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Abstract

Using the dynamical theory af Bragg d iffraetion, we show

that there is d d i r e c t relationship betueen the pha^e of the

X-ray stand ing-mave-f iel d and the phase of tfie structure

factor. For an exper imerital demonstrat ion/ we monitor the

Ga and As K fluorescence and resonant Raman scattermq

yields while scanning through the (111) and (20O) Drag g

diffraction rocking eurves of GaAs perfect s i n g l e c r y s t a J s

The phases of the (111J and (200) GaAs structure factor^ are

öetermined from the phases of the modulatigns in tnese

secondary yie l d a . Using monochromst ized Synchrotron

radiation, with a variable photon energy between 10 ano 15

heV. the effect of anomalous öispersion on the s t r u c t u r e

factor phases is clearly seen in the v i c i n i t y of the Ga and

As K absorption edges. L4e use this feature. in conjunction

with the measurerf absorption spectrumi for d i r e c t l y

determining the dispersion Parameters f' and f" for atom^

ujhich appear in single crystal structures.

subnitced to Fhys. Rev. B

PACS number; 61.10.. -i, 78. 70. Dm, 78 70 En

ISSN' 0723-7979



- 3 -

I. Introduction

When an X-ray plane mave is dynamically

diffracted 1-2 by the ( h , k , l ) diffraction planes of a Uicfc

single crystal, the incident and diffracted plane uaves

interfere to form an X-ray stand i ng-uave-field (XSW) Tfie

antinodal planes of this uave-field are p a r a l l e l tc dnd ha\,t>

the sarne penodicity äs the diffraction plane* In Ehe

reflection geometry, the relative phase between tue

standing-uave-fleid and the diffraction planes can b* tunecj

over a ränge of TT radians by adjusting the incidence

angle in the vicinity of the Bragg angle 9g For <*n

incidence angle 8 uell belou» the streng Qragg reflection:

the standing-uiave-field is in counterphase with respect io

the d iffraction planes. As 6 is advanced through thc

strong reflection, the interference pattern moves in a

continuous fashiün in the -H direction For 6 w e l l abovi;

the strong reflectionj the antinodes coincide with the Dragg

diffraction planes.

Since the photoeffect for inner electrons 'in thp

dipole approximation) is proportional to the E-field

intensitg at the center of an atom, this mcvement of the

stand ing-ujave-f ield relative to the diffraction planes can

be observed by monitoring the characteristic photoeffect

yields from atoms mhich occupy positions m i t h i n the

periodicity. ßatterman made the first observation of t h i s
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effect for X—rays by monitoring the Ge K-fluorescence w h i l o

scanning in angle 6 throügh the Ge(220) Dragg r e f l e c t i o n

As a further development^ Golovchenko et al used this

(novement of the standing-iuave-field for registering the

positions of impunties in and on the surface of s i n g l e

crystals. More recently. Materlik anfl Zegenhagen

demonstrated the great advantages of using Synchrotron

radiation in this f i e l d and Beditjk and n a t e r l i i

demonstrated the use of higher-order-harmon11 XSW

measurements for determining the thermal vibrationai

amplitude of an adsorbate on a single crystal surface. In

B
addition. Hertel et al. shoiued that the c o n c e p t of

Fourier transforms can be used to determine important

features of the fluorescence-selected atomic d i s t r i b u t i o n

funrticn.

As previously statedi the position of the

stand ing-Ljave antinode betmeen tiuo adjacent diffraction

planes has a ränge corresponding to one-half of a d-spacing,

and the lower boundary of this ränge is the Ih, k , l ) Braqg

diffraction plane The q,uestion that tue u i i l l presently

address is ; Where is t h i s boundary or Bragg diffraction

plane relative to the unit c e l l of the structure^ 1 From

M. v, Laue's derivation for th» transparent crystal, 11

can be shoujn that this boundary uould contatn a center of

symmetry for a nonabsorbing centrosymmetric structure In

2 9
previous discussions > an this subjecti it iuas assumed



that this symmetry position for the boundary would be

preserved for an absorbing centrosymmetric c r y s t a l For

; ,1, l u
nonc entr osy fnme t r ic reflections. it uas re a l i i e d i h j t

this boundary uould have a nonsymmetric pos i t i o n due to the

nonsymme t r ic elast i c scattering d i a t r i b u t i o n Ue u i i l l sfi QLJ

in this analysis. that absorption contriüutes a generdl

shift to this boundary in the +H direction Therefore t h i i

boundary. ujhich we will continue to c a l l the Bragg

diffraction plane. occupies a nonsymmetric p o s i t i o n for

centrosymmetr iCi äs well äs. noncentrosLjjnmetric structures.

With this neui X-ray s tand ing-tuäve definition for the Bragg

diffraction planesj the phase of the ( h , k , l ) Bragg

diffraction planes relative to the lattice will be shoun to

be equivalent to the phase of the structure factor F
n

I I , T h e o r y

The s t r u c t u r e f ac to r . uhich d e s c r i b e s the

supe rpos i t i on o f the cohe ren t X- ray s c a t t e r m g e f f e c t s from

the N atoms mithin the unit teil, can be uintten äs

F = F e n p ( i
H H

ß ) = E (f (H)+ f ' (M)* i f " (H ) ) s ( H ) D ( H ) , ( 1 )
H n = i n n n n n

mhere sn(H)= ex p < 2 Ji iH-Xn1 1S tne geometncal phase

factor for the nth atom and DntH) 15 the Debye-Waller

temperature factor for the nt}l atom. The atomic form factor

f (H) aecounts for the elastic scattering from the electron

distrihution of the nth atom in the "free electron

approx imat ion". The anomalous dispersion Parameters fn'^H)

and f^(H) are added to fnfH) to describe ttie influence of

absorption processes uhich lead to incoherent scattering

The complex scattering density function is expressed äs

p <r) = E p (r) = tl/V) E F eicp(-2it iH-r), (2)
H H" H H

ujhere the Hch component of the scattering density is

PH(r) = (l/V) F„ ex p (i(ßH -2 ir H-r ) )n _ H " — "•

If anomalous dispersian is neglected.

elec tron density.

becomes the



It is well established that measurements

öiffracted intensities can d i r e c t l y lead to accurate v

for the magnitudes H of structure Factors in c ry s t a] L

materials. However, due to the geumetrical arrangenuTi t of

the atoms and due to anomalous d i s p e r s i o n , F is a c o m p l e i
H

q u a n t i t y , T h e r e f a r e it i s a l s o n e c e s s a r y to d e t e r m i n t t h e

p h a s e s ßH o f t he s t r u c t u r e f a c t o r s . i f one m i s h e s t o

d i r e c t l y r e c o n s t r u c t t h e p e n o d i c a tom a r r a n g e m e n t f ü r a n

u n k n o tun s t r u c t u r e ( t h e w e l l k n o u n p h a s e p r o b l em o h

c r g s t a l l o g r a p h y ) or i f one uants to d e t e r m i n e the a n o m a l o u s

d i s p e r s i o n Pa rame te r s in a k n o w n s t r u c t u r e .

By u s i n g t h e d y n a m i c a l t h e o r y o f X - r a y d i f f r a c t i o n ,

M . v . L a u e s h o w e d . i n d e t a i l f o r t h e c a s e o f a t r a n s p a r e n t

p e r f e c t c r y s t a l . that t h e p h a s e o f t f i e s t r u c t u r e f a c t o r h a - ,

a d i r e c t e f f e c t on the p h a s e of a f l ragg d i f f r a c t e d X - r s y

p l a n e luave. We w i l l e x t e n d t h i s f o r m u l a t i o n F o r t h e p h a s e

to i n c l u d e the case of an a b s o r b i n g c r y s t a l and s f i o u

that ß va lues can be m e a s u r e d fo r an y t h i c k p e r f e c t

crystal bij using the X-ray stand ing-uiave (xSW)

t cchnnue ' ' , w h i c h m o n i t o r s , by recordinq secondary

emissiun Signals such äs fluorescence radiation. the phase of the X-

ray interference f'ield relative to the phase nf the selecteri suh-

latticc structure fector con ta in ing a l l atnms of one particular element.

As a d e m o n s t r a t i o n / ue w i l l e u p e r i m e n t a l l y d e t e r m i n e

t h e ( 1 1 1 ) a n d t h e (200) s t r u c t u r e f a c t o r p h a s e s f o r GdA^

Since t h e g e o m e t r i c a l a r r a n g e m e n t o f t h i s n o n c e n t r o s y m m e t r i c

a t r u c t u r e , äs sho iun in F i g . !• is k n o u j n to be z i n c - b l e n b e ,

t h e p h a s e i n f o r m a t i c n w i l l O e u s e d t o d e t e r m i n e t h e

a n o m a l o u s d i s p e r s i o n p a r a m e t e r s i n t u e v i c i n i t y o f t u e

r e s p e c t i v e H a b s o r p t i o n e d g e s

T h o u g h t h e r e l a t i v e p h a s e b e t u e e n t h e

s t a n d i n g - u a v e - f i e l d a n d t h e l a t t i c e is i n d e p e n d e n t o f t h e

c h o i c e o f t he o r i g i n o f r , t he a b s o l u t e p h a s e s o f t h e

s t r u c t u r e f a c t o r a n d d i f f r a c t e d p l a n e uiave a r e d e p e n d e n t o n

t h i s c h o i c e . We w i l l a r b i t r a r i l y c h o o s e t h e o r i g i n t o

c o i n c i d e w i t h a G a s i t e a n d p i c k t h e [ 1 1 1 3 d i r e c t i o n t o

p o i n t a l o n g a Ga-As b o n d . T h i s p l a c e s the f o u r Ga a toms in

the u n i t c e l l at the FCC p o s i t i o n s r = FCC =
Ga

•CtO. 0, 0), ( 1/2, 1/2, 0), U/2- 0, 1 /2) , (0, 1/2, 1/2) > and t h e f o u r

As a toms at p o s i t i o n s r = FCC + ( 1 / 4 , 1 / 4 , 1 / 4 ) I h e
"As

projection of these positions in the C011] plane is

illustrated in Fig. 1. With this chaice of origin, the

geometrical phase factors used in Eq (1) are sGa tH)=l ,

sAs (200)=sAs (2ÖÖ)=-1, sAs(lll)=-i , and 5 A s<TTlJ = i The

Position of the s(lll) values in the complex plane are

illustrated in Fig. 2. The real (F.', ) and imaginary (F" )
n n

c o m p o n e n t s for Fu = F' + iF" , c o r r e s p o n d i n g to t h i s o r i g i n .
tl H H

can be found in Ref. 9. The phase of the structure factor

is defined äs ßH = arctan IF'H''FH' *• Referring to Eq (1),

the phases of the GaAs structure factors used in t h i s

demonstration are (assuminq D. = D« )



-7. arctan (•
As As Ga

3± (111) f ° (H) + f ' (H) ± f" (H)
Ga Ga As

and

= arctan(
±(200> f ( H >

Ga

f" (H) - f',1 (H)
Ga As

f' IH) -f (H) - f ' IH>
Ga As As

(4b

The energy dependent f ' ( 0 > anü f " t d ) d i s p e r s i o n p a r a m e t e r t

used in this demonstrat lon are shoiun in F i g . 3.

Wagenfe ld 1 9 fias shoiun, neg lec t i ng EXAFS and XANES spe : t ral

features, that in the d ipo le approumät ion for the

photoef fect . f " (H>=f"<0) and that deviations froin this

equivalence shou ld only b e c o m e s igni f icant for t rans i t ions

from higher orbitals and/or d i f f r ac t i on from h igher ( h , k , l )

indices at higher energies. From Ref 18. f ° a ( l l l > = 2 6 663,

f " <111)=2B. 170, f " t200)=25. 778, and f'. (2001=27 168, and
As Ga AS

from Ref. 14, the room tempurature Debye-Waller factors are

B, <111)=D (lin»0. 979 and D_ (200)=D, (200)=0. 972
tia As "a "s

Making extensive use of the notation used by

Bat terman and Cole for the tiuo-beam plane wave c a s e o f

dynamical X-raij Bragg d i f f rac t ion, the in tensi ty of the

total E-field is der ivsd from the s um of the two p lanes äs

= |E e x p < - i < 2 i r Ko ' r- ^t J ) + ^e* p (-i (2ir ÜH'I~ U J t ) )

= lE C05(v-2T H .D) eip(-M i) . (5)

Here ue have used; 1) Eragg's Lau K̂ . = K«+ H, ?> tre

polariiation constant P w h i c h ei^uals I for f polar i iai i cn

and coa29 for ir polariiation, 3) the e f f e c t i v e attenuation

coefficient u,=41TK", and 4) defined the c o m p l e i ratio of

the E-field amplitudes in polar form äs

e i p ( i v l (6)

Using the normalized angular parameter

n =
b A© sin2G„ -t- ( 1/2) r Fn (1-b)

a U

P Fn-
(B)

For the Bragg reflection geometry. the ratio of the

direction cosines b= y /y i« negativei and has a value =-1
0 H

u>hen the sur-face normal is parallel to H Values for E /E
H O

are p lot ted in the c o m p l e x plane o f F i g 2 for equal iy

incremen t ed v a l u e s o f i ) 1 . It is convenient to use the

Substitution

2 *s
c o s h ( u t j for r]' ( l + ( r ] " / n ' t ) > l, c a sc I

s i n < v ) for T)' ( ! • » • ( r\"/r]' ) ) ̂  | < l, c a s e II (9)

2
_ - c o s h ( u ) for n1 (i + l r \ " / T \  ) <-l , case I I I



Th is Separation int o three case s is t o accommodate the

2 L
< 1 -l)17 term in Eq. IB). Case II corresponds to the

angular region of strong reflection. Cases l and III

correspond respectively to the loiu and h i g h - a n g l e - s i d e of

the strong reflection region. Using the above S u b s t i t u t i o n .

Eq. (S) can be transformed intü polar form äs

!B. V*
Hl

i" -u) , case I

i ( V + " /2) ), c«iie II < 10)

-u) i case I I I

uhere T = <l-p|/p)/2. Referring to Eq (6) and Eq (10:

the magnitude of the ratio of the E-field a m p l i t u d e s is

= b
- u') . for cases I and III

e « P < ( U )
F-l/ C - u") , for case II
H

and the phase of the amplitude ratio is

H H

-u"

for case I

for case II (12)
t

For case III

For the transparent case (i e no absorption f"=0).

l Hl H H

From the Pcos(v-2ii £-r> factor in Eq (5), it can be

seen that the ant inodal planes of the s tand ing -mave are. 1)
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perpendicular to the reciprocal lattice vector H. 2!_have a

spatial period of d = l/ H . and 3) are d i s p l a t e d in the JH

direction from the or-igin of the unit cell by an amount

Ad = (v/2ir )d for P>0 and by öd Q= {(v-n ) /2 * )fl for P<0

The phase of the standing-wave antinode is then r e l a t e d to

the phäse of the diffracted p lane-uave ampl i tu de äs

T < A d / d > = v - T U (13)

The position of the antinode fid /d äs a function of angular

Parameter •<]' is illustrated in F i g 4. Notice that tue

asymptotic limits of the antinode position do not c o i n c i ö e

with the centers of sijmmetry <at -1/8 and 3/01. Out are

sl i g h t l y displaced in the tJH direction Tde

r)' —^-«i? asymptotic limit for the antinode p o s i t i o n (or

Bragg diffraction plane) and the r;' -*• t-^ li m i t are

defined analgtically äs

Ad,
= — (ß -ß- >

i n H fl
d 4 TI

( 14)

From Eq.. (9). for

2sin(-u") = -1) . (15)

From Eq. (7)

, PU + PÜ
i\ = - r] ' tan ( —

2

( i - b_)

2 b *
fH rfi

, (Ifc)
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and

Lim ( - u" ) = (l?)

Thereforei the asymptotic limits for the antinode p o s i t i o n ,

äs defined in £q (14) and sfioun in Fig 4. are ü i r n c t l y

related to the phase of the structure factor äs

i
271

H , f°r n1 *

for n' •+ (iö)

This asymptotic behavior can also be seen in Fig 2 by

comparing the phase angle ß H of FH to ttie phase angle v of

E /E . For P > Oi äs n' •* » E.,/E 9Qe* tg a counterphase
H o ' H o

a l ignment uith respect to FH anö für ti'-'-i=i E / E gaea to an

in-phase alignment. The contour mapping of the c o m p l e x

field-amplitude ratio E^/E is constrained to l i e tangent to

F„ at the ongin of the c o m p l e x plane. As F rotates about
H n

this ongin äs a function of incident photon energy &t- the

Eu/Eg contour rotates uiith respect to the fi«ed geometricdl

phase factors *n<H).

As descnbed in Eq. <4), B H has an energy dependence

due to annmalaus dispersion. This >s d e p i c t e d in Fig 3 for

the strong F and ueak F zinc-blende structure factors

of GaAs. For the simpler case of centrosymmetric diamond

structure. all atoms in Fig I would be replaced by Ge

atoms. Consequently from £q. (1). F3Q(, =0. i n d i c a t i n g a

forbidden reflection. For G e f 1 1 1 ) ' w i t h no A b s o r p t i o n (i.e.

f"=0), the energy independent phase of the structure Factor,

äs descnbed in Eq (4a). wonld be Bm =- "/4. In this

case. the (111) d i f f r a c t i o n plane uould c o i n t i d e ujith the

symmetry plane l y i n g half-uiay betiueen the tmo c l o s e l y s p a c e d

(111) atom layers shoiun in Fig l Ttie inset of Fig 2

illustrates this case in the com p l e i pl^ne. W i t h

absorptjon. the G e < 1 1 1 > Bragg diffraction plane p o s i t i o n at

ßjjj /2n is energy öependent and has a ränge torresponding

to 4X of a Ge(lll) d-spacing. As depicted in Fig 3- tfiis

ränge is 87. far GaAs(lll) and 100X for GaAs(200).

Referring to Eqs (3) and (18). the tuo asymptotic

positions for the standing-uave correspond to a counterphase

and an in-phase condition uiith respect to the real part of

o (r_). With our previous definition, the (hkl) diffraction
n

planes coincide uith the maxima gf He(p (r))
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III. The GaAsUIl) Measurement

The first stand mg -wave fluorescence measur emen t of d

IC
noncent rosymrnctric structure uas performed by Trutano on

GaP (111), a structure iiih i c h was subsequently also u se d f a r a

s tand ing-wave electrgn emmission study by T a k ä h a s h i and

l 2
Kikuta . More recentlyi an XSW f luorescenc e measurement

on GaAs (111) was made by Pate l and Golovchenko In

fluorescence studiesi a conventional X-ray source mi t h a

fined energy was used and the fluorescence phDtons wen?

detected by a solid-state detector In tfie later

l 3
measurement , the accuracy of the position determina 1 1 on

was greatly improved by collecting the fluorescence si gna l

at a glancing angle of a = 0.4° with respect to the ( 1 1 1 )

surface. Th i s detector geometryi uihich is used for r e d u c i n g

the extinction effect, was also used in our present

experimental set-up (shotun in Fig. 5). Witti the added

features of Synchrotron radiation, me were a b l e to 1)

selectively choose the incident photon energg, 2)

essen tially eliminate the influence of the Comp ton and

thermal diffuse scattered Signals (by c o l l e c t i n g with the

Si(Li) detector in the polamed direction of E ). and 3l

increase the fluorescence and resonant Raman statter mg

(RRS) count rates by 2 Orders of magnttude All three of

these features were necessary for observing the K-RRS

and for studying the energy dependence üf f"(HJ and

- 16 -

ß . Referring to Eq. (4)j this constitutes a measurement
n

of f(H) äs well.

Dispersion correction f"£0) was determined by using

the set-up shouin in F:g 5 (luithout ü i f f r a c t i o n frtiin the

GaAs sample) ta measure the GaAs K fluorescence and K-PRS

y i e l d s äs a function of i n c i d e n t photon e n e r g y E . Since

the secondary X-raijs uere co l l e c t e d at a small g l a n c i f i i ;

angle of a =1.6°i the variance in the e f f e c t i v e t n i c l i n e ^ - .

(uhich can maslc the variance in the absorption c ross-sec t Ion

for the primary X-rays) was strongly reduced Tdis

favourable reduction was especially true for the As

K-fluorescence and As K-RRS photons. since the energies of

these photons are just above the Ga K-edge It uja-.

therefore possible to take the As K-edge y i e l d spectrum

shown in Fig. 6 äs being proportional to f" (0) p l u s an
As

offset. The f" (0) scale was set by fixing f" (0) at
As As

-30eV and +30eV to values from Ref. 14 of 0. ä and 4 25.

respectivelg.

The arrows in Fig. t. mark the energies at uihich the

monochromator was set for a 10 minute long ( 1 1 1 ) X-ray

standing-wave measurement of a symmetrically cut (b=-l)

GaAs(lll) single crystal. Details of the Instrumentation

6, 9 16
and analysis for this technique are given elseuihere

The measured angular intensities and theoretical fit* for

the standing-wave scan taken at 6eV belou the As K-edge are

shown in Fig. 7. The strong dip in the As K-RRS- ß y i e l d at
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30 microradians above the geometrical Bragg angle un

pr imaT- i ly due to the nodes of the s tand ing-uave p d ^ s i r . t j

through the As ( 1 1 1 ) a tomic p lanes shoun 111 T i g l. In

re ference to Fig. 2, a miniinum E - f i e l ö i n t e n s i t y at t h t

As (111) atom planes c o r r e s p o n d s to E,, /E be mg in
H o

counte rphase ühth s (111).
As

Based on E<i ( 5 ) . uihich descnbes the E - f i e l d

intensity at the n c a tom of a unit c e l l dt a d e p t h i öe lüü j

the sur face. and based on ttie a t tenuat ion p of j
out

secondary photon from this depth w h i c h is escaping dl a

glancing angle a uith respect to the surface. the anqul^r

dependence of the y i e l d for a particular seconddty p r a c e s i

n" frorn atom-type n' in a single crystal cari be eipressed äs

Y , „ ( 6 ) «K (ln n
2f P c o s ( v + . n z (e i u v i

For the eic p er i mental a r ran gerne n t shown in Fig. 5, the

incident Synchro t ron radiat ion is polanied pe rpenO i c u lar tu

H- There fo re the polar i ia t ion cons tan t P is

to 1. The e f f e c t i v e t h i ckness used in Eq. M9) is

Z „ (6) = ( y (9) + p n / s i n ( a ) )
n i out

(20)

uhere the projected linear attenuation coefficients for the

out— going secondaru photons in GaAs are ^ / s i n (l. 6 ) -
out

O. 862 um" ' and U As /sind. 6°) = l- B9B um"1 and e h e
out

effective absorption coefficient • for the inciflent

radiation in the % = E^s-6eV, "b=-l, GaAs ( 1 1 1 ) Dragg

reflection

|i (T)'=0) = 2 909 um

case is

~

y ( ij1 = l 100) = 0 329 y m

The cohe ren t f rac t ion used

and

Eo.. (19) is d e f i n e d äs

N1

f'Vo)
n n

— |> s ,(H) | D ,<H)

and the coherent position is defined äs

(2l )

= (i/2ir ) a rg ( 2. s ,-,(H) l (22)

Eq.ua t i on (22) is equivalent to the expression

N 1

I s ,(H) = . rCH) exp(2n i * )

The sums in Eqs. (21-23) are over the N' atoms of type n' In

the unit cell. For GaAs(lll) «Ga =0 and *As =-1/4 in our
c c

chosen coordinate System. The commensurate fraction C is

equal to unity for a pei-fect crystal In the d i p o l e

n
Approximation for the photoeffect f"(H)/f"(0) = 1.

Parameter Aß
H

is the small d i f f e rence betueen the

stand ing-iuave measured value ß „ and the trial va lue of

ß H tnhich uias used for ca l cu la t i ng v Parameters AßH and

fc are the unknoiuns to be de te rm ined by the x 2 - f i t of

Eq. (19) to the data.



Such a fit is shoum in Fig 7 for E ~ ^j^" teV' l h t ?

measured phase from the As-K-RRS- 0 y i e l d ma^ ß**y s

2 n <-0. 090 ± 0. O03). Th is ag rees uith the p r e d i c t e a

3H1 value shoiun in Fig 3 for E = EA s -£eV. For the Gd k a

f l u o r e s c e n c e y ie ld (shouin in F ig 7) ßf?? ~

2n (-0. 093 t 0. 002), A l though this Ga Ka measurement of

ß... ag rees uiith the abave As K-RR5-ö measurement , t f ie Gd

As
K a measurements for E > E ~6eV systemat11 al ly p r o d u c e J

1. K

BUJ values which u»ere more negative than the A^

Ka measured values. This discrepancy is due to a secondary

effect in inhich some of the Ga K fluorescence is D e S n g

induced by As K fluorescence. For these energies 4> â , äs

defined in Eq. (22), uias not purely related tu the

interaction of the wave-field uiith the atoms in the Ga ( 1 1 1 )

atomic planes. Therefore. the measured ßff]* values shouin in

Fig. 3 uere determined by using the As K B f l u o r e s c e n c e

AsSignal for E > E -6eV and the Ga Ka fluorescence Signal
i K

for E a< E < E s-6eV. The measured coherent fraction
K i K

values fc i corresponding to the above measured Bl*?!* values,

ujere in a ränge betwesn 0.95 and 0.99 uith errors of * 0 01

From Eq. (21), the eupected value for an atom uith ont

inequivalent position in a perfect crystal would be

f * D ,{ 111 ) * 0. 979, if f"{ 111 )=f", (0) The measured
c n' n V r\'*'

value at 10.07 heV is from our previous measurement

lüith the low-resolut ion electron counter

The measured ß... values inere used in Eq

- 20 -

determine f ' (111) in the v ic ini tu of the As K - e d g e . In
Äs

th is analusis, f ' (111) and fi' ( 111 ) (uere set at the va luestiB Mr*-

shown in Fig 3. and f" Uil) uas set to the va lues shouin in
" As

Fig. 6. The measured f ' (111) values from this a n a l y s i s are
As

shoiun in Fig. 3 to be in good agreement uiith the f' (0)

curve ̂  determined from the f" (0) curve usinq the
As

dispersion relation. In a similär fashion, f' U l l ) was
As

determined at 12, 13. and 15 keV, and f' ( 1 1 1 ) wa*
Ga

determined at 10.07 keV and at 24 eV.
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IV. The GaAs(2QQ) Measurement

The experimental set-up shoun in Fig !> mas also uted

for the (200) XSW measurement of a symmetr i ca114 c ut

GaAs<200> sin g l e crystal The GaAs<200> Bragg r e f l e c t i o n

rocking curve and the corresponding angular y i e l d of tfte Ga

K a fluorescence for E = E a+ 25 eV are shoun along uith
l K

theoretical fits in the bottoro of Fig. 8. A t t h i s enerq^,

the effective emittance uiidth from the asymmetric S i ( l l l )

monochromator crystal was 15 3 urad äs compar&d to an

acceptance uidth of 7.7 y rad for the uieak GaAs<200)

reflection. Even uiith this ratner large angular averaging.

the movement of the standing-uave with respect to the

Qa(200) atomic planes is clearly seen by the modulation in

the Ga Ka fluorescence yield. Due to anomalous dispersion.

the phase of the Ga K a modulations shown in Fig. 8 thanges

b\f approximately TI radians äs the incident photon energy E

is increased from E

The GaAs (200) reflection is inherently uieak . since

the Ga(200) and the As(200) atom layers (äs shown in Fig. 11

are seperated by (l/2)d200- This corresponds to the

geometrical phase factors s_ (2OQ) and s (20O) b e i n g in
r i>a As

counterphase. The energy dependence for the strength of

this reflectioni in terms of F2'aol/Fo"' dnd the structure

is described in the bottom section of

25 eV to EAs- 1. 5 eV.
K

factor phase 2 0 0

- 22 -

Fig. 3. In going from 8 to 15 keVi FZO

four quadrants of the complex plane

is at matifl ium and r200

Swings through a l l

At £ =E -5 eV,

is in phase wi th

'As
(200). Therefore at this energy the (200) Bragq

diffraction planes coincide with the As(200) atomic planes,

From our previous definition of the Bragg d i f f r a c t i o n plan*,

this means that the aritinode of the stand ing-wave moves

iniuard from the Ga(200) atomic plane to the As (200) dto.ni c

plane äs angle 6 is increased through the GaAs(200) Bragg

reflection. As shoun in Fig 3, the (200) Dr<tgg d i f f r a t i o n

plane (at / 211 ) is slighty below the As(200) atomic

.Ga.
layer at E = E + 25 ev. This is in good agreement ul

XSW 2
the ß value determined from the ~ fi* of E (19J

the data shomn in Fig. 0. In reference to Fig 3, äs E. is

increased from E a- 3eV to 11.3 keV, the reflection strength
K

decreases until it reaches lero at 11.3 kev and the pfiase

decreases by n /2 radians. At 11.3 keV.

= 0 is analogous to

^5 E.

2DO

f <H)-f (H)
As As200 Ga Ga

Ge(2OO) forbidden reflection condition
i

ABincreased from 11.3 keV to E - 2 eV, the reflection
K

strength increases and the phase decreases by another

TT /2 radians. The increased reflection strength is

evidenced by the increase in the amplitudes of the

modulat ioris shoun in Fig. 8. In going from the Ca K-edgt to

the As K-edge. the phase of the struc ture factor has rotatefl

with respect to s ( 200 ) from being in counterphase to being
Ga



in-phase. There fo re äs shcnun in Fig S, the min imum in the

Ga K a y i e l d S tar ts out on the h i gh-ang l e- = i de af thp

r e f l ec t i on at E. = E + 25 eV and moves cwer unt i l it
i h-

Ayr eaches the l ow-angle-s ide at E = E -1. 5 eV

As shoiim in Fig 3. the measured ß,, „ va lues ag r e L-
2 OC

the values calculated from Eq (461

- 24 -

V. Conclusion

We have presently demonstrated the use of an X-ray

stand ing~uiave~f iel d foi- med&uring the pha'.e ß of the
H

structure factor Dy varying the i n c i d e n t p h o t o n e'iergy,

this p h y s i c a l parameter was s h own to go througti s i g n i f i c a n t

changes near the absorption edges. These changes uere shoujri

to be d i r e c t l y related to the anomalous beriaviör o t" tiie

dispersion Parameters. The combination of i h i ^ phasf

measurement uith the measured change in a b s o r p t i o n - was U'^PÜ

äs a neu approach for the direct de termjna t Ion o t" f'tH) ano

f"(H> for atoms u h i c h appear in single crystals uith a known

structure. The present study has unambiguoüsly öemonstrdtefl

that the combination of ref lec t ivi t»j and emission y i e l ö

measurements gives information about the amplitude and the

phase of the strutture factor. It is left äs a futute

challenge to use thi5 method for determining the positions

of atoms in s i n g l e crystals with unknoun structures. It

ui i l l also be of interest to ap p l i j this method to a case in

ujhich f ' „(H) and f", ,. (H) are sig n i f i c a n t l i j different from
n n n'n

f (0) and f" (0), respectivelg.
n'n n'n"
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the discussion of Ref 9 it uas presummed that ä s j m i l ä r

analysis could be a p p l i e d ta the h i g h energy electron reglon

of the 15. l keV s tanding-iuave scan Hoiuever, uhen a p p l i e d ,

the produced value is in d i sagreement unth our preser.t

study. This is due t o error s in the el e c t r o n spectrum

background subtraction of Ref. 9
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Figure Captions

FIG. l Schematic view shouing the Position of the

GaAsUll) Qragg diffraction planes (dashed lines) dnd (2nO)

diffraction planes (dash-dot lines) relative to the Ga atomt

(open circles) and As atoms (clQsed circles) The absolute

Position of these diffractjon planes corresponcK to an

energy near the As K-edge. (See text for details t

FIG. 2 A complex plane viem of the E-field amplituil* ratio

in relation to the structure factor for GaAs<111) a l

As
E. = E„ - 6 eV As a comparison. the case for Ge(lll) uiitfi
l n

no absorption is shoun äs an inset. (See te«t for details,)

FIG 3 The valoes of the anomal ous dispersion factors f'

and f"i and the GaAs diffraction plane po s i t i o n ß /2T In
H

the energ y region b etueen B and 15 k eV <Line« betueen

points are only to guide the eye. ) The f" points near the

K—edg es uiere obtained from Ref 14 and agree uith our

present measurement. (See Fig. 6. ! The f' points near the

K-edges ujere calculated in Ref. 14 by the dispersion

relation. The remaining f' values uiere extrapolated from

Refs. 14 and 15. The remaining f" values come from Refs. 16

and 17. The ß.. points were obtained by using the above f'
H

and f" points in Eq. (4) along uith f (H) values from
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Ref. 18 The data values shoun äs squares or upen t i r c l e s

uiere determined from the present study,

FIG. 4 Tfie angular Variation jf the r e t l e t t i v i t g c.rnl

antinode position for GaAs(lll) at E = E " - 6 eV iSe>?

teit for details )

FIG. 5 The e«perimental set-up at the ROEMO e i p e r i m e n t d i

Station of HASYLAB, tuhich uas used for Ooth the X--ray

stand ing-wave and f" measuremerits. The DORIS storage ring

luas operating at an electron energij af 3.7 ÜeV and a rnean

current of 60 mA. The asymmetri ca l cut of tfie seconc

manochromator (MC) crystal reduced both the energg anö

angular uiidths of emittance. (See A E and u in

Figs. 6-7. ) The h e i g h t and w i d t h of slit S3 uere O 4mm and

0. 7mmi respectively. Slit 54 l i m i t e d the c o l l e c t i o n of

secondary X-ray5 in the SitLi) detector to a g l a n c i n q

take-off angle of a = 1.6"! 0 5° uiith re^pect to the

surface of the GaAsllll) sample

FIG. 6 The incident photon energy dependence of t'-e

K-fluorescence and K-RflS y i e l d for GaAs near the As K-edge

äs m*asured btj the Si(Li) detector relative to the i on

chamber 12 shown in Fig. 5. (See text for d e t a i l s , )

- 32 -

FIG. 7 Eupe r imen ta l data atifl theoret ic. i l c urvet. für the Ga

K a f l u o r e s c e n c e . As K-RRS- ß , and GaAsU l l ) r e f l e c t i v i t y äs

a func tion of angle

deta i ls . )

at E. = - 6 eV. (See teit for

FIG. S Experimental data and theoretical curve^ for the

GaAs(200) Bragg re f l e c t i o n and the Ga K a f luorescettc e y i f l d

at E. = E „a+ 25 eV are shown at the bottom. U<iinq the tarne
i K

vertical scale factor, subsequent Ga Ka y i c l d curves jre

given vertical offsets of 0.2. The angular ränge for each

XSW scan u»as -50 urad. (See te«t for details l
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