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Nanoscale magnetism probed by nuclear resonant scattering of synchrotron radiation
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Time-resolved nuclear resonant scattering of synchrotron radiation is applied to determine the spin structure
of magnetic nanostructures on surfaces. From the temporal beat pattern the magnitude and the direction of
magnetic hyperfine fields in the sample can be determined. We describe an algorithm to extract the magnetic
structure function from a series of such measurements at different sample orientations. This reconstruction
technique is applied to study the remanent spin structure of relaxed Fe islands on the surface of a W~110! single
crystal. Unexpectedly, we find two orthogonal magnetic sublattices oriented along the in-plane@001# and

@11̄0# directions in a proportion of 4:1. This spin structure appears to be independent of capping layers that
consist of Ag or C. A completely different spin structure is found for a different shape distribution of the
islands. These results are discussed in terms of magnetic anisotropies that are present in this system. Moreover,
the results demonstrate that the outstanding brilliance of present-day synchrotron-radiation sources allows one
to determine the magnetic spin structure of magnetic clusters and nanoparticles on surfaces with sensitivities
reaching into the monolayer regime.
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I. INTRODUCTION

Magnetic thin films and nanostructures display a richn
of magnetic properties that do not have a bulk counterpa1

These phenomena challenge the understanding of magne
on the atomic scale and its origin. In addition, they are
outmost technological relevance due to applications in m
netic data storage and in the growing field
magnetoelectronics.2,3 Parallel to the decreasing size of ma
netic microstructures, there is a growing need for effici
methods to characterize magnetic properties on the ato
level. In the last decade, a number of techniques have b
developed for direct imaging of magnetic nanostructure4

One class of methods is based on the detection of secon
electrons after absorption of photons or electrons. The im
contrast is achieved due to magnetic dichroism in photo
sorption as in the case of photoemission elect
microscopy5 or due to detection of spin-polarized electro
as in case of scanning electron microscopy with polariza
analysis.6 Another class of methods relies on scanning pro
techniques such as magnetic force microscopy7 or spin-
polarized scanning tunneling microscopy.8 While the former
methods yield lateral resolutions in the range of 10–100 n
the latter method allows one to image magnetic structu
with atomic resolution.9 However, due to the shallow escap
depth of electrons from solids and the limited probing de
of scanning probe methods, these methods are often too
face sensitive. A larger probing depth can be achieved
scattering methods such as polarized neutron scattering10 or
magnetic x-ray scattering.11 In these cases, information abo
the magnetic structure can be obtained via diffraction exp
ments. The magnetic structure is then reconstructed f
data recorded in reciprocal space, therefore this clas
methods can be considered complementary to real-space
aging methods. While polarized neutron scattering is use
0163-1829/2003/67~24!/245412~16!/$20.00 67 2454
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investigate bulk magnetic systems since long, experime
on small sample volumes such as ultrathin films often su
from the low brilliance of neutron sources. On the oth
hand, the outstanding brilliance of x-ray synchrotron rad
tion has opened unique experimental possibilities to st
magnetic properties of surfaces and nanoscale structure
recent years.11 This is particularly true for the technique o
nuclear resonant scattering of synchrotron radiation.12 The
method is the time-based analog of classical Mo¨ssbauer
spectroscopy with synchrotron radiation as a source. Du
the pulsed time structure hyperfine spectroscopy is p
formed on a time scale rather than on an energy scale.
simultaneous excitation of the hyperfine-split nuclear ene
levels by a radiation pulse leads to quantum beats in
temporal evolution of the nuclear decay. The analysis of t
beat pattern allows a precise determination of the magnit
and the orientation of magnetic fields in the sample. Wh
nuclear resonant absorption as used in conventional M¨ss-
bauer spectroscopy is anincoherentprocess that reflects th
local environment of individual nuclei,coherentscattering
processes are also sensitive to the spatial arrangement o
nuclei, giving rise to diffraction or other interference effec
However, the brilliance of radioactive sources is too low f
an effective application of coherent scattering from th
films, so that only a few experiments have been repor
since the discovery of the Mo¨ssbauer effect.13–17 This situa-
tion changed drastically with the availability of high
brilliance synchrotron-radiation sources. Since then, a nu
ber of thin-film and multilayer systems have be
studied,18–22 with sensitivities in the monolayer regime.23,24

Fe on W~110! is an ideal model system to study the inte
play of various magnetic anisotropies in ultrathin films25

This system exhibits a positive surface energy that allows
the formation of stable films in contrast to metastable c
figurations such as Fe/Cu. The pseudomorphic Fe monol
©2003 The American Physical Society12-1
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R. RÖHLSBERGERet al. PHYSICAL REVIEW B 67, 245412 ~2003!
on W~110! was the first system in which two-dimension
ferromagnetic order was observed, induced by a large
face anisotropy.26 The magnetic order in thin films of Fe o
W~110! was then extensively investigated.27–34 Particularly
interesting are self-organized magnetic structures that f
in special growth conditions. For example, at coverages
the submonolayer range one observes the formation of s
rated islands31 that order with a perpendicular anisotropy
low temperatures.24 The double-layer patches that form
coverages of about 1.5 ML exhibit perpendicular anisotro
and antiferromagnetic coupling.32–34For continuous Fe films
one observes a reorientation of the in-plane easy axi
thickness of about 50 ML.25 If thinner films are annealed a
sufficiently high temperatures, they form separated thr
dimensional islands35 with the lattice constant of bcc Fe. S
far, however, only a few experiments are reported about
magnetic order of these islands.36–38

In this paper, we employ the method of nuclear reson
scattering of synchrotron radiation at the 14.4-keV resona
of 57Fe to study the magnetism of such self-organized nan
cale Fe islands. The paper is organized as follows. In the
section, we outline a compact formulation of polarizatio
dependent x-ray scattering in grazing-incidence geome
The formalism is applicable to many types of resonant s
tering problems. In the following section, we discuss t
scattering amplitude for coherent nuclear scattering that
termines the optical properties of thin films. In the case
ultrathin films, the scattering can be treated in the kinem
cal limit that allows for a simple analytical treatment of th
scattering problem. It is shown how the quantum beat pat
of the time response serves as a fingerprint for the magn
structure of the sample. However, a unique reconstructio
only possible if measurements are performed for a numbe
different orientations of the sample. We use an algorithm
extract the magnetic structure function from a set of m
sured time spectra. In the experimental section, this met
is applied to determine the magnetic structure of s
organized Fe islands on W~110! with different shapes and
various capping layers. In general, this technique is ap
cable to low-dimensional systems such as ultrathin films
nanoparticles deposited in thin films and on surfaces,
example, as will be discussed in the concluding section.

II. BASIC PRINCIPLES

A. Grazing-incidence magnetic x-ray scattering

The presence of a finite sample magnetization often r
ders the scattering of x rays strongly polarization sensit
This effect is particularly pronounced if the photon energy
close to an inner-shell or a nuclear resonance. In this c
the dynamical theory of x-ray scattering has to take into
count the polarization dependence of the scattering proc
as explained in the following.

To describe the propagation of electromagnetic wave
homogeneous materials, a self-consistent solution for
electromagnetic wave field under consideration of
multiple-scattering processes has to be found. This is sub
of the dynamical theory of x-ray scattering, see, e.g., Ref.
Formally, in any of the formulations developed so far o
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arrives at a set of coupled linear differential equations w
constant coefficients. The amplitude in depthz of a homoge-
neous layer is then given by

A~z!5eiFzA~0!, ~1!

where the matrix elements of the propagation matrixF are
the transition amplitudes for scattering processes between
open scattering channels. In the general case,A
5(A1 ,A2 , . . . ,An) is a multidimensional vector represen
ing the set of field amplitudes in then open scattering chan
nels. The number of possible scattering channels is de
mined by the structure of the sample and the scatte
geometry.40 In crystalline samples, e.g., several Bragg a
Laue reflections are possible, which are excited if the m
mentum transfer coincides with a reciprocal-lattice vect
The virtue of this formalism is that it allows one to treat
variety of scattering problems extending from simple fo
ward scattering to diffraction from laterally structure
samples.40 Systems consisting of multiple layers are treat
by subsequent multiplication of matrix exponentia
Grazing-incidence reflection is a two-beam case of x-ray
fraction, the~000! Bragg reflection. Thus, one has to co
sider two scattering channels, i.e., specular reflectionR and
forward transmissionT, as shown in Fig. 1. The propagatio
matrix of layeri in this case reads40

Fi5S f i1k0z f i

2f i 2f i2k0z
D , ~2!

with

f i5
2p

k0z
(

j
r jM j~v! ~3!

being the scattering matrix for grazing-incidence reflection41

The sum runs over all atomic species in the layer with nu
ber densitiesr j each and the energy-dependent forwa
scattering lengthM j (v) which is a 232 matrix to account
for the polarization dependence of the scattering process
explained in the following section.k0z5k0z1, wherek0z is
the z component of the wave vector and1 is the 232 unit
matrix. The solution of the scattering problem becomes co
paratively easy in the system of eigenpolarizations of

FIG. 1. Left: A wave incident on a thin film is scattered into tw
channels, corresponding to specular reflection and forward tr
mission. The layers labeled by 0, 1, and 2 denote vacuum, film,
substrate, respectively. Right: A rough surface introduces rela
phases between the scattered waves that result in a reduction o
specularly reflected intensity and scattering into diffuse directio
W(z) is the distribution function of the surface elements alongz for
the rough surface.
2-2
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NANOSCALE MAGNETISM PROBED BY . . . PHYSICAL REVIEW B67, 245412 ~2003!
sample. Those are the polarization states that remain
changed in the scattering process. They are obtained b
agonalization of the forward-scattering matrixf i ,

f i ,D~v!5gfi~v!g21 with @ fD~v!#mn5dmn f i ,m~v!,
~4!

with the diagonalizing matrixg and the eigenvaluesf i ,m(v)
of the matrixf i . The matrix exponential can then be calc
lated for each eigenpolarization separately. Thus, for be
readability, we drop the polarization indexm in the following
paragraph.

In case of a single layer of thicknessd on a semi-infinite
substrate, Eq.~1! can be written as40,42

S AT~d!

AR~d!
D 5s~d!S AT~0!

AR~0!
D , ~5!

with

s~d!5
1

t21
S 1 r 21

r 21 1 D S eik1zd 0

0 e2 ik1zdD S 1 r 10

r 10 1 D 1

t10
.

~6!

Here, the subscripts 0, 1, and 2 denote vacuum, film,
substrate, respectively.k1z is the z component of the wave
vector in the film, which is through Snell’s law related to th
z componentk0z of the incident wave vector by

k1z5k0zb1 with b1~v!5A11
2 f 1~v!

k0z
. ~7!

In grazing-incidence geometry, it is a good approximation
write k0z'k0w, with w being the angle of incidence, see Fi
1. r i j (w) and t i j (w) are the Fresnel reflection and transm
sion coefficients of the boundary between two mediai and j,
respectively,

r i j 5
b i2b j

b i1b j
, t i j 5

2b i

b i1b j
. ~8!

To solve Eq.~5! for the specularly reflected fieldAR(0), one
has to take the boundary conditions into account which
given here byAR(d)50 and AT(0)5A0, whereA0 is the
amplitude of the incident field. This leads to the reflectiv
r 012 of the layer system being expressed by the eleme
@s#21 and @s#22 of the matrixs(d):

AR~0!5r 012A0 with r 01252
@s#21

@s#22
. ~9!

Evaluation of this equation yields the well-known express
for multibeam interference at a thin film, in the field of x-ra
physics often referred to as Parratt formula43

r 0125
r 011r 12e

i2k1zd

11r 01r 12e
i2k1zd

. ~10!

In the kinematical approximation (k1zd!1), we can write
eik1zd'11 ik1zd in Eq. ~6!. Evaluation of Eq.~9! then leads,
after some algebra,44 to the following result for the reflectiv-
ity:
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r 012~v!5r 02~11 i f 1~v!ut02u2d!'r 02e
i f 1(v)ut02u

2d. ~11!

This is an expression very similar to the description
nuclear forward scattering,45,46 where the scattered field i
given byA(v)5A0ei f (v)d. Sincef 1(v)5(k0 /k0z) f (v) ~see
Ref. 41!, the reflection from an ultrathin film can be treate
like forward scattering with an ‘‘effective’’ thickness ofd8
5dut02u2/w. This value results from two effects. First,d is
enhanced by a factor of 1/sinw'1/w, which is simply the
path length of the radiation traveling under an anglew
through a film of thicknessd. Second, an additional thicknes
enhancement results from x-ray interference effects.47 ut02u2
is the relative intensity of the standing wave with amplitu
AS that results from the superposition of incident and
flected wave, i.e.,AS5(11r 02)A05t02A0. This enhanced
interaction with the radiation field thus mimics an increas
film thickness.

Once the reflectivities for each eigenpolarization ha
been calculated, the (232) reflectivity matrixR in the origi-
nal polarization basis is then obtained via the backtrans
mation

R5g21RDg with @RD#mn5dmnr 012,m , ~12!

where ther 012,m are the reflectivities for both eigenpolariza
tions, given by Eq.~11!.

So far we have assumed that the boundaries of the la
system were perfectly smooth. This, however, is typically n
true for real samples. Figure 1 shows a model of a thin fi
on a substrate that exhibits a steplike corrugation. Due to
spatial displacement of the surface elements, the amplit
scattered from each of them contributes to the total scatte
amplitude with a spatial phase factor. Coherent summa
over all these contributions yields for the reflected amplitu

r 0128 5r 012E W~z!exp$2ik0zz%dz, ~13!

where the distribution functionW(z) describes the probabil
ity to find an element of the surface in depthz. If W(z) is a
Gaussian with standard deviations, the integral in Eq.~13!
can be calculated exactly and we obtain for the reflec
amplitude

r 0128 5r 012exp$24k0
2w2s2%. ~14!

Thus, the presence of surface roughness introduces a d
ing factor that is the Fourier transform of the height dist
bution functionW(z). For example, the intensityur 0128 u2 of
14.4-keV radiation (k057.3 Å21) that is reflected atw55
mrad from a surface with a roughness ofs52 nm, is re-
duced by a factor of 100 compared to a smooth surface.

The above treatment is valid only if the lateral dimensi
of the surface elements is smaller than the in-plane tra
verse coherence lengthLt5L/w of the radiation.L is the
width of the mutual coherence function that is introduced
describe the degree of coherence of the radiation field.48 It
determines to what degree waves scattered from diffe
parts of the sample have to be added coherently. This p
an important role in the interpretation of x-ray scattering e
periments with synchrotron radiation.48 Due to the small
2-3
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R. RÖHLSBERGERet al. PHYSICAL REVIEW B 67, 245412 ~2003!
source size of undulator synchrotron sources, for exam
the transverse coherence length at the sample position ca
several micrometers.49 In grazing-incidence geometry, thes
values increase toL/w along thex direction ~see Fig. 1!, so
that coherent illumination may occur over in-plane distan
of several hundred micrometers. These considerations, h
ever, apply only for the specularly reflected beam. If t
detector aperture integrates over an increasing part of
diffusely scattered~off-specular! radiation, the apparent co
herence length decreases.50 As a result, contributions from
laterally separated parts of the surface have to be added
a decreasing degree of coherence.

B. The forward-scattering amplitude

The formalism developed above applies for polarizatio
dependent scattering of hard x rays in grazing-incidence
ometry. Polarization mixing effects are typically very pr
nounced in resonant scattering processes. The functi
form and the energy dependence of the scattering proce
described by the forward-scattering length

M ~v!5E~v!1N~v!, ~15!

which consists of two contributions:E(v) describes non-
resonant electronic charge scattering~assumingv being far
away from absorption edges! and is given by

@E~v!#mn5~ êm• ên!F2Zr01 i
k0

4p
s t~v!G , ~16!

where Z is the atomic number,r 0 is the classical electron
radius, ands t is the total absorption cross section.N(v)
contains the contributions from resonant scattering proce
such as resonant magnetic x-ray scattering11,51 or nuclear
resonant scattering.52–54 For an electric 2L-pole resonance
this scattering length is given by51

@N~v!#mn5
4p f R

k0
(

M52L

L

@ ên•ŶLM~ k̂0!#

3@ŶLM* ~ k̂0!• êm#FLM~v!. ~17!

The two dot products between the polarization basis vec
( ên ,êm) and the vector spherical harmonicsŶLM( k̂0) de-
scribe the anisotropy of photon absorption and reemiss
respectively. The energy dependence of the scattering
cess is contained in the functionsFLM(v) as will be ex-
plained below.f R,1 describes the degree of elasticity of t
scattering process.55 It is convenient to expand Eq.~17! in
powers of the unit vectorm̂ that defines the magnetic qua
tization axis of the atom in the sample. The resonant sca
ing length for an electric dipole transition (L51) can then
be written as53
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@N~v!#mn5
3

16p
$~ êm• ên!@F111F21#

2 i ~ êm3 ên!•m̂@F112F21#

1~ êm•m̂!~ ên•m̂!@2F02F112F21#%.

~18!

For convenience, we have dropped the subscriptL. In the
following, the focus will be onnuclear dipole transitions.
The functionsFM5FM(v) are the energy-dependent res
nant strengths for transitions with a change ofM in the mag-
netic quantum number:

FM~v!5K(
mi

C2~ I g1I e ;miM !

\~v2vmi M
!1 iG0/2

~19!

with

K5
2p f LMG0

k0~11a!~2I g11!
,

where I g and I e are the nuclear spins of the ground a
excited states,f LM is the Lamb-Mo¨ssbauer factor,G0 the
natural linewidth of the transition, anda the coefficient of
internal conversion. The sum runs over all ground-state l
els with magnetic quantum numbersmi . vmi M

is the reso-

nance energy of the transition with the quantum numbersmi
andM. This is illustrated for the 14.4-keV resonance of57Fe
in Fig. 3. TheC(I g1I e ;miM ) are the Clebsch-Gordan coe
ficients in the notation of Rose56 that describe the relative
strength of the transitions. In case of a magnetic dipole tr
sition, the role of the electric and magnetic fields of the
diation are interchanged. Then one has to transform the
larization vectors in Eq.~18! according toê→ ê3 k̂0, where
k̂0 is a unit vector along the photon wave vector. The th
terms in Eq.~18! represent different polarization depende
cies. The first term is not sensitive to the sample magnet
tion. Its polarization dependence given byêm• ên is that of
nonresonant charge scattering. The second term desc
circular dichroism because it depends on the difference
tween the resonant scattering amplitudesF11 and F21.
Since its polarization dependence is given byêm3 ên , it de-
scribes orthogonal scattering, e.g.,ŝ→p̂ and p̂→ŝ. The
third term that is proportional to 2F02F112F21 describes
linear magnetic dichroism. Its polarization dependence
lows for all scattering processes within the given polarizat
basis. The occurrence of optical activity crucially depends
the orientation ofm̂. In the following, we assume a samp
with a uniaxial magnetization and a linear polarization bas
wheres polarization lies in the plane of the storage ring. T
orientation of the magnetic moment with respect to the in
dent wave vector and the linear polarization basis is sketc
in Fig. 2. In general,f is not Hermitian, so that the eigenpo
larizations are not orthogonal and depend explicitly on
ergy through the functionsF11 ,F21, and F0. However,
there are some important cases wheref is Hermitian and a
system of orthogonal eigenpolarizations can be found so
2-4
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NANOSCALE MAGNETISM PROBED BY . . . PHYSICAL REVIEW B67, 245412 ~2003!
the diagonalizing matrixg in Eq. ~4! depends only on the
geometry. Those are the cases where the medium poss
global symmetries. This is the case, e.g., for a uniform
magnetized material that exhibits an axial symmetry, so
k̂0 and m̂ are parallel or perpendicular to each other. In t
latter case, we havek̂0•m̂50, so that

fD;S F111F21 0

0 2F0
D andg5S cosQ sinQ

2sinQ cosQ
D .

~20!

In this case, the linear polarizations are eigenpolarization
the system. The diagonalizing matrix describes the rota
of the polarization basis towards the direction ofm̂. If k̂0 and
m̂ are parallel, we have the Faraday geometry of magn
scattering, i.e.,k̂0•m̂51, and

fD;S F11 0

0 F21
D and g5S 1 i

i 1D . ~21!

Here, the circular polarizations are the eigenpolarizations
the diagonalizing matrix mediates the transformation
tween the linear and circular polarization basis. Of particu
relevance are situations where the directions of magnetic
ments are distributed uniformly in space or over certain s
spaces that are generated by magnetic anisotropies. In ca
thin films, the large magnetic shape anisotropy forces
magnetic moments to be aligned in the plane of the film.
case of unmagnetized multidomain films one often enco
ters a two-dimensional random distribution of magnetic m
ments. In these cases, the scattering amplitude can be c
lated analytically by integration over the correspondi
subspace. The results are summarized in rows E-G of Fig
In these three cases, the scattering matrixf(v) is diagonal in
a linear polarization basis.57

III. NUCLEAR RESONANT SCATTERING
FROM THIN FILMS

So far the formalism was quite general, i.e., no assum
tions were made about the type of scattering process
determines the functional shape and the energy depend

FIG. 2. Relative orientation (Q,f) of the incident wave vector

k̂0 to a unidirectional magnetizationm̂ of the sample. (ŝ,p̂) are the
linear polarization basis vectors. The angle of incidencew is highly
exaggerated in this sketch; typical values are a few milli radian
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of the functionsF11 ,F0, and F21. This means that the
above formalism can be applied to any case of polarizati
dependent scattering process that involves electric or m
netic dipole transitions.58 In the following, we want to dis-
cuss the case of nuclear resonant x-ray scattering
demonstrate how this method can be used as a very sens
probe for thin film and surface magnetism. In particular,
want to concentrate on the 14.4-keV resonance of57Fe. Due
to its large cross section and the large recoil-less fraction
resonance is one of the most widely applied Mo¨ssbauer tran-
sitions. It is a magnetic dipole transition with spinsI g
51/2,I e53/2 and magnetic momentsmg50.091mN ,me
520.153mN of the ground and excited state, respective
and a natural lifetime oft05141 ns. In a magnetic field, th
energetic degeneracy of ground and excited states is lif
resulting in a Zeeman splitting of the nuclear levels,
shown in Fig. 3. Various sources lead to a magnetic field
the position of the nucleus. The main contribution aris
from the spin polarization of thes electrons via exchange
interaction with the spin-polarizedd electrons. This leads to
B533.3 T in the case of ferromagnetica-Fe at room tem-
perature, for example. Other contributions arise from dipo
fields, crystal fields, and fields from itinerant electrons.
many cases the total magnetic hyperfine field can be con
ered proportional to the magnetic moment of the samp

FIG. 3. Nuclear level scheme of the 14.4-keV transition of57Fe
in case of a pure magnetic hyperfine splitting. The six dipole
lowed transitions decompose into three different polarization dep
dencies with their individual energy dependence given by the fu
tions FM(v).
2-5
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TABLE I. Parameters of Mo¨ssbauer isotopes with resonance energiesEg below 30 keV that have been
used in synchrotron-based experiments.a is the natural abundance of the isotope,I g and I e the spins of the
ground and excited state,G0 the natural linewidth, andt the lifetime. s0 is the nuclear absorption cros
section at resonance.mg andme are the magnetic moments of the ground and excited states, given in un
the nuclear magnetonmN ~data partly taken from Ref. 77!. The reference in the last column points to the fi
experiment involving coherent resonant scattering of synchrotron radiation at that resonance.

Isotope Eg a G0 t s0 I g I e Multi mg me

~keV! ~%! ~neV! ~ns! (10222m2) polarity (mN) (mN) Reference

181Ta 6.23 99.9 0.067 9870 1.099 7/2 9/2 E1 2.360 5.220 @78#
169Tm 8.41 100 114 5.8 0.242 1/2 3/2 M1 20.232 0.520 @79#
83Kr 9.40 12.0 3.3 212 1.226 9/2 7/2 M1 20.967 20.939 @80,81#
57Fe 14.41 2.1 4.7 141 2.464 1/2 3/2 M1 0.090 20.155 @82#
151Eu 21.53 47.8 47.0 14.1 0.243 5/2 7/2 M1 3.464 2.590 @83#
149Sm 22.49 13.8 64.1 10.3 0.120 7/2 5/2 M1 20.665 20.622 @84#
119Sn 23.87 8.6 25.7 25.7 1.381 1/2 3/2 M1 21.046 0.685 @85#
161Dy 26.65 18.9 16.2 40.8 1.110 5/2 5/2 E1 20.470 0.558 @86#
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However, in the case of ultrathin films the balance betwe
the various contributions may be changed so that the m
netic moment not necessarily follows the evolution of t
hyperfine field, as discussed in Ref. 59, for example.

The dipole selection ruleM5me2mg50,61 leads to six
allowed transitions, corresponding to six energetically w
separated resonances. The resulting energy dependen
the functionsFM(v) for M521,0,11 is shown in Fig. 3.
The energetic positions of the resonance lines are determ
by the magnetic hyperfine interaction, i.e.,

\vmgM5\v02~meme2mgmg!B, ~22!

whereme andmg are the magnetic quantum numbers of t
ground and excited state, respectively.\v0 is the resonance
energy in case of unsplit nuclear levels. After simultaneo
excitation of these resonances by a synchrotron-radia
pulse, the time spectrum of the decay exhibits a character
quantum beat pattern. The analysis of this pattern ena
one to extract information about the magnitude and the
rectional distribution of hyperfine fields in the sample. In t
following, we want to discuss the time-dependent reflectiv
of an ultrathin film on a semi-infinite substrate in the gene
case of polarization-mixing scattering. The substrate is
sumed to exhibit no optical activity. After calculation of th
energy-dependent reflectivities according to Eq.~11!, the
time responseR̃(t) of the system is obtained by Fourie
transformation ofR(v) as given by Eq.~12!:

R̃~ t !5d~ t !2 f̃~ t !xe2xt/2t0, ~23!

with

x5
1

4
rs0f LMut02u2

d

w
, ~24!

where f̃(t) is the Fourier transform off(v), r is the number
density of resonant nuclei, ands0 is nuclear absorption cros
section at resonance, tabulated for selected isotopes in T
I. The d function describes the instantaneous radiation pu
that has passed the sample without resonant interaction.
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exponential factorx.0 in Eq.~23! describes the speedup o
the decay compared to the natural decay. This is a phen
enon that is characteristic for collective resonant scatte
from an ensemble of identical nuclei.46 For values of about
x.3 the above approximation is not valid anymore, beca
the time response is then strongly influenced by multip
scattering events in the sample. This gives rise to an a
tional beat phenomenon, the so-called dynamical bea
propagation quantum beat,60,61 that merges with the beat pa
tern resulting from the hyperfine interaction62 and compli-
cates the analysis. In the limit of ultrathin films, howeve
this case is typically not encountered; in the experime
described here, we have observed values ofx,1. A detailed
discussion on the limits of the kinematical approximation
given in the Appendix. According to Eq.~23! the maximum
delayed intensity is observed at the anglew, wherex ac-
quires its maximum value. This happens around the crit
angle wc of the substrate, whereut02u2 assumes its peak
value.63 This is illustrated in Fig. 4, where the time
integrated delayed reflectivity was calculated for 1 ML57Fe
on different substrate materials. At the critical angle the
terference between incident and reflected wave form
standing wave with an antinode exactly at the bounda

FIG. 4. Time-integrated nuclear resonant reflectivity of a mon
layer of 57Fe on various substrates: C, Ag, and W. The intens
peaks at the critical anglewc of the substrate, where an antinode
the standing wave coincides with the surface plane.
2-6
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NANOSCALE MAGNETISM PROBED BY . . . PHYSICAL REVIEW B67, 245412 ~2003!
Since the standing wave slightly penetrates into the subst
the maximum delayed intensity decreases with increas
photoabsorption of the substrate material. In general, it
be shown that the formation of standing waves above t
reflecting surfaces or in x-ray waveguide structures stron
enhances the resonantly scattered signal.64 The technique
thus becomes very sensitive to small amounts of mate
down to submonolayer coverages.24

The information that can be revealed in x-ray scatter
from magnetic films critically depends on the polarizati
state of the incident radiation and the polarization proper
of the detector system. Since the polarization of the incid
radiation is not necessarily a pure state, we adopt the den
matrix formalism and represent the polarization of the in
dent beam by a 232 matrix r. The polarization analysis o
the scattered photons is described by a polarization filter
is characterized by a 232 matrixP. The measured intensit
in such a configuration is then given by

I 5Tr@rR* P* PR#. ~25!

The density matrixr can be expressed by the three re
Stokes’ parametersj1 ,j2, andj3:

r5
1

2 S 11j1 j22 i j3

j21 i j3 12j1
D . ~26!

The j i assume values between21 and 11 to describe a
state within a basis of orthogonal polarizations:j1 refers to a
linear polarization basis,j2 to a linear basis rotated by a
angle of 45° relative to the previous one, andj3 refers to a
circular polarization basis. In the following, we assume
arbitrary degree of linear polarization of the incident bea
i.e., uj1u<1 and j25j350. The extreme values ofj151
and j1521 represent the pure states ofs and p polariza-
tion, respectively. Further we assume no polarization an
sis of the scattered beam, i.e.,@P#mn5dmn . In this case, one
obtains for the scattered intensity

I 5
1

2
~11j1!~ uR11u21uR12u2!1

1

2
~12j1!~ uR21u21uR22u2!,

~27!

where theRi j are the matrix elements ofR.
Time spectra for some typical magnetization geomet

that are often encountered experimentally, are shown in
5. They were calculated for incidents polarization and de-
tection without polarization analysis, i.e.,I (t)5uR11u2

1uR12u2. The sample assumed here was a 2-nm-thick Fe
on W. Obviously, the beat patterns in the spectra charac
istically reflect the underlying spin structure. However, the
are different spin arrangements that lead to the same
spectrum. Due to this degeneracy, a single time spectru
not sufficient to determine the spin structure unambiguou
We will show in the following that a reconstruction of th
magnetic structure is possible by recording time spectra
number of sample orientations, e.g., by varying the a
muthal anglef.
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IV. EXPERIMENTS

Nanosized particles on surfaces can be produced in a
riety of ways. Typical routes are the self-organized grow
via condensation out of the gas phase,65 colloidal agglomera-
tion in solution66 or the formation on single-crystalline
surfaces.67,68 In this experiment, the latter route was taken
produce single-crystalline island-shaped Fe particles o
W~110! surface. These iron islands were prepared by ther
evaporation of57Fe (95% enriched! from a crucible under
ultrahigh vacuum conditions onto a clean single crystal
W~110!. After deposition of Fe, the crystal was heated
about 700 K. At these temperatures, Fe forms separated
well-ordered three-dimensional islands on a pseudomor
cally ordered Fe monolayer on W~110!.35 The shape of the
islands, depending critically on the thermal treatment, w
analyzed by the scanning tunneling microscopy~STM!, as
shown in Fig. 6. The Fe islands are of bcc~110! type with the
lattice constant of bulk iron as revealed by the low-ene
electron diffraction~LEED! and x-ray diffraction, as shown
in Fig. 7~a!. They are of rectangular shape, with the long a
pointing along the W@001# direction. Their average height i
3.760.8 nm. Finally, the tungsten crystal was capped wit
2-nm-thick Ag film to prevent oxidation of the Fe island
The experiments were carried out at the nuclear-resona
beamline ID 18 of the ESRF.69 Time spectra were partly
recorded in the single-bunch filling mode of the storage ri
covering delay times up to 300 ns, and partly taken in
16-bunch filling mode with the bunches spaced 176 ns ap
The undulator radiation incident on the sample had an ene
bandwidth of 6 meV, delivered by a sequence of a heat-l
monochromator and a high-resolution monochromator. I
vertical scattering geometry, the sample intercepted a b
cross section of 0.05 mm32 mm (vertical3horizontal).
Maximum countrates were achieved at a grazing angle of
mrad, close to the critical angle of total reflection of the
substrate. Figure 7~b! shows the angular dependence of t
electronic and nuclear reflectivity~upper and lower curve
respectively!. The nuclear reflectivity was obtained by inte
gration over a time interval reaching from 20 ns to 300
after excitation. Its maximum is observed close to the criti
angle of the substrate, consistent with the calculation sho
in Fig. 4. Average countrates of up to 40 s21 were observed,
allowing a typical data acquisition time per spectrum
about 1 h. We estimate a countrate loss by a factor of 20
due to the surface roughness of the W crystal ofs
'1.2 nm. Before the measurements the sample was ma
tized along the in-plane@001# direction by a pulsed magneti
field of about 50 mT and then kept at remanence in z
external field.

V. RESULTS

A series of time spectra taken at selected azimuthal or
tationsf of the sample is shown in Fig. 8. Due to the hig
delayed countrate, the spectra exhibit a good statistical q
ity up to 300 ns after excitation, covering a dynamic range
more than three orders of magnitude. The beat pattern un
goes characteristic changes that reflect the magnetic
structure of the islands. With increasing rotation anglef, the
2-7
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FIG. 5. Time spectra of nuclear resonant scattering for selected orientations of the magnetic hyperfine fieldB, that defines the direction

of the quantization axism̂, relative to the incident wave vectork̂0. The matrix of the nuclear scattering length is given in a linear polariza

basis (ŝ,p̂). The time spectra are calculated for a 2-nm-thick57Fe film on a tungsten substrate, assuming purelys polarized incident
radiation and detection without polarization analysis. This is the most frequently used scattering geometry in experiments with syn
radiation. A–C display the results for a unidirectional magnetization of the sample. D results from the superposition of two m
sublattices in antiparallel alignment. E and F display results for two-dimensional random distributions of spin directions. G shows t
for a three-dimensional random orientational distribution. Since the scattering matrix in the cases E–G is diagonal, only the
elements are shown. The identical shape of the time spectra in rows B, D, and F demonstrates that the spin structure of the sam
be determined from just a single time spectrum. Instead, to lift this degeneracy, a number of spectra at different orientations have to
The envelope of the time spectra~dashed line in the upper right figure! indicates that the time response of the film is considerably spee
up compared to the natural decay~solid straight line!.
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shape and the relative intensities of the individual be
change and new beats appear, resulting from the increa
contribution of higher-frequency components. To deduce
perfine interaction parameters from the time spectra one
to solve the problem of data inversion. This is, in general,
possible because the phase of the reflected amplitude is
in the detection process. Nevertheless, some valuable in
mation can already be obtained from a spectral analysi
the measured intensities. A few studies of this kind have b
performed in the past,70–72 but only qualitative results were
24541
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reported, because the time spectra were influenced by ef
of dynamical diffraction. On the other hand, if the scatteri
process can be treated in the kinematical limit, analyti
expressions can be given for the time spectra and their F
rier transforms. This allows one to develop a procedure
reconstruct the magnetic structure of the sample via a Fou
analysis of the measured time spectra, as we will show in
following.

The Fourier transforms of the time spectra are shown
the right panel of Fig. 8. The various spectral compone
2-8
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NANOSCALE MAGNETISM PROBED BY . . . PHYSICAL REVIEW B67, 245412 ~2003!
that contribute to the beat pattern show up as peaks
Lorentzian shape. Their energetic positions correspond
those of theM561 transitions for a magnetic hyperfin
field of B533.3 T, as described by Eq.~22!. The four fre-

FIG. 6. The STM image of Fe islands on W~110!. The islands
were produced after deposition of about 5 ML Fe and subseq
annealing for 10 min at 700 K. The elongated islands are alig
along the in-plane@001# direction. In the lower left, the orientation
of the photon wave vector relative to the crystallographic axes
the surface is shown. The average height of the islands is
60.8 nm.

FIG. 7. ~a! Reflectivity of the~110! reflection from the W sub-
strate and the Fe islands at 14.4 keV. The solid line is a calcula
for the Fe~110! reflection according to the dynamical theory
x-ray diffraction, proving the bcc structure of the Fe islands.~b!
Nonresonant reflectivity~upper curve! and resonant reflectivity
~lower curve! of the sample. The resonant reflectivity peaks near
critical anglewc,W of the W substrate.
24541
th
to

quency differences between these transitions are the bea
quencies that contribute to the time spectrum. This allo
already the conclusion that the magnetization of the Fe
lands is oriented in the plane of the sample. An additio
out-of-plane magnetic moment would lead to extra spec
components at energies different from those observed he

For a quantitative analysis, we chose a linear polarizat
basis with thes polarization perpendicular to the scatterin
plane~see Fig. 2!. This corresponds to a Stokes parameter
j151 (j1521 if the sample is tilted by 90° for a horizonta
scattering plane!. Assuming no polarization analysis in th
detection process, we obtain for the resonantly reflected
tensity according to Eq.~27!,

I ~ t !5uR11u21uR12u2. ~28!

Taking only the delayed part of Eq.~23! into account, this
equation turns into

I ~ t !5$u f̃11~ t !u21u f̃12~ t !u2%x2e2xt/t0, ~29!

f̃(t) results from evaluation of Eq.~3! and Fourier transform
into the time domain. Since the electronic contributionE(v)
to the scattering length is energetically broad, it contribu
to the prompt response and need not be considered h
Thus, we evaluate the nuclear contributionN(v) given by
Eq. ~18! settingQ5p/2, because the magnetization is in th
plane of the sample. To account for the general case of
eral in-plane sublattices,N(v) is the weighted sum over al
their contributions. The scattered delayed intensity is th
given by

I ~ t !5$uF̃111F̃21u21S2~f!uF̃112F̃21u2%x2e2xt/t0,
~30!

with

S~f!5 k̂0•@D~f!M #, ~31!

F̃M5F̃M(t) is the Fourier transform ofFM(v) that is given
in Eq. ~19!. M is the magnetic structure function of th
sample,

M5(
j

pj m̂je
iq•Rj with (

i
pi51, ~32!

where the sum runs over all magnetic sublattices, represe
by unit vectorsm̂j and the phase factor accounts for t
positionRj of the atoms.q5k2k8 is the momentum transfe
in the scattering process. The rotation matrix

D~f!5S cosf sinf

2sinf cosf D ~33!

describes the azimuthal rotation of the sample about
anglef relative to the incident beam. The functionsF̃M(t)
are the superposition of two damped harmonic oscillatio
given by

F̃11~ t !5~a1eiv1t1a4eiv4t!e2t/2t0, ~34!
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FIG. 8. Time spectra of
nuclear resonant scattering from
Ag-capped Fe islands on W~110!
for various azimuthal orientations
in s geometry. The solid lines are
fits according to the theory out
lined in the text. The right pane
shows the Fourier transform of th
measured time spectra to reve
the spectral components that co
tribute to the beat patttern. Th
solid lines are Lorentzian fits to
the peaks.
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F̃21~ t !5~a3eiv3t1a6eiv6t!e2t/2t0. ~35!

Observing that a35a4 ,a15a6 and thus uF̃11(t)u2

5uF̃21(t)u2, Eq. ~30! can now be written as

I ~ t !5e2xt/t0@G~0,0,V1!$11S2~f!%

1G~V11V2 ,V12V2 ,V2!$12S2~f!%#, ~36!

where the functionG is defined as

G~c1 ,c2 ,c3!5cosc1t1a2cosc2t12a cosc3t, ~37!

with a5a1 /a45a6 /a351/3 being the amplitude ratio of th
two resonance lines that compriseFM(v). V1 and V2 are
frequency differences between the resonance lines, that
be expressed by the level splittingsDg andDe of ground and
excited state, respectively~see Fig. 3!:

V15v42v15~De1Dg!/\, ~38!

V25v32v152De /\.

Since Eq.~36! is a superposition of damped harmonic fun
tions, its Fourier transform is a superposition of Lorentzia
L(V i) with natural linewidthG0. They are centered aroun
frequenciesV i with weight factorsg(V i):

I ~v!5( g~V i !L~V i ! ~39!

5~11S2!~11a2!L~0!12a~11S2!L~V1!

12a~12S2!L~V2!1~12S2!L~V11V2!

1a2~12S2!L~V12V2!. ~40!

This means,S(f) can be determined from the weights of th
LorentziansL(V1) andL(V2) as follows:
24541
an

s

S5Ag~V1!2g~V2!

g~V1!1g~V2!
. ~41!

In grazing-incidence geometry, the momentum transfeq
'k0w is very small so that the conditionqR!1 is fulfilled
and eiq•Rj'1 in Eq. ~32!. Then, with k̂05(1,0) and M
5:(mx ,my) the functionS is given according to Eq.~31! by

S~f!5mxcosf1mysinf. ~42!

In the most simple case of a unidirectional magnetizat
of the sample withM5(1,0), and k̂05(1,0) we obtain
S(f)5cosf. This means, the time spectrumI (t) at f50 is
a beat pattern with a single frequencyV1, as shown in row A
of Fig. 5. With f increasing towardsp/2 the modulation
becomes more complex due to the admixture of three m
frequencies. This corresponds to a rotation ofm̂ in the
(ŝ,k̂0) plane~see Fig. 2!, where upon a transition betwee
the time spectra shown in rows A and B of Fig. 5 takes pla
However, the measured time spectra forf50° and f
590° in Fig. 8 slightly deviate from those displayed in row
A and B of Fig. 5. This indicates that the spin structure of t
islands cannot be simply unidirectional. To determine
magnetic structure function of the sample, we now apply
algorithm introduced above. The weightsg(V i) are the areas
under the Lorentzian functions that were fitted to the spec
components, shown as solid lines in the right panel of Fig
Figure 9~a! shows the weightsg(V i) as a function of azi-
muthal anglef from which the functionS(f) was derived
according to Eq.~41!. The resultingS(f) is shown in Fig.
9~b!. From a fit of Eq.~42! to the measured functionS(f)
the componentsmx and my of the magnetic structure func
tion are determined. Here, we obtain the experimental va

Mexp5S mx

my
D 5S 0.77~3!

0.19~3!
D . ~43!
2-10
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NANOSCALE MAGNETISM PROBED BY . . . PHYSICAL REVIEW B67, 245412 ~2003!
While the determination ofMexp proceeded in an algo
rithmic and straightforward manner, the determination of
magnetic structure is not that easy: To solve this proble
one has to find a representation ofM as a linear combination
of magnetic sublatticesm̂i :

S mx

my
D 5(

i
pim̂i . ~44!

that has to fulfill the conditions

(
i

pi51 and um̂i u51. ~45!

From these constraints, it immediately follows that the d
cannot be described by a single magnetic sublattice o
becausemx

21my
2Þ1. The next step is the assumption of tw

magnetic sublattices, so that Eq.~44! can be written as

S mx

my
D 5p1S cosa1

sina1
D 1~12p1!S cosa2

sina2
D , ~46!

where the two anglesa1 anda2 describe the in-plane orien
tation of the sublattices relative to the@001# direction. Since
this system of equations is underdetermined for the par
etersa1 , a2, and p1, no unique solution can be given. T
discuss the possible solutions of Eq.~46!, we rewrite it in
form of a matrix equation

FIG. 9. ~a! Dependence of the normalized Fourier compone
shown in Fig. 8 on the azimuthal anglef. ~b! The functionS(f) as
obtained from the data in a! according to Eq.~41!. The solid line is
a fit of Eq. ~42! to the data.
24541
e
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S p1

1 D 5
1

sin~a22a1!

3S sina2 2cosa2

~sina22sina1! ~cosa12cosa2!
D S mx

my
D .

~47!

The equations for both components have to be fulfilled
multaneously. The manifold of possible solutions is d
played in Fig. 10. While the condition 0,p1,1 for the first
component is fulfilled for anglesa1 and a2 in the shaded
area, the solid line represents the solutions for the sec
component. Since this line falls within the shaded area
represents all solutions of Eq.~46!. At this point, the selec-
tion of a unique solution has to be guided by additional
formation about the system. The assumption that one m
netic sublattice is aligned along the long axis of the islan
due to the shape anisotropy determinesa150°. It then fol-
lows thata2590° andp150.8, so that we obtain the fol
lowing spin structure that lies within the experimental err
of the measured values given in Eq.~43!:

M50.80û[001]10.20û[11̄0] , ~48!

where û[001] and û[11̄0] are unit vectors along the in-plan

@001# and @11̄0# directions, respectively. Other configura
tions like closure domains with more than two magnetic s
lattices can be excluded here. We can therefore conclude
the Fe islands are laterally separated, single magnetic
mains of two different types with their magnetization o
thogonal to each other. The algorithm presented here ca
applied to determine the magnetic structure of thin films a
nanoparticles on surfaces. In many cases, an unambig
reconstruction can be performed if guided by additional
formation about the sample. With increasing degree of co
plexity, however, the reconstruction becomes less uniq

s

FIG. 10. Graphical representation of the solutions for the ang
a1 ,a2 that fulfill the matrix Eq.~47!. The shaded area represen
angles for which 0,p1,1, the solid line fulfills the equation for
the second component.
2-11
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R. RÖHLSBERGERet al. PHYSICAL REVIEW B 67, 245412 ~2003!
Moreover, it should be noted that the finite temporal ran
Dt of the measured time spectra limits the energetic res
tion of the energy spectra toDE5h/Dt. This becomes an
issue when an additional quadrupole interaction leads
relative shift of the resonance lines in Fig. 3. The result
splitting DEQ of the lines at frequenciesV1 and V2 in the
Fourier spectra can only be resolved if the temporal samp
range is large enough, i.e.,Dt.h/DEQ , as shown in the
case of pure nuclear diffraction from Fe2O3.71

VI. DISCUSSION

The reconstruction procedure revealed that there are
types of islands, the magnetization of which is aligned in
in-plane @001# direction and@11̄0# direction, with relative
weights of 0.8 and 0.2, respectively. Most probably, this d
tribution of magnetization directions results from the inte
play of different anisotropy energy terms. In this case,
have to consider the contributions of the magnetocrystall
the magnetoelastic, and the surface anisotropy. Howeve
the first experimental study of the magnetic anisotropy
closed Fe films on W~110! only the contributions of magne
tocrystalline and surface anisotropy had been taken
account.25 In that case the total free energyF per volumeV
in the ~110! plane depending on the Fe film thicknessd has
been written as

F

V
5

K1

4
~sin22a1sin4a!2

1

d
~Ks,p

(1)1Ks,p
(2)!sin2a, ~49!

with K1 being the first-order magnetocrystalline anisotro
constant, andKs,p

(1) andKs,p
(2) describing the surface anisotro

pies of both interfaces of the film, respectively. Whereas
surface anisotropy, favoring the easy axis along@11̄0# (a
5p/2), dominates for very small film thicknesses, the ma
netocrystalline part forces the magnetization parallel to
in-plane@001# direction (a50). Both contributions are bal
anced at around a thickness of 50 ML, where the magnet
tion rotates from@11̄0# for thin films to the bulk easy axis
@001#. In case of a Ag-capping layer on top of the iron fil
the surface anisotropy constant is smaller compared to
iron-vacuum interface, leading to the spin reorientation
ready at around 36 Fe monolayers (Ks,p

Fe/Ag54.0
31025 J/m2, Ks,p

Fe/UHV56.531025 J/m2).25 A continuation
of this experimental study revealed, however, that due to
quite large Fe-W lattice mismatch of 9.1%, the contributi
of the magnetoelastic anisotropy is in the same range as
first-order magnetocrystalline energy and cannot
neglected.73,74 However, in our case the structural charact
ization of the islands using x-ray diffraction~see Fig. 7! and
LEED shows that the Fe lattice is completely relaxed a
strain-free both in horizontal and vertical direction, resp
tively, leading to the expectation that the magnetoelastic
ergy is negligible.

In the case of separated islands that exhibit a direction
preferred growth, the in-plane shape anisotropy has addit
ally to be taken into account. The magnetization along
orientation of the islands~@001#! should energetically be fa
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vored, particularly in the islands with high aspect ratio
Since this shape anisotropy is a function of the aspect rati
exhibits a statistical distribution. Thus, the distribution
magnetization directions directly reflects the statistics of
land shapes and the corresponding contributions of the m
netic shape anisotropy. It turns out, that this contribution is
no relevance in smaller, spherically shaped islands, wh
the easy magnetization axis points along the@11̄0# direction
as in the case of closed thin iron films on W@110#. In islands
with higher aspect ratios the magnetocrystalline and
shape anisotropy, which favor the@001# axis, may together
overcome the surface anisotropy. In conclusion, the reor
tation of the magnetization from the@11̄0# to the@001# axis
takes place at lower thicknesses than in the closed film du
additional contribution of the pronounced shape anisotro
This interpretation of shape-dependent reorientation of
magnetization is supported by measurements on ano
sample with a significantly different size distribution. Islan
with already discernable but much less pronounced prefe
orientation along the@001# direction have been created b
annealing the closed film at lower temperature~600 K!, see
Fig. 11. Fig. 12 displays a selected set of time spectra
different azimuthal sample orientations. From the Four
spectra shown in the right panel, we have derived the va
S(f), as shown in Fig. 14~squares!. The time spectra do no
show the pronounced changes with the rotation anglef as
the spectra discussed above. While the time spectrum in
12 atf590° could be mistaken for that of a unidirection
magnetization as in row B of Fig. 5, only the azimuth
rotation reveals that there must be a significant fraction o
two-dimensional orientational distribution of moments as
row F of Fig. 5. In fact, the spin structure that is extract
from the time spectra is a superposition of two compone
One component points along the@11̄0# direction, i.e., along
the direction of the closed iron film, whereas the second p

FIG. 11. The STM image of Fe islands on W~110!. The islands
were produced after deposition of about 5 ML Fe by annealing
10 min at 600 K. The sample was then capped with Ag. In cont
to Fig. 6, the islands are only slightly elongated along the@001#
direction. Their average height is (9.361.6) nm.
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has to be described by an in-plane random distribution of
magnetization. The relative weights of these components
60% and 40%, respectively. We can conclude, that the m
less distinctive preferred orientation of the islands cause
significant decrease of the total magnetic anisotropy. H
the contributions of magnetocrystalline and shape anisotr
on the one hand, and surface anisotropy, on the other h
are almost balanced. These results are consistent with a
texlike spin structure in circular Fe islands on W~110! that
was reported recently.75

In order to study the influence of the capping layer on
magnetic order, we have prepared Fe islands under the s
conditions as the sample shown in Fig. 6~annealing tempera
ture 700 K!, and coated them with carbon instead of silv
A set of selected time spectra at various azimuthal positi
is shown in Fig. 13. The shape of the time spectra, th
Fourier transforms, and the valuesS(f), shown in Fig. 14
~circles!, indicate that there is no significant differenc
compared to those of the Ag-capped islands shown in Fig
The experimental datasets can be simulated assuming
same spin structure as found for the sample discussed ab
80% of the magnetic moments point along the@001# direc-
tion, whereas the remaining 20% lie perpendicular alo
the @11̄0# axis. Although the capping layer is known t
change the surface anisotropy constant in Eq.~49!, a differ-
ence between Ag and C coverage is not detectable in
experiment. From the comparison of the two capping lay
we have confidence that the rotation of the magnetiza
really reflects the thickness and shape-dependent interpla
various magnetic anisotropies in the islands—magne

FIG. 12. Time spectra of nuclear resonant scattering from
capped Fe islands on W, as shown in Fig. 11. The time spectr
not show such a pronounced variation withf as those in Fig. 8,
pointing to a significant fraction of a two-dimensional random o
entation of moments. Accordingly, the Fourier transforms of
time spectra~right panel! look quite alike.
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crystalline, surface and shape—and is not the result o
particular capping layer. The thickness dependence of
interplay was subject of a former study using the x-ray m
netooptical Kerr effect.76 With increasing thickness of the
initially closed Fe film, a spin reorientation of the island
from the @11̄0# direction into the@001# direction was ob-
served.

It might be worthwhile to note, that although carbon
expected to diffuse into iron, the time spectra do not sh
any sign of an extra hyperfine component that would hint
a contribution of iron carbide. This is reasonable becaus
usually diffuses along grain boundaries. Due to the sing
crystalline nature of the Fe islands there are no ways for C
penetrate into the Fe lattice. The spin structure of the
islands therefore remains unchanged.

-
do

e

FIG. 13. Time spectra of nuclear resonant scattering fr
C-capped Fe islands on W for various azimuthal orientations.
angular dependence of these time spectra resembles quite cl
that of the spectra in Fig. 8, pointing to the same spin structure

FIG. 14. The functionS(f) for the Fe islands annealed at 700
~circles! and annealed at 600 K~squares!. The former are capped
with C, the latter with Ag. Since the capping has no influence on
spin structure, the differences between the curves is related to
shape of the islands. The solid lines are fits of Eq.~42! to the data.
2-13
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VII. SUMMARY AND OUTLOOK

The experiments have shown that relaxed Fe islands
W~110! display a multitude of magnetic ordering phenom
ena, depending on the average thickness and the anne
conditions. The magnetic structure was determined
nuclear resonant scattering of synchrotron radiation. A p
cedure was developed to extract the magnetic structure f
tion from a series of measurements taken at various
muthal orientations. Due to the very high brilliance
modern synchrotron-radiation sources, the method is se
tive to coverages down to the submonolayer regime.24 This
opens unique applications in the field of nanoscale mag
tism: In combination with other x-ray scattering methods
relation between structural properties and the magnetic
havior of deposited clusters can be explored. Moreover,
to the isotopic selectivity of the scattering process, magn
properties can be determined with atomic resolution by
lectively doping the sample with the Mo¨ssbauer nuclei.64 An-
other promising application is the determination of intern
magnetic fields in oriented biomolecules on surfaces that
considered as future magnetic storage devices.
It seems attractive to extend this technique also to other
topes with low-energy nuclear transitions. For comparis
the parameters of several Mo¨ssbauer isotopes with reso
nances below 30 keV that have already been used in ex
ments with synchrotron radiation are listed in Table I. Int
esting candidates for magnetic studies are the rare-e
isotopes169Tm, 151Eu, 149Sm, and161Dy. Present-day un-
dulators at third generation sources typically deliver a flux
103–104 photons/s/neV at photon energies in the range
10–30 keV. These numbers show thatelastic nuclear reso-
nant scattering of synchrotron radiation is an attractive te
nique to study magnetism with monolayer sensitivity. In t
same experimental setup it is possible to probe lattice
namics via inelastic nuclear resonant scattering87,88 that
could be shown to exhibit monolayer sensitivity.89,90 The
combination of both techniques offers the unique possibi
to study magnetic and vibrational properties and their in
relationship with atomic resolution.
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APPENDIX: VALIDITY OF THE KINEMATICAL
APPROXIMATION

The procedure for determination of the magnetic struct
function as outlined in Sec. V is valid for ultrathin films i
the limit of kinematical scattering. With increasing film
thickness, however, multiple-scattering processes have t
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taken into account. The time spectra are then modulated
long-period temporal oscillation, the so-called dynamic
beat, that imposes restrictions on the applicability of the
merical algorithm described here. Here, we want to quan
the validity limit of this algorithm in terms of film thicknes
d and number densityr of resonant nuclei. The first node o
the dynamical beat is located at time

tM'
16w

f LMs0rd
t0 , ~A1!

wheres0 is the nuclear absorption cross section as given
Table I. For timest,tM the envelope of the time spectra
given by e2(11x)t/t0. After multiplication with ext/t0 the
speedup of the envelope is corrected for and the nume
algorithm can be reliably applied. On the other hand, in
region aroundt5tM the time spectra are strongly perturbe
This is illustrated in Fig. 15. Time spectra of grazin
incidence reflection from Fe films on W have been calcula
according to the full dynamical theory.91 It is obvious that
with increasing thickness the first node of the dynami
beat, indicated by the shaded region, shifts to earlier time92

In the corresponding Fourier spectra, the lines are broade
and their relative intensities are changed so that the spe
weightsg(V i) cannot be determined reliably anymore. A
cording to Eq.~A1! the area densityrd of the resonant nu-
clei determines the time rangeDt that is not perturbed by
dynamical beats.93,94 If one asks forDt5300 ns as in our
experiments, the critical area density is given by 1
31020 m22 ~assuming thatf LM50.8 andw55 mrad). For
pure 57Fe with r58.4631028 m23 this limit is exceeded

FIG. 15. Time spectra of grazing incidence reflection from57Fe
films on W atw 5 5 mrad in the magnetization geometry of row
of Fig. 5. The dashed lines mark the envelope that is character
by the speedupx. The right panel shows the Fourier spectra of t
time spectra in the left panel.
2-14
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already ford.2.2 nm. If films of larger thicknesses are to b
studied by this method, the degree of enrichment should
decreased. On the other hand, one could decrease the
rangeDt that is subject to the Fourier transform. This go
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however, at the expense of energetic resolution in the Fou
spectra. Thus, for best results, the speedup should be b
x51 and the time spectra should extend over a large t
poral range.
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