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Complete determination of the reflection coefficient in neutron specular reflection
by absorptive nonmagnetic media

H. Leeb, H. Grez, and J. Kasper
Institut fir Kernphysik, Technische Université/ien, Wiedner HauptstraBe 8-10/142, A-1040 Vienna, Austria

R. Lipperheide
Hahn-Meitner-Institut Berlin und Freie Universit&erlin, Glienicker StraBe 100, D-14091 Berlin, Germany
(Received 16 May 2000; published 9 January 2001

An experimental method is proposed which allows a complete determination of the complex reflection
coefficient for absorptive media for positive and negative values of the momenta. It makes use of magnetic
reference layers, and is a modification of a recently proposed technique for phase determination based on
polarization measurements. The complex reflection coefficient resulting from a simulated application of the
method is used for a reconstruction of the scattering density profiles of absorptive nonmagnetic media by
inversion.
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[. INTRODUCTION In this work we propose a modification of the reference
layer method for nonmagnetic samples based on polarization
Neutron specular reflection has become a common tool imeasurementsThe modification consists of an interchange
materials sciencesNevertheless, there are still severe diffi- of the positions of the sample and the reference layer, which
culties in the interpretation of reflectometer experiments beallows a determination of the reflection coefficient for posi-
cause of the so-callgshase problemThis problem refers to  tive and negativey values. The method also works in the
the incompleteness of the data obtained in standard expefiotal reflection regimgin contrast to Refs. 7)8it is only
ments in structure physiés,where only the intensities of the [imited by the sample thickness because of the corresponding
reflected waves are measured but not the correspondingiessig oscillations which must be resolved.
phases. In specular reflection both the modulus and the phase |n Sec. Il we present the method, and derive the basic
of the reflection coefficient are needed for an unambiguousge|ations for the phase determination. A realistic example is
reconstruction of the surface profilés. given in Sec. Ill, where by simulations we demonstrate the
Several solutions of this so-called phase problem haveeasibility of the method. The problem of thick samples is

been proposed for neutron specular reflecfioii.Recently aiso discussed. A brief summary and concluding remarks are
proposed reference layer methods based on polarizatiogiven in Sec. IV.

measuremenis® are of particular interest, because they also

work in the total reflection regime, and allow unigue recon-

structiog of surface profiles of magnetic samples. The experi- Il. THE METHOD

mental implementation of the reference layer method of Ma-

jkrzak and Berk was first achieved with good success by ~We consider the arrangement of an unknown nonmag-

Majkrzak et al,'* who also proposed and tested experimen-etic sample and a magnetic reference layer mounted on a

tally the relatedsurround method®® substrate(e.g., a Si wafer as shown in Fig. 1. We assume
The available methods of phase determinatiexy., Refs. that within the reference layer €0x<a) there is a magnetic

7-16, for nonabsorptive as well as absorptive samples, profield B(x) aligned with the surface of the sample. The direc-

vide us with the full(modulus and phageeflection coeffi- tion of this field is taken as theaxis, which is chosen as the

cientR(q) for positive values of the wave numbegiperpen-  axis of spin quantization. The direction of propagation per-

dicular to the surface of the sample. On the other hand, thpendicular to the surface defines thaxis in a right-handed

reconstruction of the surface profiles by inversion requires @oordinate system. Such a magnetic reference layer may con-

knowledge ofR(q) over the positiveandnegative range af  sist of a ferromagnetic stratum, e.g., a Fe, Co, or Ni lager

values. This is no problem for nonabsorptive samples, beFig. 1). We assume that the sample as well as the substrate

cause in this case the reflection coeffici®{ty) satisfies are field free. However, further considerations still remain
valid as long as the conditiofB(x)|=0 for x—c is satis-
R(—a)=R"(q), (1) fied.

The arrangement of Fig. 1 differs from that of Ref. 9 only
and R(q) at negativeq values is directly given in terms of by the interchange of the sample and reference layer, and
R(qg) at positiveq. However, in the presence of absorption, therefore we can make use of the same relationships for a
relation (1) does not hold, and therefore a reconstruction ofdescription of the reflection. The position of the sample on
the surface profiles is not possible without further input. Totop of the reference layer and the substrate, however, leads to
our knowledge, so far no procedure has been proposed fa completely new situation as compared to previous propos-
providing the missing information. als for the solution of the phase problem. This is easily seen
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4 whereP=(P,,P,,P,) andP°=(P},P),P?) are the polar-
izations of the reflected and the incident beam, respectively.

The indices* refer to neutron beams polarized parallel
(+) and antiparallel {-) to the magnetic field. All quantities
on the right-hand side of E¢5) are measurable, and there-
! = fore s can be determined experimentally.

Use of Eq.(2) for R'"in Eq. (4) leads, after simple alge-
braics, to the relation

Au Cd| Cr Fe/Co Si
e e sweme _RU@) _(p{—sp)—Replp(1-9) ©
E(@)  (1-s)—Rs(p. —sp)
V(10* nm?) The term on the left-hand side of Ed6) is equal to
St Rr(—0q), i.e., to the right reflection coefficient at negatige
: values(cf. Refs. 17,18 and therefore Eq6) becomes
(p{ —spL) —Re(Q)p{ pL (1-9)
Rr(—0Q)= !

(1-s)—Rg(Q)(p. —sp;)

This is a relation involving measurable quantities which ex-

3 T T T T
;40 60 80 100 x(um) presses the right reflection coefficient-at] (g>0) in terms
L of its value atq.

Au. € Cr Co Si For a full determination of the reflection coefficient

FIG. 1. Experimental arrangement for measuring the complexRr(0) at positive and negativg valuesi.e., for obtaining
reflection coefficient. Top: arrangement of the layers. Bottom: thdWO independent equations for the two unknoviRigq) and
potential profile; the real part is represented by the solid lines, an®Rr(— )], at least two sets of measurements with different
the imaginary part by the dashed area. The dotted lines represent théference layers are necessary. Denoting the two measure-
effective potentials experienced by neutron beams polarized parall@hents with the upper indiceg) and (), from Eq.(7) one

and antiparallel to the magnetic fieRl obtains the quadratic equation fBg(q),
from the expression for the reflection coefficidif' of the a+ BRy(0)+ yRE(0)=0, 8
whole arrangement: .
with
E +R _
RI%Y(g) = (d)pL(a)+RL(9) @ a=(1—s®)(pf @ — @, @)
1-Rg(aq)pL(q)
. | . —(1=s@)(p @ =P ®), 9)
Here the reflection properties of the sample enter in terms of
the reflection coefficient®, andRg and the quantity ﬂ:(P[(b)—S(b)pf(b))(Pf(a)—S(a)P[(a))
E(@)=TL(a)Tr(a) ~RL(QRr(Q), 3 —(p P —s®) Oy (p @) 5@, " (@)
where T, and Ti are the transmission coefficients of the +(1—5(3))(1—s(b))pf(a)p[(a)
sample. The quantity, is the reflection coefficient of the N
reference layer plus the substrate, and the indicesid R —(1-s@)(1-s®)p ®)p ®) (10
refer to incidence from left and right, respectively. Because
of the rather intricate dependence R{°' on the reflection y=(1—s@)(p ) —s®)p 0, # @), @) _ (1 5b)
properties of the sample, the separation of its unknown re- —(a) +(a)y +(b) —(b)
flection coefficient becomes more involved. X(py D= @)p Pp ). 11

Following the procedure of Ref. 9, we introduce the quan-The quadratic equatiof8) has two roots

tity
B+ JRZ_ A
Rlot R2(q) = RENA Ay Zﬁ 4a7, (12)
5= —or @ ’
RC= Similarly to the procedure of Ref. 9, the physical solution
which can be expressed in the form Rr(0) can be selected either by continuity requiring that the
phase¢(q) satisfies¢p(q=0)=— 7 or by the conditionr g
PO+iP% 1+ P =|Rg|?<1. The latter may fail at some values, and must
=1 ;, (5) be accompanied by continuity in certain momentum regions.
PxtiPy 1+ Pz The selection by continuity implies measurements olver
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FIG. 3. The rootsRY? of the quadratic equation as obtained
from the measurements of the polarization components. Top: the
reflectivitiesr $2=|RY?|2. Bottom: the absolute reflection phases
¢(R1,2) are shown assumingigr=— 7 atq=0. The solid curves cor-
respond to the physical solution.
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however, to be small enough not to affect the neutron beam.

FIG. 2. Simulated reflectivity and polarization data for the ar- For simplicity, we ﬁgt 't| Sg&’al to zero.

. . 2 . .
rangement of Fig. 1 with a magnetized Fe film in the reference | he reflectivityr ° L+|* and the polarization compo-

layer. The incident beam is assumed to be fully polarized inxthe NeNtsP, Py, andP, for the arrangement of Fig. 1 have been
direction. The reflectivityri® =|R"°!|2 (a) and the polarization ~calculated for both reference layers at all positiygalues.
componentsP, (b), P, (c), and P, (d) of the reflected beam are TO illustrate the typical observables which have to be mea-
shown. sured for phase determination, we show in Fig. 2 the reflec-
tivity ri°t=|R{°|? and the components of the polarization
P,Py, andP, for the reference layefa), assuming a fully
the whole range of momenta. The soluti®a(—q) at nega- polarized incident beam in thedirection. It is evident that
tive g values is given by Eq.7). in the given example measurements in the rangeqO
We note that the method relies solely on measurements 6£1.0 nm ! are certainly feasible.
the polarization of the reflected beam. In particular, even for Following the procedure outlined in Sec. Il, we obtain
absorptive samples, no transmission measurements at®wo solutions forRg(q) which are displayed in Fig. 3. As
needed for the determination B{ —q), as might be conjec- expected, in a wide range of positigevalues only one so-
tured from the general formalistf. lution satisfiedRg(q)|=<1 and is therefore physically admis-
sible. Applying continuity, the region of uniqueness can be
extended over all positivg values. In addition, via Eq(7)
one obtains unique values &z(—q). Hence the measure-
ments of the polarization at positiveevalues are sufficient
We test the method by a simulation using the realisticfor a determination of the complete reflection coefficient on
example shown in Fig. 1. The sample consists of a 30-nm Aithe wholeq axis. To extract the surface profiles from the
layer and a 10-nm Cd layer, where the latter is strongly abextracted reflection coefficieniz(q), we apply the March-
sorptive. To determine the reflection coefficient for positiveenko inversion procedure used in Ref. 17, where it was
and negativey values, we consider measurements with twoshown to yield correct reconstructions of tbemplexinput
different reference layers. Both reference layers are compotential for some examples modeled on realistic céises
posed of a 15-nm Cr layer and a 15-nm-thick film of ferro- and silver layers on glagsalthough a rigorous mathematical
magnetic material magnetizied up to saturation and mountegroof of the validity of this procedure is lacking. We regard
on a Si wafer. The required difference in the reflection propthis as acceptable from a physicist’'s point of view. The
erties of the reference layers can be achieved by using in tHdarchenko inversion procedure is usually formulated for
measurements F&) and Co(b) for the ferromagnetic layer. R_(q), while our procedure provideR(q). Because of the
The magnetization of this layer will also generate a magnetispecific choice of our coordinate system we can also use
induction outside the ferromagnetic film, which we assumeRg(q) in the formulation of Ref. 17 but we have to change

Ill. EXAMPLE
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70 ' ' ' ' ' ' IV. CONCLUSIONS

60 "Ase -~ We have proposed a method involving a magnetic refer-
o 01 \ | ence layer which allows a determination of the full complex
'g 401 \ ] reflection coefficient at positive and negatiyealues. Thus
1 30 g § a reconstruction of surface profiles of absorptive nonmag-
< 2ot 4 netic samples becomes feasible. The procedure is a modifi-
> 10k j i cation of the previously proposed methbd@ihe main differ-

0 baaas ence is the interchange of the position of the sample and the

10 . . . . ’I’-‘-»--I reference layer. Because of this change the reflection prop-

erties of the sample enter in a more involved way, and re-
quire two sets of measurements using two different reference
layers. The additional effort is remunerated by providing us
FIG. 4. The potential profile of the sample obtained by inversionwith an additional relationship from which the reflection co-
of the extracted values of the reflection coefficient in the momenefficient at negativey values can be obtained. This feature
tum range —1.0=q<1.0 nni ' shown in Fig. 3. The real and allows a determination of absorptive surface profiles by
imaginary parts of the reconstructed profile are shown by thick solidnyersion—an open problem up to now. In a numerical ex-
and dashed lines, respectively. For reference, the original profile iémple, it is demonstrated that the reconstruction of real and
shown by thin solid lines. imaginary parts of the scattering density profiles is feasible.
As in the previously proposed reference layer metHods,
the argument of the evaluated potential frarto —x. This  the thickness of the layers is reflected in theependence of
procedure has been applied to analyze the numerically exthe measured data. Specifically, the so-called Kiessig oscil-
tracted values oRg(q). The results for the scattering length lations must be resolved in experiment. Hence the degree of
density profile are displayed in Fig. 4. It is obvious that thethe monochromaticity, as well as the resolution of the dif-
method reproduces the original potential within the resolufraction angle of the incident beam, set a limit on the thick-
tion determined by the maximum availalgjevalue. ness of the studied system. The roughness of the interfaces
Since the method is strongly related to the reference layenas similar effects and results in additional uncertainties in
method presented previouslyits stability with respect to the deduced reflection coefficietuf. Ref. 9.
experimental uncertainties, e.g., roughness of interfaces and In summary the phase problem of neutron reflection has
measurement errors, is similar to that of the method of Refbeen solved for absorptive non-magnetic samples. The
9. This is also true for the reconstruction of the surface promethod seems experimentally feasible for sample thick-
files. For more details on the stability we refer to our previ-nesses up to 100 nm, and complements reference layer

X (nm)

ous studiegcf. Refs. 9 and 19 method$'° recently presented.
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