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Multilayer structures form a particular class of samples employed in nuclear resonant
scattering of synchrotron radiation. Their specific properties lead to unusua energy and
time characteristics of nuclear resonant scattering, which differ much from those of single
crystals. The analysis of these distinctions is presented. Severa approaches to achieve pure
nuclear reflections with multilayers are discussed. Finally, we review the studies of multilayer
structures with nuclear resonant scattering of synchrotron radiation.

1. Introduction

Since the challenge to excite nuclei by synchrotron radiation has been formulated,
multilayer structures were suggested as a promising tool to filter narrow resonant X-ray
components from the broad-band energy spectrum of synchrotron radiation [1]. The
origina idea was as simple as it was effective: a multilayer composed of layers of
different isotopes of the same element possesses the periodicity only of the nuclear
density but not the electronic one. If one of the isotopes has an appropriate nuclear
resonant transition, this structure should work as a periodic multilayer for the radiation
in the vicinity of the nuclear resonance, whereas it should act like a homogeneous
sample for the radiation far off the resonance. In particular, the Bragg reflections
of this periodic multilayer should contain only the nuclear resonant components of
synchrotron radiation.

The filtering application was the main motivation in early studies of nuclear res-
onant scattering by multilayers. A nuclear resonant monochromator of synchrotron
radiation on the basis of a periodic multilayer allows a wide latitude of design. In
contrast to single crystals, where al scattering features are rigidly defined by nature,
with artificial multilayer structures one can freely choose almost every parameter of
scattering including the resonant energy, hyperfine structure, Bragg angle, and the

* Also at Russian Research Center Kurchatov Institute, 123182 Moscow, Russia.

0 J.C. Baltzer AG, Science Publishers



428 A.l. Chumakov et al. / Nuclear resonant scattering of synchrotron radiation IV-1.2

angular width of the reflection. The optimization of the parameters for the highest nu-
clear reflectivity and the largest suppression of nonresonant electronic scattering was
performed in computer simulations [2—6]. The required theory of nuclear scattering
by layered structures was developed on the basis of the conventiona optical Fresnel
formalism and the recursive Parratt routine [7], which were adapted to the energy-
dispersive case of resonant scattering [8,9]. Several nuclear resonant monochromators
of synchrotron radiation on the basis of periodic multilayers were developed and ex-
amined with nuclear ~-radiation of Mossbauer sources [10-12] and with synchrotron
radiation [13,14]. The goa of pure nuclear scattering was achieved: the devices showed
sufficiently high reflectivity of resonant radiation in the vicinity of nuclear transition
and good rejection of the nonresonant electronic scattering.

Already the first synchrotron radiation experiments with resonant multilayers
showed the tremendous potential providing both structural and spectroscopic informa
tion on these systems. By combining time-domain hyperfine nuclear spectroscopy with
grazing-angle X-ray scattering, a powerful technique to investigate layered structures
was established. The coherent nature of scattering provides the basis for the site-
selective hyperfine nuclear spectroscopy [14]. This option was further developed with
the technique of selective deposition of the resonant isotope, where sensitivity of nu-
clear scattering to one single monolayer of the resonant atoms was achieved [15]. More-
over, the strong angular dependence of the penetration depth of X-rays in the vicinity
of total reflection was used for depth-selective hyperfine nuclear spectroscopy [16].

Finally, nuclear multilayers gave a new impact to understanding the physics of
coherent nuclear resonant scattering. Similarly to single crystals, they supplied atool to
study the nuclear resonant diffraction of X-rays. However, the quite different scattering
parameters (long spatial periodicity, small number of reflecting planes, low structure
factors) drastically change the properties of nuclear diffraction.

In this paper we analyze the special features of nuclear resonant scattering of
synchrotron radiation by multilayer structures, discuss various approaches to suppress
the electronic channel of X-ray scattering, and give a review of the experimenta
investigations of nuclear resonant multilayers using synchrotron radiation.

2. Special features of nuclear resonant scattering of X-rays by periodic
multilayers

The physics of nuclear resonant scattering of synchrotron radiation by periodic
multilayers is similar to that of single crystals [17]. In genera, both cases can be
treated with the same dynamical theory of X-ray diffraction, which takes into account
the specular reflected beam [18] and the optical activity of the medium. However,
several features of periodic multilayers lead to special cases, which are not typical for
single crystals.

Firgt, the number of reflecting planes in a periodic multilayer is small. This
results in large angular widths of the reflections. In addition, this leads, in terms of
the diffraction theory, to the two wave-field case of Bragg diffraction in a thin sample.
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Second, the spatial period of a multilayer is by an order of magnitude larger than
the lattice constant of crystals. Therefore the Bragg angles are small, typically only
a few times larger than the critical angle of total reflection. This implies significant
refraction effects.

Finally, the resonant nuclei do not occupy discrete positions in the unit cell, but
are, as arule, distributed over a significant part of the period. Therefore the structure
factor of the Bragg reflection is always smaller than unity. This means that, in contrast
to single crystals, a complete suppression of inglastic channels of nuclear resonant scat-
tering [19-22] can never be achieved in the case of multilayers. Therefore, scattering
cannot compete with absorption as efficiently as it does in the case of single crystals.

Below, we shall consider how these distinctions influence the nuclear reso-
nant scattering of X-rays by periodic multilayers. We illustrate the anaysis by
computer simulations of the properties of the model nuclear periodic multilayers
[¥"Fe(ds7)/*®Fe(dsg)] - N on a glass substrate. Here ds; and dsg (in A) stand for
the thickness of the layer made out of >Fe or %6Fe isotopes, respectively, and N is
the number of periods. We assume a single line nuclear transition and the absence of
inhomogeneous broadening. The simulations were performed with a computer code
utilizing the conventional Fresnel—Parratt recursive routine [7], adapted for the energy-
dispersive case of nuclear resonant scattering.

Figure 1 shows the angular dependence of nuclear and eectronic reflectivity for
a [>"Fe(10)/%°Fe(30)] - 25 multilayer. We define nuclear reflectivity as the intensity of
scattering, integrated over time after excitation and normalized to the number of quanta
of incident radiation in the energy interval of one natural width 'y of nuclear transition.
The electronic reflectivity has a region of total external reflection below the critical
angle of 3.83 mrad. At higher angles Kiessig beats [23] are seen, which originate
from the interference of the waves scattered by the top and the bottom boundaries
of the multilayer. The period of these beats is Afx = A/2D = 0.43 mrad, where
A = 0.86 A is the wavdength of the 14.4 keV resonant radiation; D = Ndp is
the total thickness of the structure, and dy = (ds7 + dsg) is the spatiad period. The
eectronic reflectivity has no Bragg peak since there is no periodicity in the electronic
density. The nuclear reflectivity does not have a plateau of total external reflection but
apeak at the position of the critical angle [6,24]. Similarly to the electronic reflectivity,
the nuclear reflectivity also exhibits Kiessig beats. Moreover, the nuclear reflectivity
shows a peak of Bragg reflection in accordance with the periodicity of nuclear density.
The Bragg angle 6g for the m-order reflection may be approximated as

2
g ~ \/ (60)2 + (%2) | 2.1)

where 0c = /—Re(x) is the critical angle of specular reflection, x is the complex
susceptibility (half of the complex increment 6 of the refraction index),
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Figure 1. Computer simulation of (&) nuclear and (b) electronic reflectivity for a [>Fe(10)/°°Fe(30)] - 25
multilayer as a function of the grazing angle. Here and below the electronic reflectivity is normalized to
the total intensity of the incident beam, whereas the nuclear reflectivity is normalized to the intensity of
the incident beam in the energy interval of one natura linewidth of nuclear transition. For this and further
simulation the product of the Lamb—Mossbauer factor and the isotope abundance is taken fimun = 0.34.

ro is the classical eectron radius, n is the atomic density, Z is the atomic number,
and Af" —iAf" is the complex dispersion correction to the atomic scattering factor.
The shift of the Bragg angle 6g = 11.41 mrad (figure 1) from the kinematical value of
A/2dy = 10.75 mrad is determined by refraction of the radiation at the top boundary
of the multilayer.

2.1. Angular width of reflections

The angular width of the first-order nuclear reflection in figure 1 is about
0.45 mrad, which is close to one period of the Kiessig beats Afx = 0.43 mrad.
This is not just a coincidence, since both values are defined by the same kinemati-
cal reasoning. The angular dependence of nuclear resonant diffraction of synchrotron
radiation comprises angular dependencies of many spectral components. The shape
of the rocking curve for each particular component depends on its energy shift from
nuclear resonance [25]. The components in close vicinity to the resonance have large
scattering amplitudes. This provides high reflectivity and results in some dynamical ef-
fects. In particular, the width of reflection scales with the amplitude of nuclear scatter-
ing. In contrast, scattering of radiation far away from resonance proceeds kinematically.
In this energy region reflectivity is smaller, and the width of reflection is determined
merely by an effective number of reflecting planes. The overal angular dependence
of nuclear scattering of synchrotron radiation results from averaging of rocking curves
of al spectral components. Resonant components contribute with high reflectivity, but
this energy region is relatively small. Off-resonant components contribute with smaller
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Figure 2. Computer simulation of the angular dependence of the first-order nuclear Bragg reflection for
a[>Fe(15)/%°Fe(25)] - N multilayer with number of periods (8) N = 10 and (b) N = 20. Note the good
agreement of the indicated Kiessig beat period Afx with the actua width of the reflection.

reflectivity, but this contribution is collected over a larger energy region. Numerical
calculations show that the width of nuclear Bragg reflection of synchrotron radiation
(both for multilayers and single crystals) is mainly determined by kinematical scat-
tering of the off-resonant components. In most cases the width of the reflection is
given merely by the effective number of reflecting planes as A0 ~ \/2doN ~ 0g/N
and does not depend on the nuclear scattering amplitude. Figure 2 shows the angular
dependence of nuclear reflectivity for a [>'Fe(15)/°°Fe(25)] - N multilayer with num-
ber of periods () N = 10 and (b) N = 20. The larger number of reflecting planes
results in a narrower width of the reflection. Note that one period of the Kiessig beats
Abk =~ 6g/N gives a good approximation of the angular width for both cases.

For typical parameters of a periodic multilayer g = 10 mrad and N < 100 we
have Af > 100 urad. Therefore the typical angular width of a nuclear reflection for a
periodic multilayer is by an order of magnitude larger than the angular divergence of
synchrotron radiation. Even for multilayers with a large number of periods the angular
width of the reflections remains large because the effective number of reflecting planes
is limited by the small penetration depth of X-rays at small grazing angles.

2.2. Energy dispersive refraction

The large angular width of the reflections permits amost idea angle-resolved
conditions of nuclear diffraction. Therefore several angle-dependent effects, which may
be observed in single crystals only with an extreme collimation of X-ray beams [25—
28], become common features in the case of multilayers. An example is the energy-
dependent refraction. Figure 3 shows the energy spectra of nuclear resonant diffraction
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Figure 3. Computer simulation of the energy spectra of the first-order nuclear Bragg reflection for a
[*"Fe(10)/%°Fe(30)] - 25 multilayer at different grazing angles in the vicinity of the precise Bragg angle
of fg = 11.41 mrad.

by a[>'Fe(10)/°°Fe(30)] - 25 multilayer for several grazing angles in the vicinity of the
Bragg angle g = 11.41 mrad. At lower grazing angles the maximum reflectivity is
shifted to lower energies and vice versa. The reason is that the complex increment 6 of
the refractive index contains an energy-dispersive nuclear contribution g in the vicinity
of the resonant energy Fo:

_Roonfomy 2.3)
v+I
Herev = 2(E— Ep)/T o isthe dimensionless deviation from the resonance energy, oo =
2.56 x 10718 cm? is the resonant cross-section for the 14.413 keV nuclear transition
of the ®’Fe isotope, fum is the Lamb-Mossbauer factor, and 7 is the abundance of
the resonant isotope. Equation (2.3) gives more negative refraction increment for
E > Ep and less negative (or even positive) for £ < Ep. Therefore the critical angle
is higher above and lower below the resonance. According to eg. (2.1), this shifts
the Bragg angle to higher or lower values, respectively. Thus the energy spectrum
of nuclear resonant diffraction is dominated by the low energy radiation at smaller
angles and vice versa. A similar analysis for single crystals can be performed using
the dynamical theory of nuclear resonant scattering [25,26]. In the case of multilayers
the effect appears more pronounced, because it is stressed by the dip in the center
of the energy spectrum (see below). The energy-dispersive refraction influences the

6=2(X+3), §=



1V-1.2 A.l. Chumakov et al. / Nuclear resonant scattering of synchrotron radiation 433

energy spectrum even stronger if the nuclear transition is split into several hyperfine
components, because for each resonant line the alteration of the refractive index is
enforced by the tails of the neighboring lines [10,11].

2.3. Double-peak energy spectrum

When the grazing angle matches the Bragg angle exactly, the energy spectrum
of nuclear diffraction has a double-peak shape with a dip in the center (figures 3, 4).
This shape of the energy spectrum has not been observed for single crystals, but is
typical for periodic multilayers [3-5,11,29]. It occurs as a consequence of the small
total thickness of the periodic multilayer and the large relative thickness of the resonant
layer. Asmentioned above, the Fresnel—-Parratt formalism [7] and the dynamical theory
of nuclear resonant diffraction [30] give an equivaent description of X-ray scattering
by multilayers. Although we use the first approach for quantitative calculations, the
double-peak energy spectra can be more easily explained in terms of the dynamical
theory of nuclear resonant diffraction. The peculiar shape of the energy spectra results
from the interference of two wave fields under the conditions of Bragg diffraction in
the relatively thin periodic multilayer. Dynamical Bragg diffraction in an infinitely
thick periodic multilayer is described by a single wave, wheress for the thin structure
a second wave has to be taken into account as well. The amplitude and the phase of
the second wave relative to the first one depend on the energy shift from the resonance.
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Figure 4. Computer smulation of the energy spectra of the first-order nuclear Bragg reflection for a
[¥"Fe(10)/%°Fe(30)] - N multilayer with different number of periods N.
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For the sake of simplicity, we neglect the electronic refraction and absorption. Then
the amplitudes R; and R, of the two reflected waves at the exact Bragg position can
be obtained as

—F Fexp(ikgthp)

= T A eptkathd)’ 2T Tt h— (= h)explkgth)’

(2.4)

where 3 = ds7/dp is the relative thickness of the resonant layer, k = X1 isthe wave
vector of the incident radiation, ¢ = D/ sinfg is the total thickness of the multilayer
along the X-ray beam, h = /1 — F?2, and the structure factor F,,, for the mth order
reflection can be derived as

_sin(mm3)
==
If the energy of incident radiation is far away from the resonant energy, the exponent
exp(ikgthp) is close to unity. Therefore, the two waves have the same amplitudes but
opposite phases. Their destructive interference cancels the diffraction intensity out of
resonance. Approaching the resonance, both the ratio of the amplitudes R = |Ry/R;|
and the phase difference ® change with energy, nevertheless the amplitudes do so
dower than the phase difference:

Fo, (2.5)

R(E) = exp <—§) ~]— % (2.6)
PE) =T — %, 2.7)

where ¢ = hGT, and T' = oont fiun is the effective resonant thickness of the mul-
tilayer along the X-ray beam. The two waves get exactly in phase when v = /.
At this energy the diffraction intensity reaches its maximum. Closer to the resonance
the waves get in anti-phase again, and the diffraction intensity drops. However, it no
longer reaches zero, because the amplitude of the second wave R; is aready essentialy
smaller than R;. In the vicinity of the resonance the phase oscillates very fast, but
the interference loses contrast, since the amplitude of the second wave vanishes. This
produces the double-peak shape of the energy spectra. Accounting for the electronic
absorption introduces some corrections into the above anadysis. For instance, both
amplitudes R and R, approach zero out of resonance, and the second wave becomes
less pronounced for thicker multilayers. A similar interference effect was observed in
Laue diffraction of nuclear radiation in single crystals [31].

The double-peak shape of the energy spectrum is sensitive to the thickness of the
multilayer. According to egs. (2.6) and (2.7), for a very thin sample the waves get the
same phases only very close to resonance, where the amplitude of the second wave
R, is dready negligible. Therefore the central dip in the energy spectrum does not
appear (figure 4). For an intermediate thickness the waves get in phase at a distance
of several natura linewidths from resonance, where the amplitudes R, and R, are
comparable, and their effective interference produces the double-peak shape of the
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Figure 5. Computer simulation of the energy spectra of the first-order nuclear Bragg reflection for

a ["Fe(ds7)/*®Fe(dss)] - 25 multilayer with different relative thicknesses ds;/dss of the resonant layer

(indicated in the right-top corner). Note the good agreement between the splitting A estimated from
eg. (2.8) and the calculations.

energy spectrum. For thicker samples the electronic absorption cancels the second
wave, and the interference effect disappears again.

The double-peak shape of the energy spectrum appears only for periodic multilay-
ers with alarge relative thickness of the resonant layer, where the effect of suppression
of inelastic channels of nuclear resonant scattering [19-22,25-28] is not fulfilled. This
can be seen directly from eq. (2.7). The energy distance A between the two peaks of
the energy spectrum can be estimated as

p = TohST (2.8)
T
The splitting A depends on the relative thickness of the resonant layer 5 = ds7/do
explicitly and implicitly through the coefficient h. The higher the relative thickness
of the resonant layer, the larger should be the energy splitting between the two peaks.
This trend is demonstrated in figure 5. Note the good agreement between the splitting
estimated through eg. (2.8) and the precise calculations.

The double-peak shape of the energy spectrum leads to dynamical beats in the
time evolution of nuclear diffraction (figure 6). When the relative thickness of the
resonant layer is small, the nuclear diffraction decreases monotonically with time. For
thicker resonant layers beats appear and become more pronounced when the resonant
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Figure 6. Computer simulation of the time dependence of the first-order nuclear Bragg reflection for
a ["Fe(ds7)/Fe(dss)] - 25 multilayer with different relative thicknesses ds;/dss of the resonant layer
(indicated in the right-top corner).

thickness is further increased. We note that these beats resemble the dynamical beats
of nuclear forward scattering [32]. However, the modulation of the beat pattern in
figure 6 is smaller. For instance, the minima do not reach the zero level.

2.4. Enhancement of the radiative channel of nuclear scattering

Since the angular width of the reflections for periodic multilayers is much larger
than the angular divergence of the synchrotron radiation beam, the Bragg conditions
can be fulfilled precisely in the experiment. This ensures an ideal coherence of the
waves scattered by each reflecting plane and, therefore, provides optimal conditions
for the enhancement of the radiative channel of nuclear scattering [19-22,25-28]. This
effect shows up as a broad energy width of the diffraction spectrum (figures 4, 5) and
a speed-up of the time evolution of nuclear diffraction (figure 6). The typical width of
the energy spectrum is about 1020l for a single-line nuclear transition (figures 4, 5)
and may reach up to 3040l if the transition consists of several unresolved hyperfine
components [12]. In accordance with the large energy width, the time spectra of
nuclear diffraction show a very fast decay. For instance, a decay time as small as
4 ns (figure 7) was observed in the time dependence of nuclear resonant diffraction of
synchrotron radiation by a [°'Fe(22)/Sc(11)/Fe(22)/Sc(11)] - 25 multilayer [13]. This
has to be compared with the 141 ns natura lifetime of the nuclear transition.
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Figure 7. Time evolution of nuclear resonant Bragg scattering of synchrotron radiation by a
[¥"Fe(22)/Sc(11)/Fe(22)/Sc(11)] - 25 multilayer. The solid line is the dynamical diffraction theory fit.
The dashed line indicates the initial decay with a lifetime of 4 ns. From [13].

3. Suppression of electronic scattering

Since the main motivation to apply periodic multilayers in nuclear resonant scat-
tering was filtering the resonant components from the broad band energy spectrum of
synchrotron radiation, much attention has been focused on the suppression of elec-
tronic scattering. Several options were proposed, and some of them were successfully
employed in practice. In this section we present a short review of the approaches to
obtain pure nuclear diffraction with periodic multilayers.

3.1. Isotope alteration

As discussed above, the most straightforward approach to obtain pure nuclear
reflection with periodic multilayers is to aternate layers made of resonant and nonres-
onant isotopes of the same element [1]. The mode >’Fe/*6Fe periodic multilayer was
examined with computer simulation [2—6] and promising perspectives were demon-
strated. However, early attempts to produce such multilayers failed. One of the prob-
lems seems to originate from inter-layer diffusion. The diffusion of iron atoms is rather
small for amorphous and single-crystalline material, but may increase along the grain
boundaries. This may spoil the isotope ateration, therefore, the formation of a poly-
crystalline state with numerous grain boundaries has to be avoided during preparation.
Another important point is the proper control of the homogeneity of individual layers
during preparation.

It is difficult to avoid inter-layer diffusion in a sputtering process because when
the thickness of the layer exceeds ~30 A, the spontaneous crystallization usually
darts. In a first attempt to solve the problem, more complicated periodic multilay-
ers were tried. In [11], the iron atoms were embedded into the matrix of the aloy
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Figure 8. Angular dependence of scattering of nuclear ~-radiation from the radioactive Mossbauer source
by a [ Fe(22)/Sc(11)/Fe(22)/Sc(11)] - 25 multilayer when the radiation was (a) out of resonance and (b) in
resonance. From [12].

FesB4C, where the diffusion seems to be less and a [*°Fes;B4C(48)/°"FesB4C(39)] - 10
periodic multilayer was prepared. In [12], inter-layer diffusion of iron atoms in a
[>"Fe(22)/Sc(11)/Fe(22)/Sc(11)] - 25 multilayer was suppressed using isolating Sc lay-
ers. Both multilayers exploited the idea of isotope alteration, deviating from the origi-
nal 3"Fe/*6Fe concept only in technical details. They were investigated with the nuclear
~-radiation of Mossbauer sources, where the existence of pure nuclear reflections was
demonstrated [11,12].

Figure 8 shows the angular dependence of scattering of nuclear ~-radiation from
the Mossbauer source °’Co by a [°"Fe(22)/Sc(11)/Fe(22)/Sc(11)] - 25 multilayer [12].
Two curves were recorded when the radiation was either off resonance (@) or in res-
onance (b) with the nuclear levels in the sample. The scattering out of resonance
showed the tail of specular reflection at low angles and a first order reflection at a
grazing angle of 13.5 mrad, which corresponds to the spatial period of 33 A. In
contrast, the curve measured at resonance has an additional peak at 7.0 mrad, which
corresponds to the spatial period of 66 A. This is pure nuclear reflection, which re-
sults from the isotope variation. The eectronic reflectivity at the angular position of
the pure nuclear reflection was as low as 1 x 10~3. This periodic multilayer allowed
the first successful application in a synchrotron radiation experiment [13]. The time
spectrum of pure nuclear diffraction of synchrotron radiation was investigated, and the
ability of the periodic multilayer to filter the resonant radiation for hyperfine nuclear
spectroscopy was examined.

The problem of inter-layer diffusion was successfully overcome in later devel op-
ment of the preparation methods. Careful adjustment of growth parameters with the
molecular beam epitaxy (MBE) technique alows one to prepare polycrystalline multi-
layers with alow fraction of grain boundaries. For instance, a good isotope separation
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Figure 10. Angular dependence of nuclear (dots) and electronic (solid line) scattering of synchrotron radi-
ation by a Pd(74)/[Fe(90)/% Fe(10)] - 15 superlattice on a MgO(1 00) substrate. The electronic reflectivity

is divided by 1000. From [35].

was achieved with a [Fe(23.3)/°"Fe(23.3)] - 10 multilayer on a Zerodur substrate [33].
Besides the total reflection peak, a significant pure nuclear Bragg reflection of the
resonant synchrotron radiation was found (figure 9).

Almost complete suppression of inter-layer diffusion may be achieved with a

single-crystaline periodic multilayer. This, for instance, was performed in [35] us
ing ultra-high vacuum direct-current sputtering. Alternating layers of iron isotopes
were sputtered on a single crystalline substrate of MgO(100). The isotope superlattice
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Pd(74)/[Fe(90)/°” Fe(10)] - 15/MgO was prepared, which, in essence, is a single crystal
of a-iron with spatial variation of the isotopic abundance. A top layer of Pdisincluded
in order to prevent oxidation. The angular dependencies of electronic and nuclear scat-
tering of synchrotron radiation by this superlattice are shown are figure 10. Electronic
scattering exhibits Kiessig beats with two different periods. The fast beats correspond
to the tota thickness of the superlattice, the slow beats are caused by the top Pd layer.
Nuclear scattering shows Bragg reflections of the first, second and third orders, which
indicates the perfect isotope interfaces [35]. The first-order Bragg reflection overlaps
another peak of nuclear scattering at the critical angle.

3.2. Antiferromagnetic multilayers

In order to obtain pure nuclear scattering of synchrotron radiation by a periodic
multilayer one has to prepare different spatial periodicity of the amplitudes of nuclear
and electronic scattering. In the approach of the isotope alteration this was achieved
by varying the density of the resonant nuclei. Another means to alter the amplitude
of nuclear resonant scattering is to exploit its sengitivity to the hyperfine magnetic
and electric fields. The experience gathered in nuclear resonant scattering with single
crystals reveals the existence of pure nuclear reflections for systems where the sym-
metry of the magnetic [36] or electric field [37] differs from that of the crystal lattice.
For instance, in the case of a magnetic splitting, the amplitude of nuclear resonant
scattering depends on the direction of the internal magnetic field at the nucleus. In
particular, for a hyperfine transition with a change of the projection of the magnetic
moment AJ, = +1, the polarization dependence of the complex amplitude of nuclear
resonant scattering a4 can be expressed [38] as

&iw (El-ﬁz)—(ﬁl-é)(ﬁz-g)iFi([ﬁlxﬁz] é), (3.1)

where El and Ez are the unit vectors of the magnetic field in the incident and the
scattered waves, respectively, and B is the real unit vector along the direction of
the hyperfine magnetic field. Consider the scattering geometry where the hyperfine
magnetic fied B is directed either paralel or antiparald to a z axis pointing along
the direction of the incident beam. Neglecting the small angle of grazing incidence we
obtain the scattering amplitudes a} and @Y. for radiation with right (hg = hy, + ihy)
and left (h. = h,, — ihy) circular polarization, respectively, as

R ~1F(B-2), ai~1+(B-2). 3.2)

This means, for instance, that the right circularly polarized radiation with an energy
which corresponds to the hyperfine nuclear transition with AJ, = +1 will be scattered
only by those layers in which the hyperfine magnetic field is directed antiparallel to
the direction of the incident radiation. For layers where the magnetic field is aigned
parallel to the incident beam, the scattering amplitude equals zero. Therefore, an anti-
ferromagnetic alignment of the hyperfine magnetic field in neighboring layers results
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Figure 11. Angular dependence of the delayed nuclear (circles) and prompt electronic (dots) scattering

of synchrotron radiation by a Cr(20)/[>'Fe(17)/Cr(10)] - 25/ °"Fe(60) antiferromagnetic multilayer. The

solid line shows the fit of the electronic reflectivity. The three vertical lines correspond to the angular

positions of the (&) critical angle of the electronic total reflection, (b) antiferromagnetic pure nuclear
Bragg reflection, and (c) first-order electronic Bragg reflection. From [14].

in aspatial variation of the amplitude of nuclear scattering, which leads to pure nuclear
reflections. We note that the existence of pure nuclear reflection for an antiferromag-
netic system is determined merely by the magnetic structure of the periodic multilayer
and does not depend on the polarization properties of the incident radiation.
Multilayers with antiferromagnetic coupling of the neighboring layers are the
subject of intense studies in solid state physics and in materials sciences, due to their
unigue magnetic properties such as giant magnetoresistance and the oscillation of the
coupling constant with the thickness period [39]. Among them is the Fe/Cr system,
which perfectly suits the purpose to achieve pure nuclear scattering of synchrotron
radiation. Pure nuclear reflections for periodic Fe/Cr multilayers were observed with
neutron reflectometry [40], which served as evidence for their antiferromagnetism. In
the case of synchrotron radiation pure nuclear Bragg diffraction was achieved with
a Cr(20)/[>"Fe(17)/Cr(10)] - 25/°"Fe(60) multilayer on a Zerodur substrate [14]. The
angular dependence of electronic and nuclear scattering is shown in figure 11. The
chemical periodicity of the multilayer with a period of 27 A results in the first order
electronic Bragg reflection at a grazing angle of 16.4 mrad. The same peak is seen
also in the nuclear scattering. However, in contrast to electronic reflectivity, nuclear
reflectivity shows a peak aso at the angular position of the half-order reflections,
which corresponds to a spatial period of 54 A. This is the length of the periodicity
of the magnetic superstructure which results from the antiferromagnetic coupling of
the neighboring iron layers. The electronic reflectivity at this angular position is about
3 x 10~4. In addition, there is apeak of the nuclear scattering at the position of the crit-
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ical angle. Similar pure nuclear reflection was observed in a[FeSi(15.7)/ >’Fe(25.5)] - 10
antiferromagnetic multilayer [41].

3.3. Antireflecting coating

The residua €electronic reflectivity at the angular position of pure nuclear re-
flection is determined by the specular reflection from the interfaces of the multilayer.
As seen from the previous examples, this leads to the suppression of the eectronic
scattering by 3-4 orders of magnitude. Further reduction may be achieved with an
additional antireflecting film [4]. This approach is identica to the GIAR-film (grazing
incidence antireflection) technique [29,42,43]. The material and the thickness of the
film is adjusted to provide destructive interference of the waves scattered from the
air—film and film—-multilayer boundaries. In comparison to the GIAR-films, the thick-
ness of the antireflecting coating for a periodic multilayer should be larger because of
the higher grazing angle. This makes the technique less sensitive to the imperfections
of the fabrication processes and results in a larger angular width of the interference
dip of the éectronic reflectivity. In addition to the specular reflection from the top
boundary, one may also consider suppressing the specular reflection from the bottom
multilayer-substrate interface. According to computer simulations [4], the application
of antireflecting films may reduce electronic scattering by the multilayer by severa
orders of magnitude.

3.4. Bragg antipeak

Isotope ateration and antiferromagnetic multilayers provide different spatial pe-
riodicity of the amplitudes of electronic and nuclear scattering. For this reason the
peaks of eectronic and nuclear diffraction are separated in angle. However, efficient
suppression of the electronic scattering may also be achieved in the opposite case,
when the amplitudes of electronic and nuclear scattering have identical spatial periods,
so that each nuclear Bragg reflection is accompanied by an electronic one. Consider a
multilayer which is composed of two elements with close dectronic density nZ. This
could be, for instance, a Tm/Fe periodic multilayer, where the relative variation of the
electronic density is only 3.7%. Since the difference between the susceptibilities is
small, an electronic reflection is essentialy weak. With a proper choice of thickness
of Tm and Fe layers the amplitude of the electronic Bragg reflection may match the
amplitude of specular reflection from the top boundary. If the amplitudes of the two
waves are in phase, the electronic scattering results in a peak at the Bragg position
above the background of specular reflection. If, however, the waves are in anti-phase,
the peak will be inverted, and the electronic Bragg reflection will appear as a sharp
antipeak at the position of the Bragg angle [44]. This provides efficient suppression of
electronic scattering even for the conditions of “nonpure’ nuclear reflection. We note
that the Bragg antipeak approach differs from the GIAR-film technique, since it uses
the interference of the Bragg diffraction in order to suppress the specular reflection,
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whereas in a GIAR-film the suppression is achieved by the interference of two specular
reflected waves.

4. Characterization of multilayers and thin films with nuclear resonant
scattering of synchrotron radiation

Grazing incidence nuclear resonant scattering of X-rays combines the advantages
of hyperfine nuclear spectroscopy with the structure analysis potential of coherent scat-
tering. In contrast to “incoherent” spectroscopic techniques (for instance, conversion
electron Mossbauer spectroscopy), the physical process involved is collective coher-
ent scattering by the ensemble of nuclel. The relative phases of the waves, scattered
by various nuclei, do matter and essentially influence the experimental data. This
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Figure 12. Time evolution of nuclear resonant scattering of synchrotron radiation by a Cr(20)/[%" Fe(17)/

Cr(10)] - 25/ % Fe(60) antiferromagnetic multilayer at the three different angular positions (a)—<(c) as indi-

cated in figure 11. The fit of each time spectrum (solid lines) was achieved with the same parameters of
the multilayer. From [14].
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provides the sensitivity to the positions of the scattering centers and, therefore, gives
the potential of site-selective hyperfine nuclear spectroscopy. Moreover, grazing inci-
dence scattering is an easy means of controlling the thickness of the irradiated layer.
This forms the basis for depth-selective hyperfine spectroscopy. In this section we
review recent experimental work on the investigation of multilayers and thin films
using nuclear resonant scattering of synchrotron radiation.

4.1. Ste-sdlective hyperfine spectroscopy

An example of site-selective hyperfine nuclear spectroscopy is shown in fig-
ure 12. The time spectra of nuclear resonant grazing incidence scattering of X-rays
by a Cr(20)/[>"Fe(17)/Cr(10)] - 25/ 5’Fe(60) periodic multilayer were measured at three
different grazing angles. at the position of the critica angle (zero-order reflection), at
the pure nuclear half-order reflection, and at the first order reflection [14]. The change
of the angular position leads to changes in the relative phases of the waves which are
scattered by the various layers. Therefore, the pattern of the quantum beats, which is
essentialy the image of the hyperfine structure, differs significantly for various grazing
angles, even though the same layers contribute to each spectrum. This sensitivity was
employed for the site-selective hyperfine analysis of the multilayer. The 17 A layer
of 5’Fe was divided into five sublayers, with their thickness and distribution of the
magnetic hyperfine field chosen to be consistent with the results of conversion elec-
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T T
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Figure 13. Angular dependence of prompt electronic and delayed nuclear scattering of synchrotron

radiation by a [FeSi(25.5)/ ' Fe(15.7)] - 10 multilayer on a Zerodur substrate in various external magnetic

fields. The transition from the antiferromagnetic to the ferromagnetic state with increasing external field

is seen as a vanishing of the pure nuclear reflection at 6.3 mrad. The fit curves correspond to the model
described in [41]. From [47].
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tron Mossbauer spectroscopy. The properties of these sublayers were supposed to be
identical for al ®’Fe layers of the structure. The model assumed a correlation of the
hyperfine magnetic field with the distance to the Fe/Cr interface. The fit shows that
the resonant layer possesses six different hyperfine field distributions segregated into
a 1-2-11-2-1 A sructure. The averaged hyperfine field of the sublayers decreases
as one approaches the Fe/Cr interface. The central sublayer had a magnetic field
of 33.3 T, the two neighboring sublayers had a field distribution centered at 30.7 T,
whereas the two sublayers at the interface had a magnetic field distribution between
20 and 26 T. The fit of all three spectra was achieved with identical hyperfine and
structural parameters, which puts rigid constraints on the modd of the distribution of
the hyperfine magnetic field over the thickness of the resonant layer.

Another example of site-selective hyperfine nuclear spectroscopy is shown in
figures 13 and 14. The angular dependence of nuclear reflectivity of a [FeSi(25.5)/
57Fe(15.7)] - 10 multilayer on a zerodur substrate was measured for various external
magnetic fields (0 < Bet < 0.95 T) perpendicular to the scattering plane [45]. At
room temperature the Fe/(FeSi) multilayers exhibit antiferromagnetic coupling of the
neighboring iron layers [46]. Electronic reflectivity (figure 13) shows the first-order
Bragg reflection at 11.7 mrad and damped Kiessig oscillations corresponding to the
total film thickness of 412 A. Nuclear scattering, in contrast, clearly reveals the
periodicity of the magnetic structure with the doubled spatial period (antiferromagnetic
Bragg reflections at 6.3 mrad), which gradually disappears with increasing transversal
magnetic field. This shows that the magnetic moments of the antiferromagnetically
coupled neighboring Fe layers gradually become canted by the increased magnetic field
and the antiferromagnetic structure is fully suppressed at Bei = 0.95 T. Thus, similar
to X-ray grazing incidence scattering, the measurements of angular dependence of
nuclear reflectivity provide a precise characterization of the spatia structure of nuclear
resonant layers. As shown above, due to the sensitivity of nuclear scattering to the
hyperfine magnetic field, this aso enables an analysis of the magnetic structure of
multilayers. Since the technique has much in common with neutron reflectometry, it
is also called Synchrotron Mossbauer Reflectometry [16,33,41,45,47].

The time evolution of grazing incidence nuclear scattering reveals more subtle
details of the magnetic structure and the coupling within the multilayer. In particular,
the model of pure antiferromagnetic coupling of the neighboring Fe layers in a low
(Bext = 0.05 T) externad magnetic field (dotted line) shows poor agreement with the
data (figure 14). For instance, at low grazing angles it does not reproduce the distinct
minimum at ~28 ns after the excitation. Much better agreement was achieved with
another model (solid line), which assumes strong antiferromagnetic coupling of the
top eight layers, a ferromagnetic coupling between the two bottom layers and a weak
coupling of the two regions [41]. This modd isin agreement with the results of surface
magneto-optic Kerr effect studies [48].
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Figure 14. Time evolution of nuclear scattering of synchrotron radiation by a [FeSi(25.2)/ % Fe(15.7)] - 10

multilayer on a Zerodur substrate in an externa field of 0.05 T perpendicular to the scattering plane at

different grazing angles. The dotted line is the fit corresponding to the antiferromagnetic model. The

solid line shows the fit which assumes the antiferromagnetic coupling of the eight top layers and the
ferromagnetic coupling of the two bottom layers [41]. From [47].

4.2. Depth-sdlective hyperfine spectroscopy

Site-selectivity of hyperfine nuclear spectroscopy in the examples above was
achieved mainly by measuring the time spectra of nuclear scattering at the angular
positions of different order reflections, which varies the phase relations between the
waves scattered by different sublayers. This approach alows one to choose the nuclear
sites in an arbitrary way, according to the experimental task. For instance, the choice
may correlate with the proximity of nuclei to the interface between the layers [14];
or with the location of nuclei relative to the multilayer surface [45]. The latter type
of depth-selective analysis may also be performed by measuring the time spectra of
nuclear scattering in the vicinity of the critical angle. The penetration depth of X-rays
in this angular region strongly depends on the grazing angle and decreases to a few
nanometers below the critical angle. Therefore, measurements of the time spectra of
nuclear scattering as a function of increasing grazing angle enables sampling the hy-
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Figure 15. Time evolution of grazing incidence nuclear resonant scattering of synchrotron radiation by

an originally 20 nm thick 5"Fe film grown onto a float glass substrate and exposed to annealing in air at

170°C for 4 h. The grazing angle is indicated in the right-top corners. The penetration depth of photons
is shown on the right-hand vertical axis. From [47].

perfine nuclear structure in surface layers of increasing thickness. Such measurements
allow one to obtain the depth profiles of hyperfine nuclear parameters. This approach is
especially important for nonperiodic multilayers and thin films, where the peak of nu-
clear reflectivity at the critical angle isthe main chance to reach a significant count rate.

An example of the depth-selective hyperfine spectroscopy of thin films is shown
in figure 15. The time spectra of nuclear resonant scattering of synchrotron radiation
by an originally 200 A, thick «-°"Fe film oxidized for 4 h at 170°C in air was measured
at various grazing angles [45,47]. The penetration depth (indicated on the right-hand
vertical axis) for the three lowest spectra is comparable to the tota thickness of the
film. Therefore these spectra correspond to the bulk of the film. The fast beats are
characteristic for a-Fe and a spontaneously magnetized iron oxide, probably Fe;Oa.
For the upper three spectra the penetration depth was about 20-30 A, corresponding
to about ten top atomic layers. No magnetic interaction is seen in these spectra. The
upper layer could probably be assigned to paramagnetic 3-FeOOH and to superpara-
magnetic a-Fe;03. The clear difference of the time spectra of nuclear scattering for
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the same sample at different grazing angles demonstrates the high depth selectivity of
this technique. It is worth mentioning that the characterization of the sample took only
about 20 min of measuring time for each time spectrum.

4.3. Ste-sdective hyperfine spectroscopy using selective deposition

By varying the grazing angle of the specular reflection one can obtain a depth
resolution of about several nanometers. Further improvement of the depth selectivity
requires controlled deposition techniques like MBE, where the resonant isotope is
deposited selectively on to the distinct layer one wants to investigate. This alows, for
instance, the precise analysis of the magnetic structure of thin layers as a function of
their proximity to the interface. The sengitivity of nuclear scattering is sufficient for
hyperfine spectroscopy on asingle monolayer [15]. Similar sensitivity may be achieved
with depth-selective conversion electron spectroscopy. However, in the latter case the
signal-to-noise ratio is 1% or less, whereas the nuclear scattering is essentialy free
from the background. In addition, nuclear scattering is more favorable for experiments
in high magnetic fields and at variable temperature, which are difficult for eectron
spectrometers.

4.3.1. Single magnetic monolayer

The limit of sensitivity in grazing incidence nuclear scattering was examined with
Fe/Au bilayers [15]. The samples were grown by MBE on Ge(001) substrates. For
preliminary studies three samples were prepared. Two of them (A and B) consisted
of 40 monolayers (1 monolayer = 1.43 A) of natural Fe, followed by 10 monolayers
of 5’Fe, then by 5 monolayers of natural Fe, and finally covered by ~20 A of Au in
order to prevent oxidation. We denote these samples as Au/5Fe/10°’ Fe/40Fe/Ge. The
composition of the third sample (C) was Au/2Fe/4°’ Fe/5Fe/Ge. The first sample was
grown at 200°C, the others a room temperature, using an ultrathin layer of sulphur as
a surfactant, promoting layer-by-layer growth.

The time spectra of nuclear resonance grazing incidence scattering measured at
room temperature at a grazing angle of 4-5 mrad are shown in figure 16. The solid
lines are theoretical fits. A polarizing field of 1544 mT was applied in the horizontal
plane, perpendicular to the beam direction. The time spectra for samples A and B
have pronounced quantum beats, which result from scattering via the simultaneous
excitation of four hyperfine transitions with AJ, = +1. The best fits were obtained
with the linewidth of the nuclear transition ' = 1.30(5) . This suggests a probe layer
with a good structural quality. A significant improvement of the fit was achieved by
allowing for a second, nonmagnetic, phase with a random orientation of the electric
field gradient. The relative intensity of the nonmagnetic phase was 6(1)% for both
samples.

In contrast to the other samples, the spectrum for sample C shows no “magnetic”
quantum beats. It could be fit reasonably well with a combination of two nonmagnetic
components of roughly egqual intensities. The average quadrupole splitting is very close
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Figure 16. Time spectra of nuclear resonant grazing incidence scattering of X-rays by five different Au/Fe

multilayers on a Ge substrate: (a) sample A, grazing angle 6 = 4.7 mrad, (b) sample B, 6 = 4.7 mrad,

(c) sample C, 8 = 4.7 mrad, (d) sample D, # = 4.0 mrad, and (€) sample E, § = 5.2 mrad. The solid
lines show the theory fit. From [15].

to that found for the nonmagnetic components of samples A and B, suggesting a com-
mon origin. The similarity of the hyperfine parameters of the nonmagnetic components
to those of the crystalline and amorphous Ge/Fe phases allowed authors to associate
this component with interdiffusion of Fe and Ge.

In an attempt to avoid this interdiffusion the final two samples with a single
monolayer of the resonant isotope were grown without the sulphur surfactant. Compo-
sitions of the samples (D and E) were Au/4Fe/1% Fe/10Fe/Ge and Au/1%"Fe/14Fe/Ge,
respectively. The corresponding time spectra are shown in figures 16(d), (e). The fit
gives no indication of the formation of a Fe/Ge interlayer. On the other hand, the large
linewidth for sasmples D and E, 3.4(5) ¢ and 5.5(1.5) g, respectively, is associated
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with a distribution of the hyperfine magnetic fields. This points to a lower structural
quality of the resonant isotope layer than in the case of samples A—C, which is in
agreement with other reports on the growth of Fe on Ge(100) [49]. The relatively
broad distribution of the magnetic field causes the damping of the nuclear scattering
at later times. The data clearly show that a sensitivity to a single monolayer of >'Fe
is achieved.

4.3.2. Superparamagnetic multilayers

Thin films of magnetite Fe3O,4 attract much interest due to the combination of high
magnetic ordering temperature (T = 858 K), completely spin-polarized electronic
transport, and superparamagnetic behavior. Magnetite has the cubic spingl structure.
The Fe*t ions at the tetrahedral A-sites couple antiferromagnetically with the iron
ions at the octahedral B-sites. The charge on the B-site ions is 2.5+ on average. At
room temperature the extra electrons hop between the B-sites at a rate which is much
faster than the nuclear precession frequency. The Mossbauer spectrum consists of two
magnetic sextets, which correspond to the A- and B-sites. Fe?T/Fe3* charge ordering
a the B-sites occurs below the Verwey transition at 120 K. This transition is associated
with subtle structural changes that are till not completely understood. The resulting
Mossbauer spectrum is also complicated: whereas the A-site contribution is a single
sextet, the B-site contribution has been fitted with a varying number of components
up to five [50].

A suitable substrate for the epitaxial growth of Fe3O4 filmsis MgO(100), because
the lattice constants of the oxygen sublattices match within 0.3%. Nevertheless, thin
magnetite films on this substrate show a thickness dependent decrease of the saturation
magnetization. The effect has been explained with nonmagnetic or disordered “dead”
interface layers of 7 A thickness [51]. However, this interpretation was not confirmed
by recent Mosshauer data, where superparamagnetic behavior was observed through
the entire thickness of the film [52].

In order to clarify the problem, the same samples as used in [52] were studied
with nuclear resonant grazing incidence scattering at various temperatures between 15
and 150 K [53]. The composition of the samples was [BMgO/8Fe;04] - S’MgO(100).
For these systems one monolayer denotes the 2.1 A distance between two successive
oxygen layers (the lattice constant of magnetite is 8.39 A, i.e., four monolayers). Two
probe monolayers of °'Fe nuclei were inserted either at the center, or at the interface
of the magnetite layers. The measurements were performed at 15 K, with an external
magnetic field of 0.23 T applied in the horizontal plane, perpendicular to the X-ray
beam. Figure 17 shows the time spectra of nuclear scattering for two samples with
the “bulk” and the “interface” probe layers. The spectra are practicaly identical,
confirming the absence of the “dead” layer. The spectra are fit with a coherent sum
of three components, one for the A-site Fe*+ ions and two for the B-site Fe?T/Fe>+
ions.

Figure 18 shows the time spectra of nuclear scattering for the “bulk” sample
a three different temperatures. The data taken at 15 K do not show any trace of
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Figure 17. Time spectra of nuclear grazing incidence scattering of X-rays by two [8MgO/8Fe;04] - 5

multilayers on aMgO(100) substrate at low temperature. The “bulk” sample contained two probe mono-

layers of 5’Fe nuclei in the center of the FesO, layers. The “interface” sample had two probe monolayers

of S’Fe nuclei at the Fes04/MgO interface. The grazing angle was 2.8 mrad. Solid lines show the theory

fit. To facilitate comparison, the “bulk” spectrum has been shifted vertically by multiplying by 100.
From [53].
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Figure 18. Time spectra of nuclear grazing incidence scattering of X-rays by a [8BMgO/8Fe;04] - 5

multilayer on a MgO(100) substrate, with two probe monolayers of 5’Fe in the center of the FesOq

layers, for three different temperatures. The grazing angle was 2.8 mrad. The dashed line is to guide the
eye, solid lines show the theory fit. From [53].



452 A.l. Chumakov et al. / Nuclear resonant scattering of synchrotron radiation IV-1.2

fluctuating magnetic fields. In contrast, at 80 K the damping at later times increased
considerably and the average hyperfine field is 9% lower than at 15 K. This behavior
is associated with magnetization fluctuations in the entire ferrimagnetic domain [54].
The data at 150 K show a nearly structureless spectrum with very fast damping, as
expected for the situation in which the nuclear precession time (~15 ns) is roughly
egual to the characteristic time between magnetization reversals.

5  Summary

Periodic multilayers were introduced to nuclear resonant scattering in order to ob-
tain super-narrow monochromatization of synchrotron radiation. The aim was reached:
pure nuclear reflection of synchrotron radiation was achieved with several multilay-
ers [13,14,33,35,41]. The feasibility of hyperfine spectroscopy using periodic multi-
layers as a monochromator with super-narrow energy resolution was examined [13].
In comparison to resonant monochromators which are based on grazing incidence
anti-reflection films [42,43], periodic multilayers provide a somewhat narrower en-
ergy bandwidth. For instance, an energy width of about 40y was achieved in [13].
Since this is smaller than the typical splitting of nuclear levels, hyperfine spectroscopy
with this type of monochromator is not straightforward. With the GIAR-films one
may reach about 1500 [42,43], which is more preferable for hyperfine spectroscopy.
However, the periodic multilayers showed a better suppression of the electronic scat-
tering. An eectronic reflectivity as low as 10~3 may be easily achieved [13,14] with
the periodic multilayers, whereas the GIAR-films may offer about 10~2 [55]. At the
present state of research the filtering application of the periodic multilayers is pending,
since the competitive development of high-resolution monochromators [56] and fast
detectors [57] mostly solved the problem of high radiation flux at the third generation
sources of synchrotron radiation. However, this may change with the advent of the
next generation sources.

The exploration of the field of nuclear resonant grazing incidence scattering by
multilayer structures shows high potential for the characterization of the multilayer
samples. The combination of hyperfine spectroscopy with site-selective structure analy-
sis creates a powerful technique. It benefits significantly from the outstanding proper-
ties of synchrotron radiation, such as high spectral density, narrow angular collimation,
small beam size and linear polarization.
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