rev. 10/96
HIGH ENERGY RESOLUTION INELASTIC X-RAY .
SCATTERING AT THE SRI-CAT* Fi EC E | V E D
0
A. T. Macrander £l 30 1998
‘Experimental Facilities Division 0 S T |
Advanced Photon Source, Argonne National Laboratory
Argonne, IL 60439
ANL/¥FD [vu--81198

AoNE-9605 3el--2- Vmﬂmpl\S

August 1996

The submitted manuscript has been created by
the University of Chicago as Operator of
Argonne National Laboratory (“Argonne™) under
Contract No. W-31-109-ENG-38 with the U.S.
Department of Energy. The U.S. Government
retains for itself, and others acting on its behalf,
a paid-up, nonexclusive, irrevocable worldwide
license in said article to reproduce, prepare
derivative works, distribute copies to the public,
and perform publicly and display publicly, by
or on behalf of the Government.

MASTER

To be published in the Proceedings of the workshop on " Atomic Physics with Hard X-rays from
High Brilliance Synchrotron Light Sources," Argonne, IL, May 20-21, 1996.

*This work is supported by the U.S. Department of Energy, Basic Energy Sciences-Materials
Sciences, under contract #W-31-109-ENG-38.




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.




HIGH ENERGY RESOLUTION INELASTIC
X-RAY SCATTERING AT THE SRI-CAT

A.T. MACRANDER
ADVANCED PHOTON SOURCE

OUTLINE:

- station details

- science addressable by IXS

- 10 milli-eV resolution spectrometer

- 200 milli-eV resolution spectrometer

- IXS from electronic excitations in TiC and Ti

Acknowledgements:

Co-workers: VY. Kushnir, M. Schwoerer-Bohning, Dohn Arms,
P. Abbamonte

Collaborators: R. Blasdell, P. Montano, C. Kao, D. Price,
B. Cooper _

Management: D. Mills, G. Shenoy, D. Moncton




" 3 ID-C Inelastic Scattering Station

Scientists Albert T. Macrander,

in Charge Tel (708) 252-5672, FAX (708) 252-0161, atm@aps.anl.gov
Vliadimir 1. Kushnir
Tel (708) 252-0162, FAX (708) 252-0161, kushnir@aps.anl.gov
Klaus Quast )

Tel (708) 252-0165, FAX (708) 252-0161, quast@aps.anl.gov

Scientific

o Inelastic scattering to measure S{q,®) and elastic scattering to measure

Applications S(q) with narrow bandpass.
Energy resolution: meVto eV
Momentum resolution: < 0.35 A-!

Source

Characteristics
Period 2.7 v cm
Kmax (@ 10.5 mm gap) 1.69
Energy range 7-30 keV
Normal incidence 232 W/mm?2
peak power density
Maximum power on crystal 3.4 kW
(@ 10.5 mm gap)

Optics

Focussing type - Double groove horizontal & at34.5m
vertical focusing, and
collimating mirror

Monochromator Liquid Gallium cooled, at29m
double crystal -

Experiment Station at52m

Beam size at sample 1.3 x 3.0 (unfocussed) mm?2

Resolution 10-7 - 104 (AE/E)

Flux at sample 10101014 Photons /(s-eV)

CdZnTe p-i-n detector, Si avalanche photodiodes detectors, Si p-i-n
Detectors detector

Special High energy resolution monochromators , diced and undiced spherical
Equipment analyzers, spectrometer with 3 m long two-theta arm. _
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Fig.1.1. Accessible ranges in the energy-momentum transfer space for the different probe
of inelastic scattering

E. Burkel, "Inelastic Scattering of X-rays with Very High Energy Resolution”,

Volume 125 of Springer Tracts in Modern Physics, ed. G. Hohler and E.A. Niekisch,
Springer-Verlag, 1991. ‘
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S(q,w) as a function of temperature and pressure

phonons:

for q,0 not accessible with neutron scattering
e.g. , fullerenes- undoped and doped , 3He

At 13.84keV: 1010 photons/sec on sample in a bandwidth of
6 meV focused to ] mm x 1 mm

elementary electronic excitations:

plasmons

interband transitions

zone boundary collective excitations
off-diagonal terms in &(q,m)
nonresonant Raman scattering
(resonant Raman scattering)

e.g., tests of theory that go beyond RPA in high Z materials, metal-
insulator transitions, strict tests of band structure calculations.

At 7.59 keV: 1012 photons/sec on sample in a bandwidth of 0.1 eV
focussed to 1 mm x 1 mm

S(q) measurements:

structure factor measurements with very narrow
bandwidth

e.g., solid helium
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NESTED (422) X (884) MONOCHROMATOR FOR 13.84 keV

Bandpass =5 meV




422 834) HI

Outer crystal:
Bragg reflection:
Bragg angle:
Darwin width:
Asymmetry angle:
Angle of incidence:
Dynamical b factor:

Divergence accepted:
Dlvcroence outgoing:

Ideal Flux ratio:

Inner crystal:
‘ Bragg reflection:
Bragg angle:
Darwin width:

Asymmetry
An,,leofmmdence
Dynamical b factor:

Divergence accepted:
vaervence outgoing:

Ovesrall resolution calculated :
Tut;in;g range:
Ov ideal flux ratio:

(422)
238°

6.4 microrad

21.5°

2.3°

-175

26.72 microrad
1.53 microrad

47

(884)

81.8°

3.7 microrad
60

21.8°

-1.7

2.8 microrad
4.8 microrad

5.0 meV

100 meV (beam walks off (384) face)
2440
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High Energy Excitations in Condensed Matter, Los Alamos, 1984.
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Pertormance of spherically focusing Ge(444) backscattering analyzers

for inelastic x-ray scattering

A. T. Macrander, V. I. Kushnir, and R. C. Blasdell

Experimental Factlities Division. Advanced Photon Source, Argonne National Laboratory,

Argonne, lllinois 60439
(Presented on 18 July 1994)

A spectrometer designed for use as an undulator source and having targeted resolutions of 0.01 eV
in one mode of use and 0.2 eV in another will operate at the APS. We report here on analyzers that
we have constructed for use on this spectrometer for 0.2 eV resolution. We have tested them at
NSLS beamline X21 using focused wiggler radiation and at the Cornell high encrgy synchrotron
source (CHESS) using radiation from the CHESS-ANL undulator. Analvzers were constructed by
gluing and pressing 90-mm-diam. (111) oriented Ge wafers into concave glass forms having a radius
near 1 m. An overall ineclastic scatiering resolution of 0.3 eV using the (444) reflection was
demonstrated at CHESS. Recent results at X21 revealed a useful diameter of 74 mm at an 87° Bragg

angle. © 1995 American Institure of Physics.

1. INTRODUCTION

Since the early 1980's, inelastic x-ray scattering (IXS)
has been considered both a desirable and achievable investi-
gative tool with which to anack some of the fundamental
problems in condensed matter physics.”™ Unlike inelastic
neutron scattering, IXS is almost completely unhampered by
the kinematic constraints arising from conservation of energy
and momentum during the scattering process, and, unlike
inelastic electron scattering, X rays penetrate the bulk seffi-
ciently to rule out anomalies due to surface properties. How-
ever, cross sections for IXS are extremely small (e.g., 10~Y
cm>/eV for the double differential cross section of the plas-
mon in aluminum®) which implies that synchrotron radiation
sources should be emploved to obtain useful data. With the
advent of the APS,® which is a third-generation synchrotron
source, we expect that sufficiently great incident photon
fluxes can be delivered and that spectra of inelastically scat-
tered photons with reasonably good stadstics for a wide
range of samples can be obtained in scans lasting several
hours.

The beamline optical layout will consist of a high-heat-
load monochromator followed by a high-resolution mono-
chromator. The diffuse scattering from a sample will be col-
lected by a spherically focusing crystal analyzer.

1. BACKSCATTERING

Backscattering for the analyzer is a propitious geometry
because (1) angular Darwin widths become very large, and
(2) the derivative of the energy with respect to angle in
Bragg's law goes to zero.” The consequence of (1) is that the
angular acceptance of analyzers increases, and the comse-
quence of (2) is that the resolution becomes less dependent
on angular divergence. Because of absorption in the sample,
it is favorable to work at as high an energy as possible.
Backscattering from silicon at higher energies occurs from
high-order reflections [e.g.. (777)], which leads to resolutions
of several meV. A spectrometer with a 3-m-long two-theta
arm designed to employ high-order reflections from a silicon
analyzer is under construction on sector 3 of the Synchrotron

1546 Rev. Scl. nstrum. 66 (2), February 1995
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Radiation Instrumentation (SRI) Collaborative Access Team
(CAT) at the APS. A resolution of several meV is useful for
the study of phonons. However, it is not needed for the study
of electronic excitations and results in an unnecessary band-
pass collection penalty in that case.

iH. Ge{444) ANALYZER

We have achieved a coarse energy resolution of several
hundred meV by using a lower-order reflection [i.e., (444)]
from an analyzer made of Ge with a focusing distance of 1
m. At this radius, neither the intrinsic energy width nor the
efficiency of a bent Ge wafer is significantly reduced com-
pared to the unbent case. This is demonstrated in Fig. 1
which is the result of a dynamical diffraction simulation® A
calculated analyzer resolution of 94 meV FWHM was ob-
tained. Just as in the unbent case, the Darwin width in energy
is almost independent of Bragg angle near backscattering.

The most successful procedure we have found to con-
struct an analyzer is (1) first prepare a two-component €poxy
mixture by pumping the air out of the mixture in a bell jar,

1 . i . 1 1 j
L Ge(44D) bent to 1Im radius, {
[ Bragg angle = 90° 1_
0.8 T
> 5 i
‘h b
s 0.6 !
=
bt
= L
- vHM = 0. v -
= 0.4 7 FWHM = 0.093 ¢
= 3
x
0.2 7 r

Q- v T

T —T ]

7.5807 7 5908 7.5908 7.591 7.5911

ENERGY (keV)

7.5912 7.5913

FIG. 1. Reflectivity as calculated using a2 dynamical matrix simulation
method.

© 1995 American Institute of Physics
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P.M. Platzman and P.A Wolf, "Waves and Interactions in Solid State Plasmas”, in

Supplement 13 of Solid State Physics, ed. H. Ehrenreich , F. Seitz, and D. Turnbull,
Academic Press, 1973.
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Inelastic x-ray scattering from TiC and Ti single crystals
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Inelastic x-ray scanering spectra were measured with incident X rays having an energy near 8 keV for a
range of momentum transfers ¢ extending from 0.70 to 2.0 A ~!. We find spectral features corresponding to

valence electron excitations, as well as Raman scartering corresponding to excitation from the 3p core states
to the 34 valence states of Ti. The spectral features corresponding to valence electron excitations lie in the

regime conventionaily interpreted as a bulk plasmon together with intraband and interband transitions. We
compare our data for TiC at g=1.05 A ! with calculations for the dynamical dielectric constant (g, )
based on local-density theory. The agreement between the data and calculations permits us to interpret certain
features in the spectra as arising from band ansitions out of the strongly hybridized C 2p-Ti 34 band. The
energy loss position of the Raman scattering peak is independent of momentum transfer for both TiC and Ti
and lies at 48 eV for Ti. This value is above the highest-lying x-ray ultraviolet absorption resonance for atomic
Ti at 43.5 eV. This shift in the data to higher energy transfer is consistent with electron energy loss spectra and
photoemission results reported in the literature and indicates that important physical processes are not encom-

passed within existing theoretical approaches to x-ray Raman scattering. [S0163-1829(96)03425-X]

PACS number(s): 78.70.Ck, 78.30.Hv, 78.30.—j

L INTRODUCTION

Inelastic x-ray scattering (IXS) spectra are a source of
information on the dynamics of electronic excitations.! With
a bandpass ranging from 0.1 to 1 ¢V, IXS can be used to
study both valence band and conduction band excitations as
well as plasmons. In addition, x-ray Raman scattering in-
volving excitations out of core states can be smdied. Because
the inrinsic scattering cross secton for x rays is ten orders of
magnitade smaller than for eleczons, the bulk properties of
samples can be studied without interference from surface ef-
fects as occurs in the case of electron energy loss spectros-
copy (EELS). Furthermore, hard x rays do not require the
use of ultrahigh-vacuum conditions.

Because scattering rates are significantly reduced for
heavily absorbing samples, IXS studies hbave been limited to
materials with low atomic number. Be, > Li,*® and AL as
well as graphite® and C¢,.% have been studied. A detailed
study of Si has also recemtly appeared.’ In this work we have
extended this list to include the elemental transition metal Ti,
as well as the binary material TiC.

0163-1829/96/54(1¥1(7)/510.00

The rare combination of strong bonding and metallic con-
ductivity has attracted theoretical attention to the electronic
structure of TiC. Furthermore, the simple rocksalt crystal
structure has facilitated the calculation of the full dielectric
constant £(g,w) using a full-potential linearized combina-
tion of muffin-tin orbitals (LMTO).!® Here Aw and Ag are
the energy and momentum lost by the x-ray photon upon
scattering. A sum over the Brillouin zone is required to ob-
tain the wave-vector- and frequency-dependent dielectric
constant, and obtaining this sum is an involved procedure.'!

Broadly speaking, we can divide the IXS processes that
involve electronic excitations into two regimes of w. Plas-
mons and valence band excitations occur at lower values,
and inner shell excitations occur at higher values in the Ra-
man regime. We report here spectral bands for both materials
that fall into the plasmon and band excitatiods regime and
are well accounted for by these excitations. In addition, there
is for both materials a higher-lying spectral band to which

existing theoretical approaches to Raman scattering do oot
lend an explanation.

© 1996 The American Physical Society




O. EXPERIMENTAL DETATLS AND RESULTS

The [XS spectra were measured at beam line X21 at the
National Synchrowon Light Source. This beam line has a
wiggler as a source and delivers 2 X 10'! photons per second
in a bandwidth of about 0.7 eV.!}* Crystal analyzers of in-
creased collection efficiency have recently been constructed
and were used for the present studies. These analyzers were

Si(444) at 7.9 keV (Ref. 12) and Ge(444) at 7.6 keV."> Both

of these were operated at Bragg angles iz the range 86°-
87°. The spectra were obtained by scanning the incident en-
ergy with a fixed analyzer seuning, i.e., at 3 fixed collection
energy. We used a Ge solid-state detector o record the scat-
tered photons.

We made measurements on single crystals of TiC and Ti.
The TiC crystal had a large facet oriented 20° away from
{111], and we inclined the crystal by 20° to position the
{111] direction along the scanering vecter q. The Ti crystal
was oriented so that q lay along [00- 1], i.2., along the ¢ axis
of the hexagonal structure. The raw spec=a for TiC and Ti
are shown in Figs. 1 and 2, respecavely. The data are shown
with low ordinate values of each spectrum brought to the
zero of the ordinate scale. The data were normalized to the

incident beam by using an ion chamber placed in front of the
sample.

1. BASIC RELATIONS AND LOCAL-DENSITY-
APPROXIMATION CALCULATIONS

Within the first Born approximation, the double differen-

tial cross section is related to the dynamical structure factor
5(q,w) by the well-known reladonship'*

dzo' _ 1w2$ 1

where Aw,; and hw, are the energies of the incident and
scattered photons, respectively, and e; and e, are their polar-
ization vectors. The Thomson factor e*/mc? is written as
rq, the classical electron radius. The dynamical structure fac-

tor is related to the dielectric response funcdon e(q,w) by
the flucmarion-dissipation theorem'

)= p Im( - ) @
B 47°e*n \e(q.w)/’

Here n is the electron density. .

There are two approaches to the calculaton of 1/e(q,w)
that have been applied to fitting to S(q,w) obtained by IXS.?
The first approach starts with the jellium model, which re-
duces the effect of the ion cores to that of a uniform positive
background. One proceeds by treating the electron-electron
interactions within the random-phase-approximation
(RPA)." In this way the following expression, which is
known as Lindhard’s longitudinal dielectric function,'® is ob-
tained:

FE(P+q)—F(E(P))
E(p+q)—E(p)—RAw+ié

(3
Here E(p) and f(E(p)) are the single-particle energy and
Fermi occupational factor of the eigenstate having a momen-
wm p, and ¥, equals 4e?/¢>Q, with Q denoting the vol-
ume. Corrections for electron-electron interactions beyond
the RPA, i.e., for exchange and correlation, are then incor-
porated via a local field factor'” and by the introduction of a
finite lifetime of the single-particle states.'® For small ¢, the
Lindhard dielectric constant has a pole corresponding to a
plasmon. Within the RPA there is no decay mechanism for
the plasmon as long as energy and momentum conservation

e(qw)=1-1lim qu
5—0 P
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TABLE [. Free elecTon valees,

T:C (NaCy) Ti (hep)
a. lattice parameter (A) 423 295
c. lactice parameter (A) 4.68
ElecTons in unit cell 32 8
n., electron density (A %) 0.39< 0.227
w, . plasmon energy (eV) 233 17.7
q.. critical momentum (A ") 1.09 0.98

do not permit the creation of elecwron-hole pairs. For g larger
than q.. where g, is defined as the plasmon momeantum
comsistent with the kinematic constraints imposed on

eleczon-hole formation, the plastaon can decay. Plasmon
dispersion within the RPA is given by'®

wl=wl+ }viql. @

§

e(g.w)=1—lmV, > ¥ (p)le ¥ (p+q)2
&~0 rs.p

Here r and s are band structure indices. We pote that this is
the first diagonal element of a more general dielectric matrix
with scgaratc elements for separate reciprocal lattice
vectors.” Neglect of these other terms corresponds to the
neglect of microscopic local feid effects. ie., field effects
due to the periodicity of the solid.’ Equation (5) derives from
self-consistent field theory™ and is equivalent to the RPA.S
Introduction of exchange, correlacon, and lifetime effects is
thought to be possible via the same techaiques as outlined
above for the jellium model,’ although this is a largely un-
tested hypothesis.

However, we have taken a different approach in which we
evaluate Eq. (5) using wave functions and eigenvalues de-
rived from local-density-functional theory.®' This approach
incorporates local exchange via the potential of Ceperley and
Alder.Z Due in part to the simple rock salt structure of TiC,
we have been able to obuin the diclectric function for
¢=1.05 A~}. The band sums were performed over the one-
clectron valence and conduction bands in the first Brillouin
zone. Results for Im(s), Re(e). and Im(1/e) are shown in
Fig. 3. Invoking the fluctuadon-dissipation theorem, we
compare the calculated values for Im(1/¢) to our data in Fig.
4, Here we have convolved the raw calculated results with a
Gaussian resolution function having a full width at balf
maximum (FWHM) of 0.8 V. This value was measured by
us for the FWHM of the elastic peak of a Plexiglas sample.
The ordinate scale was obtained by applving the f-saum rule

to both our data and the calculatons. The f-sum rule is given
by

f S(q.w)dw= T
wS(q,w) W=

©
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Here v, is the Fermi velocity. Values for =,
m,am. and g_ foe TiC and Ti are listed in Table I.__

Comparing these to the data, we see that the strang peaks
near 24 eV for TiC and near 19 ¢V for Ti correspond roughly
to the expected plasmon energy. Furthermore, of all the ¢'s
investigated, the value of 1.0 A~} is closest to g, for both
TiC and Ti. For values of ¢ larger than q., the discrete
plasmon excitation couples to the continuum of electron-hole
excitations and spectra in this region have been interpreted
by including so-called Fano resonances or antirescaances.”
In addition. the plasmon corresponding to the next reciprocal
lattice vector may also be excited.? These two phenomena
are expected to enter into a complete theoretical description
of our data for g>¢..

There are clear peaks in the S(q.) data for TiC taken at

- @=1.05 A™! at ~12 and ~50 eV that are not explained

within the framework of the jellium model as we have out-

lined it, and the next logical step, the incarporation of dband
structure, is presented below.

We applied the Ehrenreich-Coben® expression for the di-
electric function given by

.f (E ,(P'*‘ q))-f (Er(P))

EptO—Ep—Rw+id ®
-
(=]
~N
Tic
q=1.05 178 (111)
o4 Re(e)
/\ Im(E")X5
.=:= L%o\ .;_.”-v”"."v
ié:,?lm(s)
=
1
1] * L3 L 1} 1 1
0 10 20 30 40 50 60 70

Energy (eV)
FIG. 3. Calculated values for the real and imaginary
{111l

parts of thr
dielectric constant and for Im(1/e) for TiC for g=1.05 A~ alon:.
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from: B.Sonntag and P.Zimmermann, Rep. Prog. Phys. 55, 911 (1992), Table 3.
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FIG. 9. S(q.w) for Ti. The ordinate scale w=as obtained from the g . 3
IXS data by applying the j-sum rule to the points shown as squares. - Tt
The Raman contribution to the spectrum is the difference between ‘ *
the data shown as solid circles and squares. 00T ] 10
A~ centered near 35 eV, a value between the lowest two

absorption resonances listed in Table II. We surmise that this
peak corresponds to the actual onset of the 3p to0 3d absorp-
tion edge, but this conclusion must await further theoretical
developments.

A theory of x-ray Raman scattering has been formulated

based on a one-electron picture and has yielded the Golden
rule relationship®*~3¢

sx(q,w)=2' Kple!* 710} 8(E(p) — E(0)—Aw). (9)

When analyzed within the dipole approximation and when
applied to an isowropic solid, one obtains

-

Sa(q.0)= —o(e), )
Tew
where o(w) is the soft x-ray abscrption cross section. If Eq.
(10) applies, the Raman spectrum should have essentially the
same shape as the absorption spectrum.*®

Our data do not reveal a clear absorption edge fonowed
by a plateau as was observed for x-ray Raman spectra of Li.?
This qualitative difference for our data casts suspicion on the
approximations made in deriving Eq. (10). An analysis of the
q dcpcndence of our Ti data conﬁrms the inadequacy of Eq.
(10) in describing our Raman results. We applied the
f-sum mle which is derived from a partcle conservation
condition,' to place the ordinate on an absolute scale for
5(q.w) of the valence elccu'on cxcxtauons Following Na-

gasawa, Mourikis, and Schulke,’® the sum rule was applied
aﬁer subtracting the Raman portion of the spectrum as
shown in Fig. 9. The peak amplitude above the tail of the

FIG. 10. Peak Raman contibution to §(g,w) plotted vs ¢* i
the top part of the figure and vs In(g) in the bottom part.

valence electron excitarions is plotted as a function of g% i
the upper panel of Fig. 10. We find that the g2 dependence ot
Eq. (10) does not hold. We find instead a logarithmic depen-
dence as shown in the lower panel of Fig. 10. Only term:
that are higher order in ¢ (e.g., quadrupole) are expectec
based on Eq. (9), and consequently we conclude that the
above theoretical description does not apply to our experi
mental resolts.

V. SUMMARY AND CONCLUSIONS

Inelastic x-ray scattering spectra for TiC and Ti are re
ported. The spectra are informative not only about valenc
excitations, but also about high-energy loss excitations out ¢
the 3p core states of Ti. The valence excitations are com
pared to resuits of calculations made using local-density
functional theory, and we find that we can relate certal
spectral features to band transitions. The g dependence of th
core excitation part of the spectrum disagrees with a on¢
electron theoretical description applied to an isotropic solic
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SUMMARY

IXS with 10 meV resolution for phonens
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