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Momentum-transfer dependence of x-ray Raman scattering at the Be K-edge
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Inelastic x-ray scattering spectra have been measured for energy losses around the Be K-edge in order to
perform a systematic study of the dependence of the corresponding dynamic structure factor on both the
absolute value and the direction of the momentum transfer. The measured x-ray Raman spectra show clear
differences between spectra of different momentum transfer which are related to deviations from the dipole
approximation of the x-ray Raman scattering cross section with increasing momentum transfer. In particular,
the directional differences between x-ray Raman spectra for momentum transfer parallel and perpendicular to
the ¢ axis of single-crystal Be vanish completely at high momentum transfer. These results are attributed to
monopole transitions of the excited electronstype final states according to the results of a first-principles
calculation which takes the particle-hole interaction into account. This theoretical approach is a valuable tool
for modeling x-ray Raman spectra.
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[. INTRODUCTION EELS and soft-x-ray absorption, an ultrahigh vacuum sample
environment is indispensable for these experiments. On the
With the increasing availability of third-generation syn- other hand NRIXS, also referred to as x-ray Raman scatter-
chrotron sources nonresonant inelastic x-ray scattering frormg (XRS), is a pure bulk probe and is much less influenced
core excitations has become well established for measurdy multiple-scattering effects. This is the reason why it
ments of the x-ray near-edge structure in |@wnaterials. presents an important alternative for investigating the unoc-
Generally, inelastic scattering experiments for investigatiorcupied density of states, local structure and chemistry of
of core excitations can be performed utilizing electronlow-Z materialst? It also opens the possibility for measure-
energy-loss spectroscopELS) (Ref. 1) or nonresonant in- ments of x-ray Raman spectra of liquids and gases.
elastic x-ray scatteringNRIXS).2 The inelastic scattering Along with the experimental development of NRIXS,
cross sections of both techniques are sensitive to the absolutgere has been a rapid improvement in its theoretical
value and the direction of the momentum trangferThus,  understanding®=2° An important ingredient of any calcula-
anisotropies of the near-edge structure can be studied Kjon of core-excited states is to consider the influence of the
changing the direction of the momentum transfer with re-core-hole left behind in the scattering process. In this work
spect to the crystallographic orientation of the saniflEur- ~ we utilize a first-principles calculation scheté® which
thermore, excited states with different spatial symmetries camwas recently developed to solve this problem in connection
be probed by varying the magnitude of the momentumwith x-ray absorption and resonant inelastic x-ray scattering,
transfe~8which is not possible in standard x-ray absorptionand which can also be applied to x-ray Raman scattériflg.
experiments. As long as one hgsa<1, wherea is the  Together with the calculations of the symmetry projected un-
electron orbital radius, the dipole allowed transitions domi-occupied density of states, these more advanced methods are
nate the excitation spectrum, whereas,dea=1, monopo- very helpful in the interpretation of experimental results of
lar and higher-order transitions become more important. Iore-excited states.
the dipole approximation is valid, the cross section of an Nagasawaet al® were the first to study the directional
inelastic x-ray scattering experiment performed at an energgependence of the x-ray Raman spectra of two simple met-
transfer close to a core electron binding energy is equivalerals, lithium and beryllium. They worked within the low-
to that of x-ray absorption experiments with incident ener-momentum-transfer regime q(a~0.35) and observed
gies in the same energy regime. In the former case, the vestrong anisotropies in the measurements of the Be K-edge for
tor g of momentum transfer assumes the role, which theg perpendicular ¢||[100],[ 110]) and parallel ¢||[001]) to
polarization vector € plays in x-ray absorption the c axis. On the contrary the measurements of the Li
spectroscopy° K-edge forq||[100],[110], and[111] exhibited no anisot-
Although EELS provides higher intensities compared toropy. This can be traced back to the fact that a Li crystal has
NRIXS and an energy resolution on the order of a few 0.1a higher degree of symmetry than a Be crystal. A few years
eV, multiple scattering becomes a serious problem, espdater, the x-ray Raman spectrum of the Li K-edge was mea-
cially if the magnitude of the momentum transfer is in- sured as a function of the absolute value of momentum
creased. Additionally, because of the surface sensitivity ofransfe® showing a change in shape of the near edge struc-
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ture with increasingy. Krisch et al.” performed similar mea- all electrons of the scattering system. Following Refs. 19 and
surements foig-a=0.176 andg-a=1.95, focusing on the 20, we approximat&(q,»), whenw is close to a core bind-
near-edge structure of the Li K-edge up to 5 eV above théng energy, as

K-shell binding energy with a highly improved energy reso-

lution of about 300 meV. In this study, the changes in the 1
shape of the x-ray Raman spectra with increasingave S(q, @)= — ;Im< 0
been attributed to the dominating contribution of monopolar
transitions for high momentum transfer. A recent NRIXS N . o .
study? of the momentum transfer dependence of the fluorine Here Hey is an approximate Hamiltonian of the excited

K-edge of LiF showed that a pre-edge peak in the spectreslyStem andy(w) accounts for the lifetime broadening of the

could be assigned to atype, i.e., dipole forbidden, exciton. Spectrum. The stalj®) denotes a Slater-determinant type of

The results of all these experimental studies have been Sug_rour)d state Wan function. The Fourlfar component OT the
cessfully modeled utilizing a first principles scheme of treat-density operatopg can be expressed in second-quantized
ing the core hole interaction in the x-ray Raman scattering®'m

process>?° Until now, to our knowledge, no combined the-

oretical and experimental study has been performed to exam- pr=> <¢,j|eiqr| poalay, (2.9

ine the dependence of the cross section of nonresonant in- 4 Tx .

elastic x-ray scattering from core electrons on both tthh . . . .
; O erey; andyy are unoccupied and occupied single-particle
magnitude and the direction of the momentum transfer Ui Vi P P gle-p

Since the application of XRS is becoming more popular inStates, respectively. The matrix elementspipaccount for
structural physics and chemistd;14 it is the aim of the the mqmgntum—transfer dependence of the XRS spectra. On
present study to investigate the directional anisotropies of th@ gualitative level, the momentum-transfer dependence of
Be x-ray Raman spectra and their behavior by going beyondRS can most easily be understood by expanding the expo-
the dipole approximation. There are strong anisotropies i,rpenztlal in the matrix element as exp(r)=1+iq-r+(iq

the x-ray Raman spectra of Be but their dependence on thd)/2+ - --. For low momentum transfersg(a<1), the
magnitude ofg has only been studied in a very early EELS ;econd term dominates, and mostly dipole aIIo_wgd transi-
measurement of Meixneet al?! (for q-a<1). We per- tions are prqbed. When th_e momentum tran;fer is mcregs_,ed,
formed a combined experimental and theoretical study oPther terms in the expansion become more important, giving
both the|q| and theq dependence of the Be K-edge x-ray the opportunity to study dlpole—forbldder_1 excitations. To get
Raman spectrum. We present results for a wide range of & guantitative result one has to consider also the spatial

-a values both for polycrystalline and single-crystal samples!ength scale of the final state and its dependence on the ex-

In what follows, a theoretical section reviews inelastic itation energy. This can be done, for example, using a band-
X-ray scattering from core excitations and the calculatiorptructure approaph for the conduction electrons asIs done in
scheme used to model the x-ray Raman spectra. Then tﬁ@s work. Following Refs. 15,19 and 20, we approximate the

experimental results are presented and discussed with resp&dCited state wave function with an electron-hole pair wave
to the calculations. Finally, conclusions will be made. unction. The electron-hole pair wave function is expressed

in terms of conduction-band statgg, and tight binding core
statesyy ", °

n 1 ~t
Pq— = P
o—FAgtinw)

o>. (2.3

Il. CALCULATIONS

The quantity measured in an inelastic x-ray scattering ex- D(rg,ry) = Coktnk(Te)[ > qal ) 1%,
periment is the double differential cross section nk

whereC,, are the expansion coefficients. The atomic state of
d’o _ [ Qo the core hole and its position in the unit cell are represented
dQdew | dQ ThS(q,w), (2. by the parameter. The conduction-band wave functions
Yo are calculated using local-density approximatfon
where @o/dQ)y, is the Thomson scattering cross Sectionpseudopptentié? code and the core state is calculated using
and S(q,®) is the dynamic structure factor. The dynamic @D atomic Ha.rtree_—Fo.ck code. In the current approach, the
structure factor, a function of the momentum trangfeand ~ effective Hamiltonian is

the energy transfap, characterizes the possible excitation of N N
Hegr=Ho+ Vy+Vy.

the electron system. It can be expressed in terms of many-
particle states as The single patrticle ternﬂo is diagonal in the core hole-
electron basis and the matrix elements are the differences
|> between the energy of the core state and the electron single-
particle states. The two electron-hole interaction terms ac-
(2.2 count for the screened Coulomb interaction between the core
hole and the electro¥y and a bare exchange interactidp.
where|F) is the final electron state with enerd, |I) is  More information on the practical implementation of the cur-
the initial electron state with enerdy; , and the sunhis over  rent approach and examples of its application can be found

2
5((1)"’ E|_E|:),

S(q,w)=; ’<F‘El glar
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elsewheré:™>1%%The importance of the core hole-electron 05 quasiclastic line 4w data: qea = 0,17 werreres
interaction in x-ray absorption and XRS calculations has céﬁgﬁ’lgf‘éﬁ;@éaﬁifﬁ —
been demonstrated for example in Refs. 15,17,16,19 and 2 | valence electron Compton profile
The numerical parameters used in this work are similar to
the ones specified in Ref. 20 for Be. The only change is thai_
here we have increased the number of conduction bands iF os |
the calculation to 60. This was done to obtain reliable resultsg
for spectra up to and beyond 80 eV above the edge. Thes
numerical convergence of the calculated results with respecs
to the different numerical cutoffs is substantially better than ~
the disagreement with the experiment. The theoretical ap-
proximations used in the calculations are the most important
source of error, and here we will give a short overview of s
these approximations. In the current approach a quasiparticli o e i : . : : .
approximation is used for both the electron and hole Green’s Y ey
functions. In a more general approach the full energy depen- ®
dence of these Green’s functions should be includee, for FIG. 1. Raw data presented fgra=0.17 and 1.29. Both spec-
example, Ref. 24 As explained in Ref. 19 the screening tra show the quasielastic line at 0 eV and the Be K-edge at 112.3 eV
potential inV4 should be energy-dependent but it is approxi-energy loss. For long-a the plasmon excitation dominates the
mated with a static potential in the current work. Also, thespectrum, whereas for higip-a the Compton profile appears. The
electron-hole interaction is assumed not to couple differentotal Compton profile and its core electron contribution calculated
hole states. As already mentioned the ground state wavg Refs. 27 and 28 are also shown. The theoretical calculations were
function is approximated by a single Slater determinant an@onverted from P, scale to an energy-loss scale and fitted to the
the excited state is approximated with electron-hole paiféW data by a scaling factor.
states. A more general approximation for both the ground
and excited states might be needed in some systems. Addiespectively. The momentum transfgrwas chosen to be
tionally, phonon-electron interaction could play a role but it1.21 and 9.03 A for both q/|[[100] (perpendicular to the
is not considered in this work. However, in the current ap-axis) andq||[001] (parallel to thec axis). For the polycrys-
proach the single-particle wave functions are solved ingjline sampleg=2.40 and 8.22 A® were also measured.
ground state configuration, which means that they can bghe absolute values of the momentum transfer correspond to
solved with extremely high accuracy. Also, the approach is/ajues ofqg-a of 0.17, 0.34, 1.18, and 1.29 assuming the
computationally efficient and has proven to be reliable in a_shell orbital radiusa=0.198 A. To reduce systematic er-
range of material8:**° rors, an average over several separate measurements was
taken for each direction and each absolute value.ofn
Il EXPERIMENT addition, the plasmon and the particle-hole pair excitation
spectra were measured for layywhereas the Compton pro-
The experiment was performed at the beamline SAWZJile was measured for the high values. These measure-
(BL9) of the Dortmund Electron Accelerator DELTAREf. ments, even if performed with lower statistical accuracy than
25) utilizing the standard setup for inelastic x-ray scatteringthe near-edge spectra, make it possible to normalize the
spectroscopy which is described in detail elsewh&derays  K-edge spectra to absolute values using fisem rule® In
supplied by the superconducting asymmetric wiggler are-ig. 1, such measurements are presented, showing the quasi-
monochromatized using a(8IL1) double crystal monochro- elastic line at 0 eV and the Be K-edge at 112.3 eV energy
mator. The monochromatic beam is focused onto the sampless. Forg-a=0.17, the plasmon contribution to the total
by the saggitally bent second monochromator crystal, and thepectrum is presented, whereas,doa=1.29, the Compton
scattered radiation is analyzed by means of a spherically beptofile with its maximum around 320 eV appears. The total
analyzer crystal using the @800 reflection at a fixed ana- Compton profilé’ and its core electron contributihcalcu-
lyzer angle of 86° corresponding to an analyzer energy ofated by Bansil and Kaprzyk are also given in Fig. 1. The
9.154 keV. By tuning the incident photon energy, the inten-calculated profiles were scaled to the experimental data.
sity of the scattered radiation is measured as a function of The full width of half maximum of the quasielastic line
energy loss. The size of the polycrystalline Be sample is 20ndicates overall energy resolutions of 1.4 and 1.2 eV for the
x8x2 mn?, and that of the Be single crystal 28  single-crystal and the polycrystalline measurements, respec-
x5 mn?, where the surfaces of the single crystal are ori-tively. A total of 10" counts is accumulated at the peak of the
ented in[100] and [001] crystallographic directions. The K-edge structure around 126 eV, corresponding to a standard
measurements were carried out in transmission geometry famcertainty smaller than 1%. A linear background was sub-
small scattering angledow q) and in reflection geometry tracted from the raw data estimated from the count rate in the
for large scattering anglegigh q). We measured the Be low-energy tail of the quasielastic line. Then the measured
K-edge spectra starting from the Be K electron binding enspectra were corrected for sample absorption, absorption of
ergy of about 112.3 eV up to an energy transfer of 25 and 6%ir and Kapton windows, efficiency of the ionization cham-
eV above the edge for the polycrystalline and single-crystalber used for the normalization of the data, and the energy

plasmon
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core electron Compton profile
!
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dependencew,/w; of the scattering cross section. The a) _au=017 - 20 C qa=017 =

changes introduced by these energy-dependent correctior 0004 - Naei» — g asiis

are of the order of 1% over the energy range of interest. : meE =
The spectra of the polycrystalline sample for snogiave

1.6

been brought to an absolute scale applyingfteem rule via 0003 |- § M
5 g 12
2 2 =
fi 2 o000 £ 1 B 1 D’
4 &5 S ol A |

S(q,w)= o [(q,w), (3.2 x F | g 'f
[(q,0")o'dw’ z : 06T *
fo (q 0.001 | 04 b L* h,

ton9

f L 02 1

el

where | (g,w) is the measured intensity after background

subtraction and energy dependent corrections @pnds the 00 15 120 15 130 135 00 115 120 125 130 135
energy of the Be K-edge at 112.3 eV. The valence electror energy loss [eV] energy loss [eV]
contribution of the spectra within the energy-loss regime of

the Be K-edge was found to be negligible by fitting an ex- FIG. 2. (8 Experimental(lower part and theoreticalupper
ponential to the tail of the valence electron excitation specPary Be K-edge spectra of the polycrystalline Be sample on an

trum. For largeq the normalization was performed using ~ absolute scal&(q, ) [1/eV]). Theq-a values are indicated in the
figure, and the calculated spectra are shifted vertically by 0.002

units. The experimental spectra are presented with error bars indi-

Zﬁ_qz_ fmeC (q o )o'do’ cating the standard uncertaintyn) Experimental(lower par} and
2m o) P theoretical(upper pant Be K-edge spectra of the polycrystalline Be
S(q,w) = o 1(g,w), sample on an arbitrary scale to allow a detailed discussion of the
f (g0 )o'dw’ shape of the spectra. The calculated spectra are shifted vertically by
0

1. The identifiable features of the Be K-edge spectrum, denoted by
(3.2 A B,B*, C, D, and D are discussed within the text. The corre-

) sponding energy losses marked by the arrows are given in Table I.
where the factor 2 takes into account that the Compton pro-

file is normalized to 2 valence and 2 core electrons. The
experimental datd (q,w) of the Compton profiles were
taken up to an energy loss ef,=490 eV. The calculated First we will discuss the x-ray Raman scattering at the Be
Compton profiles have been converted to the energy losk-edge of the polycrystalline Be sample and its dependence
scale,Scp(q,w), and were integrated up ©,=2610 eV, on the absolute value @f. The experimental and calculated
which corresponds to p, value of 15 a.u. These Compton Be K edges are presented in FigaPas a function of energy
profiles are obtained using the theoretical valence and corand momentum transfer on an absolute scale. The theoretical
Compton profiles calculated in Refs. 27 and 28 for calculations, which were obtained by the weighted average
<5 a.u., whereas the core Compton profiles igr-5 a.u.  of the calculations fof100], [110], and[001] directions, are
are free atomic Hartree-Fock Compton profié€inally the  shifted vertically by 0.002 units. A good agreement between
contribution of the valence electron Compton profile under-experiment and calculation is obtained both with respect to
lying the Be K-edge spectra was subtracted utilizing the calthe overall shape and with respect to the absolute values of
culated valence electron Compton profiles. Because the B8(q,w). The data forg-a=1.18 are not presented, because
K-edge forq-a=1.18 was measured only up to 160 eV, this of the lack of normalization in this case.
normalization procedure could not be applied. In this case, For a detailed discussion of the shape of the Be K-edge
the subtraction of the valence electron contribution was obthe spectra are scaled to their values at 116 eV energy loss
tained by scaling the calculated total Compton profile to theand presented in Fig.(8). The main features of the Be
shape of the spectrum between 130 and 160 eV. K-edge spectra are denoted by A, B{,BC, D, and J, and

This procedure might be somewhat questionable, becaugbeir corresponding energy positions, marked by the arrows,
the use of these theoretical Compton profiles presupposes tlee given in Table I. It should be realized that these features
validity of the impulse approximatioif;** which is certainly  in the spectra represent transitions from a discrete core state
violated in this range of energy transfer, especially in theto a continuum state, i.e., they generally do not represent
case of the core contribution to the Compton profile. More-transitions between discrete states. Additionally, the features
over, violations of the impulse approximation even for theare those of an electron-hole pair density of states, affected
valence part of the Compton profile, because of final-statdy the electron-hole interaction and so they are not necessar-
interactiond'*3can give rise to uncertainties in the processily directly related to features in the ground-state density of
of subtracting a calculated valence Compton profile. Neverstates. However, in some cases these two densities of states
theless, this has no influence on the interpretation of thean be closely related, as we will soon show for the case of
near-edge structures, because this problem applies in thke Be K-edge. The identifiable features are labeled mostly to
range of energy losses higher than 150 eV, where the valendacilitate comparison between theory and experiment. The
Compton profile starts a steeper rise. spectra measured at low momentum transfeg=0.17 and

IV. RESULTS AND DISCUSSION
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TABLE I. Energy loss positions of the features A, B} BC, D, 0.002 T . T T
D*, E, and F marked by the corresponding arrows given as guide tc g-a=129 togaéést:iﬁ’u;gg .
the eye in Figs. 2—4. The values of the positions of A, B, E, s contribution

and D in the case of the single-crystal spectra are identical to the
values given for the polycrystal measurement.

=
. L
Polycrystalline sample % 0.001 -
Feature A B B C D D* Vg;
Position(eV) 112.9 117.5 120.5 124.7 129.1 131.3
Single-crystal sample
Feature D E F
ql|[100](eV) 131.6 137.5 158.5 0110 - 1i5 120 1&5 1.;’0 135
ql|[001](eV) 131.6 137.5 159.5

energy loss [eV]

FIG. 3. Symmetry projected calculation of the Be K-edge spec-

0.34, for which the dipole approximation can be assumed td&/a of the polycrystalline Be sample on an absolute scaleyfar
be valid exhibit two main peaks at A and C and a broad=1.29. The solid line represents the result of the full calculation
shoulder structure between B and C indicating a small peakl¢luding excitations inte, p-, andd-type final states compared to
like structure at B. The tail behind C clearly changes its calculations allowing only excitations into final states having

| t 0. Th It . d t with th (long dashef or s (short dashedsymmetry. The contribution of
SIOpe a " €se resulls are |n3900 agreement wi Cexcitations intod-type final states is negligible within this energy
results obtained by Nagasawhal® The Be K-edge mea- |45 range.
surements forg-a=1.18 and 1.29 show clear differences
compa_rgd to the spectra measuredden=0.17 and .0'34' . whereas the contribution of excitations intbtype final
In addition to the features denoted by A and C, which 9aiNg e is less than 1% within this energy range
more spectral weight with Increasirgy a S|gn|f|cant peak This interpretation is supported by calculations of the Be
structure appears at .B. The K-edge is now dominated by mmetry projected unoccupied density of sta@©S) of
three peak s.tructure instead of a two peak and one should e ground state within a FLAPWull potential augmented
structure as in the case of the low momentum transfers. Fu Jlane wave scheme utilizing theviens? packagd* > shown
ther_mqr_e, the peak at_C is shifted to a lower energy loss anh] Fig. 4. The unoccupied DOS is presented as a function of
a S'gn'f'C?”t change in slope occurs at D. Thesg a.pparetﬁl]e binding energy and the contribution of ®OS is mag-
phanges in the shape of the Be K-edgg spectra with INCreagssiad by a factor of 3. The arrows mark the same energy loss
ing momentum transfer have to be attributed to clear devia-

tions from the dipole approximation as found also in the cas ositions as in Fig. ). ThesDOS exhibits three well pro-
P PP ounced peaks at positions A, B, and C compared to the

of lithium.%’

All these features and their momentum transfer depen-
dence are present within the calculations of the x-ray Ramar | ¢ BesDOSGH ——
spectra, but the spectral weight of the peak height at C anc_ 03 l BB DOS

the slope between B and C show small differences. Never£
theless, the overall agreement between experiment and caz 04
culation is remarkable. The calculation confirms, if the dif- §
ferent excitation channels are separated with respect to thR o3 |
spatial symmetriesg(p,d) of the final state of the excited 32
electron, that the shape of the Be K-edge is dominated by3
dipole-allowed transitions for small momentum transfers. On g
the contrary, the change in the shape of the Be K-edge fo%
higher q can be assigned to the increasing contribution of & 0.1 r
transitions tos-type final states to the x-ray Raman scattering

2
!.,-‘,
i
e
i
HE]
H
i
i

pie

02 r

44444

cross section. The contribution of transitionsdtype final 0 ;
states is indicated by the calculations to be negligible be- 110 115 120 125 130 135
cause of their small spectral weight. We study this in more binding energy [eV]

Qetail _by calculating. the spectra for polycrystalline sample g5 4. Symmetry projected density of stat@0S) as a func-
mcludmg qnly the dlpole transmpns or only 'the mMonopole o of binding energy as calculated within the FLAPW scheme
transitions in the excitation matrix elements in B8.3). I yiilizing the wiene7 package(Ref. 34. The arrows indicate the
Fig. 3 we show results fog-a=1.29 of these two calcula- energy loss values of the features of the Be K-edge discussed in Fig.
tions together with the result when transitiohb<2 are al-  2(b) denoted by A, B, B, C, D, and B. Thes-DOS is multiplied
lowed. Here the contribution of monopole transitions can beby a factor of 3 to allow a better comparability betwegnand
estimated to be 50 % of the total Be K-edge spectrunp-DOS.
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spectra are presented on an arbitrary scale, as is done for the
polycrystalline results.

In the case of the low momentum transfera=0.17, a
significant difference between the shape of the Be K-edge
spectra forq parallel and perpendicular to theaxis is
present, which is in agreement with earlier measurements by
Nagasawaet al®> The experimentally obtained results for
g|[[001] show two main peaks at A and C and a shoulder
structure around B, whereas the measuremenqfgr10Q]
exhibits four smaller features around A, Bf Band C. The
change in slope at Dis identical for both measured crystal-
lographic directions. Comparison with the calculated spectra
L yields a good agreement between experiment and calculation
00 115 10 125 130 135 190 145 150 15 160 165 10 193 both for the distinct features between 112 and 135 eV energy
energy loss [eV] loss, and also for the total shape of the K-edge up to 180 eV.

Only the peak at A is smeared out in the experiment, and thus
7 emrennn is slightly overestimated by the calculation. On the basis of
a=12 the calculations, the x-ray Raman spectra for low momentum
transfers presented here are well understood within the di-
pole approximation. The excitation tp-type final states
dominates the scattering cross section.

The situation changes completely for the high momentum
transfer regime witlg-a=1.29. Both spectra show the typi-
cal three peak structure for energy losses close to the K-edge
as found for the polycrystalline sample. The orientation de-
pendence of the x-ray Raman spectra vanishes completely if
energy losses up to 130 eV are considered. Minor directional

T*-._m_‘;,““ﬂ“,,‘mﬁn_“ - differences are visible for higher energy losses corresponding

D' = to the shape of the spectra between D and F. The agreement

00 115 120 125 130 135 140 145 150 155 160 165 170 173 between the theoretical calculations and the experimental
energy loss [eV] data is very good. All features predicted by the calculations

can be found in the experimental spectra except for the peak

FIG. 5. () Experimental(lower par} and theoreticalupper  close to E forg||[100]. In addition, the slopes of the spectra
parh Be K-edge spectra foq|[[100] on an arbitrary scale. The 4t energy losses above 160 eV differs between experiment
~a_va|ues are presented in the figure, and the calcu_lated spectra age, 4 theory. This is most likely because of the uncertainty in
§h|fted vertically by 1. The error bars _for th_e_ experimental SIOew""subtracting the valence electron Compton profile from the
indicate the standard uncertainty. The identifiable feat_ures of th_e BSxperimental data, which starts to contribute significantly for
K-edge, denoted by A, B,B C, D, D*, E, and F are discussed in .

. energy losses above 150 eV as discussed above. Neverthe-
the text. The corresponding energy losses marked by the arrows a"gss the Be K-ed t functi f the directi d
given in Table I.(b) Same as(a), but with momentum transfer ’ ge spectra as a function ot the direction an
qllroox. of the absolute value of the momentgm transfer are quite

accurately reproduced by the theoretical calculations. The

p-DOS, in which the features A and B have smaller weightvanishing of the directional differences far-a=1.29 is
and the peak at C gives the dominating contribution and i¢raced back to the increasing contribution sfype final
shifted to higher energy losses with respect to the main peagtates within the scattering process.
of the sDOS. Furthermore, the broad feature of fx®0S The changes in shape of the Be x-ray Raman spectra with
ranging from 118 to 124 eV denoted by Bs not present in  increasing momentum transfer can be attributed to the
the ssDOS calculation. These differences in shape betweerhanging weight of different symmetries contributing to the
the p- ands-DOS are in good agreement with the differencesfinal state into which the electron is excited. In the high
between Be K-edge spectra measured for low and high manomentum transfer regime, where the dipole approximation
mentum transfers, which indicates that fgra=1 the cannot be applied, monopole transitions give a significant
monopole transitions give an essential contribution to thecontribution to the scattering cross section. Because the cal-
x-ray Raman scattering cross section. culations are able to give reliable predictions fpra=1,

The momentum-transfer dependence with respect to bothot only can the unoccupigatDOS (g-a<1) be tested by
the absolute value af and its orientation parallel or perpen- x-ray Raman measurements from a K-edge, but also the un-
dicular to thec axis is subsequently discussed on the basis obccupieds-DOS can be probed by measuring the Raman
the single-crystal measurements. The spectra measured forspectra folg-a=1. Thus this technique yields the possibility
parallel and perpendicular to theaxis up to an energy loss to easily distinguish excitations of different final state sym-
of 180 eV are presented in Figsi@band gb), respectively, metries by performing measurements at a single absorption
and are compared to the corresponding calculations. Thedge.

S(q,®) [arb. units]

m.._.-..-e,____‘- .
e

M by

-—0

S(q,®) [arb. units]
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V. CONCLUSION lel and perpendicular to the axis vanish, which is traced
back to the mixing of the different spatial symmetries.

We studied the momentum-transfer dependence of the Be
K-edge fine structure with respect to both the absolute value
of the momentum transfer and its direction utilizing nonreso- This work was supported by the German Federal Ministry
nant x-ray Raman scattering. The experimental results aref Education and Research under Contract No. 05 ET9 PEA.

compared with calculations modeling the x-ray Raman specd: A. S. was supported in part by the U. S. Department of

tra including core-hole effects. The fine structures, the overEnergy through Grant No. DE-FG03-97ER45623 and the

all shape and the absolute values of the spectra show goj}éational Institute of Standards and Technology, all through

: e Computational Materials Science Netw¢@SN). The
overall agreement between experiment and theory_. For .IO authors \F/)vould like to thank A. Bansil and S. Ka;))rzyk for
momentum t_ran_sfer, the shgpe of the Be K-nge IS malnl)éiving the LDA Be Compton profiles in numerical form. We
due to contributions from dipole-allowed transitions. Wheni,4nk the DELTA machine group for providing the excellent
the momentum transfer is increased, monopolar transitions t9aam conditions during the measurements. DELTA is
stype final states give a significant contribution to the scatfounded by the Land Nordrhein-Westfalen and the Univer-
tering cross section. It was shown that for high momentunsity of Dortmund. The support of DELTA by the Forschung-
transfer the directional differences in the spectradfqraral-  szentrum Jiich is gratefully acknowledged.
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