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Inelastic x-ray scattering has been observed in the hexagonal forms of carbon~graphite! and boron nitride
~hBN!, both above and below their K edges. For excitation energiesbelow the core threshold, inelastic-loss
features are observed, which disperselinearly with excitation energy~Raman-like behavior!. However,above
the threshold, emission features that move in anonlinear fashion are observed. We show that these two
scattering regimes, which have previously been thought of as separate processes, viz., resonant x-ray Raman
scattering~below threshold! and resonant inelastic x-ray scattering~above threshold!, are described by the
same theory for resonant fluorescence. Simulated spectra, with and without excitonic effects, are presented and
compared with experiment. We conclude, based on this comparison, that excitonic effects influence these
spectra in two ways. Primarily, the total fluorescence yields are enhanced or reduced simply because of
changes in the absorption cross sections. Second, excitonic effects on emission features can be pronounced
near some excitonic resonances, and these changes are more significant for excitation further above the K
edges, which we attribute to the multiplicity of core-excited states being probed. Based on these findings, we
conclude that core-hole effects do not necessarily undermine an interpretation of the scattering in terms of a
one-electron~noninteracting! picture, and that resonant fluorescence spectroscopy may be successfully used to
probe the band structure of solids.@S0163-1829~99!08911-0#
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I. INTRODUCTION

Advances in synchrotron light sources have led to mu
effort devoted towards the understanding and exploitation
resonant x-ray scattering processes in various systems.
amples include the anomalous x-ray diffraction effect, wh
has been used to study buried interfaces1 and magnetic
systems,2 and the resonant Raman effect, which also h
been used to study magnetic systems.3 In most of thesehard-
x-ray based resonance techniques, x-rays scatter via vi
core-hole intermediate states~induced by photon absorption!
so that final states also contain a core hole. The informa
gained is generally insensitive to band structure~or the ex-
tended bonding structure!.

It has recently been demonstrated theoretically4–6 and
experimentally7–18 that resonant inelastic x-ray scatterin
PRB 590163-1829/99/59~11!/7433~13!/$15.00
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~RIXS! in the soft-x-ray energy regime~50 to 1000 eV!, with
a core-hole intermediate state but a valence-excited fi
state, can sensitively probe the electronic structure of a w
range of material systems. This has been a particularly ac
area of research in the past few years and has fundamen
changed the way x-ray scattering is viewed in the soft-x-
regime. Resonant soft-x-ray fluorescence, the technique
to observe RIXS, has many intrinsic strengths for charac
izing robust material systems, including elemental specific
and the ability to probe deeply~to ;1000 Å! into a
material.8,9 When the scattering involves valence-excited
nal states, certain selection rules have been shown to a
For instance, in the fullerenesC60 andC70, it is possible to
sensitively probe the even/odd symmetry of the first f
highest occupied molecular orbitals and lowest unoccup
molecular orbitals using RIXS.10 In chemisorption systems
7433 ©1999 The American Physical Society
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7434 PRB 59J. A. CARLISLE et al.
such asN2 on Ni~100! ~Ref. 11! and Cu~100!,12 it is possible
to isolate the adsorbate molecular orbitals from the bulk
to probe the degree of overlap or coupling between them
the bonding structure of the substrate. Work on diatom
species like O2 has given further insight into the nature of th
RIXS process, in particular the role of the intermediate st
in the scattering.13

In other cases, in which the core-excited state also
volves delocalized Bloch orbitals~i.e., orbitals derived from
the continuum of states in the conduction bands!, crystal
momentumcan be conserved in the RIXS process, just a
energy. This has led to much interest in RIXS as a probe
band structure in systems where such information is ge
ally inaccessible to other techniques, e.g., insulators or p
crystalline samples.8 Crystal momentum conservation i
RIXS has been observed in many systems: diamo4

silicon,14 silicon carbide,15 hexagonal boron nitride~hBN!,16

cubic boron nitride,17 gallium nitride,18 and, most clearly, in
graphite.6 In graphite, a nonlinear dispersion of the emissi
features is observed, which can only be the result of cry
momentum conservation and the coherent participation
translationally equivalent intermediate states in the sca
ing. Much study on this resonant process involving valen
electrons has yielded information for excitation energ
abovean x-ray edge. Only recently has it been shown
hBN ~Ref. 16! that band-structure information may also
obtained for excitation energiesbelow the core threshold
e.g., resonant soft-x-ray Raman scattering without a c
hole in the final state.

It might seem surprising that, if the stationary interme
ate states are delocalized, RIXS can have a significant c
section compared to emission by a normal, two-step fluo
cence process. Such a two-step process may be effect
realized if available scattering mechanisms~e.g., phonons!
destroy the coherence of translationally equivalent core-h
excited states. Of greater recent interest, possible role
intermediate states have been the focus of attention.5,19,20

Simplistically, we find that core-hole excitation can rende
system, over the short time scales of relevance, in a sta
which the promoted electron is localized near the core h
regardless of the electron-core-hole attraction. Here,
show that such core-hole effects~i.e., the attraction! do not
perturb the scattering to invalidate a one-electron pict
when identifying observed emission features and th
changes with excitation energy near absorption thresho
Many spectral features observed for excitationboth above
and below thresholdcan be modeled by the same scatter
physics, based on the quasiparticle band structure of grap
and hBN and the Kramers-Heisenberg relation. On a fi
level of detail, incorporation of core-hole effects into th
model resolves some but not all of the remaining disagr
ments between theory and experiment,viz. absorption cross
sections and total-fluorescence yields are better realized
pecially near absorption thresholds. Hence, we contend
the RIXS technique holds great promise for probing
element-specific, local momentum-resolved electronic str
ture of insulators, buried thin films and heterointerfaces,
other systems that are difficult to probe using other te
niques.

The remainder of the paper is organized as follows.
Sec. II our experimental procedure is discussed, as are
d
nd
c

te

-

is
of
r-
y-

,

al
of
r-
e
s

re

-
ss
s-
ely

le
of

a
in

e,
e

e
ir
s.

ite
r

e-

es-
at

e
c-
d
-

n
he

theoretical considerations and methodology used to simu
the observed scattering. In Sec. III, most of the reson
fluorescence data obtained from graphite and hBN are
sented, and differences in the resonant behavior betw
these two systems are discussed. Theoretical simulatio
the scattering and a closer examination of ranges of exc
tion energy of particular interest are presented in Sec.
Section V summarizes our results and mentions their im
cations in regards to future experiments.

II. EXPERIMENTAL PROCEDURE
AND THEORETICAL MODEL

A. Experiment

The fluorescence experiments were conducted on Be
line 8.0 at the advanced light source at Lawrence Berke
National Laboratory.21 The beamline and the fluorescen
spectrometer used in this paper are described in de
elsewhere.22 Emitted radiation was measured with a Row
land circle-type spectrometer utilizing large spherical gr
ings and a photon-counting area detector. Total instrume
resolution in theC 1s emission region was 0.3 eV~full width
at half maximum!. The bandwidth of the incident photon
used was varied between 60 and 150 meV, as described
low. The incident flux was monitored by measuring the c
rent from a gold foil located immediately upstream from t
spectrometer. The incident photon energy was calibrate
the known graphitep* and s* and hBN p* absorption
features.23 The spectrometer energy calibration was acco
plished by identifying the elastic peak with the incident ph
ton energy. A typical emission spectrum in this paper w
acquired in 10 min. The graphite sample used was hig
oriented pyrolytic graphite~HOPG!, which was freshly
cleaved immediately prior to insertion into the spectrome
The crushed-powder hexagonal boron nitride~hBN! sample
was obtained from a commercial source.

B. Theory

1. Physical model

The fluorescence spectra were interpreted and simul
using the Kramers-Heisenberg formula for light scatterin
In the transverse gauge, the interaction of radiation with m
ter is given by the substitution for the electron kinetic-ener
operator,

p2

2m
→

p2

2m
1

e

mc
p•A1

e2

2mc2 A•A. ~1!

Because of the experimental geometry, illustrated in Fig
the crossed polarizations of incident and detected radia
obviate further consideration of theA•A term. Lettinghn
andhn8 denote incident and emitted photon energies, wit«
and«8 being the photons’ electric-field polarization vector
we may write the formula simply as

S~hn,hn8!}(
f ,«8

d~hn82hn1Ef2Ei !

3U(
m

^ f up•«8um&^mup•«u i &
Ei1hn2~Em2 iGm! U

2

, ~2!
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whereS(hn,hn8) is the emission spectrum for a givenhn.
The stateui& is the crystalline ground state,m runs over sta-
tionary, core-hole-excited intermediate states, andf runs over
all stationary final states.Gm is a phenomenological inverse
lifetime parameter for stateum& and assumes exponenti
core-hole decay.

The Stokes shifthn2hn8 is independent of the allowe
intermediate channelm by which a final state is reached: it
given by Ef2Ei and vice versa. Likewise, conservation o
momentum permits identification of a solid’s total mome
tum in the final state. Considerable momentum can be tra
ferred into phonons with minimal accompanying ener
transfer. For graphite and other metals, low-energy electro
excitations may also be created during a RIXS experim
Such considerations can shape one’s physical picture o
nature of statesum& and uf&, or, conversely, the failure of a
given picture to account for observed spectral features
indicate neglect of mechanisms such as phonons.

Our model neglects vibrationally excited intermediate a
final states, and considers only certain electronically exc
states. States$um&% have a core hole and an electron promo
to the unoccupied bands. States$uf&% have a conduction-ban
electron and a valence-band hole. Electronic multiply exci
states, while not considered here, could~in principle! also
play a role. Identifying the incident and emitted photon m
menta asq andq8, momentum conservation then dictates t
following forms for a state$um&% and a state$uf&%:

um&5 (
S,nk

Cm
S,nkank1q

1 aS,ku i &[ (
S,nk

Cm
S,nkuS,nk&, ~3!

and

u f &5 (
n,n8k

D f
n,n8kank1q

1 an8k1q8u i &, ~4!

@To clarify the formalism, note that the operator ‘‘ank’’ an-
nihilates an electron in bandn at crystal momentumk, and
‘‘ aSk’’ annihilates a Bloch sum with crystal momentumk of
a core stateS in each unit cell. Adjoints of such operato
(ank

1 ,aSk
1 ) correspondingly create particles.#

FIG. 1. Schematic of the fluorescence spectrometer used in
paper. The incident-radiation polarization vector lies in the sa
plane as the grating spectrometer. The take-off anglea is adjusted
by rotating the sample as shown.
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In an independent-quasiparticle picture, coefficient ma
cesC andD are assumed to be diagonal.C is not diagonal
because of electron-core-hole interactions, i.e., ‘‘core-h
effects.’’ D cannot be diagonal because of final-state ex
tonic effects. We consider core-hole effects in this paper
reserve the more difficult treatment of valence-hole effects
a later paper. This is a satisfactory truncation of electron-h
interaction effects included, because the core-hole effects
be the stronger of the two effects. We will speculate in
least once instance, however, about a possible signatur
final-state electron-hole interactions, because these influe
final-state cross sections.

2. Algorithmic implementation

To formulate constituents of the above Krame
Heisenberg picture more concretely, we model~1! core
states,~2! band states,~3! the p•A matrix elements, and~4!
core-hole effects as follows:

~1! Core states are simple in these systems, being th
1s, B 1s, and N 1s levels. Suitable one-electron orbitals
found in atomic Hartree-Fock calculations. These orbit
may be used to determinep•A matrix elements and core
hole effects.

~2! The band states are constructed within
pseudopotential/plane-wave local-density approximat
~LDA ! framework, but with two qualifications, as describe
below. The particular type of pseudopotential/plane-wa
calculation is described in Ref. 24. We used 100 ‘‘optima
basis functions, which were optimized to describe the Blo
functions of eight valence and twelve conduction bands.

The first qualification involves the band energies us
Because LDA band energies have intrinsic inaccuracies,
propriate self-energy corrections are added to improve b
energies. Corrections for graphite are taken from Zhu a
Louie,25 and, for hBN, from Blaseet al.26 In graphite, the
corrections are mostly a614.5% enhancement of the energ
difference between a given band energy and the Fermi
ergy EF . However, applying this rule places theses* band
minimum atM about 1 eV too high compared to Zhu an
Louie’s result. For hBN, the band gap is increased by 1.5
because of self-energy effects, and the valence bandwid
enhanced by;14.6%.

The second qualification involves the evaluation of ele
tron properties within the atomic-core region. To evalua
properties that are dependent on a precise orbital, a pse
potential inversion scheme was developed. The behavio
the wave function was assumed to be that of a combina
of low l partial waves described by valence 2s, 2p, 3s, and
3p orbitals’ radial dependencies. Suppose that a given Bl
function cnk has the following behavior for smallur u:

cnk~r !5(
n

En
nkFn~r !5(

n
En

nkYn~ r̂ !wn~ ur u!. ~5!

Here,n runs over valence states, and the atomic nucleu
assumed to be at the origin, and atomic orbitals or their
gular and radial dependencies are implied. In the pseudo
tential band calculation, we should have an analogous

cnk
PP~r !5(

n
Fn

nkYn~ r̂ !wn
PP~ ur u!. ~6!
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The identification,En
nk5Fn

nk , permits the determination o
the true electron orbitals when computingp•A matrix ele-
ments and electron-core-hole interaction effects. Coefficie
$En

nk% can be found by analyzing a Bloch function and tru
and pseudoatomic orbitals.

~3! While detailed evaluation of theEn
nk’s may be carried

out, thep•A matrix elements may also be deduced with s
ficient accuracy~aside from a proportionality constant! from
the gradient of a band state at the nucleus of a given
This gradient approach was used throughout this paper,
subsequent tests that involved the above, more deta
analysis of the Bloch function justified the approach. Mo
accurately, one has

^mup•Au i &5 (
S,nk

~Cm
S,nk!* (

n
~ESn

nk1q!* ^Fnup•Au1s&, ~7!

and

^ f up•Aum&5 (
S,nk

Cm
S,nk(

n8,n

D f
nn8kESn

n8k1q8^1sup•AuFn&, ~8!

where theE coefficients are now also specified by atomic s
~implied by S!. The above formulas relatep•A matrix ele-
ments found in the Kramers-Heisenberg expression to ato
transition dipoles.

~4! Noting that the two-particle~electron-core-hole! inter-
action matrix is block diagonalized with respect to core s
the matrix element can be computed by assuming that
core hole is localized on one site in the crystal. This loc
ization may only be used to compute an interaction ma
element, whereas ap•A operator forces one to consider
coherent sum of corresponding intermediate states in
Kramers-Heisenberg expression. While x-ray absorpt
spectroscopy~XAS! is sensitive only to the relative electron
core-hole localization, a full description of RIXS in a cry
talline solid involves both such localization and a definiti
of the solid’s total crystal momentum, because interfere
between x-rays emitted at different atomic sites can occu

Except for the core-hole effects, everything mentioned
Eqs. ~1!–~3! is considered in an independent-quasiparti
picture of RIXS. Core-hole effects can be incorporat
through the replacement,

H0→H5H01VD1VX , ~9!

where H0 is the independent-quasiparticle Hamiltonian f
intermediate, core-hole-excited states. Obviously, we ha

^S8,n8k8uH0uS,nk&5dS,S8dn,n8dk,k8~«nk2«S!, ~10!

where«nk is a band energy, and«S is a core-level energy.
By VD andVX , we denote the direct and exchange pa

of the electron-core-hole interaction. The screened, elec
static attraction is included inVD . VX results from the ab-
sence of an attractive exchange interaction between a
electron and band state, because of the core-level vaca
We may find matrix elements ofVX readily, because they ar
given by
ts
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^S,nkuVXuS8,n8k8&52dS,S8(
n,n8

~ES,n
nk1q!* ~ES,n

n8k1q8!

3^1s,nuVun8,1s&, ~11!

where the right-most matrix element is a standard atom
exchange integral.

Matrix elements ofVD could be found by rewriting them
as

^S,nk1quVDuS8,n8k81q8&

5dS,S8^cnk1quVD~S!ucn8k81q8&, ~12!

which involves a matrix element between two Bloch states
the screened potential of aa1e charge located on the sit
specified byS. In Ref. 5, the screened potential was com
puted using the Levine-Louie-Hybertsen model for dielect
screening.27 In many cases, this model describes both
correct short- and long-range behavior of a screened po
tial and realistically accounts for the different screening
sponse of atoms, bonds, and interstitial regions in real c
tals. However, a more complete accounting for the scree
potential has indicated that better results were obtained
using an atomically screened core-hole potential. Such a
tential was computed from the change in the total cha
density of a free atom or ion upon removal of a 1s electr
This potential was supplemented by that of a shell of cha
2e(121/«`), where«` is the static dielectric constant~in-
finite in graphite!. The average radius of such a shell w
adjusted empirically so that measured and computed abs
tion spectra were similar. In this way, inclusion of the corre
degree of core-hole effects was assured with minimal emp
cism. WhileVD(r ) depends both on the distance and dire
tion of a pointr from a core-hole’s site, the directional de
pendence may be neglected without major approximat
By fitting VD(r ) with a form amenable to analytical Fourie
transformation, the complete Fourier decomposition of Blo
states andVD permits straightforward evaluation of all de
sired matrix elements ofVD .

The sizes of secular equations to be solved when inver
E1hn2H necessitate use of iterative methods to find
coherent superpositions ofum&’s that would be created in an
RIXS experiment. Obviously, these superpositions are in
pendent of a final stateuf& considered, andS(hn,hn8) is
found by carrying out the required summation overf and«8
following evaluation of such superpositions. Further deta
of numerical aspects of this paper are found elsewhere.5 It is
also helpful, when analyzing core-hole effects on RIXS,
study such effects on XAS. To this end, finding the app
priate p•A-weighted partial density of states ofH by itera-
tive methods has been used.

3. Kinematical considerations

Considerations involving the conservation of momentu
and energy and densities of states can facilitate an intui
understanding of RIXS in a crystalline solid. We have
ready noted that, barring dissipative effects such as phon
q2q8 determines the net total electronic momentum of
final state. For first-rowK edges, momentaq and q8 are
small compared to Brillouin-zone dimensions, so that
intermediate and final states are created by nearly ver
transitions. This simplicity helps facilitate investigation
the band structure of a material using RIXS. In particular
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is the combination of the momentum selectivity of RIXS a
its intrinsic energy selectivity, which follows from th
Kramers-Heisenberg formula, that enables RIXS to be
band-probing tool.

To aid the discussion, Fig. 2 gives energy-level diagra

FIG. 2. Schematic of the RIXS process in a noninteracting p
ture @Fig. 2~a!# and in an interacting picture@Fig. 2~b!#. This figure
shows schematically the intermediate states by which the inela
resonance x-ray scattering process occurs. These are core-e
states, which involve virtual transitions of a core electron to un
cupied conduction band states, as well as core-hole exciton st
which can be either band resonances or be energetically sepa
from the conduction band. The observed emission features c
spond to recombinations of valence electrons with nearly the s
crystal momentum as the core hole. The final state of the system
no core hole but a valence hole-conduction electron pair~possibly a
valence exciton!.
a

s

depicting the RIXS process, as viewed from a picture t
does not include core-hole effects@Fig. 2~a!#, and as viewed
when such excitonic effects are taken into account@Fig.
2~b!#. In the noninteracting picture, the incident photon pr
motes the core electron, perhaps virtually, to a conduc
band, so that the core hole and electron can each ha
well-defined crystal momentum. In Fig. 2~b!, the electron-
core-hole attraction causes the particles to scatter off e
other, so that the particles can ‘‘move together’’ througho
the Brillouin zone, but their combined, total crystal mome
tum is still conserved.

Let us temporarily set aside the core-hole effects. Th
for excitation below the core threshold, the RIXS proce
involves a relatively uniform sum over many intermedia
states. However, for excitation above threshold, transiti
from the core level to the conduction band that nearly c
serve energy are resonantly enhanced by the energy den
nator in the Kramers-Heisenberg expression, over a rang
energies with a width comparable to the core-hole width.
either case, the system can then relax via a radiative tra
tion of a valence electron to fill the core level. Thus, it
because of the finite dispersion of the low-lying conducti
bands that non-Raman-like, nonlinear dispersive behavio
observed for excitation energies above threshold.6

Continuing to reason within a noninteracting picture, t
above arguments may be quantified if appropriate w
functions are substituted into the Kramers-Heisenberg
mula. Energy conservation requires that the energies of
incident and emitted photons be related to the energies o
final-state electron and valence hole by

hn82hn>«n8k82«nk , ~13!

where the equality is approximate because of effects
glected. Momentum conservation relatesq and q8 to the
crystal momentumof the electron and hole, whereG is a
reciprocal-lattice vector:4

q2q85k2k81G. ~14!

For hn below an x-ray edge, there is no emission rese
bling ordinary fluorescence, because all intermediate st
are virtual. Energy conservation implies that inelastic sc
tering features track with~i.e., move linearly with! the exci-
tation energyhn, and the energy loss is theenergy difference
between band states at nearly equal crystal momenta.
situation is analogous to optical Raman spectrosco
wherein a partial phonon density of states~DOS! tracks lin-
early with the elastically scattered laser light. Observed
tensities are modified by the matrix elements and the ene
denominator in Eq.~1!, so that the profile of the emission i
a partial joint density of states~p-JDOS!.

For excitation above an x-ray edge, the energy denom
tor, which possesses no minima below the core thresh
now resonantly enhances intermediate states, which have
ergies Em[hn1Ei , so that intermediate states for whic
one has

hn>«nk2«S , ~15!

over a energy range comparable toGm , will be predominant
in the absorption-emission process. The effective ene
range will also be affected by the range of experimenta
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acceptedhn. Such resonance-induced energy selection le
to electron-state crystal momentumselectivity, in addition to
conservation of total momentum for excitation above thre
old. When this selection occurs, the predominant emiss
can be at energies given by the deduced relation,

hn8>«n8k82«S . ~16!

Again one hask>k8, but the favored values of crystal mo
mentum do not span the entire zone, and are clustered
conduction band isoenergy contours. Crystal momentu
resolved information may be inferred from observed, non
ear dispersion of emission features, which follows from
band structure.

Now consider Fig. 2~b! which shows the RIXS process i
the interacting picture. Here, the available intermediate st
belong to a more realistic set, which takes into account
effect of the core hole on the electronic structure near a c
excited atom. The core hole and electron do not individua
have unique crystal momenta. If the stationary core-ho
excited states are band resonances, then their wave func
are delocalized in the sense that they have a finite ampli
for arbitrarily large electron-core-hole separation. Bou
core-hole excitons can also play a role as intermediate st
Furthermore, through electron-hole localization, it is co
ceivable, with regard to the matrix elements appearing in
Kramers-Heisenberg formula, for bound states or locali
superpositions of resonances to dominate the scattering

Core-hole effects may play the role of either a weak or
a strong perturbation to the noninteracting Hamiltonian. T
relevant criterion for their strength depends on the quan
in which one is interested. It is well established that to d
scribe XAS core-hole effects are critical. To describe RIX
total fluorescence yields, core-hole effects are likewise c
cal, which is reasonable, because resonant fluorescence
be preceded by the initial excitation probed by XAS. Inde
core-hole effects enhance simulated XAS cross sections
corresponding total fluorescence yields nearly equally. Ho
ever, XAS involves a sum over core-hole excited sta
which is carried after squaring first-orderp•A matrix ele-
ments, whereas RIXS involves a different sum, which
squared following summation of second-order terms. RI
emission features are not so much affected by stationary
termediate states as by the coherent superposition of
states, which appear in the Kramers-Heisenberg formula.
may refer to such a superposition as a single ‘‘intermed
state’’ of the system, although this state is not a station
state. Such a superposition can be less affected, aside
its normalization, than are individual, stationary core-ho
excited states. Because of this, a sensible interpretatio
RIXS emission features might start from a noninteract
picture. In particular, we note that the interacting and non
teracting intermediate stationary states span the same s
of core-hole excited states, and differ only by being the
spective solutions ofH andH0 .

Stationary states found in an interacting picture will
composed mostly of noninteracting states, that lie wit
some energy range specified by the interactions’ stren
Far from resonance, such intermediate states will
weighted in essentially the same fashion in the Krame
Heisenberg formula independent of interaction effects. E
on resonance, the superposition of stationary interac
ds
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states and of stationary noninteracting states can bear g
similarity to each other, and we find that they often do.

Such similarity is motivated by the following observatio
The superposition of noninteracting intermediate states
can be coupled radiatively to the final states can be written

uA~hn!&'
1

Ei1hn2H01 ih
p•Au i &, ~17!

where we have inverted the matrixEi1hn2H01 ih, andh
is a typical inverse-lifetime parameter for the core-hole e
cited states. The analogous superposition of interacting st
is given by

uB~hn!&'
1

Ei1hn2H01 ih F11~VD1VX!

3
1

Ei1hn2H1 ih Gp•Au i &. ~18!

uA(hn)& and uB(hn)& would be proportionate, and henc
lead to similar emission spectra, if the actions of (VD1VX)
and p•A leave an electron core-hole pair in similar state
Already, we know thatp•A must create a pair state in whic
the core hole and electron are mutually localized, with
electron taking the form of ap-like wave packet centered
near the core site. Likewise, the electron core-hole inter
tion is large predominantly at very close range, so it proje
out a state with the electron concentrated near the core h
Then, the left-most operator can select the unoccupied b
states, which are the most closely resonant at a givenhn. If
this energy selection filters states belonging to only o
partial-wave channel~e.g., l 51 and m50!, uA(hn)& and
uB(hn)& will inevitably be nearly proportional. Indeed, suc
proportionality is exact for an electron-hole pair in a tw
band lattice model featuring an on-site electron-hole inter
tion.

We have observed such proportionality when simulat
RIXS with or without core-hole effects in HOPG and hBN
presumably because of the lowest-energy excitations b
confined top* core-hole excitons or excitonic resonance
This proportionality has broken down forhn tuned to the
HOPGs* resonance and in diamond and cubic BN, presu
ably because of the many degenerate or nearly degen
conduction bands and band valleys. For comparison, at l
one other paper has found a signature of nonproportiona
between uA(hn)& and uB(hn)& even near theK edge in
graphite.20

III. EXPERIMENTAL RESULTS

Resonant fluorescence spectra obtained from a highly
ented pyrolytic graphite sample are shown in Fig. 3. T
stack plot of the emission spectra show the C K emission
region as the incident photon energy (hn) is varied below
and above the C K edge, which is assumed to be athn
5284.5 eV.23 The photon energies are given to the left
each spectrum. The intensities of each emission spect
have been normalized to the incident photon flux, so t
absolute intensity comparisons between spectra may be m
in Fig. 3. Note that the energy separation between succes
spectra in the stack plots is nonuniform. The choice of em
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sion geometry (a535°) allows emission fromp bands as
well ass bands.6

The emission spectrum obtained forhn5320 eV is suffi-
ciently far from the C K edge, so it represents the normal
nonresonant C K emission spectra for graphite. Radia
recombinations with the core hole obey the normal dipo
selection rules, so that this spectrum represents thep ( l
51) partial density of states. As expected for the nonre
nant fluorescence process, spectral features in this val
emission spectrum correspond to regions with a large den
of states in the graphite band structure. The causal con
tion between incident and emitted x-rays demands that e
fluorescence athn5320 eV is described by the Kramer
Heisenberg formula, but our insight into appropriate interm
diate states is limited. However, the experimental res
suggest that, upon excitation of a core electron far above
K edge, the system is effectively left in a state with no d
cernible core-hole crystal-momentum selectivity.

In contrast, the resonant emission spectra, obtained w
the incident photon energies are near and above the
edge, exhibit many interesting spectral features, wh
change in a systematic way with excitation energy. The t
regimes for scatteringbelowandabovethe core threshold are

FIG. 3. Resonant fluorescence data obtained from HOPG
incident excitation energieshv varied from 281 to 320 eV. The
excitation energies are given to the left of each emission spect
Note that the spacing between the excitation energies is non
form. The width of the incident radiation was approximatelyDhv
5150 meV. The dashed lines mark the location of the RIXS pea
r
e
-

-
ce

ity
c-

en

-
ts
he
-

en
K
h
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qualitatively quite different, and can be characterized by
types of dispersive features present. Below threshold,
spectra consist of features that movelinearly with the exci-
tation energy. These ‘‘loss’’ features~borrowing the nomen-
clature of optical Raman spectroscopy!, which occur at a
constant energy displacement from the elastic peaks, ar
beledA, B, andC, and their displacements from the elas
peak are approximately 16, 12, and 10 eV, respectively.

As the excitation energy moves above the K edge,
nature of the emission changes dramatically. Instead of lin
dispersion, the peaks move in a nonlinear fashion. Th
features are highlighted by the dashed lines in Fig. 3. In fa
some of the features move in a manner opposite to the~in-
creasing! excitation energy. The movement of these featu
can be directly related to the band structure.6 Of particular
interest in this paper is the behavior of emission spectra
the excitation is tuned so that a core electron is favora
excited near theM andG points in the Brillouin zone. This
point will be discussed in detail below, in regard to emissi
by s andp electrons.

Another interesting feature to note in these valence em
sion spectra is the intensity behavior of the quasielastic pe
This peak, which ostensibly arises from a direct recombi
tion of the photoelectron with the core hole~leaving the sys-
tem in the electronic ground state!, displays a drastic inten
sity variation as the excitation energy moves through
core binding energy. This feature will not be discussed f
ther here.

It is interesting now to compare the RIXS in graphite wi
its structural analog, hBN. Whereas graphite is a semime
with an intrinsicallydelocalizedelectronic structure, hBN is

FIG. 4. Resonant fluorescence data obtained from hBN.
excitation energies are given to the left of each spectrum. Note
the spacing between the excitation energies is nonuniform. Fea
A, B, andC are discussed in the text.
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7440 PRB 59J. A. CARLISLE et al.
a wide band-gap semiconductor (Eg;5.5 eV); a III-V mate-
rial wherein the bonding interaction involves significa
charge transfer from boron to nitrogen. The empty state
the lowest-lying conduction bands are physically localiz
near the boron atoms. It is natural then to expect the RIXS
be fundamentally changed owing to the participation of
calized intermediate and final states in the scattering. T

FIG. 5. Simulated x-ray absorption spectrum@Fig. 5~a!# and
RIXS @Fig. 5~b!# for graphite. Solid lines correspond to calculatio
made with core-hole effects included, whereas dashed lines giv
results of calculations based on a noninteracting~one-electron! pic-
ture. Note that the dashed and solid line are completely overlap
in the RIXS simulation except for excitation energies near thes*
absorption threshold. XES denotes ordinary fluorescence, w
mimics thehv5320 eV spectrum of Fig. 3.
in
d
to
-
is

compound also has a well-known strongly boundp* core-
hole exciton, with a binding energy of;1.1 eV.23

Figure 4 shows the B K resonant emission spectra from
crushed powder hexagonal boron nitride hBN sample. Ag
all spectra have been normalized to the incident photon fl
and labeled by the excitation energy. The elastic peak ex
its a very strong intensity enhancement forhn5192 eV,
when B 1s electrons are excited into the exciton state invo
ing the Bp* orbital. This feature is detected whenever b
ron isp bonded in a material, and has been utilized to pro
the bonding structure of BN monolayers deeply buried in
C/BN/C multilayer.28

Below the core threshold~192 eV!, the spectra show two
inelastic peaks, labeledA and B, separated by 5 eV, alon
with the elastic peak. As was the case in graphite abo
these features exactly track the excitation energy, so tha
higher energy featureB maintains a constant energy sepa
tion of about 11 eV from the elastic peak. At threshold,
new feature appears in the spectrum, labeledC, about 2.5 eV
above peakB. At higher incident photon energies, peakC is
again absent. In sharp contrast to graphite, for excita
above the core threshold (hn>193.7 eV), the emission fea
tures abruptly become broadened and fixed in energy p
tion, resembling ordinary B 1s fluorescence for hBN.

In Fig. 4, note also the continuation of the Raman pe
for excitation energies immediately above the B 1s thresh
~i.e., the data fromhn5192.0 to 193.7 eV!. Whereas in
graphite we have both Raman and non-Raman features
excitation energies corresponding to the core threshold
hBN the Raman features are the only dispersive ones
served.

he

ed

ch

FIG. 6. Band structure of graphite, transposed to facilitate co
parison to the experimental and simulated RIXS. The band ener
are plotted horizontally with crystal momentum on the vertical ax
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IV. MODELING AND ANALYSIS OF RESONANCES

Simulated XAS and RIXS results for graphite are sho
in Fig. 5, and an ‘‘x-y’’ transposed band structure is show
in Fig. 6. These theoretical results are presented for 576 s
pling pointsk in the first Brillouin zone, and 12 conductio
bands were considered for excited electron occupation in
termediate and final states. Results are plotted with s
lines for calculations with core-hole effects included, a
with dashed lines for calculations omitting core-hole effec
Our XAS results are similar to those of others.29 We find an

FIG. 7. ~a! Experimental RIXS spectra for HOPG collected f
excitation energies near thep* absorption threshold of 284.5 eV
The excitation energies are given to the left of each emission s
trum. The width of the incident radiation has been reduced
Dhv560 meV. Note the abrupt onset of emission athv5276 eV.
~b! Theoretical simulations of the data in~a!.
m-

n-
id

.

asymmetric s* peak in the XAS simulation, bu
cannot resolve whether thes* resonance lies above or belo
thes* threshold. In any event, it is very close to the thres
old.

Below hn5284.5 eV, which is the assumed K edge, t
RIXS spectra exhibit the same Raman-like behavior tha
found in experiment. The nominal loss features are found
have 16.3, 12.5, and 9.7 eV Stokes shifts.~The feature with
a 4.5 eV Stokes shift is absent when we do not artificia
suppress certain interference effects on emission resu
from C 1s→p recombinations. This suppression is discuss
further, below.! Above hn5284.5 eV, we observe a simila
evolution of s emission as in experiment, with the relativ

c-
o

FIG. 8. Simulated crystal-momentum distribution for the co
hole in intermediate states in graphite as a function ofhv. The
excitation energies are those from Fig. 7.
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FIG. 9. ~a! Experimental RIXS spectra for HOPG collected for excitation energies near thes* absorption threshold of 291.6 eV. Th
excitation energies are given to the left of each emission spectrum. Note that the spacing between successive spectra is 0.25 eV
of the incident radiation wasDhv560 meV. This emission is consistent with final states corresponding to ap→s* promotion nearM. ~b!
Simulated spectra in the same excitation region.~c! Core-hole crystal-momentum distributions for energies considered in~b!.
n
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in
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e

of

a

to-
intensities of two emission features athn8 near 273 and 276
eV changing rapidly as a function ofhn.

The crystal-momentum selectivity is particularly appare
ashn is varied from 285 to 286.5 eV. This is illustrated
Fig. 7~a!, which shows how the emission spectra change
the excitation energy is finely stepped through thep* ab-
sorption threshold. Also, these spectra have been obta
usingDhn;60 meV, compared withDhn;150 meV in Fig.
3, thereby increasing the momentum selectivity in the sc
tering. In Fig. 7~b!, we illustrate the relevant portion of th
t

s

ed

t-

p* bands, i.e., along theK-M line. M is a saddle point in the
p andp* bands, so emission byp electrons is more sharp
when hn resonantly excites electrons there (hn5286 eV).
Meanwhile, there are two prominent features because
emission bys electrons, atK (hn85273 eV) andM (hn8
5276 eV). BetweenK andM, the relevants band exhibits a
cosinelike dispersion, whereas thep* band is remarkably
flat nearM. Hence, ashn approaches 286 eV from below,
cosecantlike emission feature, located aroundhn85276 eV,
increases in strength dramatically. Direct and inverse pho
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emission, respectively, furnish insight into dispersion of o
cupied and unoccupied bands, and photoabsorption and x
emission provide insight into joint or total densities of sta
of unoccupied or occupied bands. The present fluoresce
technique simultaneously probes the energies and dispe
characteristics of several occupied and unoccupied band

This ‘‘K-to-M crossover’’ has also been found in ful
potential calculations, which omit core-hole effects30 but not
in a recent tight-binding calculation by van Veenendaal a
Carra,20 unless core-hole effects were included. Here,
find that it occurs in the same fashion regardless of core-h
effects. Data interpretation is complicated by the presenc
ordinary fluorescencelike features, which are superpose
the rest of the emission, and exhibit a peak at the same
ergy as the sigma band atM. ~Conversely, van Veenendaa
and Carra’sM s emission would perhaps appear elsewh
than at their peak around 276 eV, based on an inspectio
their band structure.! However, our present theory resul
show the peak clearly, even with no phenomenological
clusion of ordinary fluorescencelike features. Confusion
also arise with respect to the position of this peak, becaus
self-energy band-widening effects. In Fig. 8 is shown
core-hole crystal-momentum distribution in the simulated
termediate states as a function ofhn. As expected, this is
concentrated nearK around threshold, and it spreads towar
M at higher energy.

Figure 9~a! shows RIXS spectra obtained for excitatio
energies near 291.5 eV, which corresponds to thes* thresh-
old in graphite. Analogous simulated spectra are presente
Fig. 9~b!, and corresponding core-hole crystal-moment
distributions are shown in Fig. 9~c!. An experimental emis-
sion feature is observed athn8;281 eV whenhn is tuned
over a very narrow range centered on this threshold. T
emission is consistent with final states corresponding t
p→s* promotion nearM. ~We have noted in Sec. II B tha
a more detailed representation of Zhu and Louie’s quasi
ticle band structure would place thes* resonance closer to
291.5 eV.! Absence of this emission feature when core-h
effects are omitted suggests this scenario: the cross se
for scattering through intermediate states withs* electrons
is enhanced compared to that for states withp* electrons,
because of core-hole effects, a hypothesis that is suppo
by Figs. 5~a! and 9~c!. It is encouraging that the noted emi
sion feature@indicated by an arrow in Fig. 9~b!# is enhanced
in the calculations when core-hole effects are included.

A deeper problem involves the nature of emission beca
of C 1s-p electron-hole recombination. By symmetry co
siderations, this would be a weakly allowed process, beca
the core-hole amplitude in the relevant superpositions of
termediate states will vary like ap* amplitude from site to
site. Upon intermediate-state summation over sites, there
be strong destructive interference for emission by C 1sp
recombination. Experimentally, there is strong ‘‘p emis-
sion,’’ which decreases with detuning ofhn above the K
edge. This is contrary to expectations, not only becaus
the copious emission observed, but also because densit
states arguments would suggest an increase in the emi
with increasinghn above 284.5 eV. We have suppress
interference between intermediate-state channels with
holes on different sites within a unit cell. This invokes ar
-
ay
s
ce
ion
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ficially what we interpret as an experimentally manifest
symmetry breaking. If the symmetry breaking takes time
develop, it is natural that it would develop the most ful
close tohn5284.5 eV. Note also that all signatures of su
symmetry breaking are conspicuously absent far belowhn
5284.5 eV. If the symmetry breaking is ‘‘accidental,’’ suc
as its being a result of doping effects, we cannot address s
a possibility quantitatively. For the present, we leave
intensity variation of thisp emission as an unexplained fe
ture in our paper. Such emission is found in the cited fu
potential simulation of RIXS, which omits core-hole effec
but we have not found it in either the present pseudopoten
calculation or in our past tight-binding study. We also e
phasize that our inclusion of core-hole effects does not re
edy this difficulty, nor do effects of finite photon momentum
Figure 10 presents RIXS spectra that do not suppress
interference. While some of thes emission features are af
fected only slightly, the strengths of those at the lowest
ergies are affected substantially.

XAS results for hBN are presented in Fig. 11, and rev
the strongp* exciton~1.5 eV bound, theoretically! and char-
acteristic ‘‘camel’s-back’’s* excitonic resonance feature
RIXS results are also presented in Fig. 11, and the b
structure is shown in Fig. 12. As for HOPG, solid curv
denote calculated spectra with core-hole effects includ
and dashed curves denote calculated spectra omitting c
hole effects. Spectral features are similar for allhn consid-
ered. The 11 and 16 eV Stokes-shifted emission features
attributed to final states with ap* electron and as hole near
L or M. As in HOPG, analysis of the core-hole momentu
distribution in the intermediate state was carried out, and
have found that it is concentrated nearM for hn5192 eV,
i.e., where thep* conduction-band minimum is found. W

FIG. 10. Simulated RIXS spectra for graphite, which do n
suppress the interference effect, mentioned in the text. Note
clear lack of emission from thep bands both above and below th
core threshold.
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have not found a theoretical analog to the observed fea
‘‘ C,’’ and we attribute the relative weakness of the 11
feature compared to experiment to neglect of final-st
valence-hole effects. Such effects would cause final st
with the electron and valence hole in close proximity to
enhanced at lower final-state energies, i.e., higher em
photon energies in RIXS.

The largest departure between experiment and simula
for hBN occurs athn5193.7 eV. Experimentally there is a
abrupt change in the character of the emission from

FIG. 11. Simulated x-ray absorption spectrum@Fig. 11~a!# and
RIXS @Fig. 11~b!# for hBN. Solid lines correspond to calculation
made with core-hole effects included, whereas dashed lines giv
results of calculations based on a noninteracting~one-electron! pic-
ture.
re

e
es

d

n

e

Raman-like mode~with the p-JDOS tracking the excitatio
energy! to an emission spectrum equivalent to the normal
nonresonantB 1s fluorescence. This failure of the simulatio
suggests that effects neglected in the theory~valence exci-
tons, phonons, etc.! can contribute significantly to the ob
served RIXS. It is interesting that the inclusion of core-ho
effects does not resolve this departure, because it is
known that hBN has a very strong core-hole exciton.

V. SUMMARY

To summarize, we have demonstrated that the reso
inelastic x-ray scattering present in resonant fluoresce
spectra obtained below and above a core-level absorp
threshold may be utilized to probe the band structure o
material. To a large degree, the scattering regimes below
above threshold are described by the same scattering ph
of coherent fluorescence as first put forward by Ma,4 based
on the quasiparticle band structure of graphite and hBN. T
remains true, even though describing XAS and RIXStotal
fluorescence yields involves accounting for core-hole effe
We find that fluorescence spectra can be almost unifor
enhanced or suppressed, depending on the excitation en
when core-hole effects are considered. This follows from
notion that the electron-core-hole attraction mostly enhan
the superposition of intermediate states achieved without
fluencing it much otherwise. However, we have establish
that this notion fails to varying degrees when one consid
excitation into several different types of intermediate stat
e.g., bothp* ands* core-hole excitonic resonances.

The intrinsic strengths of soft-x-ray fluorescence for pro
ing the bulk-sensitive and element-specific and
momentum-resolved electronic structure of materials dem
strates the potentially broad utility of the technique.28,31,32

The results presented here and elsewhere are clearly in

he

FIG. 12. Band structure of hexagonal boron nitride.
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tive of its potential for probing the electronic structure
more complex systems, particularly buried thin films a
heterointerfaces, which are less accessible to other t
niques.
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