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A small-angle scattering technique is introduced for probing spatial variation of magnetization in solids with
resolution down to ~1,um™"!. The technique uses nuclear resonance scattering of synchrotron radiation. The
sensitivity to spatial variation of magnetization due to domain walls and domain structure is demonstrated by
small-angle scattering of 14.431 keV synchrotron radiation from *’Fe nuclei in unmagnetized or—>"Fe poly-

crystalline foils. [S0163-1829(96)08941-2]

Small-angle scattering of x rays (SAXS) and neutrons
(SANS) have long being used to study inhomogeneities and
disorder in matter on the linear scale from 1 nm to 1
wm."? Small-angle scattering of x rays is sensitive to the
spatial variation of the electric charge density. Neutrons pos-
sess a magnetic moment, therefore small-angle neutron scat-
tering is used as well to probe magnetic domain structure>*
and critical magnetic fluctuations® (for a review, see Ref. 6).

In the present paper we introduce a technique for probing
magnetic spatial variation—nuclear resonance small-angle
scattering of x rays (NSAXS). It became feasible only re-
cently due to the appearance of synchrotron radiation sources
of the third generation providing x-ray beams of high bril-
liance. The technique uses nuclear resonance scattering of
synchrotron radiation (for reviews, see Refs. 7,8) and in par-
ticular its high sensitivity to the local magnetization, through
the magnetic hyperfine fields, at each nucleus. If the magne-
tization in the sample is spatially homogeneous, then the
response built up by all nuclear scatterers goes exactly into
the primary beam direction—the so-called nuclear forward
scattering (NFS) of synchrotron radiation.”!” In this case the
angular profile of the nuclear resonance response does not
differ from the angular profile of the incident radiation. On
the other hand, spatial variation of magnetization should
cause scattering about the primary beam direction with an-
gular spread inversely proportional to the characteristic
length of the spatial variation. The angular-integrated inten-
sity of nuclear resonance small-angle scattering should addi-
tionally characterize the value of the long-range spatial dis-
persion of magnetization. These different properties were
studied in experiments presented in this paper.

The experiments were performed at the Nuclear Reso-
nance Beamline'! of the European Synchrotron Radiation
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Facility. The storage ring was run with average electron cur-
rent of 70 mA in 16-bunch mode producing undulator radia-
tion pulses (~ 100 ps duration) every 176 ns. The 23 mm
period undulator was tuned to provide 14.4 keV X rays in the
fundamental. A double-crystal Si(1 1 1) premonochromator
and the high-resolution monochromator>~!* in nested ar-
rangement of Si(4 2 2) and Si(12 2 2) channel-cut crystals
supplied radiation with 6.4 meV bandwidth at the x-ray en-
ergy of 14.413 keV (wavelength A =0.8602 A) tuned to the
nuclear resonance in °'Fe, Fig. 1. The beam divergence in
the horizontal (y,z) plane was =35 urad and in the vertical
(x,z) plane =15 urad. The beam size at the sample was
reduced to 0.5%X 0.5 mm? with slits before premonochroma-
tor.

The samples studied included unmagnetized polycrystal-
line foils of ferromagnetic metallic a—>"Fe 2.5, 10, and 36
pm thick and the same foils in an 0.55 T external magnetic

S

FIG. 1. Scheme of the experimental setup for angular-resolved
nuclear resonant small-angle scattering: M is the Si(1 1 1) premono-
chromator; H is the Si(4 2 2)XSi(12 2 2) high-resolution mono-
chromator; S is the sample; A is the Si(1 1 1) analyzer; D is the
detector. The inset shows the end part of the set-up modified for
angular integrated scattering with the sample moved downstream of
the Si(1 1 1) analyzer.
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FIG. 2. Angular profiles of the (a) nonresonant and (b) nuclear
resonant scattering from the 10 wm magnetized a—"Fe foil (O).
The angular profiles of the incident radiation are presented in (a,b)
by thin solid lines. The angular profiles of the nonresonant scatter-
ing from magnetized and unmagnetized foil are the same.

field directed parallel to the foil surface. All samples were
enriched in 3’Fe to 95%.

The angular profile of the radiation emerging from a
sample was measured by rocking the Si(1 1 1) analyzer in-
stalled downstream. It provided selectivity in the vertical
scattering plane (acceptance angle =18 urad) and strong in-
tegration (== 10 mrad) in the horizontal plane. To perform
additional measurements of angular-integrated nuclear reso-
nance scattering about the primary beam direction a sample
was shifted downstream of the Si(1 1 1) analyzer, see inset in
Fig. 1.

The detector used was a reach-through avalanche
photodiode'® with time resolution of 1 ns and background
count rate less than 0.05 Hz. The long natural lifetime
7o=141.1 ns of the 14.413 keV excited state of *'Fe nuclei
allows easy discrimination of the delayed nuclear signal
from the prompt signal of the electronic scattering. The
nuclear response was measured by counting photons in the
time window 15— 160 ns after the excitation by a synchro-
tron radiation pulse. Electronic scattering (being the domi-
nant process) was measured by counting photons without
any time gating.

The angular profile of the incident radiation was measured
by rocking the Si(1 1 1) channel-cut with no sample installed
in the beam. It is shown by thin solid curves in Figs. 2(a),
2(b), and 3. Its full width at half maximum of §=20 urad
defines the resolution of the setup in the reciprocal space
~2mw8/N=1.5 um~'. The angular profile of the radiation
nonresonantly scattered from the 10 um sample of the mag-
netized a—>"Fe is shown in Fig. 2(a) by solid circles (for the
unmagnetized sample it is the same). There is no difference
in the angular profiles indicating homogeneous charge den-
sity in the foil. The angular profile of the resonant radiation
emerging from the same foil given in Fig. 2(b) by open
circles shows only a small difference to the angular profile of
the incident radiation.

In contrast the resonant radiation emerging from unmag-
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FIG. 3. Angular profiles of the nuclear resonant scattering from
the 2.5 (O), 10 (@), and 36 wm ( ¢ ) unmagnetized o —'Fe foils.
Each angular point was measured for 30 s. The angular profile of
the incident radiation is presented by the thin solid line. The bold
solid line is a fit according to Eq. (1). The dashed line shows the
angular profile of nuclear resonance small-angle scattering [Eq. (2)]
in a—>"Fe determined from the fit. The vertical line at 6=—87
prad indicates the angular position of the Si (111) analyzer where
the time spectra of small-angle scattering were measured; see Figs.
4(b) and 4(d).

netized samples of a—>"Fe given by symbols in Fig. 3
shows considerable broadening compared to the incident ra-
diation. We point out here the first observation: inhomoge-
neous magnetization, namely magnetic domain walls or
(and) domains, which arises in a—>"Fe after removal of the
external magnetic field shows up immediately in the pure
nuclear small-angle scattering.

The second observation is that the angular distributions of
the nuclear scattering measured in samples of different thick-
ness do not vary significantly from sample to sample. The
angular profiles for the 2.5, 10, and 36 um foils given in Fig.
3 by different symbols look very similar within the accuracy
of the measurements. This suggests that despite the very
large effective resonance thicknesses L 4= 0 f y/NL,
which, e.g., in the case of the 36 um a— >"Fe foil amounts to
L +=590, the NSAXS might be considered in the first ap-
proximation as a single scattering process in contrast to NFS
as a multiple one. Here o is the resonance cross section,
fu is the Lamb-Mossbauer factor, N is the number of 3’Fe
nuclei in the unit volume, and L is the foil thickness, respec-
tively.

The angular dependences of nuclear scattering in Fig. 3
were fit (bold solid line) by using the equation

—+ oo

N(0)=I(0)+fﬁ S(o—6")1(6')do’, (1)

where 6 is the rocking angle of the Si(1 1 1) analyzer in
(x,z) plane, I1(8) and S(6) are the angular profiles of the
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incident radiation and of nuclear resonance small-angle scat-
tering, respectively. The vertically scattering analyzer crystal
integrates over the scattering in the horizontal (y,z) plane.
Thus, assuming the small-angle scattering from the sample is
axially symmetric about the incident beam direction, one re-
lates the measured response S(6) to the real response func-
tion R(Q) of nuclear resonance small-angle scattering by
S(Q,)*[dQ,R(Q) where Q=|Q x+Q,y| is the value of
the scattering vector and Q ,=2m6/\ is its x component. By
integrating Eq. (1) one can find that D= ["2S(68)d 0 gives
the relative value of the angular integrated NSAXS intensity
normalized to the intensity of NFS. Analysis of the data
shows that a good fit is achieved by choosing S(6) as
Lorentzian

3 A6 1
S(8)=D Em, (2)

with A§=23=*35 urad and D =0.16+0.03 (dashed line in Fig.
3). The response function is then given by

1

"o T ©

R(Q)

where g=2mAG/\.

Proceeding from the single scattering model one can ar-
gue that the response function of nuclear resonance small-
angle scattering R(Q) is the Fourier transform of the pair
correlation (cf. Ref. 16) or characteristic (cf. Ref. 1) function
of the spatial distribution of magnetization, while ¢ ! is the
correlation length. The value ¢~ '=0.6 um is in agreement
with the domain-wall width in Fe, known to be in the range
0.3...1 um.'™® The domain size, which in polycrystalline
Fe is at least 10 um* does not show up in the data, presum-
ably due to the resolution limit in the reciprocal space of our
setup. To establish the relationship between the correlation
function and distribution of magnetization in domain walls a
theory of nuclear resonance small-angle scattering is re-
quired.

It is noteworthy that the Lorentzian dependence of nuclear
resonance small-angle scattering in Fe foils differs from the
Gaussian dependence of small-angle neutron scattering ob-
served in bulk samples of iron.>* Gaussian broadening, hav-
ing \/Z dependence on the sample thickness, originates from
the multiple character of small-angle neutron scattering. This
multiple character of small-angle neutron scattering does not
allow one to determine domain size directly from experimen-
tal data. Theoretical models are required.* In contrast to the
multiple small-angle neutron scattering the single nuclear
resonance small-angle scattering provides undisturbed and
direct information on the correlation function and correlation
length of the spatial distribution of magnetization.

The third observation is derived from the comparison of
the angular-integrated nuclear resonance small-angle scatter-
ing and nuclear forward scattering intensities. For this pur-
pose the total number of counts Nygs and Ny in the time
window 15-165 ns were measured for each sample upstream
and downstream of the Si(1 1 1) analyzer, respectively (see
Fig. 1 and the inset). The analyzer was set at 6=0. Nygg is
proportional to the time-integrated intensity of nuclear for-
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FIG. 4. Time spectra of the nuclear scattering in unmagnetized
a—3"Fe foils 2.5 um (a,b) and 10 wm thick (c,d). The Si(1 1 1)
analyzer was set at #=0 (b, d) and at 6=—87 wrad (a, c). Solid
lines in (b, d) are the calculated nuclear forward scattering time
spectra in unmagnetized a —>'Fe. The lines in (a, c) guide the eye.

ward scattering. The difference Ny — Nygg is proportional to
the angular- and time-integrated intensity of NSAXS.!” The
ratio

:NE_NNFS

D
Nngs

4)
appears to be the same D=0.15%=0.01 (within the given er-
ror) for the three &w—>"Fe foils of different thickness. As one
could expect, it is close to the value of the relative angular
integrated intensity of NSAXS D =0.16%+0.03 obtained from
the fit of the angular dependences in Fig. 3. As long as the
intensity of nuclear forward scattering is a measure of spatial
homogeneity and on the contrary the intensity of nuclear
resonance small-angle scattering is a measure of spatial in-
homogeneity, it is clear that D (like D as well) can serve as
a measure of the long-range spatial dispersion of magnetiza-
tion in a given substance.

Figures 4(b) and 4(d) show time spectra of the nuclear
resonance scattering with the Si(1 1 1) analyzer set at =0
(measured in 2.5 and 10 wm a—>"Fe foils, respectively).
They correspond to nearly pure nuclear forward scattering
time spectra. Solid lines are the calculated nuclear forward
scattering time spectra in unmagnetized a —>’Fe. The spectra
in Figs. 4(a) and 4(c) were measured in the same samples
with the Si(1 1 1) analyzer set at 6= — 87 urad (vertical line
in Fig. 3). These time spectra comprise 70% of NSAXS, i.e.,
the dominant part, and 30% of NFS. The time spectra in
Figs. 4(a) and 4(c) are very different from that in Figs. 4(b)
and 4(d). This is direct experimental proof that what we call
nuclear resonance small-angle scattering is a scattering pro-
cess different from nuclear forward scattering.

It should be noted that in the usual procedure of measur-
ing the nuclear forward scattering time spectra no angular
analyzer is used.!” Therefore in those cases where the rela-
tive amount of nuclear resonance small-angle scattering
given by D is large its contribution should be considered in
processing the time spectra.

In summary, an experimental technique—nuclear reso-
nance small-angle scattering of x rays—is introduced for
probing spatial variation of magnetization in solids with
resolution in reciprocal space down to ~1um !, It allows
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one to measure the correlation function, the correlation
length, and the dispersion of the long-range spatial variation
of magnetization.

The technique can be used to probe magnetic domain
structure. Due to the high brilliance of the contemporary
synchrotron-radiation sources the studies of magnetic do-
mains in special conditions, e.g., under high pressure, or
other extreme conditions become accessible.

Along with magnetic hyperfine fields the nuclear reso-
nance scattering is sensitive to electric-field gradients
(EFG’s) and the charge density at nuclei (via chemical
shifts). Therefore nuclear resonance small-angle scattering
might be also used to probe spatial variation of EFG and
chemical bonding in solids.
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The method could be especially attractive for studies of
critical magnetic fluctuations. Along with the high resolution
in reciprocal space to variation of magnetization (typical also
for x-ray magnetic and neutron-diffraction techniques used
so far for such studies?®2?) the proposed technique offers
new possibilities: (1) Single crystals are not required as
samples; any sample, including amorphous ones, can be
studied. (2) It might be used to investigate relaxation times
of critical magnetic fluctuations.
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