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We present the results of a tight-binding calculation of the soft-x-ray emission spectra obtained in an
earlier study of resonant inelastic scattering of x rays at the carbon k edge of diamond. The close agree-
ment between the calculated spectra and the experimental observations lends support to a picture of
momentum conservation restricting the emission process to the same point in the Brillouin zone sampled

by the initial excitation. We thus demonstrate qualitatively the feasibility of band-structure determina-
tions with this technique.

X-ray absorption and emission spectroscopies have
long been used to study the electronic properties of
matter. However, the lack of momentum information
has traditionally restricted these techniques to studies of
the integrated densities of states (DOS) in the unoccupied
and occupied electronic bands, respectively. ' Information
on the momentum-resolved electronic band structure has
been obtained from the different photoelectron spectros-
copies. Recently it has been suggested that the excitation
energy dependence observed in the resonant C k-edge
soft-x-ray emission of diamond is evidence for an inelastic
description of the adsorption-emission process. Momen-
tum conservation between the photons and electrons in-
volved in the excitation and decay restricts the radiative
decay of the excited state to those regions of the Brillouin
zone that are sampled in the initial photoexcitation.
With this restriction, it has been suggested that x-ray res-
onant inelastic scattering (XRIS) may also be used to ob-
tain momentum-resolved information on the electronic
band structure. These ideas have been qualitatively dis-
cussed elsewhere. Experimental evidence providing fur-
ther support for these ideas has also recently been provid-
ed by the observation that resonant emission at the L
edge of amorphous Si differs markedly from the observa-
tions of L-edge emission in crystalline Si. '

In this paper we investigate further the role of momen-
tum conservation in XRIS by comparing the experimen-
tal observations with calculated valence-band densities of
states for diamond. In particular, as in the model out-
lined above, we restrict the calculated valence-band den-
sities of states to those regions of the Brillouin zone sam-
pled by the initial excitation. In this way, we simulate

the momentum conservation and the resonant condition
of the experiment. Described in greater detail below, the
restricted DOS that we calculate show remarkable agree-
ment in overall structure with the experimental observa-
tions. Indeed, our calculation indicates that the reso-
nant process resulting in coherent emission represents a
relatively large component, -30—40%, of the total emis-
sion as compared to the incoherent emission where the
momentum information has been lost. We are thus able
to show that the technique offers new access to
momentum-resolved electronic-structure information. In
particular, because the technique represents photon-
in-photon-out, it offers the possibility of obtaining infor-
mation on the electronic structure of insulators and poly-
crystalline samples. It is bulk sensitive and able to probe
the electronic structure of buried interfaces.

We first review the XRIS formalism. An incident pho-
ton with energy h ~& is tuned to an adsorption threshold,
in the present case the C EC edge of diamond, exciting an
electron in the initial state li ) to the conduction band at
some energy e, (k, ). The radiative decay of this inter-
mediate excited state

l
m ) to a final state lf ) involves the

transition of a valence electron from a state at energy
s„(k„)to the empty core state with the emission of a pho-
ton of energy hco2. Within the framework of second-
order perturbation theory, it is possible to show that the
cross section for such resonant-scattering processes takes
the form
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The core wave functions are localized at sites R with the
sum over all sites within the coherent length of the in-
cident x ray. The individual matrix elements

~e 1s f (( lsp elQed r ~
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with P„representing the core-level wave function de-
scribe the absorption and emission processes, respective-
ly. They are used in the usual calculations of x-ray ab-
sorption and emission spectra. In the present study, with
the bandwidth of the conduction and valence bands being
small compared with the binding energy of the core levels
involved, each matrix element is approximated by a con-
stant. However, the matrix elements do introduce the di-
pole selection rules, and hence, determine the symmetry
of the states that are sampled; if the core hole is s-like as
in the case of the carbon E edge, only p-like conduction-
and valence-band states are involved in the transitions.

Within the band structures of the solid, the resonant-
absorption condition is e, (k, )—e„=Italo„which deter-
mines the momentum of the excited electron. The energy
of the emitted photon, It co2= s„(k„)—e„results in an en-

ergy conservation for the complete inelastic process given
by

ht02=hco) —e, +e„.
From Eq. (l), the momentum conservation is given by

k„=k,—qi+q2+G,

(4)

where G is a reciprocal lattice vector. This relation is the
principal difference between the resonant inelastic
scattering and the conventional picture of incoherent
emission where the momentum information is lost. Thus,
in the resonant process, if we neglect the photon wave
vectors, which are small compared to the Brillouin-zone
size at the C E edge, only the valence electrons with
momentum given by k„=k,+Ca can decay into the core
hole. Changing the excitation energy will, therefore,
change the emission spectral line shape. At higher photon
energies, e.g., the Si EC edge, the photon wave vector will
not be small. Varying the detection angle q2 will make it

where F. and I are the energy and lifetime of the state

~
m ) and the sum is over all possible intermediate states.

In the present case, taking a one-electron picture we de-
scribe the conduction and valence electrons by Bloch

ik .r
wave functions of the form P, =e ' u, (r} and

P„=e u„(r). The vector potentials of the incoming
(n) iqn '

and outgoing photons are represented by A„=c'"'e
where c'"' is a linear polarization vector whose direction
depends on the photon propagation vector q„. The cross
section, Eq. (I) becomes3'7
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FIG. 1. The calculated band structure for diamond from Ref.
7. The incident photon exciting from the carbon 1s core level to
the conduction band is indicated by %co& and the photon in-
volved in the radiative decay by fico&. The valence bands includ-
ed in the radiative decay following excitation to a region of the
conduction band are indicated by the vertical dashed lines. 4E
represents the energy spread in the initial excitation. The solid
circles represent critical points determined in the present exper-
iment.

possible to map the valence bands.
Based on the above discussion, we now proceed to cal-

culate the C E emission spectra of diamond. With the
matrix elements taken as constants, the absorption or
emission spectra reflect the density of states of the con-
duction or valence bands, respectively. The principle of
the calculation is illustrated in Fig. 1. For a fixed photon
energy, we first locate the region of the Brillouin zone
determined by the resonance condition, e, (k, )

—e»
=hcoi. This condition is satisfied within the horizontal
lines in Fig. 1. The width EE of the strip represents the
convolution of the core-hole lifetime broadening, the en-
ergy spread of the incident photons, and the lifetime
width of the excited state, i.e., uncertainties in c„,c„and
hco„respectively. In the calculation, this finite width is
modeled by a Gaussian function with a full width at half
maxima of EE=0.3 eV. The total valence-band p-
density of states is then calculated using only those re-
gions of the Brillouin zone (BZ} that have conduction-
band states falling within this finite width. In essence,
the calculated spectrum D(E,h co, ) given by

D(E, hem, }~g f d'k 5(E„E, hco—, )—
C, U

X5(E), E„—E }5—(k, —k„) (6)

is just a joint density of states (JDOS), similar to that cal-
culated for optical spectra, but restricted to the regions of
the Brillouin zone determined by the resonant condition
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and further restricted by the dipole selection rules. We
will call this quantity the restricted joint density of states
(r-JDOS). The spectrum obtained by this procedure is
broadened further by a Gaussian of width 2 eV to include
the effects of spectrometer resolution and the lifetime of
the electron-hole pair in the final state. Finally, the spec-
tra are weighted by an co dependence reflecting the fre-
quency dependence of photon emission. Any dependence
on the incident photon frequency is ignored as this mere-
ly introduces a scaling between spectra but not within a
spectrum.

The energy bands of diamond are obtained from a
tight-binding calculation using three center nonorthogo-
nal parameters fitted to an empirical pseudopotential cal-
culation. Using a basis set of four s and p orbitals, densi-
ties of states are obtained by using the standard method
of calculating at selected points within the minimal
wedge representing —,', of the Brillouin zone. A compar-
ison of the calculated bands with those obtained in pseu-
dopotential calculations is reasonable up to approxi-
mately 10 eV above the middle of the band gap. Away
from this energy range, the main deviation is a narrower
bandwidth obtained in the tight-binding calculation; the
conduction band being only 8 eV wide, as opposed to the
12-13-eV width estimated from experiments. The energy
origin or the Fermi level is chosen as the top of the
valence band, I"2&.

In Fig. 2(a) we present a series of calculated r-JDOS.
The excitation energies labeled in the figure are referred
to the minimum of the conduction band. As expected,
the r-JDOS at the difFerent excitation energies are
dramatically different, demonstrating the effect of the
momentum-conservation restriction. With excitation to
near the conduction-band minimum around the X point,
the most intense peak in the JDOS is at 6.5 eV, contribut-
ed mostly from the region around X4 in the valence band.

As the excitation energy is increased, contributions come
into the r-JDOS from different regions in the Brillouin
zone. As the excitation energy passes through the region
4.0 eV above the conduction-band minimum, the r-JDOS
shows a peak derived from the 1.3 near the top of the
valence band. At higher excitation energies the photons
sample the critical points in the region E, 8' and then re-
turn again to the X point. In the middle of the conduc-
tion band it is possible to identify contributions to the
calculated spectra from several regions in the Brillouin
zone, a reflection of the overlapping bands, resulting in
multiple solutions to the resonance condition. At high
excitation energies corresponding to excitation to free-
electron-like states, the electron momentum can take vir-
tually any value due to folding of the different bands back
into the first Brillouin zone. Thus, at high photon ener-
gies, the spectra will be free from the momentum-
conservation restriction and will closely resemble the
spectra obtained from electron excitation. The spectra in

Fig. 2(a) closely resemble the experimental results of Ref.
3, which are reproduced in Fig. 3. The spectra shown in

Fig. 3 have a component subtracted due to the incoherent
emission. This latter component, approximately 60% of
the tota1 emission, is represented by the spectrum ob-
tained for incident photons well above threshold or for
incident electrons. In both cases the momentum infor-

mation will be lost.
We now consider the possibility of critical-point deter-

mination. In Fig. 3, the spectrum excited with incident

photon energy hco, =302.5 eV, corresponding to a final

state 13.0 eV above the conduction-band minimum,

shows a we11-defined peak representing emission from the
X point in the valence band. This in turn suggests the

presence of an X critical point at this final-state energy, as

we have indicated in Fig. 1. The peak in the experimen-
tal emission spectrum at this critical point is shifted by
0.5 eV when compared to the spectrum corresponding to
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FIG. 2. Calculated photon emission spectra or r-JDOS as a

function of the initial excitation energy measured with respect

to the conduction-band minimum.
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FIG. 3. Experimental observed photon emission spectra as a
function of the initial excitation energy measured with respect
to the conduction-band minimum.
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excitation at the lower-incident photon energy of 289.5
eU. This observation is reproduced in the calculated r-
JDOS. The shift is attributed to the fact that at the
higher energy the conduction bands disperse rapidly
away from the critical point as can be see in Fig. l. As
another example, we consider the emission spectra result-
ing from excitation with incident photon energies
bc'&=299. 5 and 304.5 eV, corresponding to 6nal states
10.0 and 15.0 eV above the Fermi level, respectively.
Both show a small emission feature at 274 eV. We con-
clude, therefore, that for these incident photon energies
the emission rejects excitation to the critical point of I(.

symmetry, as we have also indicated in Fig. 1. These ex-
amples illustrate the use of the technique for critical-
point determination.

The calculated spectra also reproduce many of the
smaller features observed in the experimental spectra. If
we consider the spectrum calculated for excitation up to
an energy 11.5 eV above the conduction-band minimum,
i.e., the X4 point, we observe, as in the equivalent experi-
mental spectrum, the main peak corresponding to emis-
sion from the X~ point in the valence band and smaller

peaks at —12.5 eV, corresponding to X, in the valence
band, and at —3.S eV from the L3. point. The latter ob-

servation reflects the Snite resolution in the incident pho-
ton beam leading to excitation to the L2 point in the con-
duction band. We would also comment on the lack of
any signi6cant observation in the experiment of photon
emission from the I' point. The dipole selection rules will

allow emission only from the I z5. close to the Fermi level.

However, examination of the total valence band p-DOS,
the top spectrum in Fig. 2(a), shows that the available

density of states in. this region is relatively low, a
reQection of the dispersion of the relevant bands away
from the I point. Indeed, the strongest features in the
spectrum will reQect those bands with the smallest
effective mass.

To summarize, therefore, we have shown through com-
parison of experiment with calculation that x-ray reso-
nant inelastic scattering may be used as a means of ob-
taining band-structure information in systems that are
not easily studied using the standard technique of photo-
emission. These might include insulating materials and
polycrystalline samples or samples placed in electric or
magnetic Selds. Another possibility is that the presence
of the core hole in the intermediate state will allow site-

speci6c information to be obtained. The experimental
resolution in the initial studies was of the order of 1 eV.
However, with improved Gux and resolution in the in-

cident photon beam, it should be possible to achieve a to-
tal energy resolution comparable to the natural width of
the C ls lifetime width (0.1-0.2 eV).
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