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OBSERVATLONS UF  1HE DLFFRACTIUN U17QYAN|§£LELU§:§§12 Recently a number of new techulgues Tor structure analysis have been
AL A CRYSTAL Sutt ACL duveloped which are bDased on the physical optics or i~rays. For example
— ¥—ray Ltunding wave (XSW) melhods (1-5]), based on x-ray luterference,
o @
o provide wudel lndependent Information on the lattice positions of fmpurities
s
P.L. Cowan and S. Brennan® ?% 7, [1] or sdsorbates [2-5). Uther stuales [6-9) expluit the shallow
Quantum Metrology Group L
Natlonal Bureau of Standards, Galthersburg, Maryland 20899, USA g‘ penctration of evanéscent x~rays 10 obtalin selective surface sensitlvity or
N Terrence Jach depth profiles. We report experimeéntal resulls for a novel condition, the
Quantum Metroclogy Group and Surface Sclence Division,
Natlonal Bureau of Standards, Galthersburg, Maryland 20899, USA e dirfraction of evanescenl x—rays during total external rellection (DEXTER),
M.J. BeazykP and G. Materlix R which cowblnes Lhe features of XSW and evangscenl wave sludles. HWe have
Homburger Synchl'ulnm:;lruhluuunluhur HALYLAL ut DL SY & o %}g
D-2000 Hamburg 52, Federal Hepublic of Germany fi %é & evidence fur an additional pheunomenon, superficlal x-rays, which supggests
Lhal duplh profiles can be cblalned above interfaces as well as below.
PACS: 61.10DP, 61.10 cx, 68.35B
(Hecelved 17 January 86)
The experimenlal arrangemenl Was similar Lo previous glancing incldence
scatlering experiments [7], bul with several lmportunt distineiions (Fig.1).1Ihe
Dirfracting x-rays frow a crystal during total-exlernal reflection lmposes
sample was orlentéd 50 that a beawm of monochrowatlc x-rays simultaneously
structure on the x—ray wave field in three dimensions. Standling wave
wade a small glancing incldent angle with the surface and satisfied the
interference modulates the x—ray intensity parallel to the surface, while
Bragg cundition for diffraction from structure whose reclprocal lattice
poundary effects damp the intensity with distance normal Lo the surface both
veclor was parallel to the surface. In contrast Lo Elsunberger et al. {1711,
within the crystal and in the reglon above lhe surface. Experiments on
Lhe Urapgg diffcaction arose from the bulk crystal structure iuselfl rather
carefully prepared Ge slngle crystals snow thatl Lthe x—ray wave fleld can be
Lhah an uverlayer or surface regonstructlon. This was LO assure significant
manipulated to provide model independent Information on the structure of .
multiple scaltering, following Golovin and lmamov 10}, For the [irst Lime,
surfaces. o
the specularly reflected beam was studied st by willy U dittracted bean,
and Lhe Incldent beam divergence was stricily limiled 1n boln transverse
submitled to Phys. Rev. Lelts. direclions in order Lo closely approximate predlctions based on plaqe wave
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theory [11-14). Finally, an energy dispersive 51(L1) X-ray deteclor was
positioned Lo observe x-ray fluorescence, as la an evanescent X" ray

absorption (8] or an XSW measurement.

Measurements were performed at tLhe KROMO statlon of the Hamburger Synchrolron -
strahlungslabor (HASYLAB). The wonochromalor was desligned ror Xsu
experiments, including diffracted beam feedback stabilizalion L1s). The
sample chosen was a dislocation-free germauluw crystal with an optically

flat (1T1) surface. Final surlace preparation included bromine passivation
(2,31 ana the sample was Kept in a dry heliuw atmosphere during the
weasurements Lo inhibic overlayer growth. The sample’s azimuthal

orientatlon was adjusted so (220) planes perpendicular to the surface
dirfracted the incident beam (hy = 8.05 keV). The sample was wounted on a
gonlometer which allowed independent control of Lhe glanciug incidence

angle, ¢, and the diffraction angle, ©.
The experimental arrangement permitted Lhe study of the DEXTER effects by
two approaches. First, reflectivity vs. ¢ Wdas measurcd for several conslant
values of ©. In this way the effects of Lhe varylng diffraction condition
on lhe total reflection were explored. Seuondly, the diffracted flux vs. ©
Was measured for difrerent ¢ values. This demonsirated Lhe influence of the
reflection condition upon the diffraction. ln both types of measurements
the diffracted and reflected flux (intensity 1ntegrated over area) and Lhe

rluorescence spectra were simultaneously recorded.

When Lhere 1y no diffraciion involved, the specular reflectivity follows a
step-like Fresnel curve [16]).  The critical incidcnce angle, ¢, below which
the reflectivity abrupily lacreases, i3 found from Lhe wean dleélectric
susceplibility of the substrate. At this demarcallon, Uthe Ilnternal
refructed beaw changes from a homogeneous plane wuve Lo an evanescent wave
whicil decays exponentially within a few nanomclers of Lhe interface.
Aceording Lo recent theory {11,141, the exislence of sirong Bragg
aiffractiun should change Lhe relflectivily curve 1nlo a double step.  Simply
slated, Lhe dlffracted Leaw lnterleres with the refracled beam within the
¢rystal Lo produce an x~ray standlng wave. 1In gencral, thls standing wave
cuan be decouwposed Lo a lincar combinatlon of a standing wave wilh nodeés on
Lhe atumlc pliues (Lhe a-wave) and one with antinodes on the planes (8-
wave). These couponent standlng waves see a Locallzed susceplibility whose
real and lwagluary componenls are, respeclively, swallerg, larger than the
wean. lence, the reflectlivily can be expecled LO lancrease wilth decceasing ¢
in two stagesd as Cirst the g-wave then the u~wave Lransform [rom propagaling

wadves Lu evanescenl waves.

Flgure J shows Lwo examples of ¢ scans for constant 0. When O 13 near Lhe
Brage angle, tyy, Lhe measured reflectivity curves (Fig. 2 a) clearly show the
predicled Lwo slep behavior. For comparison calculuted curves based on ref.
M oeq. (b)) are shoun four 8-Uy -~ —2 and ~24 prad. Hote thal the calculated
curves huve Deen modifled L0 account for the beaw dlveryence and the
respolise envelOope lmpoused by Lhe r'inite sample Size and Deam Cross seclion.

The dilTracied lux (Fig. 2b) recoraed simultaneously with the reflectivity



curves of Fig. 2a snow strongest signal au ¢ values belween the tuo
reflectivity steps. This external diffracled beam 13 generdted by the
evanescent fB-wave as shown Dy the qualltallve agreement o' the ddala wlith
curves calculated from rel. 14 eq. (7). For @-bg - —2 urad tie calculated
curve shows a cusp at ¢ ~ 3 mrad which is missing in Lhe data. The abLsence
of the peak can be attribuled to a number of experlimental conditions, most

l1ikely the presence of a thin (1-2 nm) overlayer.

Figure Ju shows Lile dependence of the specular reflectivity on the
airfraction angle, O, for three values of ¢ ncar lhe critical angle, ¢ =
5.7 wrad. For ¢ < ¢ the reflectivity dipy near thé Bragg condliion as
photons are diverted from the refleclted Leoam LU the diffracted beaam.
Increasing ¢ above the critical augle transforws Lhe reflectivity dip al
©-0p into a peak. This peak 13 consistent with Fig. Za in whicn the
reflectivity stays high for relatively large ¢ when the diffraction

condition i3 met.

Ubservations of the dirfracled beam for the same values of ¢ (Fig. 3b) show
the flux abruptly drops to zero for 8 < Oy. This behavior hdas & slmple,

kinematic explanation. External to the crystal, conservation ol encrgy

-+ -5
requires the lncident (K,) and diffracied (Ky) beam waveveclors to have

- Y
equal magnitudes. AL the same time theé Lrausverse COmpouents, K°u ana Kyyy
—> . ~
wust differ by exactly the reciprocal lallice vector, H (ske insel o Fig.
3v). As the incldent wavevector directlon changes LO larger © both
-

conditions can be satisfled by decreaslng Ky and lncreasing the normal

->
component of Ky. For decreasing 6 thére s a llwmitl whiere the transverse

compounent of the aiffracled waveveclor eguals Its Lotal magnltude, EH"- Ky-
Beyoind Lhis 1lwlf no real value for Ky 13 allowed, but a couwplex sclution is
puossible. A3 with lnternal cvanescent waves (81, un iwaglnary cowmponent of
Lhe waveveclor means the wavefleld lntensity will be damped with distance
from Lhe surface, but in this case the evanesCent diffracted wave i3
exlernal Lo the substratle. Thus, the diffracted Leam deteclor, whiich 1s 1In
Lhie far-rleld, way detect no flux even Lhough there may be significant
fntensity 1n Lhe near—field of the surface. Tnhis ract will become

slgnilicant in the discussion below.

The x-ray standing wave behavior for the DEXTER caze was studled via
observatlons of x-ray fluorescence vs. 6 and ¢. Under the experimental
comdltions chosen, only the Ge L fluorescence frow Lhe crystal was observed.
Figure 4a gives an example of this fluorescence sipgnal va. O rfor ¢ = 4.6
mrad <¢o. The s0lid curve snows the calculated flucrescence for Ge atoms on
the (220) planes golng 1nto the crystal, while the Lroken curve assumes a
hypothetical atomic locatlion al interstitial sites, beélween the (220)
plancs. The curves were normallzed using the rluvrescence observed at.¢2¢e,
with o fur Trow By. The difference 1n magoltlude ol the Lwo calculated
curves 13 indlcative of Lhe dirferent penetration depihs of the u—rand g-

waves [13-14]).

The observed Ge fluorescence (Flg. & a) differs merkedly from the calculated
fluorescence curve ror atoms at fnterstitial sives, bul ugrees well with the
prediction for rluorescing atoms on the (220) plaoes. This confirms that an

¥-ray slanding wave was establlished in the DEXTEK case and that the beéhavior
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of the standing wave was well characlérized by lhe existing theory (13V,14].
The clear distinctlon between Uhe TheOrelical curves for fluorescing atoms
al difrerent locations indlcates that this XSW effecl can bé explolted Lo
determine atomic reglstry, parallel Lo an luiterface, of Lmpurilies or
sdatoms. Thnls has also been accomplished by previous XSW measurements
[£3.5], but the DEXTER case does not lnvolve Lrrlangulatlon of separuate XSW
measurements as doeés the off-normal Bragg method [3], nor must the sauple be
lncorporated into a wonolithlc x-ray interferoweter [5). Furthermore, fa

DEXTER the penetration of the x—ray flelds can be controlled.

One can cbserve a curious effect in Flgure 4. Tne rluorescent Intensity is
highest for ©-6g~-20 urad when the observed specular and diffracted luxes
(Fig. 4 b) are very small. Normally, one might ascribe lncreasing
fluorescence elther Lo lnereased penelration of Lhe x—rays, or Lo changing
Lhe phase of an x—ray standing wave. The measurement was taken with
constant ¢ < ¢, S0 in the absence of diffraction, the penetration should
not change. Similarly, if x-ray standing wave arises from the Inlerference
of two or more plane waves, one must ask whal 1s inteérfering with the
incident wave? We contend thal a sirong Giffracted Deam must be present at
the ¢rystal surface even though iU did not reach the detector. This 1s
adaditional evidence Lhsl the diffracted beam Con beGome evanescenl abUve Uhe
surface as discussed earller. We Lerm this effect a “superficlal x-ray
wave" by analogy Lo the optical effect lnvoked by Fano Lo éxplaln anomalous
diffraction from gratings [17). This superficial wave ls expected to decay
exponentially within a few nanometers of an interface {14,183, and might be

used In the same way as evanescent x-rays [6, 8-9]. For example, during the

Lransitlon of Lhe diffracted beam from plane wave Lo superficial wave the
Fluorescence [rom an overlayer should become restricted LO Lhe vicinity of

lhe Interface.

Iln concluston, we have observed ror thé first time novel ellfects laovolving
X=ray reflccilon, diffraclion, interference and evanescence during glancing
lucldence diffraction. Aside from the latérest inlrinsic in the physical
Opllcs ol W13 case, several of these phenomens have potential applications
for structural determinatlon, especlally for surfaces und Inlerfaces. The
xTray standliung wave effect ls particularly prowlsing since reglstration 1s
e3lablished directly, and unllke previous XSW measurewments, Lhe x—ray
peniclration 13 limited Lo Lhe near—surface. The capabllities of evanescent
X7rayz Lo determine depih proriles are extended by the DEXTER condition,
especially In thal the interfaclal reglons of overlayers may be studied with
superflclal x—rays. We have also shown thal fmportunt iaformarion can be
galined [rom the specularly refloected flux and from Lhe x—ray fluorescence
signal us well as the diffracted flux usually observed during glancing

incldence scatiering.

The authors thank br. K. Wieteska, from the Institule of Alomic Energy,
Otwock=Swierk, Poland ror help la sample alignment at HASYLAB and Mr. J

Fuller and Lr. A. Henins for help with samplée preparation at NBS.
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