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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 NKK 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 Bldcimomentum 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 calcUylafds3-18289)09735-7
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Recent studietRefs. 1-9 have shown that in the case of
resonantly excited fluorescence emission from valence elec- X S(Ei—Ei—fhwi+hwy), (2.9
trons the two-step model of absorption followed by emission
breaks down. In this case the absorption and emission of wherel|i) is the initial state that corresponds to the ground
photon has to be treated as one single resonant inelastistate of the systenim) stands for the intermediate state after
scattering process. Calculation of the respective scatteringbsorption of a photon and excitation of an electron from a
cross section gives rise to a law of Blokkmomentum con-  core state into the conduction band, dfiglis the final state
servation that couples the emission process to the absorpti@iter reoccupation of the core state by a valence electron and
process of the incident photon. As a result, it is possible t@mission of the fluorescence photén.,, ; are the respective
investigate the density of staté80S) of the valence bands energies of the electron statésy, and% w, are the energies
Bloch k selectively. Moreover, due to the resonant excita-of the incident and the scattered photon, respectivelyand
tion, this technique is element specific and symmetry seleds the energy width of the intermediate state due to its finite
tive whereby more specific information can be acquired tharifetime.
by other techniques like photoemission spectroscdiyS A single-particle treatment of E(2.1) was given by M&
and angle-resolved photoemission spectroscOpRPES resulting in
(Ref. 10, which are well-established methods to measure the
total DOS and the band structure, respectively. d2e

Previous investigations of Block-selective resonant in-
elastic scatteringRefs. 1-9 were restricted to the soft x-ray
region up to about 2 keV. First, evidence for the validity of
Bloch k-momentum conservation in the hard x-ray region
has been found by Kaprolat and Stter*! In this paper we X S(E(Ky) —Ec—hwy). (2.2
present a systematic study at theedge of Ni in NiAl. The
experimental data are in good a_lgree'ment with calculategtherein k, and k, denote the Blochk vectors of the
fluorescence spectra based on linearized augmented plapgnqyction- and valence-band states, respectively, involved
wave (LAPW) band-structure calculations. Our resultsq ne scattering process, andg, are the wave vectors of

clearly demonstrate the validity of Blodtmomentum con-  ihe incident and the emitted photon, respectively, qu .

servation as well as the element and symmetry selectivity of " :
this technique in the hard x-ray region. and My, . denote the transition matrix elements of the ab-

sorption and the emission process, respectively. The use of

the indexc instead ofk. for the core states indicates that

these arek independent due to their localization in direct

space. If the energy transfer is small compared to the inci-
The double-differential scattering cross secti@DSC9 dent energy, the momentum transfeq=7(q;—0q,) is re-

for resonant inelastic x-ray scatterigIXS) requires treat- lated to the scattering angi@ by |q|~2|q,|sin®/2.

ment up to second order perturbation theory ofgghA term The use of the conventional two-step model, that is treat-

of the interaction Hamiltoniam,,;, which describes the in- ing thep-A term ofH;, in first-order perturbation theory for

teraction of an electron with a photon field. This leads to theéboth the absorption and the emission process separately, in-

Kramers-Heisenberg formufa: stead of the above one-step scheme, would vyield just the

~ 2 _ .
Farsd) 2, i o?8(E(K) ~Ec—hry)

2
X 36, (4, - 4y ky + ko) My cl
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. i FIG. 2. Measureddashed linesand calculatedsolid lines
-8333.0 N i —1s spectra with constant momentum transfer together with the esti-
mated shakeup satellitélotted ling. The primary energf=7%w,

FIG. 1. Schematic of the resonant inelastic-scattering procesand the fluorescence enerfjy, are given with a zero at the Nisl
from valence electrons of Ni in NiAl. The radii of the circles are hinding energy8333 eV. |q| is given in units of(110)|27/a. The
proportional to the Nip partial charge of the respective state. narrow peak labeled witA dispersing from 0.6 eV to 5.5 eV is due

to quasielastic scattering. To make the calculated spectra compa-

same result except for the Kronecker delta, which expressegble to the experiment, we show the sum of the calculated spectra
the law of Blochk-momentum conservation: and the estimated satellite.

5@,(q1—q2—k1+k2)- 2.3 pointsk, within the irreducible wedge of the first Brillouin
zone allowing one to trace dispersive valence bands.
It states that the momentum transferred to the system by the Because of the resonant nature of the excitation, that is
scattered photon must be equal to the difference of the Blocthe participation of a core state, this technique is element
k vectorsk,; and k, of the two electrons involved in the specific. Additionally, certain symmetry selection rules, aris-
scattering process modulo any reciprocal-lattice veGtor ing from the matrix elementd, . and M, ., must be

Based on Eq(2.2), one can explain the dependence of thegheyed. Because of the dominance of dipole transitions one
shape of the fluorescence spectra on the engegy of the  can, for example, investigate thep 4alence states of Ni if
incident photon and on the momentum transjefsee Fig.  one chooses the incident energy close toktelge of Ni. As
1). The first § function states the conservation of energya result, one can trace dispersive bands of certain symmetry
during the absorption of the incoming photon with energyoriginating from a certain element in the sample.
hw,. It determines the possible energy eigenvalues the ex- Nevertheless, the direct interconnectionkgfandk, via
cited electron can occupy. Via the conduction-band structurehe law of momentum conservatigiq. (2.3)], sometimes
the first 5 function also fixes the respective Blokhvectors  called the coherence of the scattering pro¢dssn be dis-

k;. Via the law of Blochk-momentum conservatiofEq.  turbed by relaxation of the intermediate state, i.e., by inter-

(2.3)], the Blochk vectorsk, of the valence states involved action with phonon and excitonic excitations The use of

in the scattering process depend @@andk; and hence on hard x rays has the advantage that the lifetime of the inter-
fhw,. Finally, the second function determines the energy mediate state after excitation of a core state with a large
hw, of the emitted photon. As a result, only valence statedinding energy is short and that therefore no phonon relax-
with a Blochk vector equal tok, can refill the core hole. ation can take place. Moreover, hard x rays show no surface
Therefore, only a small part of the Brillouin zone is contrib- sensitivity, and therefore, only bulk properties influence the

uting to the emission process, and consequently, only a pascattering process.

of the DOS s reflected in the fluorescence spectrum. This However, the most important advantage of hard x-ray

restricted DOS is determined bBiyw, andg. over soft x-ray RIXS arises from the larger magnitude of the

Due to the dispersion of the conduction and valencephoton wave vector, which is large compared to the first
bands, the fluorescence spectrum changes shape if eithBrillouin zone. Therefore, the momentum transégis not
hwq or q are varied. Moreover, by fixinw, and therefore restricted by experimental conditions but can be varied freely
the k;-values and by changing, one can scan the emission allowing one to scan the whole first Brillouin zone without
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FIG. 3. Measureddashed linegsand calculatedsolid lineg FIG. 4. Measureddashed lingsand calculatedsolid lines

spectra with constant primary energyEaf,et 1.7 eV together with  spectra with constant primary energy Biqe+5.5 €V together
the estimated shakeup satelliiotted ling. Units are as in Fig. 2. wijth the estimated shakeup satelligotted ling. Units are as in
Fig. 2.

changing the primary energy. In the case of soft x-ray RIXS ’ ) )
(since|q|<any reciprocal lattice vectd6s| and thereforek, _spgctrometq Wlth an energy resoluthn of about 0.5 eV. The
—k,), the variation of the primary energy is the only way to |nC|dent radiation was monochromatized to about 8339 eV
scan the Brillouin zone. Nevertheless, in some very specidy @ Si 111 double crystal monochromator and an additional
cases such as SiC, a direct and quantitative measurement 9f 333 channel cut crystal. The full width at half maximum
the band structure using soft x-ray RIXRef. 8 is possible, (FWHM) of the incident energy resolution was set to 0.85
making use of the isotropic parabolic conduction bands ofV resulting in an overall experimental resolution of 1.0 eV
SiC. FWHM. Fluorescence spectra were measured for a set of

However, a direct reconstruction of the valence-bandour q values parallel to the 110 axis and five different pri-
structure out of RIXS data is impossible in general, sincemary energie$ w, for eachq. Series of measured spectra for
firstly thek, points that contribute to one single fluorescencefixed q and for fixed%w, are shown in Figs. 2, 3, and 4,
spectrum are always distributed over the whole first Bri"OUinrespectively_ The experimentally chosen absolute valugs of
zone, and secondly one needs to know the dispersion of thgere of 0.1, 0.25, 0.4, and 0.5 in units [¢fL10)|- 27/a, a
conduction bands. being the lattice constant, whereas the excitation enktgy

To make full use of the information that is contained re- 4, eachq was set t0 0.6, 1.1, 1.7, 2.4, and 5.5 eV above the
dundantly in a set of spectra, one would need to perform 3q binding energy of Ni.
s_elf—con.si.sltent iterative reconstru_ction procedure that modi- Inherent to this technique is the fact that the valence emis-
fies an initial band structure to give the best agreement bes'ion spectra lie on top of the so-called shakeup satellite to the
tween calculated and measured spectra. In this context thvealence line, sometimes described as a radiative Auger
possibility to varyq leading to a variation of th&, points :

involved gives an additional degree of freedom, being a cIea?ﬁceCt’m17 being the excitation of another valence electron
advantage of hard x-ray RIXS ' Iinto the conduction band during the emission process result-

ing in an energy loss of the emitted photon. The minimal
energy loss of this process is zero whereas the maximum
energy loss is not limited. Therefore, the shakeup satellite

To prove the element selectivity, we chose a singleshows a steep drop on its high-energy side coincident with
crystal sample of the ordered stoichiometric alloyyNi,  the binding energy of theslelectron and a slowly decreas-
using excitation energiesw, close to the NK edge. More-  ing tail on its low-energy side as indicated in Figs. 2—4. We
over, the difficulties related to core excitdnare not present have to emphasize that the satellite shown consists of a linear
in this metallic sample. In addition, this sample has afunction multiplied by a Fermi function with a width of 2.2
conduction-band structure that allows one to select a relaeV. We chose this model because, to our knowledge, the
tively limited number of Blochk points to contribute to ab- satellite behavior in this energy regime has not yet been cal-
sorption and emission. culated and cannot be measured independently.

The measurements have been performed at the beamline The calculated resonant emission spectra, following the
ID28 at the ESRF using a 1-m spherical crystal Rowlandscheme described above, are based on a LAPW band-

IIl. EXPERIMENT
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structure calculation using theiENe7 package® The energy  +1.7 eV, the changes with varying are not as large as in
eigenvalues and the partial charges at 9k38oints in the  the series at lower energy. From the good agreement with the
irreducible wedge of the first Brillouin zone were used. Fur-calculated spectra, we conclude that this decreagisgnsi-
thermore, the finite-energy resolution of both the monochrotjvity is exclusively a band-structure effect. The reducged
mator and the spectrometer together with the lifetime broadsensitivity gives evidence of an increased number and a more
ening of the core state were taken into account. Additionallywidely spread distribution o, points that contribute to the
we have accounted for self-absorption effects and for themission, originating from the increased number of bands in
energy dependence of the dipole matrix elements of théhat energy region. This isot a loss of coherence in the
Ni-1s to Ni-4p transition. From Ge valence fluorescencesense of Ref. 13 but again a proof of the validity of the Bloch
spectra, where emission lines from thp and 3 orbitals  k selectivity in the hard x-ray regime.
are nicely separated, we estimate the contribution of the qua- Calculated emission spectra from Ap®rbitals show no
drupolar Ni-3 to Ni-1s transition to be 2 orders of magni- agreement with the experiment. From this we conclude that
tude smaller than the dipolar transition. For the quadrupolafor resonant inelastic scattering from valence electrons the
transition, no energy dependent matrix elements have beeaflement selectivity holds.
used.

As can be seen from Figs. 2—4, there is considerable IV. CONCLUSION
agreement between the measured and the calculated spectra.
Despite the fact that the Block-space resolutiorfvia the
conduction-band structurés limited by the energy width of
the intermediate statd’'&1.3 eV), the shape of the fluores-
cence spectra changes significantly with both the primar
energy(Fig. 2) and the momentum transféFig. 3). A dis-
persion of the low-energy shoulder in both cases marked b
the arrows is clearly visible. Also the growth of the main
peak at—3 eV with increasing primary energy is nicely re-

In summary, we have investigated resonant inelastic scat-
tering of hard x rays from valence electrons of Ni in NiAl
using four different values of momentum transéeand for

achq five different energied w, of the incident radiation.

hese measurements reveal that the two-step model fails and

at the treatment as one single resonant scattering process is
n good agreement with the experiment. The validity of the
Bloch k-momentum conservation as well as the selectivity of
produced in the calculated spectfg. 2). the scattering process to the element and to the symmetry of

These changes can be easily explained by distinct featurét%e orbitals have been shown. Band-structure effects are
of the electronic band structursee Fig. L If hw=E,,  cearly visible as expected.
+1.7 eV (Fig. 3), the possiblek; vectors are distributed
around theR point. With increasingq|, the k, are shifted
parallel to the 110 direction from the point to theX point, This work was funded by the German Federal Ministry of
and consequently, the lowest band witisharacter aroun  Education and Research under Contract No. 05 SC8PEAA4.
causes the dispersing shoulder. Similarly in Fig. 2 the growtlOne of us(A.K.) is indebted to the Deutsche Forschungsge-
of the main peak at-3 eV is originating from thep states meinschaft for financial support. We acknowledge D. Gam-
aroundM. betti, B. Gorges, K. Martel, and O.F. Ribois for their techni-
Even though the spectra of the series witlwv=E;s cal assistance in construction and commissioning of
+5.5 eV (Fig. 4) are different from the spectra Atw=E;;  beamline ID28 at the ESRF.
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