energy widthygpof
=1 the core hole, and this width includes all the decay processes
of the core hole such as the radiative decay and the Auger
(n=12,...), (3.29 decay, phenomenologically. Thig; does not include all the
possible decay processes of the excited state. For example,
nonradiative decay processes of the conduction electron are
D(0)= 1 S8 -Qy), (3.29 omitted. After taki_ng thg summat_ion ovey ir_l Egs.(3.2H
q and(3.26), and using thisyg, we finally obtain

2

o

1 o ) , )
Row1,02)= 1) A00) [ arelta e W et e )+ e, (—K) 0y ),
(3.30
Rionon=—— S (H )25K+2q)
N vl qg, - .- dy =

2
i[ea(k)+ec—W+Q' w1+I7R]T[H (eIQ T— 1):|

sa(k)+sv(K—k)+Zl qu+w2—w1] (3.30)
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HereR, denotes the rate of the no-phonon process. Gnce

is given, as schematically shown in Fig. 1, the momenta of
the core hole and the conduction electron are determined by
the resonant conditiope 4(K) + &.— w41]=0. This condition

comes from the integral overin Eq. (3.30. Therefore, the
valence electron which can go down to the core band is also
uniquely determined. Consequently, itself is also deter- —
mined by thes function in Eq.(3.30. This process does not
contain the dissipation of the core-hole momentum at all,
while R, denotes the rate of the-phonon process. In the
first line of Eq.(3.31), we have a function which is absent

in the case of EQq(3.30. It implies the total momentum
conservation, and means that the momentum of the core
hole, determined by the aforementioned resonance condition,
dissipates throughout the solid by tirephonons. For these : : ; : :
reasons, the competition between the dissipation time of the  _sg 15 10 5 0 5
phonons and the lifetime of the core hole play an important

role in the spectral shape of the radiated photon. (wy—ec) (eV)

. Qne may ask \{vhy the core hole, which is W_el,l localized FIG. 2. R(w;,w,) as a function ofw; and w,, of the indirect
within each atomic core, can have such a definite momengap_ag:5 eV, T,=0.5 eV,T,=0.5 eV, and 3z=0.01 eV. The
tum. The answer is as follows. Since the core hole at eacBow indicatess,. The specially outlined arrow is the beginning of
site is created by the same photon, the phase relation amofge resonance. Each spectrum is normalized so that its integrated
the sites is well defined by the aforementioned resonant conntensity is unity. The shaded curve is the DOS.
dition. In this situation it can be regarded that the core hole
has a definite momentum. When the core hole disappears, a IV. NUMERICAL RESULTS
new photon will be radiated. However, the new photon in-
herits this phase relation faithfully, and results in self- For practical calculations, as mentioned above, we use
interference as explained before in connection with Eqstwo types of band gaps: indirect and direct. As we will show
(3.22 and(3.23. If this photon is radiated before the core- below, this difference is very important. Cubic BN has an
hole momentum dissipates, the rate of this process is denotédirect band gap, and hexagonal BN a direct band gap. As a
mainly by R,. Therefore, in this case, the spectrum of thetypical example for both cases,, T,, andT, are set at 5,
radiated photon mainly contributes to the Raman componen@.5, and 0.5 eV, respectively. The transition dipole matrix
and shows a sharp peak unlike the DOS, as shown in Fig. blementsM ,.(k;) andM,.(k,) are approximated to be in-

If the photon is radiated after the dissipation is completeddependent of the wave vectors of photons. As for the phonon

however, the rate is mainly denoted BY_;R, . In this case, dispersion,Q) and y are set at 0.08 and 0.0233 eV, as a

the core hole is almost equally distributed throughout tthp|Ca| examp|esq is assumed to be independentphnd is

momentum space. _ set at 1.5, as an example of weak coupling. Due to this small
If we change our viewpoint from momentum space to realsq, numerical calculations foR(wq,w,) in Egs. (3.24),

space, we can understand that a phonon wave packet is 98730, and(3.31) can be terminated up ta=3 andv=2.
erated at a certain site, propagates to other sites, and dissi-

pates throughout the solid. Thus the energy of the core hole

R(w1,w?

in this site d_ecreases_, as shown in @21). Therefore, the _ A. Indirect-gap case
phase relation mentioned above disappears. Even in this _ e
case, this energy lowering\() of the core hole is very dif- Figures 2—4 show the spectra of the indirect-gap cases.

ficult to observe, since it is sufficiently smaller than that of Each curve is normalized so that its integrated intensity is
the x ray. A valence electron with any momentum is nowunity. Hereafter, we denote the dissipation time of a phonon
ready to go down to the core band, since the aforementionédy 7,, and the lifetime of the core hole by, . In terms ofy
phase relation has disappeared. Consequently, the spectr@ndyg, these are given ag,=(6y) *andrr=(2yg) % In

fully reflects the DOS, and results in the luminescenceFig. 2, the spectra are calculated by settingz20.01 eV,
shown in Fig. 1. The above-mentioned points are the essethat is, 7, is shorter thanrg . In this figure, arrows indicate

tial concepts of the resonant second-order optical process the incident x-ray energy, and the specially outlined large
the core-hole region, and are clarified by our theory for thearrow indicates the energy of resonance with the conduction-
first time, to our knowledge. We should note that this situa-band edge. Spectra of the low-energy off-resonance case
tion is entirely different from the case of the photoelectronhave a sharp peak centeredsat-11 eV. The reason of such
emission by the soft-x-ray excitation of the core electron. Inprofile is as follows. The spectrum of this case is composed
this case, the excitations started from each site are conenly of the Raman component, because the x ray is radiated
pletely orthogonal, and cannot interfere each with otherfhrough the virtual processes. Furthermore, the total rate of
since a core hole created at a certain site survives even in thbis process is composed almostRy, because other rates
final state. In Sec. IV, we will present our numerical results(R,,»=1,2,...) are forhigher-order perturbation pro-

for the transition rate. cesses. For these reasons, the spectrum shows a joint density
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-------- . . Y l" --‘“"\’ Raman
.............................................. o
S I N b e l
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& O[UTTTTUNN\yTT L
________ | : core
""""" band
¥
"""""""""""" Momentum
-20 _1'5 _i 0 _5 0 5 FIG. 5. Schematic diagram of the low-energy off-resonance of
the indirect gapleft portion). The spectrum of the x-ray radiation
(wo—¢,) (eV) (right portion).

FIG. 3. Same as Fig. 2, but withy2=0.06 eV. . .
g 7R calculated by setting 2:=0.2 eV, and hences, is longer

of states between the conduction electron and the valendBan 7r. Even in the resonance cases, we can see that the
hole under the condition that their total wave vedtgrde-  intensity of the luminescence component becomes much
fined in connection with Eq2.11), is zero. In the case of the smaller than that of the Raman component.

present band structure, the energy difference between con- Let us now show a relation among, 7g, and the spec-
duction and valence bands with the same wave vector itral shape, qualitatively. As shown in Fig. 1, the excited state
always 11 eV. Therefore, the total energy of the electron¢reated by the incident x ray has two decay channels. One is
hole pair left at the final state is always 11 eV, too. Thisa radiative decay channel and the other is the dissipation
situation is schematically shown in Fig. 5. On the other handghannel by the phonons. The total decay rate 151(
spectra of the resonance, shown in Fig. 2, are composed of a7 1) ‘and a partial intensity for the dissipation channel is
small Rgman component and a large luminescence Compg_gl/(7§1+7’;l). The rest becomesal/(ﬂ;l_’_ﬁ;l)’ and
nent which fully reflects the DOS. The Raman componen&his is nothing but a partial intensity for the radiative decay

moves across the luminescence component from the low- o L .
hannel. The former partial intensity is equal to the lumines-

energy to high-energy side as the incident energy increase .
just as shown in Fig. 2. cénce component, and the rest is the Raman one. Thus the

Let us turn to Fig. 3. In this case, the spectra are calcuR@man component becomes dominant, #s becomes
lated by setting 2z=0.06 eV, that is,;/z and 7, are almost shorter. Our calculated results are consistent with this theo-
comparable. In the case of resonance, the intensity of thgM- Let us finally mention th&, dependence of the spectra.
luminescence component becomes comparable to that of tffeven if 7, is shorter thanrg, the Raman component be-
Raman component. In the case of Fig. 4, the spectra argomes dominant aS, decreases from 1.5 to 0.

B. Direct-gap case

--------- , e A S A Figures 6—8 show the spectra of the direct-gap cases. In
........ ' I 4 U N l Fig. 6, the spectra are calculated by settingz20.01 eV,
: : . ; K and hencer, is shorter tharnrg. Spectra of the low-energy
"""" : T off-resonance case are broadened and range drpml7 eV
_________ : B 4 W l to w;—5 eV. The reason of such profile is as follows. The
; : : : iL : energy difference between conduction and valence bands
""""" : with the same wave vector is distributed from 5 to 17 eV,
...... D 4 U l unlike the indirect-gap case. Therefore, a total energy of the
; : : él § electron-hole pair left at the final state also ranges from 5 to
eaas A SR ; FRRRRIISEEE e 17 eV. Thus the spectra have a broad profile, and this situa-
: : ; ¥ ; tion is shown schematically in Fig. 9. In the resonance cases,
""""""""""""""""""" shown in upper curves of Fig. 6, spectra are composed of the
J ; : : : : small Raman and the large luminescence components, which
-20 -15 -10 -5 0 5 also fully reflects the DOS. The Raman component moves
(wy—ec) (eV) across the luminescence from the high- to low-energy side,
as the incident energy increases, contrary to the aforemen-

FIG. 4. Same as Fig. 2, but witmz=0.2 eV. tioned indirect cases. This type of behavior of the Raman

R(w1,w)
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(wy—ec) (eV) (wa—ec) (eV)

FIG. 6. The spectra in the case of the direct gap witp 2 FIG. 8. Same as Fig. 6, but witma=0.2 eV.
=0.01 eV.

component was reported by Carligea

_ !
.2%n their experi- leg/2t ec—wil> yr W,

ment on the C - 2p transitions of graphite. I(w4), given from Eqgs(3.30), (3.31), and(4.1), simply be-
As 1 becomes short relative tg,, the Raman compo- comes

nent becomes dominant in the spectra, as shown in Figs. 7

and 8. However, th&, dependence of these spectra are same

as the indirect cases. | (wq) o
Let us now turn to the nature of the total integrated inten-

(89/24‘80—(.01)2.

sity I (w4), which is defined as Therefore, its behavior is almost independentygf, and is

also common to both direct and indirect cases.

|(w1)EJ' dw,R(wy,w)). 4.1
—o0 V. CONCLUSION AND DISCUSSION

Figure 10 shows$(w;) as a function ofv,. This result shows So far, we have clarified the dynamics of the core-hole
I (w;) suddenly increase as the resonance condition is satisaomentum dissipation due to phonons in the soft-x-ray ra-

fied.

diation processes from the valence band to the core level. We

It should be noted that, in such an off-resonance region ofave also clarified how the DOS of the valence band is re-

(.01,

R(wy,wy)

flected in the SXRS spectra, and why these spectra separate
into Raman and luminescence components.

The spectra of the low-energy off-resonance case are
composed only of the Raman component. They reflect the
joint density of states of the conduction and valence bands
under the condition that the total momenturd)(of the
electron-hole pair left at the final state is zero. We cannot
obtain sufficient information about the DOS from the spectra
of the low-energy off-resonance case. In the resonance case,
on the other hand, the spectra are composed of Raman and
luminescence components. Only the latter fully reflects the
DOS.

The intensity ratios between the two components, i.e., the
luminescence and Raman, are determined by three factors:
the dissipation time<,) of a phonon, the lifetime4z) of the
core hole, and the strengtls) of the core-hole—phonon in-
teraction. We can obtain various cases, i.e., the Raman-
dominant case, the luminescence-dominant case, and the in-
termediate cases. When is shorter tham,, the intensity of
the Raman component becomes greater than that of the lu-
minescence component. However,r and 7, are compa-
rable, the intensity of the Raman component becomes com-
parable with that of the luminescence component. On the

(wo—ec) (eV)

FIG. 7. Same as Fig. 6, but withyZ=0.06 eV.
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Momentum beginning of the resonance.

FIG. 9. Schematic diagram of the low-energy off-resonance oftranslational symmetry is recovered at the final state.
the direct gap(left portion). The spectrum of the x-ray radiation-  Let us now consider differences between the resonant
(right portion. second-order optical process in the x-ray region and that
of the visible region. The optical process which we discussed

ot_her hand, ifrg is IongteLthanrp, Lher:ntizs'tytﬁf tth? tlfllj Rin this paper is essentially the same as that of the visible
minéscence component becomes higher than that 0T € Rasqiqn1l However, in the visible region, the radiative life-

diate situation Is realized in the Tp2-»3d transition 9_f TiQ ger than that of the resonant Raman scattering. For this rea-
repo_rted In Ref_. 3, and a_Iso in the Cp2 3d transition of son, the competition betweenz and 7, is a distinctive
Ca$| and Ca@repprted In Rgf. 4 On Fhe qther hand, the tga1re which appears most typically in the present soft-x-ray
luminescence-dominant situation is realized in thesB-2p eqion.

transition of cubic BN reported in Ref. 1, and the hexagonar Finally, the following problems are left unsolved, and are
BN transition reported in Ref. 2. Additionally, the behavior targets of our future studies: core exciton effetfsyalence

of the Raman component in the direct-gap cases is realized jion effects, cases with stroigy many-bandmore than

in the C 1s«2p transition of graphite reported in Ref. 10. tnreq cases, and multielectron excitation effects. To study
_Let us discuss the broken symmetry of the translationai, o -hanisms determining an intensity ratio between Rayleigh
invariance of the lattice, due to a creation of the core hole. | nd Raman scattering is also a problem to be dealt with in
we have a core hole in a certain cit (this state is com- ¢ future work.

pletely orthogonal to a state with a core hole in another site

(1"). In this case, we have a well-defined broken symmetry. ACKNOWLEDGMENTS
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