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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 c axis of single-crystal Be vanish completely at high momentum transfer. These results are attributed to
monopole transitions of the excited electrons tos-type 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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I. INTRODUCTION

With the increasing availability of third-generation sy
chrotron sources nonresonant inelastic x-ray scattering f
core excitations has become well established for meas
ments of the x-ray near-edge structure in low-Z materials.
Generally, inelastic scattering experiments for investigat
of core excitations can be performed utilizing electr
energy-loss spectroscopy~EELS! ~Ref. 1! or nonresonant in-
elastic x-ray scattering~NRIXS!.2 The inelastic scattering
cross sections of both techniques are sensitive to the abs
value and the direction of the momentum transferq. Thus,
anisotropies of the near-edge structure can be studied
changing the direction of the momentum transfer with
spect to the crystallographic orientation of the sample.3,4 Fur-
thermore, excited states with different spatial symmetries
be probed by varying the magnitude of the moment
transfer,5–8 which is not possible in standard x-ray absorpti
experiments. As long as one hasq•a!1, wherea is the
electron orbital radius, the dipole allowed transitions dom
nate the excitation spectrum, whereas, forq•a>1, monopo-
lar and higher-order transitions become more important
the dipole approximation is valid, the cross section of
inelastic x-ray scattering experiment performed at an ene
transfer close to a core electron binding energy is equiva
to that of x-ray absorption experiments with incident en
gies in the same energy regime. In the former case, the
tor q of momentum transfer assumes the role, which
polarization vector e plays in x-ray absorption
spectroscopy.9,10

Although EELS provides higher intensities compared
NRIXS and an energy resolution on the order of a few
eV, multiple scattering becomes a serious problem, es
cially if the magnitude of the momentum transfer is i
creased. Additionally, because of the surface sensitivity
0163-1829/2003/68~3!/035111~7!/$20.00 68 0351
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EELS and soft-x-ray absorption, an ultrahigh vacuum sam
environment is indispensable for these experiments. On
other hand NRIXS, also referred to as x-ray Raman sca
ing ~XRS!, is a pure bulk probe and is much less influenc
by multiple-scattering effects.11 This is the reason why it
presents an important alternative for investigating the un
cupied density of states, local structure and chemistry
low-Z materials.12 It also opens the possibility for measur
ments of x-ray Raman spectra of liquids and gases.13,14

Along with the experimental development of NRIXS
there has been a rapid improvement in its theoret
understanding.15–20 An important ingredient of any calcula
tion of core-excited states is to consider the influence of
core-hole left behind in the scattering process. In this w
we utilize a first-principles calculation scheme15,20 which
was recently developed to solve this problem in connect
with x-ray absorption and resonant inelastic x-ray scatteri
and which can also be applied to x-ray Raman scattering8,20

Together with the calculations of the symmetry projected
occupied density of states, these more advanced method
very helpful in the interpretation of experimental results
core-excited states.

Nagasawaet al.3 were the first to study the directiona
dependence of the x-ray Raman spectra of two simple m
als, lithium and beryllium. They worked within the low
momentum-transfer regime (q•a'0.35) and observed
strong anisotropies in the measurements of the Be K-edge
q perpendicular (quu@100#,@110#) and parallel (quu@001#) to
the c axis. On the contrary the measurements of the
K-edge for quu@100#,@110#, and @111# exhibited no anisot-
ropy. This can be traced back to the fact that a Li crystal
a higher degree of symmetry than a Be crystal. A few ye
later, the x-ray Raman spectrum of the Li K-edge was m
sured as a function of the absolute value of moment
transfer,6 showing a change in shape of the near edge st
©2003 The American Physical Society11-1
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ture with increasingq. Krisch et al.7 performed similar mea-
surements forq•a50.176 andq•a51.95, focusing on the
near-edge structure of the Li K-edge up to 5 eV above
K-shell binding energy with a highly improved energy res
lution of about 300 meV. In this study, the changes in
shape of the x-ray Raman spectra with increasingq have
been attributed to the dominating contribution of monopo
transitions for high momentum transfer. A recent NRIX
study8 of the momentum transfer dependence of the fluor
K-edge of LiF showed that a pre-edge peak in the spe
could be assigned to ans-type, i.e., dipole forbidden, exciton
The results of all these experimental studies have been
cessfully modeled utilizing a first principles scheme of tre
ing the core hole interaction in the x-ray Raman scatter
process.19,20 Until now, to our knowledge, no combined the
oretical and experimental study has been performed to ex
ine the dependence of the cross section of nonresonan
elastic x-ray scattering from core electrons on both
magnitude and the direction of the momentum transferq.
Since the application of XRS is becoming more popular
structural physics and chemistry,12–14 it is the aim of the
present study to investigate the directional anisotropies of
Be x-ray Raman spectra and their behavior by going bey
the dipole approximation. There are strong anisotropies
the x-ray Raman spectra of Be but their dependence on
magnitude ofq has only been studied in a very early EEL
measurement of Meixneret al.21 ~for q•a,1). We per-
formed a combined experimental and theoretical study
both theuqu and theq dependence of the Be K-edge x-ra
Raman spectrum. We present results for a wide rangeq
•a values both for polycrystalline and single-crystal sampl

In what follows, a theoretical section reviews inelas
x-ray scattering from core excitations and the calculat
scheme used to model the x-ray Raman spectra. Then
experimental results are presented and discussed with re
to the calculations. Finally, conclusions will be made.

II. CALCULATIONS

The quantity measured in an inelastic x-ray scattering
periment is the double differential cross section

d2s

dVdv
5S ds

dV D
Th

S~q,v!, ~2.1!

where (ds/dV)Th is the Thomson scattering cross secti
and S(q,v) is the dynamic structure factor. The dynam
structure factor, a function of the momentum transferq and
the energy transferv, characterizes the possible excitation
the electron system. It can be expressed in terms of ma
particle states as

S~q,v!5(
F

U K FU(
l

eiq•r lUI L U2

d~v1EI2EF!,

~2.2!

where uF& is the final electron state with energyEF , uI & is
the initial electron state with energyEI , and the suml is over
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all electrons of the scattering system. Following Refs. 19 a
20, we approximateS(q,v), whenv is close to a core bind-
ing energy, as

S~q,v!52
1

p
ImK 0U r̂q

1

v2Ĥeff1 ig~v!
r̂q

†U0L . ~2.3!

Here Ĥeff is an approximate Hamiltonian of the excite
system andg(v) accounts for the lifetime broadening of th
spectrum. The stateu0& denotes a Slater-determinant type
ground state wave function. The Fourier component of
density operatorr̂q

† can be expressed in second-quantiz
form

r̂q
†5(

j ,k
^c j ueiq•ruck&â j

†âk , ~2.4!

wherec j andck are unoccupied and occupied single-partic
states, respectively. The matrix elements inr̂q

† account for
the momentum-transfer dependence of the XRS spectra
a qualitative level, the momentum-transfer dependence
XRS can most easily be understood by expanding the ex
nential in the matrix element as exp(iq•r )511 iq•r1( iq
•r )2/21•••. For low momentum transfers (q•a!1), the
second term dominates, and mostly dipole allowed tran
tions are probed. When the momentum transfer is increa
other terms in the expansion become more important, giv
the opportunity to study dipole-forbidden excitations. To g
a quantitative result one has to consider also the spa
length scale of the final state and its dependence on the
citation energy. This can be done, for example, using a ba
structure approach for the conduction electrons as is don
this work. Following Refs. 15,19 and 20, we approximate
excited state wave function with an electron-hole pair wa
function. The electron-hole pair wave function is express
in terms of conduction-band statescnk and tight binding core
statesck2qa

TB :

F~re ,rh!5(
nk

Cnkcnk~re!@ck2qa
TB ~rh!#* ,

whereCnk are the expansion coefficients. The atomic state
the core hole and its position in the unit cell are represen
by the parametera. The conduction-band wave function
cnk are calculated using local-density approximation22

pseudopotential23 code and the core state is calculated us
an atomic Hartree-Fock code. In the current approach,
effective Hamiltonian is

Ĥeff5Ĥ01Vd1Vx .

The single particle termĤ0 is diagonal in the core hole
electron basis and the matrix elements are the differen
between the energy of the core state and the electron sin
particle states. The two electron-hole interaction terms
count for the screened Coulomb interaction between the c
hole and the electronVd and a bare exchange interactionVx .
More information on the practical implementation of the cu
rent approach and examples of its application can be fo
1-2
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MOMENTUM-TRANSFER DEPENDENCE OF X-RAY RAMAN . . . PHYSICAL REVIEW B68, 035111 ~2003!
elsewhere.8,15,19,20The importance of the core hole-electro
interaction in x-ray absorption and XRS calculations h
been demonstrated for example in Refs. 15,17,16,19 and

The numerical parameters used in this work are simila
the ones specified in Ref. 20 for Be. The only change is
here we have increased the number of conduction band
the calculation to 60. This was done to obtain reliable res
for spectra up to and beyond 80 eV above the edge.
numerical convergence of the calculated results with res
to the different numerical cutoffs is substantially better th
the disagreement with the experiment. The theoretical
proximations used in the calculations are the most impor
source of error, and here we will give a short overview
these approximations. In the current approach a quasipar
approximation is used for both the electron and hole Gree
functions. In a more general approach the full energy dep
dence of these Green’s functions should be included~see, for
example, Ref. 24!. As explained in Ref. 19 the screenin
potential inVd should be energy-dependent but it is appro
mated with a static potential in the current work. Also, t
electron-hole interaction is assumed not to couple differ
hole states. As already mentioned the ground state w
function is approximated by a single Slater determinant
the excited state is approximated with electron-hole p
states. A more general approximation for both the grou
and excited states might be needed in some systems. A
tionally, phonon-electron interaction could play a role bu
is not considered in this work. However, in the current a
proach the single-particle wave functions are solved
ground state configuration, which means that they can
solved with extremely high accuracy. Also, the approach
computationally efficient and has proven to be reliable in
range of materials.8,19,20

III. EXPERIMENT

The experiment was performed at the beamline SA
~BL9! of the Dortmund Electron Accelerator DELTA~Ref.
25! utilizing the standard setup for inelastic x-ray scatter
spectroscopy which is described in detail elsewhere.26 X rays
supplied by the superconducting asymmetric wiggler
monochromatized using a Si~311! double crystal monochro
mator. The monochromatic beam is focused onto the sam
by the saggitally bent second monochromator crystal, and
scattered radiation is analyzed by means of a spherically
analyzer crystal using the Si~800! reflection at a fixed ana
lyzer angle of 86° corresponding to an analyzer energy
9.154 keV. By tuning the incident photon energy, the inte
sity of the scattered radiation is measured as a function
energy loss. The size of the polycrystalline Be sample is
3832 mm3, and that of the Be single crystal 2038
35 mm3, where the surfaces of the single crystal are o
ented in @100# and @001# crystallographic directions. The
measurements were carried out in transmission geometry
small scattering angles~low q) and in reflection geometry
for large scattering angles~high q). We measured the Be
K-edge spectra starting from the Be K electron binding
ergy of about 112.3 eV up to an energy transfer of 25 and
eV above the edge for the polycrystalline and single-crys
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respectively. The momentum transferq was chosen to be
1.21 and 9.03 Å21 for both quu@100# ~perpendicular to thec
axis! andquu@001# ~parallel to thec axis!. For the polycrys-
talline sample,q52.40 and 8.22 Å21 were also measured
The absolute values of the momentum transfer correspon
values ofq•a of 0.17, 0.34, 1.18, and 1.29 assuming t
K-shell orbital radiusa50.198 Å. To reduce systematic e
rors, an average over several separate measurements
taken for each direction and each absolute value ofq. In
addition, the plasmon and the particle-hole pair excitat
spectra were measured for lowq, whereas the Compton pro
file was measured for the highq values. These measure
ments, even if performed with lower statistical accuracy th
the near-edge spectra, make it possible to normalize
K-edge spectra to absolute values using thef-sum rule.6 In
Fig. 1, such measurements are presented, showing the q
elastic line at 0 eV and the Be K-edge at 112.3 eV ene
loss. Forq•a50.17, the plasmon contribution to the tot
spectrum is presented, whereas, forq•a51.29, the Compton
profile with its maximum around 320 eV appears. The to
Compton profile27 and its core electron contribution28 calcu-
lated by Bansil and Kaprzyk are also given in Fig. 1. T
calculated profiles were scaled to the experimental data.

The full width of half maximum of the quasielastic lin
indicates overall energy resolutions of 1.4 and 1.2 eV for
single-crystal and the polycrystalline measurements, res
tively. A total of 104 counts is accumulated at the peak of t
K-edge structure around 126 eV, corresponding to a stand
uncertainty smaller than 1%. A linear background was s
tracted from the raw data estimated from the count rate in
low-energy tail of the quasielastic line. Then the measu
spectra were corrected for sample absorption, absorptio
air and Kapton windows, efficiency of the ionization cham
ber used for the normalization of the data, and the ene

FIG. 1. Raw data presented forq•a50.17 and 1.29. Both spec
tra show the quasielastic line at 0 eV and the Be K-edge at 112.3
energy loss. For lowq•a the plasmon excitation dominates th
spectrum, whereas for highq•a the Compton profile appears. Th
total Compton profile and its core electron contribution calcula
in Refs. 27 and 28 are also shown. The theoretical calculations w
converted from apz scale to an energy-loss scale and fitted to
raw data by a scaling factor.
1-3
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dependencev2 /v1 of the scattering cross section. Th
changes introduced by these energy-dependent correc
are of the order of 1% over the energy range of interest.

The spectra of the polycrystalline sample for smallq have
been brought to an absolute scale applying thef-sum rule via

S~q,v!5

\q2

2m

E
0

vc
I ~q,v8!v8dv8

I ~q,v!, ~3.1!

where I (q,v) is the measured intensity after backgrou
subtraction and energy dependent corrections andvc is the
energy of the Be K-edge at 112.3 eV. The valence elec
contribution of the spectra within the energy-loss regime
the Be K-edge was found to be negligible by fitting an e
ponential to the tail of the valence electron excitation sp
trum. For largeq the normalization was performed using

S~q,v!5

2
\q2

2m
2E

v l

vm
SCP~q,v8!v8dv8

E
0

v l
I ~q,v8!v8dv8

I ~q,v!,

~3.2!

where the factor 2 takes into account that the Compton p
file is normalized to 2 valence and 2 core electrons. T
experimental dataI (q,v) of the Compton profiles were
taken up to an energy loss ofv l5490 eV. The calculated
Compton profiles have been converted to the energy
scale,SCP(q,v), and were integrated up tovm52610 eV,
which corresponds to apz value of 15 a.u. These Compto
profiles are obtained using the theoretical valence and
Compton profiles calculated in Refs. 27 and 28 forpz
,5 a.u., whereas the core Compton profiles forpz.5 a.u.
are free atomic Hartree-Fock Compton profiles.29 Finally the
contribution of the valence electron Compton profile und
lying the Be K-edge spectra was subtracted utilizing the c
culated valence electron Compton profiles. Because the
K-edge forq•a51.18 was measured only up to 160 eV, th
normalization procedure could not be applied. In this ca
the subtraction of the valence electron contribution was
tained by scaling the calculated total Compton profile to
shape of the spectrum between 130 and 160 eV.

This procedure might be somewhat questionable, beca
the use of these theoretical Compton profiles presuppose
validity of the impulse approximation,30,31which is certainly
violated in this range of energy transfer, especially in
case of the core contribution to the Compton profile. Mo
over, violations of the impulse approximation even for t
valence part of the Compton profile, because of final-s
interactions31–33 can give rise to uncertainties in the proce
of subtracting a calculated valence Compton profile. Nev
theless, this has no influence on the interpretation of
near-edge structures, because this problem applies in
range of energy losses higher than 150 eV, where the vale
Compton profile starts a steeper rise.
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IV. RESULTS AND DISCUSSION

First we will discuss the x-ray Raman scattering at the
K-edge of the polycrystalline Be sample and its depende
on the absolute value ofq. The experimental and calculate
Be K edges are presented in Fig. 2~a! as a function of energy
and momentum transfer on an absolute scale. The theore
calculations, which were obtained by the weighted aver
of the calculations for@100#, @110#, and@001# directions, are
shifted vertically by 0.002 units. A good agreement betwe
experiment and calculation is obtained both with respec
the overall shape and with respect to the absolute value
S(q,v). The data forq•a51.18 are not presented, becau
of the lack of normalization in this case.

For a detailed discussion of the shape of the Be K-e
the spectra are scaled to their values at 116 eV energy
and presented in Fig. 2~b!. The main features of the Be
K-edge spectra are denoted by A, B, B* , C, D, and D* , and
their corresponding energy positions, marked by the arro
are given in Table I. It should be realized that these featu
in the spectra represent transitions from a discrete core s
to a continuum state, i.e., they generally do not repres
transitions between discrete states. Additionally, the featu
are those of an electron-hole pair density of states, affec
by the electron-hole interaction and so they are not neces
ily directly related to features in the ground-state density
states. However, in some cases these two densities of s
can be closely related, as we will soon show for the case
the Be K-edge. The identifiable features are labeled mostl
facilitate comparison between theory and experiment. T
spectra measured at low momentum transfer,q•a50.17 and

FIG. 2. ~a! Experimental~lower part! and theoretical~upper
part! Be K-edge spectra of the polycrystalline Be sample on
absolute scaleS(q,v) @1/eV#…. Theq•a values are indicated in the
figure, and the calculated spectra are shifted vertically by 0.
units. The experimental spectra are presented with error bars
cating the standard uncertainty.~b! Experimental~lower part! and
theoretical~upper part! Be K-edge spectra of the polycrystalline B
sample on an arbitrary scale to allow a detailed discussion of
shape of the spectra. The calculated spectra are shifted vertical
1. The identifiable features of the Be K-edge spectrum, denoted
A, B, B* , C, D, and D* are discussed within the text. The corr
sponding energy losses marked by the arrows are given in Tab
1-4
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0.34, for which the dipole approximation can be assumed
be valid exhibit two main peaks at A and C and a bro
shoulder structure between B and C indicating a small pe
like structure at B* . The tail behind C clearly changes i
slope at D* . These results are in good agreement with
results obtained by Nagasawaet al.3 The Be K-edge mea
surements forq•a51.18 and 1.29 show clear difference
compared to the spectra measured forq•a50.17 and 0.34.
In addition to the features denoted by A and C, which g
more spectral weight with increasingq, a significant peak
structure appears at B. The K-edge is now dominated b
three peak structure instead of a two peak and one shou
structure as in the case of the low momentum transfers.
thermore, the peak at C is shifted to a lower energy loss
a significant change in slope occurs at D. These appa
changes in the shape of the Be K-edge spectra with incr
ing momentum transfer have to be attributed to clear de
tions from the dipole approximation as found also in the c
of lithium.6,7

All these features and their momentum transfer dep
dence are present within the calculations of the x-ray Ram
spectra, but the spectral weight of the peak height at C
the slope between B and C show small differences. Ne
theless, the overall agreement between experiment and
culation is remarkable. The calculation confirms, if the d
ferent excitation channels are separated with respect to
spatial symmetries (s,p,d) of the final state of the excited
electron, that the shape of the Be K-edge is dominated
dipole-allowed transitions for small momentum transfers.
the contrary, the change in the shape of the Be K-edge
higher q can be assigned to the increasing contribution
transitions tos-type final states to the x-ray Raman scatter
cross section. The contribution of transitions tod-type final
states is indicated by the calculations to be negligible
cause of their small spectral weight. We study this in m
detail by calculating the spectra for polycrystalline sam
including only the dipole transitions or only the monopo
transitions in the excitation matrix elements in Eq.~2.3!. In
Fig. 3 we show results forq•a51.29 of these two calcula
tions together with the result when transitionsD l<2 are al-
lowed. Here the contribution of monopole transitions can
estimated to be 50 % of the total Be K-edge spectr

TABLE I. Energy loss positions of the features A, B, B* , C, D,
D* , E, and F marked by the corresponding arrows given as guid
the eye in Figs. 2–4. The values of the positions of A, B, B* , C,
and D in the case of the single-crystal spectra are identical to
values given for the polycrystal measurement.

Polycrystalline sample

Feature A B B* C D D*
Position~eV! 112.9 117.5 120.5 124.7 129.1 131

Single-crystal sample

Feature D* E F
quu@100#(eV) 131.6 137.5 158.5
quu@001#(eV) 131.6 137.5 159.5
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whereas the contribution of excitations intod-type final
states is less than 1% within this energy range.

This interpretation is supported by calculations of the
symmetry projected unoccupied density of states~DOS! of
the ground state within a FLAPW~full potential augmented
plane wave! scheme utilizing theWIEN97 package34,35 shown
in Fig. 4. The unoccupied DOS is presented as a function
the binding energy and the contribution of thes-DOS is mag-
nified by a factor of 3. The arrows mark the same energy l
positions as in Fig. 2~b!. Thes-DOS exhibits three well pro-
nounced peaks at positions A, B, and C compared to

to

e

FIG. 3. Symmetry projected calculation of the Be K-edge sp
tra of the polycrystalline Be sample on an absolute scale forq•a
51.29. The solid line represents the result of the full calculat
including excitations intos-, p-, andd-type final states compared t
calculations allowing only excitations into final states havingp
~long dashed! or s ~short dashed! symmetry. The contribution of
excitations intod-type final states is negligible within this energ
loss range.

FIG. 4. Symmetry projected density of states~DOS! as a func-
tion of binding energy as calculated within the FLAPW schem
utilizing the WIEN97 package~Ref. 34!. The arrows indicate the
energy loss values of the features of the Be K-edge discussed in
2~b! denoted by A, B, B* , C, D, and D* . Thes-DOS is multiplied
by a factor of 3 to allow a better comparability betweens- and
p-DOS.
1-5
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p-DOS, in which the features A and B have smaller weig
and the peak at C gives the dominating contribution and
shifted to higher energy losses with respect to the main p
of the s-DOS. Furthermore, the broad feature of thep-DOS
ranging from 118 to 124 eV denoted by B* is not present in
the s-DOS calculation. These differences in shape betw
thep- ands-DOS are in good agreement with the differenc
between Be K-edge spectra measured for low and high
mentum transfers, which indicates that forq•a>1 the
monopole transitions give an essential contribution to
x-ray Raman scattering cross section.

The momentum-transfer dependence with respect to b
the absolute value ofq and its orientation parallel or perpen
dicular to thec axis is subsequently discussed on the basi
the single-crystal measurements. The spectra measuredq
parallel and perpendicular to thec axis up to an energy los
of 180 eV are presented in Figs. 5~a! and 5~b!, respectively,
and are compared to the corresponding calculations.

FIG. 5. ~a! Experimental~lower part! and theoretical~upper
part! Be K-edge spectra forquu@100# on an arbitrary scale. Theq
•a values are presented in the figure, and the calculated spectr
shifted vertically by 1. The error bars for the experimental spec
indicate the standard uncertainty. The identifiable features of the
K-edge, denoted by A, B, B* , C, D, D* , E, and F are discussed i
the text. The corresponding energy losses marked by the arrow
given in Table I. ~b! Same as~a!, but with momentum transfe
quu@001#.
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spectra are presented on an arbitrary scale, as is done fo
polycrystalline results.

In the case of the low momentum transfer,q•a50.17, a
significant difference between the shape of the Be K-e
spectra forq parallel and perpendicular to thec-axis is
present, which is in agreement with earlier measurement
Nagasawaet al.3 The experimentally obtained results fo
quu@001# show two main peaks at A and C and a should
structure around B, whereas the measurement forquu@100#
exhibits four smaller features around A, B, B* , and C. The
change in slope at D* is identical for both measured crysta
lographic directions. Comparison with the calculated spec
yields a good agreement between experiment and calcula
both for the distinct features between 112 and 135 eV ene
loss, and also for the total shape of the K-edge up to 180
Only the peak at A is smeared out in the experiment, and t
is slightly overestimated by the calculation. On the basis
the calculations, the x-ray Raman spectra for low moment
transfers presented here are well understood within the
pole approximation. The excitation top-type final states
dominates the scattering cross section.

The situation changes completely for the high moment
transfer regime withq•a51.29. Both spectra show the typ
cal three peak structure for energy losses close to the K-e
as found for the polycrystalline sample. The orientation d
pendence of the x-ray Raman spectra vanishes complete
energy losses up to 130 eV are considered. Minor directio
differences are visible for higher energy losses correspond
to the shape of the spectra between D and F. The agree
between the theoretical calculations and the experime
data is very good. All features predicted by the calculatio
can be found in the experimental spectra except for the p
close to E forquu@100#. In addition, the slopes of the spect
at energy losses above 160 eV differs between experim
and theory. This is most likely because of the uncertainty
subtracting the valence electron Compton profile from
experimental data, which starts to contribute significantly
energy losses above 150 eV as discussed above. Neve
less, the Be K-edge spectra as a function of the direction
of the absolute value of the momentum transfer are q
accurately reproduced by the theoretical calculations. T
vanishing of the directional differences forq•a51.29 is
traced back to the increasing contribution ofs-type final
states within the scattering process.

The changes in shape of the Be x-ray Raman spectra
increasing momentum transfer can be attributed to
changing weight of different symmetries contributing to t
final state into which the electron is excited. In the hi
momentum transfer regime, where the dipole approximat
cannot be applied, monopole transitions give a signific
contribution to the scattering cross section. Because the
culations are able to give reliable predictions forq•a>1,
not only can the unoccupiedp-DOS (q•a!1) be tested by
x-ray Raman measurements from a K-edge, but also the
occupieds-DOS can be probed by measuring the Ram
spectra forq•a>1. Thus this technique yields the possibili
to easily distinguish excitations of different final state sy
metries by performing measurements at a single absorp
edge.
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V. CONCLUSION

We studied the momentum-transfer dependence of the
K-edge fine structure with respect to both the absolute va
of the momentum transfer and its direction utilizing nonre
nant x-ray Raman scattering. The experimental results
compared with calculations modeling the x-ray Raman sp
tra including core-hole effects. The fine structures, the ov
all shape and the absolute values of the spectra show g
overall agreement between experiment and theory. For
momentum transfer, the shape of the Be K-edge is ma
due to contributions from dipole-allowed transitions. Wh
the momentum transfer is increased, monopolar transition
s-type final states give a significant contribution to the sc
tering cross section. It was shown that for high moment
transfer the directional differences in the spectra forq paral-
Ka
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lel and perpendicular to thec axis vanish, which is traced
back to the mixing of the different spatial symmetries.
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