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THREL -BEAM X-RAY_GTANDING WAVE ANALYSES: A IWO DIFENGTONAL
- Ihe dyoamical theory of x-vay diffraction /1,2/ preddicts that, in a sangle
crystal, standing x-ray waveliclds are created which change 1heir phases
DLTERMINATION DI ATOLC POLLLIONS
relabive to Lhe diffraction planes when passing 1he reqion of strong Uragsg
g f; ?,’ ’c\l :U m reftectinns, this effert has been used in experiments wilh sx-ray sloanding
§T g9 8¢ . _ _ .
T =0 g g wavelields Lo aletermine specifie (e.q. those selected by their emilied
& 328 3¢ _
I ONEE = tlunrescrner radial ion) alomic distribulionsg o the bulk /5,4,5/ or on
N. Breiser Q Q.
9‘ = T surfaces f4,6,1/ of single erystals. A briel review ol receat applicat ions
Max-FLaneck- Tast itut Gir Festkarperlorsehung, o0 =
) . C: < in conbiinat o with synchrotrin radiation is given in /87,
Heisenbergstr. b, 000 Stultgart B0, W. Geemany - ™ e
N
g~ 5"’ ) < A1l X-ray slanding wave (XSW) experiments so far have used a 2-beam cuse
Q x
G @ o = where only [wo wave veelors (K incident, Kooreflected, K= K+ B, 11 = {(hkl)
fi. Materlik T o H e =
o 6 reciprocal laltice vector) are ltying close to reciproral latbice points
Himtwrger Synchrot ronstrab lungsiabor HASYLAR ot DESY, o
< g; Qwald vanst euctinn) . his means reflect ion from ane set af diffraction
Notkesto. 85, 2000 lambarg 52, W, Germany
plarws (D) b this case plines of canatanl F-field intensily (e.g. nodal
wnd anb inodal planes) are dying paraliel to the dilffcaction planes with
the: same perivdicity d = 1. Ihey move by - 0.5 d in direclion
Abstracl hicl hkl
-H, wheo the Beagg eefl beelbion is crossed from Low Lo high angle side. The
frooresconce yiedd fram an alom is propord ional Lo Lhe aumber of creatoed
Measurements with X-ray stamting wavetields  were carried ont lor 1he )
electron twles, which i in Tues depeading nn Lhe toeal E-field intensity,
first Lime in a three-beam difEfraction geontry for Ge(0OO)(335)0115), the
al the site of 1he alom. The angular dependent weasurement of Flunrescence
experimental results amd the analysis usiog the dynamiead mubli-heaw 1heory
yiold and erystal reflectivily ran, Lherefore, serve to debiecmine the pasition
show thol twn inlepeodent foarier components of The alomic densidy Tanelion
of an alom relative 1o the {(bk1) diffraction plaoes,
:an be delermined sinulfancaosty. s opens the way to a Lwa dimeosionad
pusilion analysia of atoms in Lhe bulk and on Lhe surfoace of a single cryslal.
By applying e Lourier expansimn of a S-himensional periodic densily funclion

far the (loorescence selected atoms one can show /Y%7, 1hat Lhe H-toorier
’

camponend  ob The correspanrdimy altomiv disbeiabat ion faoct i can be deloermined,

submitled (o Zeitueheiit €0 Physik
Liv The Two-besws cane, Phe alomic arrangement parallel ta the diffract ion



planes remaing ankuown From nie weasurement.. e, adihr b ool XSW o measore -
menls /10,117 are necessary (o determine the enbire alumic arrampement in
three dimensions. Hw diffcaction plumuomena Tor x-vays, however, e not
restyicted Lo diffraction in 2-beam cases. Several diffracled beans con
ariginate Feom a single incident beam when the appropriabe conditions ave
salislied /12/. Diftyaclion in @dli-hean cases beromes practical when the
conl inuous, in angle strongly collimabled syorbrotrone radiat ion spect v

ig used /13/.

For example, if the ceystal reflect oo angle s buned to salisly o % beaw
rase condition, which means 1hat the Ewald sphere passes through poinks
fh, & and H, the Bloclh wave fike photon slute consists of Wirse partial waves

willl wave vectors 50' K, and K

L . dheir interf(ereoce pallern can he dieseribed
‘

H
by two simulbaneonsly exciled wavelields wilh periodicilies v dicection
G, and {1, lherefore, $-beam XW measurement s delermioe simullanensly,
relative o the same arigin i reciprocal space, 1wo independent Loariner
componieals of the alomie distribation funclion. In this paper we repoet

J-beam XSW experiments i Germanivm and show lue Lo use the dynamical Theory

to evaluate the datn.

2. 1hree-Beam Case Dynami

1} dheary

Multi-beam Jiffraction of x-rays is deseribed by Hie dymmical Lhewy 74,12/,
When the geonelvical condibons are chosen socle That Three s1romg beams
are exciled mside o crystal, the Tundoment ad equat rans which Lieat Uhe

coupling of the waves U, G oand Hocan be weillen ass

0 B 7 5l e * st %ot
TN TR TIT TR TOT PR Y ()
2 |

TR IR L R TR LT R TR T T

- -

2)/k2 is Uhe “Anrcgungsfebler” Xz )fl
|

is the electricol susceplibility, L is the electrical Nield veclor and k

wheve 7€ = (Kl‘Z -k

. exp(-2uiler}

Lhe wive vector in wiicum,

ihe spalial dependence of Lhe eleclrical field vector as o functran of posi-

i 0 at a lixed reflectiog guomet vy G, ¢ is expresued as:

l] (a:v) = [‘ Xyt (~2lliKL '1‘_) (?)
will

{t =1, G, N .
K{ is a wive veclor inside Me crystal satisfying the Bragg comdition

K =K +L (3)

LT e

Ly, 0 ave ceciprocal lattice vectors Lo lalbice potds N oand [t
Ihe toeal infensily of the x-ray interference Ficld is given as:

IE_([)l2 = |L” nxp[—?lli!{"'y) +

. . 2
+ t x - - » -2 o
t g“ expl-20iK. T) + l;“ expl( 2uiK,, el (4)
willy (3Y Taldows:

Y4 Y4 v
Lo Poatig by Bolg, P

P2 Re Uala exp(=20iGr))

v 72 Re {1 "'l lKI ("(|l(~2lli!|‘!‘_]) (%)

v 7 e (l_.(;l,ﬁ exp(=24i (¥-G) -1 ))



his tobal wave Nield i perwodie in the divections ob G Hoand (1-H).
herefore, phase and inleasity al the x-ray standing wovefietd s connland
for all poisls in real space lying on the inlersectinns ol Lhe planes del oed
by Gop = consloand 1ty = const. Therelore, the (uorescence yield inan

X5 experiment will depead on the position of this Line in the anit ertl

tml s the swee Far any place along this line. this shows Thal atomic posi-
Lions can simtlianenusly be determined in fwo spabial dimergions. bov The
simplest case, thal just ane alomic sile is oecupied, this Jeaves aoly

the distribubion along ULhe Lion unknown,

The Fundamental equalions (1) can be solved by muerical methads 717,047,

1L is customary Lo decompose Lhe wavefields into o and b componenl s 1rans-
forming the Fundamend al equations into a scatar furm ol a 6x6 maly ix rqualion.
in Lhe present experimental study a diffracl ion geometry wis chosen in which
Lhe incident wave was dil fracled by two sets of diffraction planes, 6 ool
where the G diffracl ivao planes were byiay paraliel Lo bhe ceystal sarGee.
Since Bragg-Brayg geowelry in reatized the incudent aoll dafTvached waves

intorsect the same cryslat sinlace and each wavetield consisl

al Two per-
witted modes. T cobealad jon of Lthe elechriv Cields and woveveclors
inside Lhe creyslal the o and o compoment s ol Hhe two permibd ed modes of

the wavelields arve considered,

Including the polarisal ion slate deconpused in o and o romponents 711/ grves

far the | ~Fiekd (t =6,11)

[ = 0 f e 07 g, ()

L il .
wills = !I/llvi "|, 4

\ - [‘|‘/|l_'“ andd The chavarter rne hrackels dbesaey g

-6 -

the stale of The oxeibing phiton. e luding fucther the case of two exciled

. . -n
modes, ives eog. in the case of the ll {(n} conponent

LIPS - ? i "yl . : 4
llfnl(_lf) = IX (_|J(l[/l'”)J. t‘(p(—?ulﬂ(_| -k

L Vo) (7)
gzt T

wilh !(")i = !gmk{\i-.?_) and eigetwvalues &, = (S'i + il\"i from (1), Z being
the faward crystal surface norwal and coefficienls b deseribing Lhe corre-
lalian belwers o and 3 componenl s, Equivalent eaqual vons nhib far the al her

component s and delermine via (6) the G, W fields.

Siare the two permilted heanches of The disperston sarlace are almost paraileld

in the present case, ﬁi = "a} = &' has been used Tar the nawerieral caleulation

and (7) becomes:

[}

4
; l/

11"( u](}j):vxrr(aZHi(’_{l -k 280} 1) A“( Pt I(':)jnxp(—anxS:i?_-[) (8)

[he oormalized | hmrescence yie il Y(g“,O,-p) from §lLinwescence selected at oms
wille an alamic distributyon finet ion p”(_r_) can be ealcolaled with (4),
(h) ol (7):

Yo f |I G y“v'p’! lfl!«u'? Iy

W binne ; l( rldr (9)

p”(l) 15 peeiadie wilth the ceystal fabtice /97 and can be expanded in

a Favorier sevies. Arcordingly the (bkl)-fourier component is wrilben

g - T D eotamidy (i

H

Ibkll viocid Ted coberent Teact ron and ‘[‘hl(l coherenl position ol the {(hkl)-

romprmenl .



Inserting (9) in (8) grves, shere constant A includes geonetuical paramet ees

P . 4 2
V(0,00 = ALt - 1N legl?/legl®)

+ |V
|

. N I NT 2
ATy e 2o DI/ TEQ T =17 1, 1771,

+ 'f[;»“I l!*ll”*(; P.xq)(leN'G_“

2 2
)I /I!'ﬂ‘ -

- 2 2 i 2 '
Hl_urk'; uxp[lill’l‘")l /1[_n| ' (I-liHl]“r““} /|!”|‘ )

)
|

iherefore, a 3-beaw XSW analysis depends oo coherent Fractions |l'r|, |'|'Hi

and ||'(;_“| and coherenl positions do, doand de .

lhe effect of re-absorplion ot [tunresrence plinlans inside Lhe Le voysdanl

wy the noroabized Pluooreseence yield can be expressed as:

Yir,om,0) 0 | oo 2017 o 00 explon

Vo luine:

Fer/sinndd
oul-- -

2 2.
fil_hl /liul )

(1}

r

(12)

where p . ig The Linear ahswplion coelfivieal af The fluorescence radial von

in the ceystal and the anple ¢ of emittance alelines the Lake-ol U angle belwecn

the crystal sueface and The dicection of (e flaorescenee radiat ing when

leaving the crystad,

(o general the wavevector I_(l s a complex quant ity with K - K' +« 1K', The

imaginary parl K

=l

1 -1 |

"' aceamad s four absorplion, Haes Lhe wavevectors K K. and

(LA T

K., in (2), (4), {6) and (11} are complex gquant ities aud (10) has hern solved

by mimerical irtegrol ion Gaking bath the reshisorpl ion ol fluoresornee rikhia-

faon and the prosary aheoepbaon i extinet ion ol

Lhes winves il o aevoend
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3. Expecincat_and Resol s

The measurements were done wilh the instrument ROFMO /4,105,167 at the lambuvg
Synehrol ron Radial ion { aboralucy HASYLAR wilbs synchienlron cadiat ion from

Lhe starage ring DIRTS, The ront inmms energy speclosn and the high britliance
nf the source were very advantageoos by osed io Hhis experiment . Before Lhe
radiat ion impinges an bhe sample ecrystal, a narvow enerqgy baod is chosen

foom Lhe white specirm by a slightly dispersive doubhbi crystal aonorhromator
{1 ig.. 1). this vertically reflecbing monochromator is camposed of a symielri-
cal Gedady ceystal and an asymnetrivcal Si{333) crystal eot wilh an asymmelry
angle of 21.%" Lo reduce the transmitled vertical divergence, lhis comtnnat ion
of different crystal malerials and of veflections with gwatched harmonie
spectium /17/ climinales alb problems with higher reCleclion orders, In

the espesimenl , 1he gonochomalue selected a oarrow eocrqy bl Af Y.-z 1.%

ry al | - 17.8 kv with ao emidlance angle AD = 1.6 yjorad. A oarraw s1iL

(53) reduced Uwe horizontat liverqeace of the vadiation to 30 prad, Thae
sumple was  Sylon pulished Ge(U1D) single eryslal sized 18x1Bx6 lums. A
Ge{onm333)(115) 3-beam case will Bragg-Bragg quomelry was chosen for the
experiments. e (353) Jdiffract ron planes were aligued parallel to the cryst al
surface and the (119) diffeaction planes wece inclined relative Lo the crystal
gurfave wilh an asymmel vy angle of 50.9%, Suwe tls” H cI“,] and sirwe Yhe
Valbiee constant s of 51 Geoosochrmelae) ad Ge {sample) ave only stightly

aviterent, dispersian eblecbs were neglerted For e dola anatysis.

A sevies of XS dala were recorded by robating the ceystal aroond the [333}

diveclion i inceeseots of The angle ¢, AL each ¢ a measurencnt wias carried



oul. in an encegy dispersive wode /7,187 by socking hoth monorhromatoe vry-
stals in o parallel tashion throwgh the S-beam case range o the sanpbe
cryslal, and thos seamgring the pholon enerqgy. lwo Nal (1) -deteelars were
used for the simnllaneous registration of the (333) arl (l.l?') racking cnrves,
an eosrgy dispersive Si(0i} detector collected the Le Ku Fluntescence vatto-
Lion (rom Lhe sample vryslal. Resulls of a series of XSW exprriment s oare

shown an §igs. 2 aml 3.

In Fiq. 2.1 (a) bthe angulae pasilions of the (333)- and (1Y) rockang narves
are cleacly differenl ot corresponding Ge K" tlsorescence yield (40iy. 2 {(a)}
shows Lwa distinet sbruclures where Lhe structares on the low and Bagle angle
side are velabel to the {333), (11%) reflect ion, respeclively. fneerasing
angle @ by increueals of 20 wead (ig. 2 (a) to (1)) shows Lhat both rocking
vurves first overlap and thien separate again. 1he cofrespording strdelares

in Lhe fluoresconce yield bebave accordingty. igs. 2 () and () sue close

Lo the vase when the Biagy rondilion is simudtancously hadfilled aod The
anqular positimms of the rorking curves overlap fully, Note, That due Ta
conservat ion of enerqgy, Lhe (H149) rocking curve shaws a dip e case the

(333} refleclion is excited simullaneously. The corvespondiog Figs. 2.2

(), () demonstrale that the 3-beam case X-ray slanding wavelsedd rs ool
simply an addil ian of inlensities of the wavelields. When ihe angle s tuereased
by further increments, bhe rocking curves separale again ig. 2 (1)), and
the flunrpscence yield curve splits agads inta two distinel straclores (g,
2.2 (1), tlere Lhe sequence of yeflrelions is veversed in comgrariyon 1o

Fig. 2 (a). Tig. 3 shaws o simitar (A9 = 20 prad) sequeare when the sweep
range is ceolered on the (535) rockiong carve. Whilde the (all O sweep cangee

in Finge 2 §s 132 prad it s oanly 41 pead o Bige 3, showing the S-heam

inlerference no an ecxpancded seale.

) -
4. Data Aialysis and DEscunsion

Sine the shomic arvangement inside an ideal Ge cryslal is well known, 1he
tourier components (10} of the atuwic distribution funetion can be caleulated.

Asuompl ion nf a symmetrical elertron densily arowsl the mnicled gives lhe cohe-

-1/2 P o172

X . ) T _ -
real (rachion i t 3’6'5' = 2 ael the enherent posilion 'I-“i =1, |i T 2
aned ‘I.II'; = 1 amd for Uhe Carbiddea (222)- rellertinn “ ,,,15!'5 0. lay

GelBUNI(S330(HS) e interfeience belween the U, L oamed the B, H waves conlei-
bl Lherefore mich more Lo The sormalized Ge X [ lueresvence yield o (1)
"

Vhan Lhe G-l erm.

Heasurements displaynd in Fig. 2 (@), {c) and (&) arve chosen as exanples

Lo compare the thencelival rocking curves and fluorescence yield wilh weasnred
. . - 2

dila. he angular scades of 1he rocking curves are delermined by oy -Fil

of The espesimental rel leelivily curves Lo the theorelical cadealat i which

wis also convobled with e mopocheomalar it tance. by calealab ing Hhe

Iuorescence yielily we used the Vourier componend ool the atomic distribat ion

Lot 1on aad convolabed will The monochrimalor aogular emil tance.

the cabeabiated reflectivities of the (119)- and {333)-reftecl iong are shown

in Cay. 2.1 (a) and agree very well with the measured data, Fig. 4 shows
weasured fluorescenee yield (from Fig, 2.2 {a)) togellne with Lhe fluorescence
vielkd caleutated tor diftferent emitlance angle o, Wi e s increased, the
inflaence ol exlinet ton and reabsueplion on the | luorescence yield nereases
cawsinay o smearing al bhe flhincesrence yield corve. Tar o = U a salistacl ory

agrecmenl s reached betweens experimental data and cadeulaled cucve /197,



. . 2. .
Sich sgreemcnt is also reached for the resoll of a X -t of the expeciment al

reflectivities, to Lhe {heory shown in Digs. 2 (e) and (e). The calcutalion
of the corcespuding fluorescence yield (o = 10%) in the central 3-beam
case is shown in Fig. 2.2 {r}. Atthough the theorelical refjectivily carves
agree wedl willi the exped imental data, the calrulaled Munrescence yield
shaows 2 similar shape bul Lhe experimental rurves are broader, cven Uhaugh
the Like-ofT angle o is inclwled as Free fil pacraneler. Hestdes for reatons
af dispersion and finile suqular apertures, this can adilil iomadly be vcansl
by the non-spherical distribotion of Lhe electeons around [he nuclieg in
germanium /2 which ranses a non vanishiog (222) - aurier companent of 1w
atumic disleibulion twelion. Therefore, the moximum of Hhe x-ray interfrrence
field will not coincide wilh the maximum of the (222)-fourier vomponent
of the atomie distribution function in real space which resulls in o phase
shifl betwern Lhe interference Cield and the (222)-Fauries component af

.
the atomic disteibntion funclion’. fhos the contribulion af e e fereace
tesm of the G- and Howavefields in (8) have Lo be awncduded o the caboalat ion

for further improvemenl .

When an x-ray standing wavefield analysis is carcied ool Lo deteraime an
poknown alomic density distribubvon, the Lourier componenls of The alumic
gislribut ion funcbiron will be detecmined by o xz—fil of measured and caleala-
Led Fluorescence yield with cohereot posttions and (raclions as Tree para-
meters. A demonsl ral ion of the strong corredation brlween Lhe postiion aed
the shape uf the yield curve is given by compaving Lhe caleulided §lnores-
cenre yield for 1he case Lhat alams are located between Lhe (338) b (1)

-1/2

diffraction planes (solid bine i §ig. ). Uting |I‘s”| = 6= 2 ,

(R
Ir??fl = 0 and “’Hs - "‘”., = 1/2, the draslic difierrnce as clearly visible.
fhis shows, Lhal o two dimensional posilion delerminal fon can be done cven

close to Lhe 3-besam couhibion.

Sommary

The presest sludy demonsteates that 3-hean XSW measurement s can be done

wilh aynchrolrun radiation. Ihis apens the way for a two dimensional determina-
tion of atomic pusitions in the bulk and on the surfaen. Tor many applica-
ttons, weasurements close 1o the 3-beam case condilion will suflice. lor

Ihis situat imn, very qood aqgreemenl wns reached bebween the Iheuret ical

calental ions and experimeatal resalts,

Iu the central regiaon of {he 3-beam case, however, all inlerference Fields

have tu be included in the analysis in most reflection casen. Although such
silual ion way be avoided for a direct position malysis, il ran, bowever,

tend to an even more detaited analysis of the charge distribution. This sub ject
is beyond Lhe scope of the present paper, just as the exlension of the measure-

mend o d-beam cases which can pravide more complete posilton analyses.
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tig., 3

tiy. 4

I xperimental arrangement (schemal ic) . SE-55: beam eollimators.

XL, X2: mopochromat or crystals. 1, 12: ionsat ion chasbers,

3-heam Ge{OUOI(353)C115) resutls redutive 1o the {115) rocking
curvi. Lefl cow (2.1): experimental (ooo: (115); ess: (333))
and {heoret ical {(— =) refleclivily corves. Right raw (2.2):
rxperimental e Kr.x fluorescence yield curves and Lhenretical
curves {-=) using o lake-nff angle @ = 10® (see Lexl). From

(n) 1o () angle o as incecmented by 20 prisd,

3-heiun i]t-!(il[)ﬂ)(i”)(l]ﬁ) results relative La the (333) racking

curve, Left row: oon: {119 rellection, ovo: {334) refleclion.

Righl. row: Ge K \ tluorescence yield, From (o) to (3) angle ¢ is
L

inceemeot ed by 20 prad.

txperimental Ge ku fluorescenve yield {-+¢) cluse to Ge{0ona )

(335) (11Y) 3-bweam rase, (==, -+ ) : theorelical calculst jon

tar different Cale-olf apgles o from subsUitul tonal Ge alims,

(==Y theorelical caleulation for a = 0% and interstilial Ge

$53

i (535) Hragg angle according to Bragg's law.
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