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in multilayered systems. Il. Diffuse scattering
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The theoretical formulation of x-ray resonant magnetic scattering from rough surfaces and interfaces is given
for the diffuse(off-speculay scattering, and general expressions are derived in both the Born approximation
(BA) and the distorted-wave Born approximation for both single and multiple interfaces. We also give in the
BA the expression for off-specular magnetic scattering from magnetic domains. For this purpose, structural and
magnetic interfaces are defined in terms of roughness parameters related to their height-height correlation
functions and the correlations between them. The results are generalized to the case of multiple interfaces, as
in the case of thin films or multilayers. Theoretical calculations for each of the cases are illustrated as
numerical examples and compared with experimental data of magnetic diffuse scattering from a Gd/Fe
multilayer.
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[. INTRODUCTION at an interface affects electronic transport.
Methods were developed earlier to calculate analytically

In the preceding papénve have developed the dynamical the offspecular components of the charge scattering of x rays
theory for x-ray resonant magnetic specular reflectivity usingoy rough surfaces and interfaces using the Born approxima-
the self-consistent method in the distorted-wave Born aption (BA) and the DWBA’ We present here the generaliza-
proximation(DWBA). It is important to bear in mind, how- tion of these methods to the case of resonant magnetic x-ray
ever, that specular reflectivity, which measures the densitgcattering from surfaces or interfaces of ferromagnetic mate-
profile normal to the surface averaged over the in-plane dirials possessing both structural and magnetic roughness. For
rections, can yield only information corresponding to thethis purpose, in the preceding pabee have represented the
root-mean-square roughnessr equivalently, the average deviations from a smooth magnetic interface in terms of a
width) of the interfaces. A more complete description of the“rough” magnetic interface, distinct from the structural in-
morphology of the roughness can only be obtained from offterface(but possibly correlated strongly with jiwith its own
specular or diffuse scattering studies. The first such studieself-affine roughness parameters and parameters representing
of resonant x-ray magnetic diffuse scattering studies werg¢he correlation of the structural with the magnetic roughness
carried out recently by MacKagt al? From these measure- height fluctuations. Components of the magnetization at the
ments, quantities such as the in-plane correlation length dhterface, which are disordered on much shorter length
the roughness, the interlayer roughness correlations, and tiseales, are ignored in this treatment, as they will scatter at
roughness exponent, can be deduced. These quantities arenofich lagerg values than those of interest here. The BA
considerable importance. In the case of magnetic filmstesults have been previously presented in an earlier
Freelandet al® found little correlation of the variations in publicatiof and already applied in interpreting x-ray reso-
the magnetic coercive forde. for a variety of samples with nant magnetic diffuse scattering measurements from mag-
the average roughnegshemical or magnetjcbut a system- netic multilayers: We also note that the analogous case of
atic dependence on the roughness correlation length. In thaff-specular neutron scattering by magnetic roughness was
case of giant magnetoresistari@&MR) films, contradictory treated earlier by Sinf&and more recent treatment has been
results have been found in studying how the magnitude ogiven by Toperverd?
the GMR effect depended on the chemical roughness alone, The plan of this paper is as follows. In Sec. Il, we derive
and it is likely that the effect depends on a more detailed sethe expression for the magnetic scattering in the BA, which
of parameters related to the magnétis well as possibly the is presented here in detail for completeness, although a brief
chemical roughnesé:® Barnasand Palasantz&save carried account has been published earfién Sec. Ill, we discuss
out calculations of the manner in which self-affine roughnesshe magnetic diffuse scattering from magnetic domains in the
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BA. In Sec. IV, we present the derivation of the resonant
magnetic diffuse scattering in the DWBA for a single mag-

netic interface and discuss numerical results. Finally, in Sec.
V, we discuss the extension of the formalism to the case of
diffuse scattering from magnetic multilayers and present
some numerical results with experimental data from a Gd/Fe
multilayer, which were analyzed earlier in the BA.

II. RESONANT MAGNETIC X-RAY SCATTERING

FIG. 1. Schematic representaion of scattering geometry and
IN THE BORN APPROXIMATION

sketch of the chemicalor structural [z.(x,y)] and magnetic
In Sec. 11l of Paper |, we discussed the dielectric suscep-[Zn(x.y)] interfaces, which can be separated from one another by
tibility x,p of a resonant magnetic medium. The resonanf!" average amourk. Grazing angles of incidenceg and scat-
scattering amplitude density can also be given by tering (65), the wave vAectorki andk;, and the E)hoton polarization
vectors of incidenced,_, ,) and scattering €, ,) are illus-
kg trated.
Fop(r)= EXaﬁ(r)
whereé,,, éM are the photon polarization vectors correspond-
=[=Tropo(r) +Nu(r)A]d,ps ing to the final and incident photon state, respectively, and
g=ks—k;. Using Eq.(2.3), we obtain

—iBNy(1) Y €apM (1) +CNp(r)M (1M (1),
Y
(k¢ | 71K; )y =—4mrg

2 e:uze,uapeﬁ( q)

2.1)

where «, 8 denote Cartesian components; B, C are the ~

energy-dependent parameters defined in(E® of Paper I* +i EB €} 8,.5€a5,BM ()
apy

andM , is the @ component of the unit magnetization vector

of magnetic atoms. We may write an effective total electron ~ 0
number density function —Zﬁ er.e,sCMI(a) |, (2.6
A h
peﬂ(r)=po(r)—anm(r). (2.2 Wwhere
and write

Peﬁ(Q):f dre ' peu(r),
faﬁ(r):_rO[peﬁ(r)éaﬁ_’_iEnm(r)z eaByMy(r) _
’ M) = [ dre (M),

—Cnp(NM (Mg |, (2.3

L M@= [ dre M M. @)
whereB=B/ry, C=C/ry.

Let us consider the cross section for scattering for a phogye oy restrict ourselves to the simplified model discussed

ton from a statefk;, ) to a state[k;,v), where &i,1),  in sec. Il of Paper I of a single interface between a mag-
(ks ,v) represent, respectively, the wave vector and polarlzaﬁetiC and a nonmagnetic medium with a chemiaal struc-

tion state_ of th_e incident beam and those of the scattereg”al) interface defined by a heiglt(x,y) and a magnetic
beam. This is given by interface defined by a height,(x,y). In accordance with
previous approximations valid for smajk<a™!, wherea is
(da) _ 1 (ke 2| Tk )2, (2.4) an interatomic spacing, we may assupg(r) constant with
i u—kg v

do 1672 the value p; for z<z/(x,y) and the valuep, for z
>7.(x,y), andny(r), M(r) constant forz<z,(x,y) and

where(- - -|7[- - -) denotes the matrix element of the scatter-zero for z>z,,(x,y). In this case, after carrying out the
ing from the interfaces). Let us define axes as shown sche-jntegration, Eq(2.7) simplifies to

matically in Fig. 1, where the axis is normal to the average

plane of the interface. In the BA, the matrix element can be (p1—p2) A _

written as pe(q) =i q—j J dxdye 19 TigT1azZ(0y),
z

(ks ,v| Tk, ,,u>=47'raEB e:jael’«,BJ dre—iq‘r]-"alg(l’),

M(l)(Q)=inm—Myf fdXdye_iq”'rHe_iqum(x:y),
(2.5 ’ as
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n,Mm M . .
M&zﬁ)(q):| mTﬁf f dxdye_qu'r”e_'qzzm(X:Y)' Y £
(2.8
whereq; andr| are in-plane components gfandr, respec- X
tively. Let us denote the heightg.(X,y), zn(X,y) collec-
tively asz(x,y) (i=c,m) and define
Ge=(p1—p2) (€] -8,),
Gm=in[B(e xe,)-M+iC(e-M)(e,-M)]. (2.9 Z .
Then from Eqs(2.4) and(2.6) we obtain e
@
do o
- GiG]S;, 2.1
(dQ) (k) — (K 1) qf i 122 m S” (210 FIG. 2. Schematic representation of rough structural and mag-
' netic interfaces in a multilayer.
where
Cecl R):<5Zc(0)5zc(R)>i
(2.10) Crml R):<5Zm(o)5zm( R)>,

Except in cases where the incident x-ray beam is coherent Cem(R)=(62:(0) 5zn(R)), (2.15
over the sample, we may introduce the usual statistical con-
figurational averages to evaluggg to obtain ando., o, are the root-mean-squared chemigsituctura)

and magnetic roughnesses, respectively. EquéBidi8 con-
= = U P tains expressions for both the specular scattefengsing
Sjj=Ae 9% Z‘)f f dXdY eI R(e 9 u (R =2 00), from the 5-function containing terms ;) and the diffuse
(2.12  (or off-speculay scattering, which include both charge and
resonant magnetic scattering.

where A is the illuminated surface are® [ =(X,Y)=(X Collecting the specular terms, we obtain

—x',y—y')] measures the in-plane separation of two points
on the appropriate interfaces, add.(R), 5z,(R) are the spec 2

. . L= = do _Am Aro
height deviations from the average heiglats z,, of the ( )
chemical (structura] and magnetic interfaces, respectively.
We allow for the possibility of a finite separatidn between
the structural and magnetic interfaces, as shown in Fig. 1. |
we make the customary Gaussian approximation for the s s _
height fluctuationssz.(x,y), 6zn(X,y), respectively, we ob- Q= D e~ (W2z(oitope a4 2)G,GF | (2.17)
tain hj=cm

a0 ———6(98(ay)Q, (2.16

n—v Z

¥vhere

_ from which the specular reflectivity can be immediately ex-
51=Ae*iqZ(Zi*Zi)J'dedYe*iqu'R pressed aRR, .,=(167%r3/q5)Q.” The diffuse scattering
may be expressed as
% @~ (112)a([87(X.Y) - 62;(0,0) %)
do diffuse r2
(dQ

o *Ql
:ef(l/2)q§(o-i2+(rjz)AefiqZ(zifzj)f f dxdy . | ch . GG/ S]. (2.18
The explicit expressions for the specular reflectivity and dif-
fuse scattering from a rough surface in the BA for specific
— o (125302 + 0D 05z~ 7)) g 2 directions of the magnetizations and the photon polarizations

€ e ramtAs(ay) olay) + S are given in the Appendix.
(i,j=c,m), (2.13 Let us now consider a multilayer witN interfaces N

—1 layers. Each layer can be characterized by its effective

where total electron number densipy, for each layer, and by reso-
nant magnetic scattering amplltude denSIhﬁ,S,Bn N, “Ch

and magnetization vect(Mn for resonant magnetic layers.
The nth interface lies between theth and (i +1)th layers,

and its average height is denoted By, as shown in Fig. 2.

% @~ 19"Rga:Cij(R)

s/= ef(l/2)q§(¢ri2+crjz)efiqz(;if;j)A
Xf fdXdYe“““‘R[e‘*?C“R)—1], 2.14
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The specular reflectivity from a multilayer witN inter-  Let us suppose that in the vicinity of a particular interface,

faces can be then expressed as the magnetization componeht ,(r) decayed with an enve-
lope function®(x,y,z) (we assume that this is independent
16772I’(2) N C(R2) (02 4% ) of the componentr). The height of the magnetic interface
Ryv="3 E i :EC m e T zn(X,y) can then be defined at the lateral positiony) as
9z ot hime the position of the point of inflection ofb, i.e., where
x e 0z %G, G (2.19 (6%192%)®(x,y,2)=0. . o
o If we assume that the functio® (x,y,z—zm(X,y)) is in-
where dependent ofX,y) and can be written a®(Az), then we

-~ a o~ can define a form factop(q,) by
Gc,nz(anrl_pn)(eir 'ep,)a ‘

Gmn=iNmnt1[Bni1(€)X€,) My 1 +iCphyi(€)-Myyq) gp(qz):f d(Az)%Azz)e*inﬂ. (2.29
X(e,u'Mn+1)]_inm,n[Bn(e:Xeﬂ)'Mn . .
Then the effect of the graded interface can be introduced by
+iCp(ef-Mp)(e,-Mp)1. (2.20  simply multiplying S, in Eq. (2.12 by ¢(q,) and Sy by
_ , _ |¢(g,)|%. The generalization to the case of multiple inter-
The diffuse scattering from a multilayer may be also eX-tzcas in Eq(2.22 is obvious.

pressed as We should mention, however, that in this casgin Egs.

difuse .2 N (2.12 and (2.22 represents purely rough interfacial width
(d_‘T) _To S S 6 ,.6fLs (2.21) rather than the total interfacial width at the magnetic inter-
dQ N RLC TUL face. The latter includes the effects of both graded interface
due to interdiffusion and interfacial roughness, and specular
where reflectivity discussed in the preceding pdpprovides only
o o 2 R this total interfacial width. On the other hand, since the cor-
=g (@)oot o) 1)e 182(zin~7n) 4 relation functions in Eqg2.15 and(2.23 contain only pure
roughness, diffuse scattering allows one to distinguish pure
Xf f ddeéiq‘|~R[qucij'nnr(R)_1]’ interfacial roughness from the graded interfate.

2 -
m—v qZ nxn/ hj=¢m

S/

1j,nn’

(2.22 Ill. MAGNETIC DIFFUSE SCATTERING

and the cross-correlation functions betweenrttieandn’th FROM MAGNETIC DOMAINS IN THE BA

interfaces are defined by For an unmagnetized or partially magnetized film, there
will exist magnetic domains which can give rise to off-
Ceenn (R)=(62¢,n(0) 6Zc,n (R)), specular(diffuse) magnetic scattering even in the absence of
_ magnetic roughness. There are two cases to consider.
Crmnn (R)=(62n,n(0) 62,/ (R)), () If the typical lateral size of the domains is larger than
_ the lateral coherence length of the x-ray beam on the surface
Cemnn(R)=(62¢,n(0) 6Zm,n/(R)) (223 of the film, then the scattering will be the sum of the scatter-

Here 2. ,, 6z, are the height deviations from the averageind from the magnetized regions. If there is no net magneti-
heights of thenth structural and magnetic interfaces, respecZation, the terms linear in the magnetization which appear in
tively. We also allow for the possibility of a finite separation the interference between the charge and magnetic scattering
A, between thenth structural and magnetic interfaces, asin Eds.(2.18 and (A9) will cancel out. In particular, if we
shown in Fig. 2. Explicit forms for these cross-correlationneglect the other ternisvithout C in Eq. (A9)] there will be
functions have been given by several auttfot¥?*®and may  no magnetic contribution tp(do/dQ2) , — (do/dQ)_]. Do-
be substituted in Eq(2.22 to yield the diffuse scattering main scattering will not manifest itself in the off-specular
cross sections. Numerical examples for the reflectivity andscattering as the length scale involved will be too large for
magnetic diffuse scattering for single surfaces and multilaythe g; at which it would occur to be resolved from the width
ers have been given in previous publicatifiswe defer  of the specular reflection.
showing these here until Sec. 1V, where we present them (Il) If the lateral size of the domains is smaller than the
together with the results from the DWBA. Explicit forms for lateral coherence length of the x rays, domain scattering will
specular reflectivity and diffuse scattering from multilayersmanifest itself in the off-specular scatterin@his will also
for specific directions of magnetizations and the photon pobe true of magnetic clusters, dots, or other laterally inhomo-
larizations are also given in the Appendix. geneous magnetic structures in the fjilrhet us consider a
The Born approximation also allows one to include ex-simplified model where the domains are parallel or antipar-
plicitly the effects of a graded rather than shébpt rough  allel to the average direction of magnetization. This can be
magnetic interface, i.e., where the magnetization in the res@xpressed by a functiop(x,y) which takes the values of
nant medium is not uniform but decays towards the interface+ 1 for the domain magnetization being parallel to the aver-
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age direction and-1 for the domain magnetization being E(k;,u) andE'(—ks,v) the functional forms foz<0 ana-

antiparallel. lytically continued toz>0, in the spirit of Ref. 7, gives
Then if we assume that the functigr(x,y) is uncorre-

lated with structural features at the interface such as the ©) (0)

structural roughness, we can define a statistical two- (Kr,|Z[ki,u)= E T3 (ko T, (ki)

i 2

dimensional domain correlation function RESI

Ya(X,Y)=(p(x,y)p(x+X,y+Y)), (3.0 —x&EleLQmJ.fdxdy
which is analogous to the Debye correlation function for a N “ _
three-dimensional porous medium. This is related to the X g~ 1Al ) ozxY) g ~ia) |
probability that a vectorX,Y) on the surface has one end in )
one domain and the other end in a similarly oriented domain. + E e,*ax&gejrgf f dxdy
Then the expression fdg; in Eq. (2.12) with i,j=m must P
be modified to s @~ 11l ") ozm(x.y) @iy 1| , (4.2)
Smm:Af fdXdYe’qu'R(e’iqZ[‘szm(R)’ﬁZm(o'o)])yd(X,Y), where

(3.2

while S., S., are unmodified. In particular, if we neglect a(ii ) =ki(D) —ki(i", (4.3

magnetic roughness and consider “only” domain effects, and x, 1andX are dielectric susceptibilities defined in Eq.

—iar- 4.2) of Paper Il and kt and k¢(j) are the transmitted
Smm:Af f dXdY eI Tyg(X,Y), 3.3 \(Nav)e vecto?s for the |nc(|£:ie)nt and s(cj:;ttered waves, as defined
which will give rise to magnetic domain scattering from anin Fig. 2 of Paper L Here ng)(—kf) and Tf?L(ki) in Eq.
otherwise smooth surface. (4.2 are 2x2 matrices denoting the transmission coeffi-
A common approximation for random domains and shargients for (—k¢) andk; waves in Fig. 1, respectively, from
walls y4(X,Y)=e R wherea is the average domain size, the average smooth mterface Their explicit forms for small

yields angles @?<1 for the incidence angl®;) and M|x were
a? given in Appendix A of Paper1We note that because of the
Sam=A———5 555 (3.4  continuity of the wave field§see Eqs(4.5) and (4.11) of
(1+gja“) Paper 1]
From Eq.(2.10 we see that such domains will give magnetic
off- specular scattering which will behave asymptotically as [a(jiD]j=ap forall j,j". (4.9
g ° which is the two-dimensional analog of Porod scatterindgystituting in Eq(4.1) and carrying out the statistical av-
from random smooth interfaces. erage over the interface, we obtain
IV. DIFFUSE SCATTERING FROM A SINGLE MAGNETIC do )\ diffuse k4 (0) ) Oy
INTERFACE IN THE DWBA (d_ﬂ) = lor? X T (k) TRk T
n—v jj kK
The diffuse scattering in the DWBA can be given, from ©)
Eq. (4.13 in the preceding papérby X (ki) Ty, (K H(@ez(j] 1), Gez(KK')), (4.9
do , , where
il “1e 2[<|7%|> (THP, @D )
_ diffuse H(@(j "), dez(KK))
where 7''= (k¢ ,v|Tk; ,u) is the scattering matrix element
with the vector fieldsk; , ) and|k;,v), which were defined _ 1 - xol2l S e e
in Egs.(4.4) and(4.10 of Paper I As shown in Eq(4.14) _QZ‘Z(]J ") g, (kK ) X17 X0 Ja¥j’a

of Paper I (k¢,v|7lk;,u) can be approximated in the
DWBA by the sum of three matrix elements involvind®,

A°, andA™, which represent an ideal system with a smooth
interface and perturbation ogf® due to structuralchemi-

cal) and magnetic roughnesses, respectively, as defined in
Sec. IV of Paper t. Bearing in mind that the first term in-
volving x\©) vanishes for diffuse scattering, the remaining
terms involving only perturbationA® and A™ contribute to
diffuse scattering, and their matrix elements are evaluated
with the vector statdk;,u) [or E(k;,u) in Eq. (4.4 of
Paper 1] and its time-reverse stat¢—k{,») [or E'
(—k¢,v) in Eq. (4.10 of Paper 1. Assuming for both

E sk’

Uget

(2)* *

X

2
s e:yxggek,g)umm
Y

J’_

(Xl_Xo)*(za: ejaej*/a)

X (4.6

Z e:yX ek’a)ucm+c C]
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and !

ul.,=ffffdxdydxdy'

X {(ei[QTz(JJ ") 8z7)(x.y) — Aro(KK") 62 '(X',y')]>

| —o-0 ' (a)l Lo -0 (c)l
T B Te (I,-1)<0

;%f-\;

Intensity
5 SA\

_<eiqTZ(JJ’)5z|(x,y)><e—iqtz(kk’)ﬁqr(X’,y’)>} 10-9: N

x @~ ia)- (=) 10

0 005 0.10 015 020 025 030 0 0.05 0.10 0.15 020 0.25 0.30
-1 -1
- 2 A A
— Ao (2G5 2ot + aukk)20r] %, 1 ., 71

xf fdXdYe—qu-R(equ(ii’)qtz(kk’)Cuf(R)_1)_

(4.7

In Eq. (4.6) c.c. refers to the complex conjugate of the pre-
ceding term, and in Eq4.7) we have again made the cus-
tomary Gaussian approximation fdiz(x,y) (I=c,m) in
carrying out the average. The notations are the same asi gy L . . . | A
Eags.(2.13—(2.15. 0 1 2 3 4 5 v 0 1 2 3 4 5 & 7
as.( 3) (2.19 . - " q [x107° A7] q [x107 A7)
For circularly polarized incident x rays witte. (k;)

=[eg(ki)iiew(ki)]/\/§, the scattering intensities without FIG. 3. Calculated x-ray resonant magnetic diffuse scattering
polarization analysis for the outgoing beam can be evaluateiitensities at the Gd ; edge (7243 eV} from Gd surfaces with

Normalized Intensity

as different roughness parametefs) and (b) (o¢,0m)=(5 A,3 A)

and (. ,&m =(800 A,1500 A).(c) and (d) (o¢,0m)=(3 A5 A)

do 1 1 with a 20-A-thick magnetically dead layer andé.(&y)
_> =—— 2 > [k, v|Tiki o) =ilke,v|Tk; )2, =(1500 A,800 A). Roughness exponemt-0.8 was used for all
dQ + 1672 2 v55,m structural and magnetic interfaces. (5) and(d) the structural and

(4.8 magnetic interfaces separated by a magnetically dead layer were
assumed to be completely correlatédircles, & =<«. Solid
do do (dashed lines represensr— o (o— ) scattering and opeffilled)
(—) —(—) circles represent the positiv@egative values of the differences
dQ + dQ/_ betweenl . andl _. Top panel: longitudinal diffuse scattering with
1 an offset angle of 0.1°. Bottom panel: transverse diffuse scattering
. * at q,=0.2242 A1 normalized to unity by the maximum diffuse
_?Zlm[ V;;‘m (ke v TTki o) (ke v| Tl ) ] scattering intensities to clarify the effect of lateral correlation
lengthsé, and &, .

ko
) _Zlm[ _E E T (—k) T (—ky) tween the structural and magnetic interfaces separated by a
m YT KK magnetically dead layer, as shown in Fig. 1, the Schlomka
et al® expression was used:

X (k)T (k) H (o] ’>,qtz(kk'>>] . (49

g.0 2h 2h
Ccm(R): 02 m(e*(lRVfc) °+e*(‘R|/§m) m)e*A/ﬁ,cm,

We shall now illustrate numerical examples calculated again (4.10
for a Gd surface with various structural and magnetic rough- '

nesses and magnetizations along xhaxis. Here, we have \here¢, ., is the vertical correlation length between the
used the height-height correlation functions introduced bystructural and magnetic interfacial roughnesses separated

Sinhaet al.” for self-affine fractal interfaces, i.e., spatially byA.
Figure 3 shows the calculations of x-ray resonant mag-
Ced R)=a2e- (RIE™  c(R)= g2 (RIEm ™ netic diffuse scattering intensities at the Ggledge from Gd

(4.10  surfaces with different roughness parameters. In Figs). 3
and 3b), the structural interface has a roughnessogf
where &, and &, are the lateral correlation lengths of the =5 A and ¢.=800 A, and the magnetic one hag,=3 A
roughnesses at the structural and magnetic interfaces, respeaid £,,= 1500 A. On the other hand, in Figs(cB and 3d)
tively, and h is the roughness exponent describing howthe values of roughness parameters for the structural and
jagged the interface is. For the cross-correlation function bemagnetic interfaces were reversed, and those interfaces are
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separated by a 20-A-thick magnetically dead layer, as showh? each layer can be characterized by its dielectric suscepti-
in Figs. 3g)—3(i) of Paper I* The roughness exponeht  bility tensor .z, for the nth layer, which can bey.z
=0.8 was used for all structural and magnetic interfaces=xnd. for nonmagnetic (isotropig layers and x.gn
Longitudinal diffuse scattering intensities in FiggaBand =Xn5aﬁ+x(fgm for magnetic(anisotropig layers, as defined
3(c) show similar features as specular reflectivities in Figsin Eq. (3.5 of Paper I* The solution for the electric fields
3(a) and 3g) of Paper t and do not show clearly the effect inside thenth layer in the case of the “smooth” interfaces
of different lateral correlation lengths. Instead, since longitu-can be given by
dinal diffuse scattering intensity is sensitive to the vertical
correlation length between spatially separated interfaces, for
the dead-layer sample we performed calculations with and E, (k; ,,u)=2 Tﬁoj)(ki ,M)é] eikin()-r
without vertical correlations between the structural and mag- i ’ ’
netic roughnesses separated by the magnetically dead layer.
These vertical correlations are related mainly to the interfer- +> Rff’j’(ki ,M)éj neikir,n(i)-r, (5.1
ence term, , —1_), as shown in Fig. @), where circles i ' '
represent a complete vertical correlatiadh € «).

In order to show the effect of the lateral correlation where the amplitudeé’ﬁ,oj)(ki ,u) and RO(k;,u) are the

Iengths,_ we have glso_ calcu_lgted transvefee .rocking vectors (FEO{,Tﬁoz)) and (IQQ,R%O%) repreéjtanting two trans-
curve diffuse scattering intensities, where the widths of themjtted and ‘two specularly reflected waves with wave vectors
diffuse parts depend primarily on the lateral correlanonki a(j) andkj .(j) in the nth layer, respectively, excited by

lengths¢. Figures 8b) and 3d) show the transverse diffuse g incident wave in vacuum with wave vectqrand polar-

scattering intensities af,=0.2242 A"* normalized to unity  i;ation 1, These amplitudes can be obtained from recursive
by the maximum diffuse scattering intensities to clarify the, s 5> 5trix formalism developed by Stepanov and Stiha
effect of lateral correlation lengths. From two opposite cases,q their explicit expressions were given in Appendix E of
Figs. 3b) and 3d), with reversed values for the structural paper L The indexj represents two components of each field
and magnetic lateral correlation lengths, we find that theamplitude and defines,  component for nonmagnetic lay-

width of the diffuse part of each scattering channel can,.o onq (1)-, (2Xcomponent for magnetic ones, as shown in
clearly give a direct estimation of the corresponding Iaterakhe Appendix. Similarly to Eq.(5.1), the time-reversed

corlr_(ceilall_tlon length, as dIZCUSSGd abO\(/je, Ee:jﬂlf scattering  yaves in thenth layer for an incident wave with vector
(solid lineg .versusgc and o— 7 one (dashe mebversu.s (—k;) and polarizatior can be also given by
¢n. The widths for (. —1_) correspond to the effective

lateral correlation lengthé.,, between the structural and

magnetic interfaces, which can be defined from @dlL1) by ET(—k, -V):Z TE](‘)j)*(_kf ,v)é,yneik?,n(j)'r
i
ZFCI‘T‘I ~ A E T
exp{‘ il ] + 2 R (—kp g e (5.2
Eem :
1 IR[| 2" IR 2"m i1 For the structurally and magnetically rough interfaces in
2|8R~ £ texp - En , (412 multilayers, we may write more generally
N
and then should be betweép and &,,. This can be clearly ry= ©) (MV+AS. (N+A™ (r 5.3
seen in Figs. @) and 30). Xap(N= 2 XD+ AGpn(D+ AT (D], (B

V. DIFFUSE SCATTERING FROM MULTIPLE MAGNETIC where
INTERFACES IN THE DWBA

(0) — = ~
. ) . . ) Xepn(N)=x for z,<z<z,_
For a multilayer with multiple interfaces, following the apn af.n " n-1

representation for a single surface taken in Sec. IV of Paper =0 elsewhere, (5.9

A (N =(Xns1—Xn)Bap  TOr  2,<2<Zy+ 2o n(X,y) If  8Z¢n(X,y)>0

=—(Xn+1=Xn)Bap  fOr 2o+ 6Z0(X,Y)<2<2, if 52gn(X,y)<0
=0 elsewhere, (5.9

and
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a,Bn(r) (XaBn+1 Xaﬁn) for

— 2 2
Tt )

=0 elsewhere,

0z. n(x,y) and 8z, n(x,y) denote the height deviations of
the nth structural and magnetic interfaces from the average

heightz,, respectively.

To calculate the diffuse scattering from multilayers, in the

spirit of Ref. 7 we assume again for bof,(k;,u) and
EI(— ks ,v) inside each layer the functional forms in thth
layer, where z,<z<z,+ 6z m)n(X,y) fOr 6z mn(Xy)
>0, analytically continued to those in the{ 1)th layer,
where  z,+ 6Z(¢ m) n(X, y)<z<zn for  6z(c mn(X,y)<0.

Evaluating(k; ,»|7(k; , ) from Eq. (4.14 of Paper } with-
out the first term on the right side and substituting E§sb)
and (5.6) give

(ke v|Tlki,pm)
N-1 1,2(or o,7m) 3

SZ 2 EC““(u E@Ds (i),

(5.7)
where
Co M) =T~ ke, ) T (ki ),
CH MG =T~k R | (ki ),
CE (i) =Ry (—ke ) T (ki ),
CE (i) =R~k mRY) j (kiuw), (5.8

F"(ap, “(Jj ))_m[(Xn+l_Xn)§ &ant1

X €1t f f dxdye 19 i)z n00)

_ian. 2
xe ' r”""% ej*a,n+1(X£rf3,n+1_Xaﬁ,n
o

2,<2<Zp+ 6Zmn(X,y) i

Zn+ bz (X, y)<z<z, |if

PHYSICAL REVIEW B 68, 224410(2003

0Zm n(X,y)>0

OZmn(X,y)<0
(5.6)

T nﬂf f dxdye 1z (1) 92ma(xy)

xe—iq‘fn}, (5.9
and
05 (i ) =Kz 1(0) —Kizne1(i'),
%5 (i) =Kz 1(0) —Kiznsa (i),
a3, {1 ) =Kizne 1)~ Kiznr1(i),
9% '(i ) =K1 —Kipnsa(G). (5.10

Substituting in Eq(4.1) and carrying out the statistical av-

erage over the interfaces, we finally obtain

do diffuse k4 N-1 1,2(o,m) 3
(m) 2 22 C””(JJ )
n—v 1677 nn'=0 jj'kk’" p,p’'=

xc;,“*(kk')
{(FM(ans (] )F"™* (), (k)

—(F@s i DNF™* (a2 (kKDY

(FP(a0s 1] ))F™* (a2 (kK —(F @y 2§ DYF™ * () ; "(kK)))

1
ki YA (kk')

(5.1)
(2) )
and
|Xn+1_Xn|2<E e?a,n+1ej’a,n+1)(2 eka,n’+1e:/a,n'+1>ugg
a (23
(2)* (2)* * !
2 eja n+1(Xa,B n+1 Xuzﬁ n)€jr Bn+1)(2 €ka, n/+1(Xaﬁ n'+1~ Xagn’ )ek/ﬁ,n1+1 Umm
2 ’
+(Xn+1— Xn)(z e]a n+1€j’ an+l)<2 €ka, n’+1(XaB n’+1 Xig?r)e:r‘g,nq.l)ugr?l"_c'c" (5.12
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where whereC.., C.m, andC.,, are the cross-correlation func-
tions for structural-structural, magnetic-magnetic, and
2™ )20 g (k) 202 structural-magnetic mterfapes, respectively. Agdin, rep-
U7 = Ae™ (W2)lpz U170, (4O%0y] dXdy resents the lateral correlation lengthg, the roughness ex-

ponents, and, ;. the vertical correlation lengths between
Xe“q\\‘R(eQBZ”(ij’)q;::“(kk')cu/,nnf(R)_1). different interfaces, respectively. _
Figure 4 shows the results of calculations of x-ray reso-
(5.13 nant magnetic diffuse scattering intensities from a
_ o o [Gd(51 A)/Fe(34 A),s multilayer at the Gd L edge(7929
For circularly polarized incident x rays, the scattering inten-gv/), which was used in Sec. IX of pape} Figures 4a)—
sities without polarization analysis for the outgoing beam4(d) show the dynamical calculations in the DWBA using
can be also evaluated using E¢$.8) and (4.9). Eq.(5.11) in Sec. V, whereas Figs(é—4(h) show the kine-
We shall now illustrate numerical examples calculated formatical ones using E@2.21) in Sec. Il. It can be clearly seen
a multilayer withN interfaces. For the calculation of diffuse in the DWBA calculations that the anomalous scattering
scattering intensities, we have assumed again the self-affirgeaks? in the rocking curves ofl(, —1_) intensities appear
fractal interfaces for the height-height correlation functiéns. at the incident or exit angles corresponding to the positions
For the cross-correlation function between tith andn’th of different order multilayer Bragg peaks, as shown in Figs.
interfaces, the Schlomket al!® expression was extended as 4(b)—4(d). This has been observed experimentally by Nelson
et al.® but it has not been simulated theoretically because the
kinematical calculation used by them cannot explain these

T nO" nr ,
Citr i (R) = =12 (= (Rl )M n Bragg-like peaks in the rocking curves even for the charge-
scattering intensities, as shown in Figée)44(h). Neverthe-
+e,(‘R|,§”,Yn,)zh”r,nr)e,|;n,;n,|/ﬁ'”, less, kinematical calculations have been used widely because
' of their simplicity and good agreement of the overall features
(5.19 of the rocking curve with dynamical calculations.

1073 — . . ; .

10 (c) 1 (d) ]
b 107
= 1wt
2]
S 107
8
=R

10 1

L 1ff A

107? . e,

1w (h) ]
. 1075 _—/\
= 1wt 1 1
(7]
g 107 1 /\
(5}
= w0t 1 l
— 10 1 ]

1071 ¢ T o (I,-1)<0 T 1

10-11 & 1 1 1 1 1 1 1 1 1 1 1 1 & 1 1 1 1 & 1 1 x

0 0.050.10 0.15 0.20 0.25 0.30 0.35 -1 0 1 2 -2 -1 0 1 2 -2 -l 0 L 2
q, [A-1] 0, - 26/2 [deg] o, - 20/2 [deg] 6, - 20/2 [deg]

FIG. 4. Calculated x-ray resonant magnetic diffuse scattering intensities figdBu@1 A)/Fe(34 A),s multilayer at the Gd_, edge
(7929 eV}, which was used in Sec. IX of PapetRef. 1. The roughness amplitudes rec=4.7 A, o¢ care 3.6 A for charge interfaces
and oy, re/cd= Om,cdFe= 4.2 A, Um,ed/ed:4-6A for magnetic interfaces were used. For diffuse scattering, lateral correlation lengths
(€ccréem, €mm = (240 A,1000 A,1500 A), roughness exponerits,=h.,=h,,=0.3, and vertical correlation lengthst,(cc,&, cm,

& mm=(450 A,670 A,1400 A) were assumed. Top pdital—(d)] shows the dynamical calculations in the DWBA using Exy11) of Sec.

V, whereas bottom pangle)—(h)] shows the kinematical ones using E#.21) of Sec. Il.(a) and(e) represent longitudinal diffuse scattering
intensities with an offset angle of 0.1°, afo)—(d) and (f)—(h) represent transverse diffuse scatteringcking curve intensities at the
second- to fourth-order multilayer Bragg peaks, respectively. Ttifik) solid lines represent— o (o— ) scatterings, and grajplack)

filled circles the positivénegative values of the differences betwekn andl _ . The intensities of transverse scans are shown as a function
of [ 6;—(26/2)], where 2= 6;+ 6;, in order to illustrate the lowg, scans better while,=q,X[ 6,—(26/2)] where the angles are in
radians.
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In order to compare our dynamical theory with experi- 1.0
mental data, we used the same experimental data as those
Ref. 9, where the experimental data were fitted using the - o8
kinematical calculations. Figure 5 shows the measured sun
(@) and difference(b) of opposite photon helicity rocking
curve datalcircles, as presented earlier in Fig. 4 of Ref. 9,
from a[Gd(53.2 A)/Fe(36.4 A)}s multilayer near the Gd
L, edge(7245 e\). The rocking curves were measured at the
second (,=0.147 A1) and the third ¢,=0.215 A™%)
multilayer Bragg peaks. The lines represent the fits calcu-
lated in the DWBA using Eq(5.11). For the calculations, the
charge and magnetic resonant scattering amplitudes near tt 10000
Gd L5 edge (7245 eV} were used ag$.=37.9+19.8 and

e S
Ll (=2

sum counts [x1
=
[\

8000

fm=—0.22+0.48, whose relationship t& andB defined in = I
Eq. (3.3 of Paper t was discussed in Sec. VIl of Papet I. 5 6000
Ferromagnetic layers were assumed to exist only near theS 4499 |

Gd/Fe interfaces, and their layer thicknesses were 7.8 A, a:
estimated in Ref. 9. From the best fit for both sum and dif-
ference intensities, we obtained the roughness amplitude
o.=7.2 A ando,=1.0 A, the lateral correlation lengths
£..=240 A andé,,,=1000 A, the roughness exponetts.
=h,y,=0.3, and the vertical correlation length§, .. -4000
=440 A and¢, =670 A. When compared with the kine- I
matical calculations presented as the solid lines in Fig. 4 of
Ref. 9, the DWBA calculations in Fig. 5 show clearly that
the anomalous scattering features indicated by the arrows in
Fig. 5 can be explained well by the dynamical theory in the FIG. 5. Measured sunfi(l,+1_), (a)] and difference[ (I ;
DWBA for both sum and difference intensities. —1_), (b)] of opposite photon helicity rocking curve ddfrcles
at the second ,=0.147 A'Y) and the third ¢,=0.215 A™?)
multilayer Bragg peaks, which have been presented earlier in Fig. 4
VI. CONCLUSIONS of Ref. 9. The lines represent the dynamical calculations in the

We have shown in this paper and the preceding Pafper |DWBA using Eq.(5.11) and explain well the anomalous scattering
that one can generalize the conventional theory of Ordmaryeatures indicated by the arrows in both sum and difference inten-
(Thomson x-ray scattering from surfaces possessing self>'ies: The sample was [Gd(53.2 A)/Fe(36.4 A);5 multilayer,
affine structural roughness to the case of resonant magnetlc?d the photon energy was tuned at 7245(€d L ; edge.
x-ray scattering from surfaces or interfaces of ferromagnetigystems and compared with the experimental data from a
materials possessing both structural and magnetic rouglzd/Fe multilayer.
nesses. For this purpose, we have represented the deviationswe hope that the expressions given here and in péper |
from a smooth magnetic interface in terms of “rough” mag- will be useful in helping to analyze the rapidly increasing
netic interface, distinct from the structural interfdbeit pos-  amount of magnetic x-ray scattering data currently being ac-
sibly correlated strongly with )it with its own self-affine  cumulated from magnetic thin film and multilayer systems
roughness parameters and parameters representing the com@d in extracting meaningful parameters regarding both the
lation of the structural with the magnetic roughness heighttructural and magnetic roughness. This information will
fluctuations. Components of the magnetization at the interhelp in the understanding of the magnetic and magnetotrans-
face which are disordered on much shorter length scales afsort properties of these multilayered systems. The codes for
ignored in this treatment, as they will scatter at much lager the calculations in this paper and the preceding one are also
values than those of interest here. The decrease of the imwvailable in C language from one of the auth@sR.L.).
plane averaged magnetization as a function of distance from
the interface is taken into account by a form factg(q,) ACKNOWLEDGMENTS
which is the Fourier transform with respect 2mf the de-
rivative of graded average magnetization density, and a ma%f
netic dead layer is taken into account by allowing for a pos
sible separatior\ along thez axis of the average structural
and magnetic interfaces. In addition to magnetic roughness,
magnetic domains can also give rise to offspecular scattering
and their effect has also been included in the formalism.
Formulas have been derived both in the BA and the DWBA
for both single and multiple interfaces. Numerical illustra- In order to obtain explicit expressions for the scattering
tions have been given for typical examples of each of thesetensities in Eq(2.16) or (2.18), the polarization-dependent
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APPENDIX: EXPLICIT EXPRESSIONS FOR THE

SCATTERING CROSS SECTIONS IN THE BORN
APPROXIMATION (BA)
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terms (_jenoted by Eq2.9 should b.e calculated for a given G37=M;M,sin6;+ M M cosé;,

scattering geometr{ We here consider a common scattering

geometry wherek;, k; are both in thex-z plane (i.e., no o 5. ) 5

out-of-plane scatteringas depicted in Fig. 1, and G3 "= —Mjsing;sin 6+ M;cos6,cosby
éU(M):éU(V):S‘/, +MZMXS|n(0i_0f), (A4)

where the first and second indices of the superscripts repre-

e,( ) =xsin ; + zcoso; , sent the polarizations of the incident and final photon states,
. . _ ~ respectively. The offspecular scattering can be then ex-
e, (v)=X(—sin ;) + zcosés . (A1)  pressed explicitly from Eq2.18 by
m, v represent the incident and final photon states, @&nd 5
0; are incident and scattered angles, respectively. d_ff _r_o{| |2t N2 (TIPS
Now we redefineG, and G,, in Eq. (2.9) in terms of dQ/ = g2 P17 P2l >ec™ Hm y=mm
G123 Which are more convenient for explicit calculations, _
by ~2(p1—p2)NpRECre A IMIS, ),
Ge=(p1=p2)G1, Gn=inn(BG,+ICGy), (A2 dol 12
0 ~ .
where (d_Q) =?nﬁq |B|2(Mcosf;+ M,sin 6;)2
g z
— (&% A _
G1=(€, &), +|CI2MZ(Mysin 6;— M ,cos6;)?
Gy=(€;xe,) M, +2Im[BC* J{(M2—M2)M,sin 6;cosb;
G3=(€}-M)(e,-M). (A3) —M,M,M,cos(26:) }}Srm,
Inserting Eq.(Al) in Eq. (A3), we obtain q )
g o 213 .
GJ’=1, GJ{"=G]7=0, GJ"=cog6;+6;), (d—Q) =?nm{|BIZ(Mx0089i—Mzsm 6,)°
T z
G57=0, G3"=—M,c0s60;—M,sinb;, + |E|2M§(stin0i +M,cos6;)2
G77=M,cos6,—Msin;,  G;"=M,sin(6;+ 6;), +2Im[BC* J{(M2—M?)Msin g,cosé,
GJ’=M;,  G§"=—MMsinf;+MM,coso;, +M,M,M,cog26,) S,

do r - -
(m) =q—2(|p1—p2|20052( 0;+ 07) St N BIPMIsir?( 6, + 60¢) +| C|[ MZsin 6;sin 6, — M 2cos6;cos6;

mT z
— M, M,sin(6;— ;) 12— 2Im[ BC* IM,sin( 6; + 6;)[ MZsin 6;sin 6;— M 2c0s6;cos6; — M ,M,sin( 6, — 6;) 1} S,
+2(p1— p)Nief IM[B* €194 M cog 6, + 6;)sin( 6; + 6;) + R C* e~ 974
X cog 6+ 0;)[ M 2sin 6;sin 6;— M 2cos6,cos; — M, M, sin( 6, — 6;) ]} S, (A5)

ReplacingS); (i,j=c,m) by e 195~ 2)g~ (WAL +0]) gnd 1. . 1 . . .

r21q2 by 1672r2/q*, respectively, and setting,= ¢;, the (k)= E[ea“—”'eﬂ(u)kﬁ[yil(xsm 6, +2zcos6;)],
explicit expression of the specular reflectivity in E¢2.16

and(2.17) can be immediately obtained.

We also consider the case where the difference between 1 . . 1 . . -
L . . a ~ . e.(v)=—=[e,xie(v)]=—=[y=xi(—xsin b+ zcosb;)],
the scattering intensities for righe() and left _) circu- J2 V2
larly polarized incident x rays is measur@dostly for ferro- (AB)
magnetic systemsFrom Eq.(Al), the circular polarization
vectors are given by and, inserting these in EGA3), we obtain
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G/ "=G; =3[1+cog6,+6;)], G; =(G3 )*=3{i[M,M(sing;—sin6y)
Gy =G; "=3[1-cog6;+6y)], +MyM,(cos; +cosb) ]+ [ Mzsin g;sin 6y + M;
G, T=(G, )* =1{i[M(cosb;+ cosb;) —M2cos6;cosfs— M, M,sin(6,— 6;)]}. (A7)
+M(sing;—sin6;)]+Msin(6;+ 6;)}, Since the difference of the scattering intensities between
positive and negative helicities of circularly incident polar-
B e ization without polarization analysis for the outgoing beam
G, =(G; ")* =3{i[My(cosb;—cosb;) can be evaluated as
—M(sing;+sin6;) ] —Msin( 6, + 6;)}, do do
m) . m)
++ —— 1g: ; ; B
Gz " =(G3z )* =3{i[MM(sin6;+sinb;)
_1{(d0') +(d0) (da) (da) }
+MyMz(cosei—cosef)]+[—Mﬁsinaisinaf 2[1dQ 4 dQ +- d€ -+ daa)__J
(A8)
+M?Z+MZcoss;cos;+ M,M,sin( 6, — 6;) 1}, inserting Eq.(A7) into Egs.(2.16) and(2.18), we obtain

e

and

2

r -
2—2{(p1— p2)Nm(REB* e 19227 (— 1){M,[ cosd; + cosé;cog 6, + ;) ]+ M [ —sin 6, + sin 6;cog 6, + 6;) ]}
az

+Im[C* e 19A](— 1{MM,[sin 6+ sin §;co 6;+ ;) |+ MyM [ cosd; — coshcog 6, + 6r) ]})S;
+n2REBC* {M,MZ[cosb; — sin o;sin( 6+ 6;) ]+ M,M3[ —sin 6, + cosésin( 6, + 6) ]
— M3sin 6;sin 6;cosé; + M3cosé;sin 6;cosd; + M, M2[ coss,cos 0; + sin 6;sin( 6, — 6;) ]

+M2M,[ cos;sin( 6, — ;) — sin 6,Sir? 61} S/, ot (A9)

16m2r2 . .
R,—R_ :—40{2(p1—p2)nm{Re[B* e '924](— 1)(Mycos' 6, — Msin®6;) +Im[C* e "9 ](— 1)(M M ,sin 6,cos §;
d;

2, 2 2 ~ o~
+MyM cosg;sirg;) te” A%t o)+ nZ R BC* [ MM cosb,cog26;) + M, M sin 6,cog 26))

— M3sir?g,cos6, + M3co26,sin 6, + M, M2cos 6, — M2M sin ¢, e~ % (A10)

For a mult“ayer withN interfaces, we have assumed thatatom itself. On the other hand’\dn, Nmn Can have different
resonant magnetic scattering amplitudgs, C, of each directions and densities for each layer. We redefine again

layer have the same valig C for all resonant layers, be- éc,n and'é-m_n in Eq. (2.20 in terms ofG; , ; defined in Eq.
cause these parameters depend primarily on each resondA) by
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_ —p)G1=Ap G, and using Eq(A4) the explict expressions for these terms
(Pr+17Pn)G1=400C1 inthe cases of linearly polarized x rays, i.eq, o, wo,
and 7w scatterings, can be easily obtained. SinGe,
& =iBIn G —ne G, 1-CIn G AG,;, andAGg; of all layers are real for linear polariza-
mn= 1B n1G20417 NmnG2n] = ClMmn1Gan 1 tions as shown in EqA4), the offspecular scattering from a
_ _ multilayer in Eq.(2.21) may be expressed in a more practical
—NmnG3n]=i[BAG,,+ICAGz,], (All) form as

(d(r) _r%%
dQ 2

; |Apn|?GES,c in+1BI2PAGS ,,+|C|?PAGE,+ 2IM[BC* JAG 1A G0} Shmnn
m—v

+2{(IM[Ap,B*1G;AG,,,— RE Ap,C*1G1AG3,)c08q,A ) — (REAP,B*1G1AG,,
N
+ Im[APnE*]GlAG3,n)Sin(qun)}S(,:m,nn+ 2 2 [{Rd:ApnAp:,]G%COSQZdnn/)

n’>n
+IM[AppAp), 1G3SIN(QAnn )} S, o T {(IBIPAG24A G +[CI?PAG30AGsy + IM[BC* JAG,,AGg
—Im[CB*]AG3,AG,,,)c08q,dny )+ (— REBC* JAG,,AG3,,/
+RgCB* JAG3,AGopy)SiN(0,0nn )} S

- Rd:Apn’é* ]GlAGB,n’)COiqz(An_F dnn’)] - (Rd:APnE* ]GlAGZ,n'

+({(IM[Ap,B*1G,AG,,,

+IM[ApC* 1G1A Gy )SIN Ax(Ap+ ) 1S, o H{N=N') S,

cmn’ n)]

(A12)

cmnn’

where{n«<n’} refers to exchanging andn’ in the preceding term involving W|tlscmnn, ,
=c,m) were defined in Eq(2.22.

The difference of the scattering intensities from a multilayer between opposite helicities of circularly polarized x rays can
be also explicitly expressed from E@.21) and Eqs(A7)—(A8) as

(d(r) (do) r
dQ da) g
+IM[Ap,C*1AI(n; 6, , 65 ;T 5))cog A )+ (IM[A pB* JAL(n; 6, , 0 :T7)

N
—REAp CH 1A 6,0 TH))SING, AN} et > {(REBC*1A{Y(n,n"; 6, ,6;:T )

n’'>n

dnn’:;n_?r,w andS” nn’ (i.]

onN

2

Rd:BC* A(O)(n!n10|10f1 O)Smmnn+{(Rd:ApnB*]A(l)(n 0I!0f! 1)

N N

+RgCB*A(n,n";6;,6;:Ts5))cod q,dny )+ (B]2PAL(n,n": 6;,6; ;T3) +|CI12PAO (n,n"; 6,,6;:T )
+Im[BC* 1AL (n,n"; 6,64 :T0) +Im[CB* JA{D(n,n"; 6, , 6¢ 1T 5))SIN(0,8nn) } S

+{(RLAp,B*1A(N';6;,0¢;,T ) +1IM[Ap,C* AN 65,01 ;T 5)cog (A +dpg) ]

+(m[Ap,B*JA(n";6;,6;;T ) — R Ap, C*JA(n"; 6;,6¢;T5))sin a,(A)+dpe ) 1}S,

cm,nn’

+{nen'ys |, (A13)

where
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AO(n,n";6,,60¢:T ) =N 1N+ 20 p(NF+ 10+ 136,00 + Ny oy o T (NN 61, 6) = Ny o e 2T p(N,0 + 156, ,65)

- nm,n+1nm,n'rp(n+ 1n’;6;,6¢),

AM(n; 6, , 64 o) =—Nmnrlp(N+1:6,00)+ N0y I o(n; 6, 65), (Al4)
and

To(n,n’;6;,00)=(M"cost;+MIsin6)[(MD)2cos6,cost;+ M7 MDY sin( 6, — 6;) — (M) 2sin 6;sin 6]
+(MJcosg;—Msin6) (M) )2—MJsin( 6+ 6;) (M} MY sing;—M}) M2 coséy),
I'1(n;6;,60;)=M}ycoss;,—M)sin 6, +cog 6; + ;) (Mycos; +MIsin 6;),
I'5(n; 6;,6¢)=M3ZMysin 6+ MyM7cose; + cog 6; + ;) (MyMysin 6 — MJMjcosby),
Ca(n,n';6;,6;)= M;"sin( 6;+ 0r) (Mycosb;+ M3sin 6;) — Mysin( 6, + 0:)(M" cosf;+ M sin6y),
T4(n,n’;6;,60)=(M) )AMEIMYsin 6+ MIMOcosd,) — (MJ)Z(ME M sin 6+ MY MY cosé)) +[ (M3 )2cos6;cos;
+M?'M? sin(6, — 6;) — (M"")Zsin 6;sin 6:1(MMYsin 6;— MIMjcosby) — [ (M})?cosb;cosbs
+MIMISin(6,— 6;) — (MJ)?sin g;sin ;] (M M} sin6;— M MY coséy),
Is(n,n’;6,,6¢))=Ty(n",n;0;,06;). (Al15)

. - 2, 2 2
o (1j=c,m) by e 19in "2 n)e " V27" ) 1) andr§/q; by 16m7rg/q;, respectively, and setting

= 0;, the explicit expression of the difference of the specular reflectivities with opposite helicities can be immediately
obtained from Eq(A13).

Again, replacin
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