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Bloch k-selective resonant inelastic scattering of hard x rays at valence electrons of Ni in NiAl
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We have measured x-ray fluorescence spectra from a stoichiometric NiAl single crystal after resonant
excitation at the NiK edge using synchrotron radiation. The shape of the spectra strongly depends on both
excitation energy and scattering angle. This effect can be understood by considering a resonant inelastic-
scattering process leading to a law of Blochk-momentum conservation. We find clear evidence of this Bloch
k-selection rule in the hard x-ray region. The measured spectra are in good agreement with calculated spectra
based on a linearized augmented plane wave band-structure calculation.@S0163-1829~99!09735-0#
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I. INTRODUCTION

Recent studies~Refs. 1–9! have shown that in the case o
resonantly excited fluorescence emission from valence e
trons the two-step model of absorption followed by emiss
breaks down. In this case the absorption and emission
photon has to be treated as one single resonant inela
scattering process. Calculation of the respective scatte
cross section gives rise to a law of Blochk-momentum con-
servation that couples the emission process to the absor
process of the incident photon. As a result, it is possible
investigate the density of states~DOS! of the valence bands
Bloch k selectively. Moreover, due to the resonant exci
tion, this technique is element specific and symmetry se
tive whereby more specific information can be acquired th
by other techniques like photoemission spectroscopy~PES!
and angle-resolved photoemission spectroscopy~ARPES!
~Ref. 10!, which are well-established methods to measure
total DOS and the band structure, respectively.

Previous investigations of Blochk-selective resonant in
elastic scattering~Refs. 1–9! were restricted to the soft x-ra
region up to about 2 keV. First, evidence for the validity
Bloch k-momentum conservation in the hard x-ray regi
has been found by Kaprolat and Schu¨lke.11 In this paper we
present a systematic study at theK edge of Ni in NiAl. The
experimental data are in good agreement with calcula
fluorescence spectra based on linearized augmented p
wave ~LAPW! band-structure calculations. Our resu
clearly demonstrate the validity of Blochk-momentum con-
servation as well as the element and symmetry selectivit
this technique in the hard x-ray region.

II. THEORY

The double-differential scattering cross section~DDSCS!
for resonant inelastic x-ray scattering~RIXS! requires treat-
ment up to second order perturbation theory of thep•A term
of the interaction HamiltonianH int , which describes the in
teraction of an electron with a photon field. This leads to
Kramers-Heisenberg formula:12
PRB 600163-1829/99/60~12!/8624~4!/$15.00
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3d~Ef2Ei2\v11\v2!, ~2.1!

where u i & is the initial state that corresponds to the grou
state of the system,um& stands for the intermediate state aft
absorption of a photon and excitation of an electron from
core state into the conduction band, andu f & is the final state
after reoccupation of the core state by a valence electron
emission of the fluorescence photon.Ei ,m, f are the respective
energies of the electron states,\v1 and\v2 are the energies
of the incident and the scattered photon, respectively, andGm
is the energy width of the intermediate state due to its fin
lifetime.

A single-particle treatment of Eq.~2.1! was given by Ma13

resulting in

d2s

dv2dV
; (

k1 ,k2

uM k1 ,cu2d„E~k1!2Ec2\v1…

3dG,(q12q22k11k2)uM k2 ,cu2

3d„E~k2!2Ec2\v2…. ~2.2!

Therein k1 and k2 denote the Blochk vectors of the
conduction- and valence-band states, respectively, invo
in the scattering process,q1 andq2 are the wave vectors o
the incident and the emitted photon, respectively, andM k1 ,c

and M k2 ,c denote the transition matrix elements of the a
sorption and the emission process, respectively. The us
the indexc instead ofkc for the core states indicates th
these arek independent due to their localization in dire
space. If the energy transfer is small compared to the in
dent energy, the momentum transfer\q5\(q12q2) is re-
lated to the scattering angleQ by uqu'2uq1usinQ/2.

The use of the conventional two-step model, that is tre
ing thep•A term ofH int in first-order perturbation theory fo
both the absorption and the emission process separately
stead of the above one-step scheme, would yield just
8624 ©1999 The American Physical Society
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same result except for the Kronecker delta, which expres
the law of Blochk-momentum conservation:

dG,(q12q22k11k2) . ~2.3!

It states that the momentum transferred to the system by
scattered photon must be equal to the difference of the B
k vectorsk1 and k2 of the two electrons involved in the
scattering process modulo any reciprocal-lattice vectorG.

Based on Eq.~2.2!, one can explain the dependence of t
shape of the fluorescence spectra on the energy\v1 of the
incident photon and on the momentum transferq ~see Fig.
1!. The first d function states the conservation of ener
during the absorption of the incoming photon with ener
\v1. It determines the possible energy eigenvalues the
cited electron can occupy. Via the conduction-band struct
the firstd function also fixes the respective Blochk vectors
k1. Via the law of Blochk-momentum conservation@Eq.
~2.3!#, the Blochk vectorsk2 of the valence states involve
in the scattering process depend onq and k1 and hence on
\v1. Finally, the secondd function determines the energ
\v2 of the emitted photon. As a result, only valence sta
with a Bloch k vector equal tok2 can refill the core hole.
Therefore, only a small part of the Brillouin zone is contri
uting to the emission process, and consequently, only a
of the DOS is reflected in the fluorescence spectrum. T
restricted DOS is determined by\v1 andq.

Due to the dispersion of the conduction and valen
bands, the fluorescence spectrum changes shape if e
\v1 or q are varied. Moreover, by fixing\v1 and therefore
the k1-values and by changingq, one can scan the emissio

FIG. 1. Schematic of the resonant inelastic-scattering proc
from valence electrons of Ni in NiAl. The radii of the circles a
proportional to the Ni-p partial charge of the respective state.
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pointsk2 within the irreducible wedge of the first Brillouin
zone allowing one to trace dispersive valence bands.

Because of the resonant nature of the excitation, tha
the participation of a core state, this technique is elem
specific. Additionally, certain symmetry selection rules, ar
ing from the matrix elementsM k1 ,c and M k2 ,c , must be
obeyed. Because of the dominance of dipole transitions
can, for example, investigate the 4p valence states of Ni if
one chooses the incident energy close to theK edge of Ni. As
a result, one can trace dispersive bands of certain symm
originating from a certain element in the sample.

Nevertheless, the direct interconnection ofk1 andk2 via
the law of momentum conservation@Eq. ~2.3!#, sometimes
called the coherence of the scattering process,13 can be dis-
turbed by relaxation of the intermediate state, i.e., by int
action with phonons14 and excitonic excitations.15 The use of
hard x rays has the advantage that the lifetime of the in
mediate state after excitation of a core state with a la
binding energy is short and that therefore no phonon re
ation can take place. Moreover, hard x rays show no surf
sensitivity, and therefore, only bulk properties influence
scattering process.

However, the most important advantage of hard x-r
over soft x-ray RIXS arises from the larger magnitude of t
photon wave vector, which is large compared to the fi
Brillouin zone. Therefore, the momentum transferq is not
restricted by experimental conditions but can be varied fre
allowing one to scan the whole first Brillouin zone witho

FIG. 2. Measured~dashed lines! and calculated~solid lines!
spectra with constant momentum transfer together with the e
mated shakeup satellite~dotted line!. The primary energyE5\v1

and the fluorescence energy\v2 are given with a zero at the Ni 1s
binding energy~8333 eV!. uqu is given in units ofu^110&u2p/a. The
narrow peak labeled withA dispersing from 0.6 eV to 5.5 eV is du
to quasielastic scattering. To make the calculated spectra com
rable to the experiment, we show the sum of the calculated spe
and the estimated satellite.
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changing the primary energy. In the case of soft x-ray RI
~sinceuqu!any reciprocal lattice vectoruGu and thereforek1
5k2), the variation of the primary energy is the only way
scan the Brillouin zone. Nevertheless, in some very spe
cases such as SiC, a direct and quantitative measureme
the band structure using soft x-ray RIXS~Ref. 8! is possible,
making use of the isotropic parabolic conduction bands
SiC.

However, a direct reconstruction of the valence-ba
structure out of RIXS data is impossible in general, sin
firstly thek2 points that contribute to one single fluorescen
spectrum are always distributed over the whole first Brillou
zone, and secondly one needs to know the dispersion o
conduction bands.

To make full use of the information that is contained r
dundantly in a set of spectra, one would need to perform
self-consistent iterative reconstruction procedure that m
fies an initial band structure to give the best agreement
tween calculated and measured spectra. In this contex
possibility to varyq leading to a variation of thek2 points
involved gives an additional degree of freedom, being a c
advantage of hard x-ray RIXS.

III. EXPERIMENT

To prove the element selectivity, we chose a sing
crystal sample of the ordered stoichiometric alloy Ni1Al1,
using excitation energies\v1 close to the NiK edge. More-
over, the difficulties related to core excitons15 are not presen
in this metallic sample. In addition, this sample has
conduction-band structure that allows one to select a r
tively limited number of Blochk points to contribute to ab
sorption and emission.

The measurements have been performed at the beam
ID28 at the ESRF using a 1-m spherical crystal Rowla

FIG. 3. Measured~dashed lines! and calculated~solid lines!
spectra with constant primary energy atEedge11.7 eV together with
the estimated shakeup satellite~dotted line!. Units are as in Fig. 2.
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spectrometer with an energy resolution of about 0.5 eV. T
incident radiation was monochromatized to about 8330
by a Si 111 double crystal monochromator and an additio
Si 333 channel cut crystal. The full width at half maximu
~FWHM! of the incident energy resolution was set to 0.
eV resulting in an overall experimental resolution of 1.0 e
FWHM. Fluorescence spectra were measured for a se
four q values parallel to the 110 axis and five different p
mary energies\v1 for eachq. Series of measured spectra f
fixed q and for fixed\v1 are shown in Figs. 2, 3, and 4
respectively. The experimentally chosen absolute valuesq
were of 0.1, 0.25, 0.4, and 0.5 in units ofu^110&u•2p/a, a
being the lattice constant, whereas the excitation energy\v1

for eachq was set to 0.6, 1.1, 1.7, 2.4, and 5.5 eV above
1s binding energy of Ni.

Inherent to this technique is the fact that the valence em
sion spectra lie on top of the so-called shakeup satellite to
valence line, sometimes described as a radiative Au
effect,16,17 being the excitation of another valence electr
into the conduction band during the emission process res
ing in an energy loss of the emitted photon. The minim
energy loss of this process is zero whereas the maxim
energy loss is not limited. Therefore, the shakeup sate
shows a steep drop on its high-energy side coincident w
the binding energy of the 1s electron and a slowly decreas
ing tail on its low-energy side as indicated in Figs. 2–4. W
have to emphasize that the satellite shown consists of a li
function multiplied by a Fermi function with a width of 2.2
eV. We chose this model because, to our knowledge,
satellite behavior in this energy regime has not yet been
culated and cannot be measured independently.

The calculated resonant emission spectra, following
scheme described above, are based on a LAPW ba

FIG. 4. Measured~dashed lines! and calculated~solid lines!
spectra with constant primary energy atEedge15.5 eV together
with the estimated shakeup satellite~dotted line!. Units are as in
Fig. 2.
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structure calculation using theWIEN97 package.18 The energy
eigenvalues and the partial charges at 9139k points in the
irreducible wedge of the first Brillouin zone were used. F
thermore, the finite-energy resolution of both the monoch
mator and the spectrometer together with the lifetime bro
ening of the core state were taken into account. Additiona
we have accounted for self-absorption effects and for
energy dependence of the dipole matrix elements of
Ni-1s to Ni-4p transition. From Ge valence fluorescen
spectra, where emission lines from the 4p and 3d orbitals
are nicely separated, we estimate the contribution of the q
drupolar Ni-3d to Ni-1s transition to be 2 orders of magn
tude smaller than the dipolar transition. For the quadrupo
transition, no energy dependent matrix elements have b
used.

As can be seen from Figs. 2–4, there is considera
agreement between the measured and the calculated sp
Despite the fact that the Blochk-space resolution~via the
conduction-band structure! is limited by the energy width of
the intermediate state (G'1.3 eV), the shape of the fluores
cence spectra changes significantly with both the prim
energy~Fig. 2! and the momentum transfer~Fig. 3!. A dis-
persion of the low-energy shoulder in both cases marked
the arrows is clearly visible. Also the growth of the ma
peak at23 eV with increasing primary energy is nicely re
produced in the calculated spectra~Fig. 2!.

These changes can be easily explained by distinct feat
of the electronic band structure~see Fig. 1!. If \v5E1s
11.7 eV ~Fig. 3!, the possiblek1 vectors are distributed
around theR point. With increasinguqu, the k2 are shifted
parallel to the 110 direction from theR point to theX point,
and consequently, the lowest band withp character aroundX
causes the dispersing shoulder. Similarly in Fig. 2 the gro
of the main peak at23 eV is originating from thep states
aroundM.

Even though the spectra of the series with\v5E1s
15.5 eV ~Fig. 4! are different from the spectra at\v5E1s
H

o
hy

.
.

.
. J

r-
C.

e

-
-
-
,
e
e

a-

r
en

le
tra.

y

y

es

h

11.7 eV, the changes with varyingq are not as large as in
the series at lower energy. From the good agreement with
calculated spectra, we conclude that this decreasingq sensi-
tivity is exclusively a band-structure effect. The reducedq
sensitivity gives evidence of an increased number and a m
widely spread distribution ofk2 points that contribute to the
emission, originating from the increased number of band
that energy region. This isnot a loss of coherence in th
sense of Ref. 13 but again a proof of the validity of the Blo
k selectivity in the hard x-ray regime.

Calculated emission spectra from Al-3p orbitals show no
agreement with the experiment. From this we conclude t
for resonant inelastic scattering from valence electrons
element selectivity holds.

IV. CONCLUSION

In summary, we have investigated resonant inelastic s
tering of hard x rays from valence electrons of Ni in NiA
using four different values of momentum transferq and for
eachq five different energies\v1 of the incident radiation.
These measurements reveal that the two-step model fails
that the treatment as one single resonant scattering proce
in good agreement with the experiment. The validity of t
Bloch k-momentum conservation as well as the selectivity
the scattering process to the element and to the symmetr
the orbitals have been shown. Band-structure effects
clearly visible as expected.
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