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Sciintific Xnelastic scattering to measure S(q,o) and elastic scattering to measure 

Energy resolution: meVto eV 
Momentum resolution: < 0.35 A-1 

S(q) with narrow bandpass. 

Source 
characteristics 

L 

Period 2.7 
Kmax (@ 10.5 mm gap) 1.69 

Normal incidence 232 
peak power density 
Maximum power on crystal 3.4 
(@ 10.5 mm gap) 

Energy range 7-30 

Cm 

k W  

Optics 

F O C U S S ~ ~ ~  type - Double groove horizontal & at 34.5 m 
vertical focusing, and 
collimating &r 

Monochromator Liquid Gallium cooled, at 29 m 
doible crystal 

Experiment Station at 52 m 

Resolution 
Beam size at sample 1.3 x -3.0 (unfocussed) m= 

Flux at sample 
10.7 - 104 (-1 
ioio - 10 14 Photons /(s-eV) 

I CdZnTe pi-n detector, Si avalanche photodiodes detectors, Si pi-n 1 detector 

I analyzers, spectrometer with 3 m long two-theta ann. 

- 
Detectors 

High energy resolution monochromators , diced and undiced spherical 

mailto:kushnir@aps.anl.gov
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mailto:atm@aps.anl.gov


x -rays I 
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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, 199 1, 



S(q,o) as a function of temperature and pressure 

phonons: 

for q,o not accessible with neutron --. scattering 

e.g. , fulierenes- undoped and doped, 3He 

At 13.84 keV: 1010 photondsec on sample in a bandwidth of 
6 meVfocuSedto1mmxlmm 

elementary electronic excitations: 

plasmons 
interband transitions 
zone boundary collective excitations 
off-diagonal terms in E&,@ 
nonresonant Raman sattemn 3 
(resonant Raman scattering) 

e.g., tests of theory that go beyond RPA in high 2 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 



SPHERICALLY - 

UNDULATOR 

BENT ANALYZER 

I 

DETECTOR 

NESTED 
m o .  

ASYMMETRIC 
MONO. 

MILL1 ELECTRON VOLT RESOLUTION INELASTIC SCAWERING SCHEMA 

SAMPLE 



f 

NESTED (322) X (884) MONOCHROMATOR FOR 13.84 keV 

Bandpass = 5 rneV 



$422) x ( 884) MGH RESOLUTION MONOCHROMATOR FOR 13.84 ke V 

Outer crystal: 
B r a s  reflection: 
B r a s  angle: 
Darwin width: 
Asymmetry aagk: 

Divergence accepted: 
Diveqence outgoing: 
Ideal Flux ratio: 

(422) 
23.8 O 

5.4 microrad 
21.5' 
2.3" 
-17.5 
26.72 microrad 
1.53 microrad 
4.7 

(884) 
81.8" 
3.7 microtad 
60" 
21.8 O 

-1.7 
2.8 microrad 
4.8 microrad 

5.0 mev 
2440 
BOOtneV (beanwafks 0€€(#4) face) 
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422 x 084) MONO. 
61R$C\ BEAM 
FLAT BACKSCAITERING CRYSTAL 

S i 0  at 13.84 keV 
1OOO.O 1 1 I 1 I '  I ' I  1 1 1  I I * I  I ! '  t 

95, x 
(I) 
t z 
3 
0 
0 

L 9 - -. - 
- 800.0 
- 

- 600.0 , 

- - 
- 400.0 

- 
200.0 - - 

0.0 
I 1 1  

-1 0.0 -5.0 0.0 5.0 10.0 
ENERGY (mev) 6/1 om 



J.B. Hastirgs, D E  Mcmctoa, and Y. Fujii, 
High Energy Excitations in Condensed Matter, Los Alamos, 1984. 



Si-on-Si ANALYZER, (777) at 13.84 keV 

[422)~(884) MONO. 
DIRECT BEAM one 1 mm x Imm analyzer bl-) 

700.0 1 . 1 ,  . * , I  I I S S  

300*0 

200.0 

-100.0~""' * " " 1 1 ' 1  

20.0 30.0 -30.0 -20.0 -1 0.0 0.0 10.0 
ENERGY (mev) 



PLEXIGLAS SAMPLE 
(422)x 884) MONOCHROMATOR 

Si-on-Si D I RECT BONDED ANALYZER 
(777) at 13.84 keV 

c 

400.0 - 1 8 

- - - 
- 
- 0 tu cn - 

- 

I t 1  

-1 00.0 -50.0 0.0 50.0 100.0 . .  

ENERGY (mev) 6/7/96 
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High heat load 

Undulator rlonochromator 
Channel-cut 
monochrmator 

'Specimen 

/ 
Mirror 

Vacuum chamber 

100 MILL1 ELECTRON VOLT RESOLUTION INELASTIC SCATTERING SCHEMA 



Performance of spherically focusing Ge(444) backscattering analymm 
for inelastic x-ray scattering 

A. T. Macrander, V. 1. Kushnir. and R. C. Blasdell 
Experimental Facilities Division Ahunced Photon Souxc Argonnc Natiotut1 Laboratory. 
.-\rgonne. ll[inois 60439 
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A spectrometer designed for use s an undulator soufct 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 
u e  have constructed for use on this spectrometer for 0.2 eV resolution. We have tested them at 
SSLS beamline xZ1 using focused wiggler radiation and at the Cornell high energy synchrotron 
source (CHESS) using radiation from the CHESS-ANL undulator. Analyzers were constructed by 
- gluing and pressing 90-rnrn-diun (111) oriented Ge wafers into concave glass forms having a radius 
near 1 rn. An overall inelastic scattering resolution of 0.3 eV using the (444) reflection was 
demonstrated at CHESS. Recent results at X21 revealed a useful diameter of 73 mm at an 87" Bragg 
angle. 0 1995 -4merican Insn'rure of Physics. 

1. INtRODUCTlON 
Since the early 1980's. inelastic x-ray scattering (IXS) 

has been considered both a desirable and achievable investi- 
gative tool with which to attack some of the fundamental 
problems in condensed matter physics.'-' Unlike inelastic 
neutron scanering, 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 penenate the bulk saffi- 
ciently to rule out anomalies due to surfact properties. How- 
ever, cross sections for MS are extremely smd1 (e.g., IO-" 
cm'/eV for the doubk differentid cross section of the pbs- 
mon in aluminum') which implies that synchrotron radiation 
sources should be employed to obtain useful data. With the 
advent of the ApS,6  which is a third-generation synchrotron 
source. we expect that sufficiently great incident photon 
fluxes c3n be delivered and that spectra of inelastically scat- 
tered photons with reasonably good Ratistics for a wide 
range of samples can be obtained m 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. 

II. BACKSCA7TERlNG 

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 angk in 
Bragg's law goes to Z e n 7  The consequence of (1) is that the 
angular acceptance of analyzers increases, and the conse- 
quence of (2 )  is that the resolution becomes less dependent 
on angular divergence. Because of absorption in the s a w ,  
it is fa\-orable to work at as high an energy as possibk. 
Backscattering from silicon at higher energies occurs from 
high-order reflections (e.g.. (77711, which leads to resotufions 
of several meV. A spectrometer with a 3-m-long two-theta 
arm desised to employ high-order reffections from a silicoo 
analyzer is under construction on M o r  3 of the Synchrotron 

Radiation Instrumentation (SRI) Collaborative Access Team 
(cp;r) at the APS. A resolution of several meV is usthrl ko 
the study of phonons. However, it is not netdtd ior tbc 
of electronic excitations and results in an unnecesfary 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 n&ction [Le., (44411 
from an analyzer made of Ge with a focuSiag distanct of 1 
m. At this radius, neither the intrinsic energy width BOT k 
efficiency of a bent Ge wafer is significantly reduced com- 
pared to the unbent case. This is demonstrated in F* 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 (I) first prepare a twcwxmponent epoxy 
mixture by pumping the air out of tbe mixture in a bell jar, 

FIG. 1. Reflectivity as calculated using a dynamicrl matrix simuladoa 
method. 
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FIG. IV-4. w-k relationships for excitations of a degenerate electron gas. 
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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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bhstic x-ray scattering s p x a  were measured with incident x says having an energy near 8 keV for a 

C a n r p o r r d m  * g- 
valence electron excitaaons. as well as Raman scamring comspoading to excitation from the 3 p  core states 
to the 3d valence states of TI. The spcaal features corresponding to vatence elecmn excitations lie m tbe 
regime conventionally interpreted as a bulk plasmon together with inaaband and interband transitioas. We 
cornpare our data for Tic at q= 1.05 A -' with calculations for the dynamical dielectric constant s(q.w) 
based on Iod-density theory. Tbe agreement between the data and calculations permiu us to intupret certain 

acrgy loss pos ih  of the R ; u ~ a t  scattering pcak is imkpendent of ~ l ~ l m c n ~ m  -fer for both Tic and TI 
a d  lies at 48 eV for Ti This vlhK is above the highest-lying x-ray dtmviolcx absorptim resonance for atomic 
Ti at 435 eV. Thit shift in the data to bigher energy -fer is consistent with electron eoefs~ 1- wctra and 
photomission resuhs reponed in the literature and indicates &at important physical procutes are not U~COIII- 
passed within existing rbmrcnd . approaches to x-ray Rman scattering. [SO163-1829(%P3425-X] 

PACS numbufs): 78.7O.Ck. 7S3o.Hv, 78.30.-j 

Me of mOmenNm pantfen Q ertcndhg from 0.70 to 2.0 A -*. We bnd e 

feumeS in the wtra a &ig from baad -itions Out Of the S W ~ &  hybridired C 2p-TI 3d band. Tbe 

L CriODUCTION 

Incllstic x-ray scattering (IXS) spectra are a source of 
information on the dynamics of electronic excitations.' With 
a b m s  m g h g  from 0.1 to 1 eV, TXS can be used to 
study both valence band and conduction band excitations as 
well as plasmans. In addition. x-ray Raman scattering in- 
v o l v e  excitations out of core smtes can k studied. Because 
the inainSic scatU=ring cross section for x rays is ten orders of 
&de sruaIlcr than for elecaons, the bulk properties of 
Sampfes can be studied without interference from surface ef- 
fects as occlps in the case of electron energy loss sptctros- 
copy (EELS). Furthermore, hard x rays do not require the 
use of ultrahigh-vacuum conditions. 

Bccausc scattering rates are significantly reduced for 
heavily lbsorbmg samples. IXS studies have been limited to 
d l l s  with low atomic number. Be,= Li.4' and AI!.' as 
well as snphid and Cm.* have been studied. A detailed 
study of Si bas aIso rtccmly appeared? In this work we have 
exrrPdrd rhis list to inCIude the elemental aansition metal Ti, 
as weII as tfre b b r y  material Tic. 

The rare combition of smng bonding and metallic con- 
ductivity has aaracted theonticd attenth to ?he ekctronic 
structure of Tic. Furthermore, the shpk  rocbdt -tal 
structure has facilitated the calculation of the Ml &electric 
constant ~ ( q , o )  using a full-potcntiaI lineadzed c0mbi.k- 
tion of muffin-tin orbitals (L.MTO).'o Here fiu and fiq arc 
the energy and momentum lost by the x-ray photon upon 
scattering. A sum over the Brillouin zone is nquired to ob- 
tain the wave-vector- and f r e q u e n c y - d c p t c t  dielectric 
constant, and obtaining this sum is an involved procedure.'' 

B r d y  speaking, we can divide the IXS processes that 
involve electronic excitations into two rtsbpes of o. Plas- 
mons and vaknce band excitations occur at lower values, 
and inner shell excitations occur at bigher values in the Ra- 
man regime. W e  report here spectral bands for Mth mate%& 
h a t  fall into the plasmon and band excitatioxis regime and 
are well accounted for by these excitatioris. ln adilition, there 
is for both materials a higher-lying spectral band to which 
existing theoretical approaches to Raman scattering do not 
lend an explanation. 

0 163-1829/96/54( 1y1(7)15 10.00 54 1 Q 1996 The American P h p i d  Society 
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U. €XPER.MEhT.U. DETAILS ASD RESULTS 

The IXS spectra were mwurtd at bean line X21 at the 
National Synchrotron Light Source. This stam line has a 
wiggler as a source and delivers 2 X 10" pkxons per second 
in a bandwidth of about 0.7 eV." Crysul  xxdyzrs of in- 
creased collection efficiency have rrcently *=ren constructed 
and were used for the present sntdics. These analyzers were 
Si(4-U) at 7.9 keV (Ref. 12) and Ge(w-L) 3: 7.6 keV.13 Bo& 
of these were operated at B r a e  angles is the range 86"- 
8 7 O .  The speca were obtained by Kannir,g rhe incident en- 
ergy with a &xed analyzer setting, Le., at 3 fixed collectioa 
energy. We u e d  a Ge solid-state detector to record the scat- 
tered photons. 

We made measurements on sin3k crystals of Tic md Ti 
The Tic crystal had a large facet oriented XIo away fram 
[1111. and we inclincd the crystal by ZOa to position th 
[ 1 1 11 direction along the scat~~rhg vectcr q. The Ti crystal 
w s  oriented 50 that q lay aloug 100- 11. Le.. dong the c axis 
of the hexagonal smcture. T&e n w  specc+ for TiC and Ti 
are shown in Figs. 1 and 2. respcuvely. Ex data arc shown 
with low ordinate values of each spectrum brought to the 
zero of the ordinate scale. The dam were aormalized to the 
incident beam by using an ion chamber plzced in front of the 
sample. 

Within the fmt Born a p p r o w o n .  cbe double ctiffenn- 
tial cross section is related to the dynamicd saucture fiactor 
S( q. w )  by the well-known reladonship" 

where Awl and fiw2 are the energies of the incident md 
scattered photons, respectively, and el and e2 are tbcii polar- 
ization vectors. 'RE Thomson factor e*/mc2 is written as 
to, the classical electron radius. The dynamical structure fac- 
tor is related to the dielectric response function e(q,o) by 
the fiuctuation-dissipation theorem" 

Here n is the electron density. 
There are two approaches to tbe calculation of lfu(q.4)) 

that have been applied to fitting to S( q, o) obtained by rxS? 
Tbe fint approach starts with the jeiiium model, which re- 
duces tbe effect of the ion cores to tha~ of a uniform positive 
backgot&. Onc proceeds by treating thc elecaon-eIcctron 
iatcracdons within the random-phase-approximalion 
(R.PA).~ XQ this way the following expression. which is 

as ~inc~~ard*s  longitudinal dielectric f~nction. '~ is ob- 
tained: 

(3) 
Here E(p) and f(E(p)) are the single-particle e ~ g y  d 
Fermi occupational factor of the eigenstatc having a momen- 
tum p, Y,  equal^ 4?re2/q'zI,, with &noting the YOI- 
ume. Comcrions for electron-electron interactions beyond 
the RPX, i.e., for exchange and correlation, are then &or- 
porated via a k a l  field factor" and by &e inaoductioa of a 
finite lifetime of the single-panicle ~ t a t t s . ~ *  For small q. &e 
Lindhard dielectric constant has a pole cornspon&ng to a 
plasmon. Within the RPA tbere is no decay mecbahiSrn for 
the plasmon as long as energy and momtaturn conservation 



0 

1 1 1 1  l l l l  1 1 1 1  1 1 1 1  

.... .-----...)̂I.-."-..- 

l o  20 30 40 50 60 70 80 

ENERGY LOSS (eV) 



E 

EIASTIC X-RAY SCA-G FROM Tic and Ti . . . 3 

T.C cxacn, Ti @CP) 

a. Laccice panmeter (A) 4.53 2.95 

uecmns in unit cell 32 8 
n.  electron density (A-3)  0.39d 0.227 
w, . plasmon energy (eV) 23.3 17.7 

c. ianict panmeter (AI 4-68 

qc . critical momentum 1.09 0.98 

do not permit the creation of elecuon-hole pain. For q largcr 
than q c .  where qc is d c h e d  as the plasmon momentum 
consistent with the kinematic cons&u imposed on 
clccwn-hole formation. the plasaon can decay. Plasmon 
dispersion within the RPA is givea by19 

the Fami velociry. vlhvs for n. 

near 24 eV for Tic and acar 19 eV for Ti comspo~d rpughty 
to tbe expected plasmon uregy; Funhumore. of dl the. q ' s  
investigated, the value d 1.05 A'' is closest to qc for b& 
Tic and Ti. For values d q larger thaa qc,  tbt 
plasmon excitation co~ples to the continuum of ekctron-~le 
excitations and spectra ia this region have ksa iaoccpbtbd 
by including s o - d k d  Fam resonances or -g 
In additioa the p- companding m tbc acxt 
lattice vector may be ~bese  two aha\rrrrcn9 
arc'expcctcd to enter into a complete theoretical d c s u i p b  
of our data for q>qe. 

q=1.05 A' 
witbin the framework of the jellium 

srmcture, is presented below. 

electric function given by 

aadq,forT~CmdTiuelisocdiPTahkL- 
bo tht dru. we see that tbr smmg 

Then ?re p a r  pe* in the S(q.w) data far Tic taken 1 
at -12 and -50 CV that art not expkiecd 

as we have at -  
lined it, and the next logical step. the hcqomme * ofbuab 

We applied the ~hrmnich-~obca'o ox- 

Here t and s are band structure indices. W t  note that this is 
the tirst diagonal element of a mon &enenl dielectric maDix 
with segar3tc elemeats for sqaratc r+ciproca larice 
vectors1 Neglect of  the^ other *-  correspond^ to tfie 
neg!ect of microscopic local Seid effects. Le.. field effects 
h e  to the periodicity of the  so^' Equation (3 derives fr~m 
self-consistent BcId t h e 0 9  and is equivdent to tfie WAS 
Introduction of exchange. corrcl~Con, and lifetime effects is 
thought to be possible via the sync uch iques  as outlined 
above for thc jellium model? although this is a largely ulz- 
tested hypothesis. 

However. we have taken a different approach in which we 
evaluate Q. (5) using wave functions and cigenvatues de- 
rived from local-densiry-functional theory." This approach 
incorporates local exchange via the potential of Ceperley and 
AIderP Due in part to the simple rock sa l t  structure of Tic, 
we have.been able to obtain the dielertric function for 
q = 1.05 Am'. The band sums were perfcmed over the one- 
electron valence and coaduction bands in &e first Brillouin 
zone. Results for Lm(e). Re(&). and Im( Ile) arc shown in 
Fig. 3. Invoking tbe ffuctuaaon-dissipation theorem, we 
compare the calculated values for Im( 118) to our data h Fig. 
4. Here we have convolved the raw calculated results witb a 
Gaussian resolutioa function having a full width at hlf 
maximum 0 of 0.8 eV. nil vdce was measured by 
us for the ENHM of the elastic peak of 3 Plexiglas sample. 
The ordinate scale was obtained by qp!z;isg the f-sum mk 
to both our data and the calculauons. The f-sum rule is given 
by 

(6) 

/iz q=1.05 1/A ( 1 1 1 )  

0 

I 
- 
0 lb io io do io 80 i o  

Ensrgy (cV) 
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33.4 f 0.1 
36.6 f 0.2 
38.9 k 0.1 
41.2 f 0.1 
43.5 f 0.2 

from: B.Sonntag and P.Zimmemann, Rep. Prog. Phys. 55,911 (1992), Table 3. 
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A-I centered near 35 eV, a value between the lowest two 
absorption resonancw listed in T&le 11. W e  surmise that this 
peak corresponds to th: actual onset of the 3 p  to 3d absorp- 
tion edge, but this conclusion must await further theoretical 
developments. 

bascd on a one-electron picture and has yielded the Golden 
rule rclaaonshiijc36 

h theory Of X - ~ Y  R m  h~ betn formulmd 

where Q( o) is the soft x-ray absorption cross section. If Eq. 
(10) applies, the Raman spectrum should have essentially the 
same shape as rhe absorption 

Our data do not reveal a clear absorption edge followed 
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). h analysis of the 
q dependence of our Ti data confirms the inadequacy of I2q. 
(10) in describing our Raman results. We applied the 
f-sum rule. which is derived from a particle conservation 
c~ndition.'~ to place the ordinate on an absolute scale for 
S(q .0 )  of the valence electron excitations. Following Na- 
psawa, Mourikis, and Schulkc?6 the sum rule was applied 
after subtracting the Raman portion of the spectrum as 
shown in Fig. 9. The peak amplitude above the tail of the 
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vaIcnce dccuon excitarions is p ~ d  as a function of qz it 
the upper p a d  of Fig. 10. we firxi that &e q2 dependence 0: 
Eq. (10) dws not hold. We find imtead a logarithmic d e p  
dace as shown tn the lower panel of Fig. IO. Only tern 
that an: x i  order in q (e.&, qlladmpob) m expeatc 
based on Eq. (9). and consequently we conclude &at tbc 
above tbom€ld ' description does not apply to our expcri 
raeatal results. 

v. s l i m y  .LW CONCLUSIONS 

Inelastic x-ray scattering spectra for Tic and Ti arc re 
ported. ?be spectra are informative not only about valenc 
excitations. bat also about high-enetgy loss excitations out c 
the 3 p  core states of Ti. The valmce excitations are corn 
pared to results of cdculaths made using local-densirq 
functfonal theury, and we 6nd &at we can relate certai 
spectral fcamres ro band mnsiths. The q depe'ndtiice of th 
core excitation part of the sg&caum u s  with a om 
electron theoretical &saip&m applied KO an isotropic soli( 
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SUMMARY 

IXS wWa 10 m+V resolution for #enoms 
IXS with 299 a e V  resolntion’for ekctrenic excitations 
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