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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 surfacéd) sigle
crystal. Unexpectedly, we find two orthogonal magnetic sublattices oriented along the infpGieand
[1T0] 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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[. INTRODUCTION investigate bulk magnetic systems since long, experiments
on small sample volumes such as ultrathin films often suffer
Magnetic thin films and nanostructures display a richnesérom the low brilliance of neutron sources. On the other
of magnetic properties that do not have a bulk counterpart.hand, the outstanding brilliance of x-ray synchrotron radia-
These phenomena challenge the understanding of magnetigion has opened unique experimental possibilities to study
on the atomic scale and its origin. In addition, they are ofmagnetic properties of surfaces and nanoscale structures in
outmost technological relevance due to applications in magrecent years! This is particularly true for the technique of
netic data storage and in the growing field of nuclear resonant scattering of synchrotron radiatfomhe
magnetoelectronics® Parallel to the decreasing size of mag- method is the time-based analog of classicalsstmuer
netic microstructures, there is a growing need for efficientspectroscopy with synchrotron radiation as a source. Due to
methods to characterize magnetic properties on the atomibe pulsed time structure hyperfine spectroscopy is per-
level. In the last decade, a number of techniques have bedarmed on a time scale rather than on an energy scale. The
developed for direct imaging of magnetic nanostructfres.simultaneous excitation of the hyperfine-split nuclear energy
One class of methods is based on the detection of secondalgvels by a radiation pulse leads to quantum beats in the
electrons after absorption of photons or electrons. The imagemporal evolution of the nuclear decay. The analysis of this
contrast is achieved due to magnetic dichroism in photoabbeat pattern allows a precise determination of the magnitude
sorption as in the case of photoemission electrorand the orientation of magnetic fields in the sample. While
microscopy or due to detection of spin-polarized electronsnuclear resonant absorption as used in conventionasMo
as in case of scanning electron microscopy with polarizatiorbauer spectroscopy is amcoherentprocess that reflects the
analysis® Another class of methods relies on scanning probdocal environment of individual nucleiGoherentscattering
techniques such as magnetic force microséopy spin-  processes are also sensitive to the spatial arrangement of the
polarized scanning tunneling microscdpwhile the former  nuclei, giving rise to diffraction or other interference effects.
methods yield lateral resolutions in the range of 10—-100 nmiHowever, the brilliance of radioactive sources is too low for
the latter method allows one to image magnetic structurean effective application of coherent scattering from thin
with atomic resolutior!. However, due to the shallow escape films, so that only a few experiments have been reported
depth of electrons from solids and the limited probing depttsince the discovery of the Msbauer effec~!’ This situa-
of scanning probe methods, these methods are often too suien changed drastically with the availability of high-
face sensitive. A larger probing depth can be achieved vidrilliance synchrotron-radiation sources. Since then, a num-
scattering methods such as polarized neutron scatt@rimg ber of thin-film and multilayer systems have been
magnetic x-ray scatterin.In these cases, information about studied®~??with sensitivities in the monolayer regini&?*
the magnetic structure can be obtained via diffraction experi- Fe on W110) is an ideal model system to study the inter-
ments. The magnetic structure is then reconstructed frorplay of various magnetic anisotropies in ultrathin filfs.
data recorded in reciprocal space, therefore this class dfhis system exhibits a positive surface energy that allows for
methods can be considered complementary to real-space irtite formation of stable films in contrast to metastable con-
aging methods. While polarized neutron scattering is used téigurations such as Fe/Cu. The pseudomorphic Fe monolayer
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on W(110 was the first system in which two-dimensional 4, AR(0)
ferromagnetic order was observed, induced by a large sur \/
face anisotrop$® The magnetic order in thin films of Fe on 0. 0¥

W(110 was then extensively investigated> Particularly |1
interesting are self-organized magnetic structures that form |2 e ‘

x T
in special growth conditions. For example, at coverages in +——= A

the submonolayer range one observes the formation of sepe,
rated island¥ that order with a perpendicular anisotropy at
low '[emp(:;r(,ltureg‘_1 The double-layer patches that form at  FIG. 1. Left: Awave incident on a thin film is scattered into two
coverages of about 1.5 ML exhibit perpendicular anisotropychannels, corresponding to specular reflection and forward trans-
and antiferromagnetic Couplirﬁfj._?“‘ For continuous Fe films Mmission. The layers labeled by 0, 1, and 2 denote vacuum, film, and
one observes a reorientation of the in-plane easy axis &ubstrate, respectively. Right: A rough surface introduces relative
thickness of about 50 ME® If thinner films are annealed at Phases between the scattered waves that result in a reduction of the
sufficiently high temperatures, they form separated threegpecu_larly refle(_:ted_intensity and scattering into diffuse directions.
dimensional island€ with the lattice constant of bcc Fe. So W(z) is the distribution function of the surface elements alafor

far, however, only a few experiments are reported about thihe rough surface.

magnetic order of these islantfs.®

?rrives at a set of coupled linear differential equations with

In this paper, we employ the method of nuclear resonan o . :
scattering of synchrotron radiation at the 14.4-keV resonanc(éonStant coe_ff|C|ents._The amplitude in dep¥ a homoge-
neous layer is then given by

of >’Fe to study the magnetism of such self-organized nanos-
cale Fe islands. The paper is organized as follows. In the first A(z)=€e'F?A(0), (1)
section, we outline a compact formulation of polarization-

dependent x-ray scattering in grazing-incidence geometryvhere the matrix elements of the propagation makriare

The formalism is applicable to many types of resonant scatthe transition amplitudes for scattering processes between the
tering problems. In the following section, we discuss theopen scattering channels. In the general cage,
scattering amplitude for coherent nuclear scattering that de= (A1,Az2, - .. Ap) is a multidimensional vector represent-
termines the optical properties of thin films. In the case ofing the set of field amplitudes in theopen scattering chan-
ultrathin films, the scattering can be treated in the kinematinels. The number of possible scattering channels is deter-
cal limit that allows for a simple analytical treatment of the mined by the structure of the sample and the scattering
scattering problem. It is shown how the quantum beat patterdeometry’® In crystalline samples, e.g., several Bragg and
of the time response serves as a fingerprint for the magnetieaue reflections are possible, which are excited if the mo-
structure of the sample. However, a unique reconstruction ig'entum transfer coincides with a reciprocal-lattice vector.
0n|y possib]e if measurements are performed for a number oThe virtue of this formalism is that it allows one to treat a
different orientations of the sample. We use an algorithm to/ariety of scattering problems extending from simple for-
extract the magnetic structure function from a set of meaward scattering to diffraction from laterally structured
sured time spectra. In the experimental section, this methogamples? Systems consisting of multiple layers are treated
is applied to determine the magnetic structure of selfdy subsequent multiplication of matrix exponentials.
organized Fe islands on @10 with different shapes and Grazing-incidence reflection is a two-beam case of x-ray dif-
various capping layers. In general, this technique is applifraction, the(000) Bragg reflection. Thus, one has to con-
cable to low-dimensional systems such as ultrathin films angider two scattering channels, i.e., specular refledtand
nanoparticles deposited in thin fims and on surfaces, foforward transmissioff, as shown in Fig. 1. The propagation
example, as will be discussed in the concluding section. matrix of layeri in this case reads

fi+ ko, fi )

II. BASIC PRINCIPLES F=
i ko,

@

A. Grazing-incidence magnetic x-ray scattering with

The presence of a finite sample magnetization often ren-
ders the scattering of x rays strongly polarization sensitive. 2
This effect is particularly pronounced if the photon energy is fi:k_Oz 2 piMj(w) ()
close to an inner-shell or a nuclear resonance. In this case,
the dynamical theory of x-ray scattering has to take into acbeing the scattering matrix for grazing-incidence reflection.
count the polarization dependence of the scattering proces§he sum runs over all atomic species in the layer with num-
as explained in the following. ber densitiesp; each and the energy-dependent forward-

To describe the propagation of electromagnetic waves iscattering lengttM;(w) which is a 2<2 matrix to account
homogeneous materials, a self-consistent solution for théor the polarization dependence of the scattering process, as
electromagnetic wave field under consideration of allexplained in the following sectiorky,=kg,1, wherekg, is
multiple-scattering processes has to be found. This is subjethe z component of the wave vector addis the 2<2 unit
of the dynamical theory of x-ray scattering, see, e.g., Ref. 39matrix. The solution of the scattering problem becomes com-
Formally, in any of the formulations developed so far oneparatively easy in the system of eigenpolarizations of the
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sample. Those are the polarization states that remain un- =ro(1+if t12d)~r aeif(@ltod®d (17
changed in the scattering process. They are obtained by di- 01 @) =T o 1(@)[tod ") ~To - 4

agonalization of the forward-scattering matfjx This is an expression very similar to the description of
_ nuclear forward scatteriny;*® where the scattered field is
fip(@)=dfi(0)g™! with [fo(w)],,=6,.fi (@), given byA(w)=Age' (@9, Sincef(w)=(ko/kop) f(w) (see
(4) Ref. 41), the reflection from an ultrathin film can be treated
with the diagonalizing matrixg and the eigenvalueg () like forward scattering with an “effective” thickness af’

of the matrixf, . The matrix exponential can then be calcu- = dltod ”/@. This value results from two effects. First,is
lated for each eigenpolarization separately. Thus, for bettépnhanced by a factor of 1/sin=1/¢, which is simply the
readability, we drop the polarization indgxin the following ~ Path length of the radiation traveling under an angle

paragraph. through a film of thicknesd. Second, an additional thickness
In case of a single layer of thicknedson a semi-infinite ~ €nhancement results from x-ray interference e.ffé7<3f-'45@2|.2
substrate, Eq(1) can be written 842 is the relative intensity of the standing wave with amplitude
As that results from the superposition of incident and re-
AT(d) AT(0) flected wave, i.e.As=(1+Tg)Aq=1toAo. This enhanced
AR(d) = AR(0) ]’ (5 interaction with the radiation field thus mimics an increased
_ film thickness.
with Once the reflectivities for each eigenpolarization have
ik 1, been calculated, the ¢22) reflectivity matrixR in the origi-
s(d)= i 1 ra)(e O ) 1 rlo)i nal polarization basis is then obtained via the backtransfor-
torlry 1 0 e dir, 1]ty mation
©®) . _
R:g 1RDg with [RD],MV: 5,u,vr012,u! (12)

Here, the subscripts 0, 1, and 2 denote vacuum, film, and o _ _
substrate, respectiveli,, is the z component of the wave v_vhere t_herOlz .« are the reflectivities for both eigenpolariza-
vector in the film, which is through Snell’'s law related to the tions, given by Eq(11).

z componenk,, of the incident wave vector by So far we have assumed that the boundaries of the layer
system were perfectly smooth. This, however, is typically not
. 2f1(w) true for real samples. Figure 1 shows a model of a thin film

kiz=kKozB81 With Bi(w)=1\/1+ Koy ) on a substrate that exhibits a steplike corrugation. Due to the

o o o spatial displacement of the surface elements, the amplitude
In grazing-incidence geometry, it is a good approximation toscattered from each of them contributes to the total scattered
write ko,~ko@, with ¢ being the angle of incidence, see Fig. amplitude with a spatial phase factor. Coherent summation

1.1;;(¢) andt;;(¢) are the Fresnel reflection and transmis-gver all these contributions yields for the reflected amplitude
sion coefficients of the boundary between two mediadj,

respectively, ro12="o12 f W(z)exp{2iky,z}dz, (13
Bi—Bi 2B o _ _ .

Fij 81’ T gig (8 where the distribution functiolV(z) describes the probabil-

S o ity to find an element of the surface in depthif W(z) is a

To solve Eq(5) for the specularly reflected fieki?(0), one  Gaussian with standard deviation the integral in Eq(13)

has to take the boundary conditions into account which argan be calculated exactly and we obtain for the reflected

given here byA?(d)=0 andAT(0)=A,, whereA, is the  amplitude

amplitude of the incident field. This leads to the reflectivity

rore Of the layer system being expressed by the elements r612=r012exp{—4k(2)<p202}. (19

[s]»1 and[ s],, of the matrixs(d):

Thus, the presence of surface roughness introduces a damp-

[Slos ing factor that is the Fourier transform of the height distri-
(Sl (9 bution functionW(z). For example, the intensity 5,,* of

22 14.4-keV radiation K,=7.3 A™%) that is reflected atp=5
Evaluation of this equation yields the well-known expressionmrad from a surface with a roughness ®&2 nm, is re-
for multibeam interference at a thin film, in the field of x-ray duced by a factor of 100 compared to a smooth surface.
physics often referred to as Parratt fornfdla The above treatment is valid only if the lateral dimension
of the surface elements is smaller than the in-plane trans-
verse coherence length,=L/¢ of the radiation.L is the
width of the mutual coherence function that is introduced to
describe the degree of coherence of the radiation ffelt.
In the kinematical approximationk(,d<1), we can write determines to what degree waves scattered from different
e'*129~1+ik,,d in Eq. (6). Evaluation of Eq(9) then leads, parts of the sample have to be added coherently. This plays
after some algebr#, to the following result for the reflectiv- an important role in the interpretation of x-ray scattering ex-
ity: periments with synchrotron radiatidf.Due to the small

AR(0)=rg1Ag With 1= —

i2kyq,d
0127 i2kg,d°
1+rgqre' <12
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source size of undulator synchrotron sources, for example, 3 ..
the transverse coherence length at the sample position can be [N(w)]MVZE{(G#' €)[Fi1tF_4]
several micrometer®. In grazing-incidence geometry, these

values increase th/¢ along thex direction(see Fig. 1 so —i(e,Xe,) MF.,—F_4]
that coherent illumination may occur over in-plane distances a
of several hundred micrometers. These considerations, how- + (€, M) (e, M[2Fy—F .1 —F_4]}.

ever, apply only for the specularly reflected beam. If the

detector aperture integrates over an increasing part of the (18)

diffusely scatteredoff-speculay radiation, the apparent co- For convenience, we have dropped the subsdripin the

herence length decreas@sAs a result, contributions from following, the focus will be onnuclear dipole transitions.

laterally separated parts of the surface have to be added withhe functionsFy=F\(w) are the energy-dependent reso-

a decreasing degree of coherence. nant strengths for transitions with a changevbin the mag-
netic quantum number:

B. The forward-scattering amplitude C2(1,411 ‘miM)
Fu(w) =K —oteim

The formalism developed above applies for polarization- ™ h(w—wmiM)Jril“o/Z
dependent scattering of hard x rays in grazing-incidence ge-
ometry. Polarization mixing effects are typically very pro- With
nounced in resonant scattering processes. The functional
form and the energy dependence of the scattering process is K= 2mfiulo
described by the forward-scattering length Ko(1+a)(214+1)’

(19

where |4 and |, are the nuclear spins of the ground and
M(w)=E(w)+N(w), (15)  excited statesf,  is the Lamb-Masbauer factorl'y the

natural linewidth of the transition, and the coefficient of

internal conversion. The sum runs over all ground-state lev-

which consists of two contribution€(w) describes non- g5 with magnetic quantum numbems. o, is the reso-
resonant electronic charge scatterilagsuminge being far ;

away from absorption edgeand is given by nance energy of the transition with the quantum numbgrs

andM. This is illustrated for the 14.4-keV resonance®dfe
in Fig. 3. TheC(l41l,;m;M) are the Clebsch-Gordan coef-
o Ko ficients in the notation of Ros&that describe the relative
[E(w)],,= (€, €,)| —Zrg+i 4—0't(w) , (16) strength of the transitions. In case of a magnetic dipole tran-
sition, the role of the electric and magnetic fields of the ra-
diation are interchanged. Then one has to transform the po-
where Z is the atomic number;, is the classical electron |arization vectors in Eq(18) according toE—>EXR0, where
radius, ando; is the total absorption cross sectioN(w) i

X e - ko is a unit vector along the photon wave vector. The three
contains the contributions from resonant scattering processggyms in Eq.(18) represent different polarization dependen-
such as resonant magnetic x-ray scattéfinjor nuclear

ooy ) cies. The first term is not sensitive to the sample magnetiza-
resonant scatterimf.>* For an electric 2-pole resonance . o . N
this scattering length is given By tion. Its polarization dependgnce given by- €, is that of .
nonresonant charge scattering. The second term describes
circular dichroism because it depends on the difference be-

Aarfr L o tween the resonant scattering amplitudé§1 eind F_q.
[N(w)]ﬂv=k—0 MZE—L [€,-Yim(Ko)] Since its polarization dependence is givenehy<e, , it de-
scribes orthogonal scattering, e.g--—7 and m—o. The
X[YE (ko) - ;M]FLM((")- (17)  third term that is proportional to,—F ,;—F_; describes

linear magnetic dichroism. Its polarization dependence al-

lows for all scattering processes within the given polarization
The two dot products between the polarization basis vectorgasis. The occurrence of optical activity crucially depends on
(e,,€,) and the vector spherical harmonid§y(ko) de-  the orientation ofm. In the following, we assume a sample
scribe the anisotropy of photon absorption and reemissionyith a uniaxial magnetization and a linear polarization basis,
respectively. The energy dependence of the scattering pr@vherec polarization lies in the plane of the storage ring. The
cess is contained in the functios y(w) as will be ex-  orientation of the magnetic moment with respect to the inci-
plained belowfr<1 describes the degree of elasticity of the dent wave vector and the linear polarization basis is sketched
scattering process. It is convenient to expand E417) in in Fig. 2. In generalf is not Hermitian, so that the eigenpo-
powers of the unit vectom that defines the magnetic quan- larizations are not orthogonal and depend explicitly on en-
tization axis of the atom in the sample. The resonant scatteergy through the function$,,,F_;, and F,. However,
ing length for an electric dipole transitioi. €1) can then there are some important cases wheie Hermitian and a
be written as> system of orthogonal eigenpolarizations can be found so that
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Me
I tAe+3/2
Ie=3/2 I I +1/2
i -1/2
] =372
Synchrotron o Mg
Polarization Yy vy 12
basis Ig=1/2 b -1
o L < R B | vAgl/z
FIG. 2. Relative orientation, ¢) of the incident wave vector : : — ; : +
ko to a unidirectional magnetization of the sample. &, =) are the 0y 03 O3 5(1)4; ®s: O
linear polarization basis vectors. The angle of incideqads highly LOp—T——1 — T
exaggerated in this sketch; typical values are a few milli radians. 0.75 1 i : : L2
05F R
the diagonalizing matrixg in Eq. (4) depends only on the 0.25F \ 3
geometry. Those are the cases where the medium possesses - UL B ——
global symmetries. This is the case, e.g., for a uniformly k. 0-755' |Fo)? ¢ Pl 3
magnetized material that exhibits an axial symmetry, so that g 05 P
ko andm are parallel or perpendicular to each other. In the 3 0-25¢ Y Y .
latter case, we havie,- m=0, so that orsE " |2' T R
CUF M4 3
. S5F 5 3
F.,.+F_, O cos® sin® 0025 3 ! 3
fo~ andg= . . 4O E A, 3
0 2F, —sin® cos® 0.0F——1— . 3
2 0.0 0.2 0.4

(20) -0.4 -0.

In this case, the linear polarizations are eigenpolarizations of
the system. The diagonalizing matrix describes the rotation FIG. 3. Nuclear level scheme of the 14.4-keV transitior? &fe

of the polarization basis towards the directiomufIf k, and N case of a pure magnetic hyperfine splitting. The six dipole al-

~ llel h he Earad f .lowed transitions decompose into three different polarization depen-
m are parallel, we have the Faraday geometry o magnet'ﬁencies with their individual energy dependence given by the func-

scattering, i.e.k,-m=1, and tions Fy, ().

hw (;lLeV)

F,, O
0 F_,

i of the functionsF,,,Fo, and F_;. This means that the

and g:( i 1). (21 above formalism can be applied to any case of polarization-
dependent scattering process that involves electric or mag-

Here, the circular polarizations are the eigenpolarizations angetic dipole transitions? In the following, we want to dis-
the diagonalizing matrix mediates the transformation becuss the case of nuclear resonant x-ray scattering and
tween the linear and circular polarization basis. Of particulalemonstrate how this method can be used as a very sensitive
relevance are situations where the directions of magnetic mdrobe for thin film and surface magnetism. In particular, we
ments are distributed uniformly in space or over certain subwant to concentrate on the 14.4-keV resonancé’sé. Due
spaces that are generated by magnetic anisotropies. In casel@fits large cross section and the large recoil-less fraction this
thin films, the large magnetic shape anisotropy forces théesonance is one of the most widely appliedsdloauer tran-
magnetic moments to be aligned in the plane of the film. Irsitions. It is a magnetic dipole transition with spirg
case of unmagnetized multidomain films one often encoun=1/2),=3/2 and magnetic momentgt,=0.091uy,ue
ters a two-dimensional random distribution of magnetic mo-= —0.153«y of the ground and excited state, respectively,
ments. In these cases, the scattering amplitude can be calcdrd a natural lifetime of,=141 ns. In a magnetic field, the
lated analytically by integration over the correspondingenergetic degeneracy of ground and excited states is lifted,
subspace. The results are summarized in rows E-G of Fig. $esulting in a Zeeman splitting of the nuclear levels, as
In these three cases, the scattering mdfi@) is diagonal in ~ shown in Fig. 3. Various sources lead to a magnetic field at

fD""

a linear polarization basr. the position of the nucleus. The main contribution arises
from the spin polarization of the electrons via exchange
IIl. NUCLEAR RESONANT SCATTERING interaction with the spin-polarized electrons. This leads to
FROM THIN FILMS B=33.3 T in the case of ferromagneticFe at room tem-

perature, for example. Other contributions arise from dipolar

So far the formalism was quite general, i.e., no assumpfields, crystal fields, and fields from itinerant electrons. In
tions were made about the type of scattering process thahany cases the total magnetic hyperfine field can be consid-
determines the functional shape and the energy dependeneged proportional to the magnetic moment of the sample.
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TABLE |. Parameters of Mssbauer isotopes with resonance energigdelow 30 keV that have been
used in synchrotron-based experimentss the natural abundance of the isotopgandl the spins of the
ground and excited stat&,y the natural linewidth, and the lifetime. o is the nuclear absorption cross
section at resonanc@ andu, are the magnetic moments of the ground and excited states, given in units of
the nuclear magnetony (data partly taken from Ref. 77The reference in the last column points to the first
experiment involving coherent resonant scattering of synchrotron radiation at that resonance.

Isotope E, a Iy T oy lg e Multi Mg He
(keV) (%) (neV) (n9 (10 2m?) polarity  (uy) (un)  Reference

18lTg 6.23 99.9 0.067 9870 1.099 7/2 9/2 E1 2.360 5.220 [78]
Tm 841 100 114 58 0.242 1/2 3/2 M1  —0.232 0.520 [79]
83r 940 120 33 212 1.226 9/2 7/2 M1  —0.967 —0.939 [80,8]
STFe 1441 21 47 141 2.464 1/2 3/2 M1 0.090 —0.155 [82]
Blgy 21.53 478 470 14.1 0.243 5/2 7/2 M1 3.464  2.590 [83]
¥%5m 2249 138 64.1 103 0.120 7/2 5/2M1  —0.665 —0.622 [84]
119%n 2387 86 257 257 1.381 12 3/2M1 —1.046 0.685 [85]
®lpy  26.65 189 16.2 40.8 1.110 5/2 5/2 E1 —0.470 0.558 [86]

However, in the case of ultrathin films the balance betweemxponential factoi >0 in Eq.(23) describes the speedup of
the various contributions may be changed so that the maghe decay compared to the natural decay. This is a phenom-
netic moment not necessarily follows the evolution of theenon that is characteristic for collective resonant scattering
hyperfine field, as discussed in Ref. 59, for example. from an ensemble of identical nucfiFor values of about
The dipole selection rul =m,—m,=0,%£1 leads to six  xy>3 the above approximation is not valid anymore, because
allowed transitions, corresponding to six energetically wellthe time response is then strongly influenced by multiple-
separated resonances. The resulting energy dependencesehttering events in the sample. This gives rise to an addi-
the functionsFy(w) for M=—1,0,+1 is shown in Fig. 3. tional beat phenomenon, the so-called dynamical beat or
The energetic positions of the resonance lines are determingmopagation quantum be#t%!that merges with the beat pat-

by the magnetic hyperfine interaction, i.e., tern resulting from the hyperfine interactférand compli-
cates the analysis. In the limit of ultrathin films, however,
ﬁ“’mgM:h“’O_(meﬂe_ Mgpig)B, (22 this case is typically not encountered; in the experiments

described here, we have observed valueg-ofL. A detailed
discussion on the limits of the kinematical approximation is
given in the Appendix. According to E¢23) the maximum

wherem, andmg are the magnetic quantum numbers of the
ground and excited state, respectivély is the resonance

energy in case of unsplit nuclear levels. After simultaneou elayed intensity is observed at the angle where y ac-
excitation of these resonances by a synchrotron-radiatioﬁ ayec Iy . £ xav
uires its maximum value. This happens around the critical

pulse, the time spectrum of the decay exhibitsacharacteristf%n le of the substrate, whertt,2 assumes its peak
guantum beat pattern. The analysis of this pattern e”ab'e\%a%e&ms i iIIustrated in Fi 02 4 where the Ft)ime-
one to extract information about the magnitude and the di: j 9- 4

rectional distribution of hyperfine fields in the sample. In themtegrated delayed reflectivity was calculated for 1 MEe

following, we want to discuss the time-dependent reflectivity?r:fd'rferi::embsut\tl)vs”ﬁeir:giegezslzng‘t :hﬁ %ngalwar:/gleft?; m-a
of an ultrathin film on a semi-infinite substrate in the generalsetar?din ewa\?e \?vieth an a?wtinode exea(;etl at tha:a eboSndz?r
case of polarization-mixing scattering. The substrate is as- 9 y Y.

sumed to exhibit no optical activity. After calculation of the
energy-dependent reflectivities according to Efyl), the FT T T T T T T T

. ~ . . . =) [ P, Pe,Ag Pe, 1
time responseR(t) of the system is obtained by Fourier = o ohe YW
transformation oR(w) as given by Eq(12): Z
- - 1.
R(t)=o(t) —f(t) xe x", (23 £
with ®
g
1 d ks
x=7p00fLulted®—, (24) . : . : : .
4 ¢ Ol T3 4 5 6

o . . le of incid d
wheref(t) is the Fourier transform df{ w), p is the number angle of incidence (mrad)

density of resonant nuclei, ang is nuclear absorption cross  FiG. 4. Time-integrated nuclear resonant reflectivity of a mono-
section at resonance, tabulated for selected isotopes in Tallger of 5Fe on various substrates: C, Ag, and W. The intensity
I. The ¢ function describes the instantaneous radiation puls@eaks at the critical angle, of the substrate, where an antinode of
that has passed the sample without resonant interaction. Thige standing wave coincides with the surface plane.
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Since the standing wave slightly penetrates into the substrate, IV. EXPERIMENTS
the maximum delayed intensity decreases with increasing Nanosized particles on surfaces can be produced in a va-
photoabsorption of the substrate material. In general, it can P P

be shown that the formation of standing waves above totalc ty of ways. Typical routes are the sel-organized growth

; . : via condensation out of the gas ph&3eoplloidal agglomera-
reflecting surfaces or in x-ray waveguide structures strongl¥i0n in solutiof® or the f(?rmart)ion on singleg-]grystalline

enhances the resonantly scattered sighdihe technique aﬁurfacesﬁ.mgln this experiment, the latter route was taken to

thus becomes very sensitive to small amounts of materi . S !
produce single-crystalline island-shaped Fe particles on a

down to submonolayer coverag®s. Lo
The information that can be revealed in x-ray scatteringw(llo) surface. These iron islands were prepared by thermal

. 57 0 . .
from magnetic films critically depends on the polarization e;{?gﬁr?'(\)’gﬂumFeC(()agﬁoﬁgrg::tiﬁgoéreaancg?:'?éeCl;ngg of
state of the incident radiation and the polarization propertie 9 9 y

of the detector system. Since the polarization of the inCidenab(gl}t@fO%ﬂlgr :tetazsslgotgn?fefgt,utrgi ?:Zs]}grlmvéassehngg d tgn d
radiation is not necessarily a pure state, we adopt the density- ’ : p L P .
ell-ordered three-dimensional islands on a pseudomorphi-

matrix formalism and represent the polarization of the mCI_caIIy ordered Fe monolayer on @10.% The shape of the

dent beam by a 22 matrixp. The polarization analysis of lands, depending critically on the thermal treatment, was
the scattered photons is described by a polarization filter that » dep 9 cally . : ’
) . . X . analyzed by the scanning tunneling microscd®M), as
is characterized by a>22 matrix P. The measured intensity T . X
: . S . shown in Fig. 6. The Fe islands are of btt0) type with the
in such a configuration is then given by . .

lattice constant of bulk iron as revealed by the low-energy
electron diffraction(LEED) and x-ray diffraction, as shown
in Fig. 7(a). They are of rectangular shape, with the long axis
. . pointing along the WW001] direction. Their average height is
The density matrixp can be expressed by the three real3 7.9 g nm. Finally, the tungsten crystal was capped with a
Stokes’ parameterg, , £, and¢s: 2-nm-thick Ag film to prevent oxidation of the Fe islands.

_ The experiments were carried out at the nuclear-resonance
1+&;  &—iés beamline ID 18 of the ESR¥. Time spectra were partly
Etits 1-& | (26)  yecorded in the single-bunch filling mode of the storage ring,

covering delay times up to 300 ns, and partly taken in the

The & assume values betweenl and +1 to describe a 16-bunch filling mode with the bunches spaced 176 ns apart.
state within a basis of orthogonal polarizatiogigrefers to a The un_dulator radiation |_nC|dent on the sample had an energy
linear polarization basist, to a linear basis rotated by an Pandwidth of 6 meV, delivered by a sequence of a heat-load
angle of 45° relative to the previous one, afgdrefers to a monochromato_r and a high-resolution mqnochromator. Ina
circular polarization basis. In the following, we assume anVertical scattering geometry, the sample intercepted a beam

arbitrary degree of linear polarization of the incident beamcross section of 0.05 mm2 mm (verticak horizontal).
ie., |&]<1 and &= £=0. The extreme values of;=1 Maximum countrates were achieved at a grazing angle of 5.2

and &= —1 represent the pure states @fand 7 polariza- mrad, close to the critical angle of total reflection of the W

tion, respectively. Further we assume no polarization analySubstrate. Figure (B) shows the angular dependence of the
sis of the scattered beam, i.BP],,= &, . In this case, one electronic and nuclear reflectivitfupper and lower curve,
obtains for the scattered i’nten,s;iLt; wy ’ respectively. The nuclear reflectivity was obtained by inte-

gration over a time interval reaching from 20 ns to 300 ns
after excitation. Its maximum is observed close to the critical
= E(1+ §1)(|R11|2+|R12|2)+E(1—§1)(|R21|2+|R22|2), angle of the substrate, consistent with the calculation shown
2 2 in Fig. 4. Average countrates of up to 40'swere observed,
27 allowing a typical data acquisition time per spectrum of
i about 1 h. We estimate a countrate loss by a factor of 20—30
where theR;; are the matrix elements &. . due to the surface roughness of the W crystal of
Time spectra for some typical magnetization geometries. 1 o nm. Before the measurements the sample was magne-

that are often encountered elxp(.erimentally,_ are shown in Fig;,aq along the in-plang001] direction by a pulsed magnetic
5. They were calculated for incident polarization and de-  fie|d of about 50 mT and then kept at remanence in zero
tection without polarization analysis, i.el(t)=|Ri®  axternal field.

+|R;,2. The sample assumed here was a 2-nm-thick Fe film
on W. Obviously, the beat patterns in the spectra character-
istically reflect the underlying spin structure. However, there
are different spin arrangements that lead to the same time A series of time spectra taken at selected azimuthal orien-
spectrum. Due to this degeneracy, a single time spectrum tations ¢ of the sample is shown in Fig. 8. Due to the high
not sufficient to determine the spin structure unambiguouslydelayed countrate, the spectra exhibit a good statistical qual-
We will show in the following that a reconstruction of the ity up to 300 ns after excitation, covering a dynamic range of
magnetic structure is possible by recording time spectra at more than three orders of magnitude. The beat pattern under-
number of sample orientations, e.g., by varying the azigoes characteristic changes that reflect the magnetic spin
muthal angleg. structure of the islands. With increasing rotation angjehe

| =Tr[ pR* P* PR]. (25)

1
=3

V. RESULTS
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Geometry Nuclear Scattering Length Time spectrum
N(w) o — unpolarized
A 3 [ Fa+Fs  —i(Fa-Fy) 3
16m \ i(Fy — F_y) Fo+F,
~
B 3 < Fa+F., 0 > =z
-— 167 0 25
ol @ ENE
167 0 F+1 + F_1

faa = f7r7r =
3

E(F+1+F_1+2F0)
faa:E(F—H"'F—l) _
3 .
fww:E(F—H"f'F—l'f'zFU)
faa:fmr: _i
1 ]
Q(F+1+F—1+F0) ﬁ‘
0 t(To) 1

FIG. 5. Time spectra of nuclear resonant scattering for selected orientations of the magnetic hyperfdettigidiefines the direction
of the quantization axim, relative to the incident wave vectkg. The matrix of the nuclear scattering length is given in a linear polarization
basis ¢, 7). The time spectra are calculated for a 2-nm-thiéke film on a tungsten substrate, assuming putelpolarized incident
radiation and detection without polarization analysis. This is the most frequently used scattering geometry in experiments with synchrotron
radiation. A—C display the results for a unidirectional magnetization of the sample. D results from the superposition of two magnetic
sublattices in antiparallel alignment. E and F display results for two-dimensional random distributions of spin directions. G shows the result
for a three-dimensional random orientational distribution. Since the scattering matrix in the cases E—G is diagonal, only the diagonal
elements are shown. The identical shape of the time spectra in rows B, D, and F demonstrates that the spin structure of the sample cannot
be determined from just a single time spectrum. Instead, to lift this degeneracy, a number of spectra at different orientations have to be taken.
The envelope of the time spectf@ashed line in the upper right figurimdicates that the time response of the film is considerably speeded
up compared to the natural decgsplid straight line.

shape and the relative intensities of the individual beatseported, because the time spectra were influenced by effects
change and new beats appear, resulting from the increasirgf dynamical diffraction. On the other hand, if the scattering
contribution of higher-frequency components. To deduce hyprocess can be treated in the kinematical limit, analytical
perfine interaction parameters from the time spectra one haxpressions can be given for the time spectra and their Fou-
to solve the problem of data inversion. This is, in general, notier transforms. This allows one to develop a procedure to
possible because the phase of the reflected amplitude is lostconstruct the magnetic structure of the sample via a Fourier
in the detection process. Nevertheless, some valuable infoanalysis of the measured time spectra, as we will show in the
mation can already be obtained from a spectral analysis dbllowing.

the measured intensities. A few studies of this kind have been The Fourier transforms of the time spectra are shown in
performed in the pasf~"2but only qualitative results were the right panel of Fig. 8. The various spectral components
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quency differences between these transitions are the beat fre-
quencies that contribute to the time spectrum. This allows
already the conclusion that the magnetization of the Fe is-
lands is oriented in the plane of the sample. An additional
out-of-plane magnetic moment would lead to extra spectral
components at energies different from those observed here.

For a quantitative analysis, we chose a linear polarization
basis with theo polarization perpendicular to the scattering
plane(see Fig. 2 This corresponds to a Stokes parameter of
&1=1 (£&,=—1 if the sample is tilted by 90° for a horizontal
scattering plane Assuming no polarization analysis in the
detection process, we obtain for the resonantly reflected in-
tensity according to Eq27),

1(t)=|Ryy|*+|Ryd % (29)

Taking only the delayed part of Eq23) into account, this
equation turns into

2000 4000

nm

h K 1000 3000
N\

2 »
\QQ‘\\

FIG. 6. The STM image of Fe islands on(¥L0). The islands
were produced after deposition of about 5 ML Fe and subsequent

annealing for 10 min at 700 K. The elongated islands are aligned ) )
along the in-plang001] direction. In the lower left, the orientation f(t) results from evaluation of E¢3) and Fourier transform

of the photon wave vector relative to the crystallographic axes ofnto the time domain. Since the electronic contributig(w)

the surface is shown. The average height of the islands is 3.10 the scattering length is energetically broad, it contributes
+0.8 nm. to the prompt response and need not be considered here.

Thus, we evaluate the nuclear contributibiw) given by
that contribute to the beat pattern show up as peaks witlq, (18) setting® = 7/2, because the magnetization is in the
Lorentzian shape. Their energetic positions correspond tgjane of the sample. To account for the general case of sev-
those of theM=*1 transitions for a magnetic hyperfine eral in-plane sublattices\(w) is the weighted sum over all
field of B=33.3 T, as described by E(2). The four fre-  their contributions. The scattered delayed intensity is then

L(t) ={[T1a() |2+ [T1o(0)[ 2} x2e X0, (29)

given by
1 % T . T ?
_w'E e © w(io) () ={|F 1 +F >+ SA($)|F 1~ F 4% x%e 1o,
£ 10 ' (30
g d E .
g 107k - with
- Fe(110)
® 10 - E £
S E S(¢)=ko-[D(p)M], (3D
107 F ~ o~
10° o Fum=Fwm(t) is the Fourier transform df (w) that is given
10 1 in Eg. (19. M is the magnetic structure function of the
angle of incidence (degree) sample,
: : , — , : : 1
4000 (b) Nresonmt = = MZ; pjmje'q‘Ri with Z pi=1, (32
= 01 s where the sum runs over all magnetic sublattices, represented
5 -1 U. (5] ; ~
g 200k M’Mo . %:, by unit vectorsm; and the phase factor accounts for the
3 <= resonant .W 0»’4‘“ . ‘%5 positionR; of the atomsg=k—k' is the momentum transfer
W " ~ | in the scattering process. The rotation matrix
0 T, AT .2 WP VOO 0.01
0 3 Pew 6 9 )= cos¢ sing
angle of incidence (mrad) (¢)= —sing cos¢ (33)

FIG. 7. (a) Reflectivity of the(110) reflection from the W sub- ~ jaqcrines the azimuthal rotation of the sample about the

strate and the Fe islands at 14.4 keV. The solid line is a calculation . . L~
for the F&110) reflection according to the dynamical theory of @ndl€¢ refative to the incident beam. The functiofig (1)

x-ray diffraction, proving the bcc structure of the Fe islangs. &€ the superposition of two damped harmonic oscillations

Nonresonant reflectivity(upper curvé and resonant reflectivity 9iven by
(lower curve of the sample. The resonant reflectivity peaks near the

critical angleg, \y of the W substrate. (39

Ti +1(t) — (aleiwlt+ a.4ei w4t)eft/27'0,
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P U B L B N B 3
10°F 4
10 ;' ¥ 1 | 1 i Tbs gA 0 ::/-\ .
: ‘mﬁl i 1= FIG. 8. Time spectra of
10°F i E 5 nuclear resonant scattering from
-E 102 r 14 Ag-capped Fg islands on M/_LO)
3 - E for various azimuthal orientations
© 10 4 % in o geometry. The solid lines are
aF _:-5" fits according to the theory out-
1025 - B lined in the text. The right panel
10°F E shows the Fourier transform of the
10k - measured time spectra to reveal
" the spectral components that con-
10° 3 3 tribute to the beat patttern. The
10°F 13 3 solid lines are Lorentzian fits to
10f { § Y\ ‘ ‘ A s E the peaks.
R B B S AMRAN, ) .L ‘ Sl ‘vi < Redice’ | N
0 50 100 150 200 250 300 0.2 0.4 0.6
time (ns) energy (ueV)
F_,(t)=(aze' '+ age' s e 270, (35) 9(Q1)—9(Qy)
S= —(Q 1 9(0,) (41
Observing that az=a,,a;=ag and thus |[F,(t)|? giit)T ot

=|F_,(t)|% Eq.(30) can now be written as

I(t)=e X"7[G(0,00,){1+S*(¢)}
+G(0+0,,0,-0,,0,){1-S%(¢)}], (36)

where the functiorG is defined as

(37

G(c4,C,,C3) =COSC,t+ a%cosc,t + 2a cosct,

In grazing-incidence geometry, the momentum trangfer
~ko¢ is very small so that the conditioqpR<1 is fulfilled
and €9Ri~1 in Eq. (32). Then, with ky=(1,0) andM
=:(my,m,) the functionSis given according to Eq31) by

S(¢)=m,cos¢+mysin . (42)

In the most simple case of a unidirectional magnetization

with a=a, /a,= ag/as= 1/3 being the amplitude ratio of the of the sample withM =(1,0), andk,=(1,0) we obtain

two resonance lines that comprisg;(w). 4 andQ, are

S(¢) =cos¢. This means, the time spectrurft) at =0 is

frequency differences between the resonance lines, that canbeat pattern with a single frequen@y, as shown in row A

be expressed by the level splittingg andA . of ground and
excited state, respectivel(gee Fig. 3

Ql=w4—wl=(Ae+Ag)/ﬁ, (38)

QZZ w3— (1)1:2Ae/h

of Fig. 5. With ¢ increasing towardsr/2 the modulation
becomes more complex due to the admixture of three more
frequencies. This corresponds to a rotation rofin the
(o.,ko) plane(see Fig. 2 where upon a transition between
the time spectra shown in rows A and B of Fig. 5 takes place.
However, the measured time spectra fo=0° and ¢
=90° in Fig. 8 slightly deviate from those displayed in rows

Since Eq.(36) is a superposition of damped harmonic func- A and B of Fig. 5. This indicates that the spin structure of the
tions, its Fourier transform is a superposition of Lorentziangslands cannot be simply unidirectional. To determine the
L(€;) with natural linewidthl'y. They are centered around magnetic structure function of the sample, we now apply the

frequencied}; with weight factorsg((};): algorithm introduced above. The weigly§};) are the areas
under the Lorentzian functions that were fitted to the spectral
components, shown as solid lines in the right panel of Fig. 8.

l(w)=2, g(Q;)L(Q) (399  Figure 9a) shows the weightg({);) as a function of azi-
muthal angle¢ from which the functionS(¢) was derived
according to Eq(41). The resultingS(¢) is shown in Fig.
=(1+S?)(1+a?L(0)+2a(1+S*)L(Q;) 9(b). From a fit of Eq.(42) to the measured functioB( ¢)
5 5 the componentsn, and m, of the magnetic structure func-
+2a(1-S)L(Q2)+(1-S)L(Q1+Qy) tion are determined. Here, we obtain the experimental values
+a%(1-SHL(Q1—Qy). (40)

This meansS(¢) can be determined from the weights of the

LorentziansL();) andL(£},) as follows: (43)

_(mx)_(0.77(3))
Mexp™ m,/ 10.193)/
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azimuthal angle ¢ (degree) FIG. 10. Graphical representation of the solutions for the angles

) ) aq,a, that fulfill the matrix Eq.(47). The shaded area represents
FIG. 9. (a) Dependence of the normalized Fourier componentsyngjes for which &p,<1, the solid line fulfills the equation for
shown in Fig. 8 on the azimuthal angte (b) The functionS(¢) as  the second component.

obtained from the data in) @ccording to Eq(41). The solid line is
a fit of Eq. (42) to the data.

( pl) B 1

While the determination oM, proceeded in an algo- 1) sin(a;—ay)

rithmic gnd straightfprward manner, the determinqtion of the ( sina, —Ccosas ) ( m)()
magnetic structure is not that easy: To solve this problem, . . .
one has to find a representationMfas a linear combination (sina;—sina;) (Cosa;—CoSay)/\ My

of magnetic sublattices, : (47)

The equations for both components have to be fulfilled si-
multaneously. The manifold of possible solutions is dis-
my N played in Fig. 10. While the condition<Op;<<1 for the first
m, =2 pim;. (44 component is fulfilled for angles; and a, in the shaded
area, the solid line represents the solutions for the second
component. Since this line falls within the shaded area, it
that has to fulfill the conditions represents all solutions of E¢46). At this point, the selec-
tion of a unique solution has to be guided by additional in-
formation about the system. The assumption that one mag-
netic sublattice is aligned along the long axis of the islands
E pi=1 and |r?1i| =1. (45) due to the shape anisotropy determimgs=0°. It then fol-
‘ lows thata,=90° andp;=0.8, so that we obtain the fol-
lowing spin structure that lies within the experimental error

From these constraints, it immediately follows that the datdf the measured values given in E¢3):
cannot be described by a single magnetic sublattice only,
becausen’+m2+ 1. The next step is the assumption of two M = 0.8001601+ 0.2C 1 7o, (48)

magnetic sublattices, so that Eg44) can be written as
(mx) (COSal
my, P1 Sinay ; : )
the Fe islands are laterally separated, single magnetic do-
mains of two different types with their magnetization or-
where the two anglea; and «, describe the in-plane orien- thogonal to each other. The algorithm presented here can be
tation of the sublattices relative to tfi@01] direction. Since applied to determine the magnetic structure of thin films and
this system of equations is underdetermined for the parammanoparticles on surfaces. In many cases, an unambiguous
etersaq, a,, andp;, no unique solution can be given. To reconstruction can be performed if guided by additional in-
discuss the possible solutions of Eg6), we rewrite it in  formation about the sample. With increasing degree of com-
form of a matrix equation plexity, however, the reconstruction becomes less unique.

where Ujgoy) and Up 707 are unit vectors along the in-plane
[001] and[110] directions, respectively. Other configura-
COSsay tions like closure domains with more than two magnetic sub-
+(1=py) sina, )/’ (46) lattices can be excluded here. We can therefore conclude that
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Moreover, it should be noted that the finite temporal range 3000
At of the measured time spectra limits the energetic resolu-
tion of the energy spectra tAE=h/At. This becomes an
issue when an additional quadrupole interaction leads to a
relative shift of the resonance lines in Fig. 3. The resulting
splitting AEq of the lines at frequencieQ, and (), in the
Fourier spectra can only be resolved if the temporal sampling
range is large enough, i.eAt>h/AEq, as shown in the , ‘
case of pure nuclear diffraction from f@;."* h

1000

VI. DISCUSSION

The reconstruction procedure revealed that there are two
types of islands, the magnetization of which is aligned in the

in-plane [001] direction and[110] direction, with relative
weights of 0.8 and 0.2, respectively. Most probably, this dis- [170]
tribution of magnetization directions results from the inter-

play of different anisotropy energy terms. In this case, we _ _ _
have to consider the contributions of the magnetocrystalline, F!G- 11. The STM image of Fe islands on(¥20). The islands
the magnetoelastic, and the surface anisotropy. However, iwere.produced after deposition of about 5 ML Fe. by annealing for
the first experimental study of the magnetic anisotropy of:0 Min at 600 K. The sample was then capped with Ag. In contrast
closed Fe films on W110) only the contributions of magne- to Fig. 6, the_lslands are (_)nly _shghtly elongated along [iBe1]
tocrystalline and surface anisotropy had been taken intg'recuon' Their average height is (9-1.6) nm.

account® In that case the total free energyper volumeV
in the (110 plane depending on the Fe film thicknesfas
been written as

1000 2000 3000
nm

[001]

vored, particularly in the islands with high aspect ratios.
Since this shape anisotropy is a function of the aspect ratio, it
exhibits a statistical distribution. Thus, the distribution of
magnetization directions directly reflects the statistics of is-
land shapes and the corresponding contributions of the mag-
netic shape anisotropy. It turns out, that this contribution is of
no relevance in smaller, spherically shaped islands, where

with K, being the first-order magnetocrystalline anisotropyihe easy magnetization axis points along [ﬂhgo] direction

1 2 g H . . . .
constant, and<§3 and Ké& describing the surface anisotro- s in the case of closed thin iron films o ¥¥0]. In islands

pies of both interfaces of the film, respectively. Whereas theyith higher aspect ratios the magnetocrystalline and the
surface anisotropy, favoring the easy axis alpad0] (¢«  shape anisotropy, which favor tf801] axis, may together
=m/2), dominates for very small film thicknesses, the mag-overcome the surface anisotropy. In conclusion, the reorien-

netocrystalline part forces the magnetization parallel to theation of the magnetization from tHd 10] to the[001] axis
in-plane[001] direction (¢=0). Both contributions are bal- takes place at lower thicknesses than in the closed film due to
anced at around a thickness of 50 ML, where the magnetizazdditional contribution of the pronounced shape anisotropy.
tion rotates fron{ 110] for thin films to the bulk easy axis This interpretation of shape-dependent reorientation of the
[001]. In case of a Ag-capping layer on top of the iron film magnetization is supported by measurements on another
the surface anisotropy constant is smaller compared to theample with a significantly different size distribution. Islands
iron-vacuum interface, leading to the spin reorientation alwith already discernable but much less pronounced preferred
ready at around 36 Fe monolayersKggAgz 4.0 orientation along th¢001] direction have been created by
X 1075 J/n?, KE%UHVZGI\E,X 1075 J/n?).?® A continuation ~ annealing the closed film at lower temperati80 K), see
of this experimental study revealed, however, that due to thEig- 11. Fig. 12 displays a selected set of time spectra for
quite large Fe-W lattice mismatch of 9.1%, the contributiondifferent azimuthal sample orientations. From the Fourier
of the magnetoelastic anisotropy is in the same range as tH@ectra shown in the right panel, we have derived the values
first-order magnetocrystalline energy and cannot beS(¢), as shown in Fig. 14squares The time spectra do not
neglected>74However, in our case the structural character-show the pronounced changes with the rotation arfglas
ization of the islands using x-ray diffractidsee Fig. ¥ and the spectra discussed above. While the time spectrum in Fig.
LEED shows that the Fe lattice is completely relaxed andl2 at¢=90° could be mistaken for that of a unidirectional
strain-free both in horizontal and vertical direction, respecimagnetization as in row B of Fig. 5, only the azimuthal
tively, leading to the expectation that the magnetoelastic epfotation reveals that there must be a significant fraction of a
ergy is negligible. two-dimensional orientational distribution of moments as in
In the case of separated islands that exhibit a direction ofow F of Fig. 5. In fact, the spin structure that is extracted
preferred growth, the in-plane shape anisotropy has additiorffom the time spectra is a superposition of two components:
ally to be taken into account. The magnetization along théOne component points along th&10] direction, i.e., along
orientation of the islandg001]) should energetically be fa- the direction of the closed iron film, whereas the second part

F K 1
vin Tl(sin22a+sin4a)— a(Ké,lSJr KE)sia, (49)
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FIG. 12. Time spectra of nuclear resonant scattering from Ag- FIG. 13. Time spectra of nuclear resonant scattering from
capped Fe islands on W, as shown in Fig. 11. The time spectra d6-capped Fe islands on W for various azimuthal orientations. The
not show such a pronounced variation withas those in Fig. 8, angular dependence of these time spectra resembles quite closely
pointing to a significant fraction of a two-dimensional random ori- that of the spectra in Fig. 8, pointing to the same spin structure.
entation of moments. Accordingly, the Fourier transforms of the

time spectraright panej look quite alike. crystalline, surface and shape—and is not the result of a

has to be described by an in-plane random distribution of th@articular capping layer. The thickness dependence of this
magnetization. The relative weights of these components af8terplay was subject 0}; a former study using the x-ray mag-
60% and 40%, respectively. We can conclude, that the mucf€tooptical Kerr effed With increasing thickness of the
less distinctive preferred orientation of the islands causes Ritially closed Fe film, a spin reorientation of the islands
significant decrease of the total magnetic anisotropy. Herdfom the[110] direction into the[001] direction was ob-
the contributions of magnetocrystalline and shape anisotropgerved.
on the one hand, and surface anisotropy, on the other hand, It might be worthwhile to note, that although carbon is
are almost balanced. These results are consistent with a vagxpected to diffuse into iron, the time spectra do not show
texlike spin structure in circular Fe islands on(140) that  any sign of an extra hyperfine component that would hint to
was reported recentfy. a contribution of iron carbide. This is reasonable because C
In order to study the influence of the capping layer on theusually diffuses along grain boundaries. Due to the single-
magnetic order, we have prepared Fe islands under the sarfgystalline nature of the Fe islands there are no ways for C to
conditions as the sample shown in Figa®inealing tempera- penetrate into the Fe lattice. The spin structure of the Fe
ture 700 K, and coated them with carbon instead of silver.islands therefore remains unchanged.
A set of selected time spectra at various azimuthal positions
is shown in Fig. 13. The shape of the time spectra, their
Fourier transforms, and the valu&€é¢), shown in Fig. 14
(circles, indicate that there is no significant difference
compared to those of the Ag-capped islands shown in Fig. 8.
The experimental datasets can be simulated assuming the
same spin structure as found for the sample discussed above:
80% of the magnetic moments point along fl8@1] direc-
tion, whereas the remaining 20% lie perpendicular along 0.0 s | s | . L

the [1?0] axis. Although the capping layer is known to 0 . 31?1 1 60 90
change the surface anisotropy constant in @§), a differ- azimuthal angle ¢ (degree)

ence between Ag and C coverage is not detectable in our FiG. 14. The functiorS(¢) for the Fe islands annealed at 700 K
experiment. From the comparison of the two capping layersgircles and annealed at 600 Ksquares The former are capped
we have confidence that the rotation of the magnetizatiomith C, the latter with Ag. Since the capping has no influence on the
really reflects the thickness and shape-dependent interplay epin structure, the differences between the curves is related to the
various magnetic anisotropies in the islands—magnetoshape of the islands. The solid lines are fits of @¢) to the data.

—_
)
~—
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VIl. SUMMARY AND OUTLOOK e 05 n'm’ x=l0~33

The experiments have shown that relaxed Fe islands or N
W(110) display a multitude of magnetic ordering phenom-
ena, depending on the average thickness and the annealir , 5 ‘ /
conditions. The magnetic structure was determined by £ " 417 0nm, x=066 § S

nuclear resonant scattering of synchrotron radiation. A pro- F IV
cedure was developed to extract the magnetic structure func,; ;
tion from a series of measurements taken at various azi-g |
muthal orientations. Due to the very high brilliance of & £
modern synchrotron-radiation sources, the method is sensf iy
tive to coverages down to the submonolayer regifrighis

opens unique applications in the field of nanoscale magne
tism: In combination with other x-ray scattering methods the
relation between structural properties and the magnetic be
havior of deposited clusters can be explored. Moreover, due
to the isotopic selectivity of the scattering process, magnetic
properties can be determined with atomic resolution by se-

T T T+
d = 6.0 nm, x=4.0]

og(intens
relative weight

It

3

lectively doping the sample with the Msbauer nuclét* An- 0 50 100 150 200 250 30000 02 04 06 08
other promising application is the determination of internal time (ns) energy (ueV)
magnetic fields in oriented biomolecules on surfaces that are

considered as future magnetic storage devices. FIG. 15. Time spectra of grazing incidence reflection froffie

It seems attractive to extend this technique also to other isdims on W ate = 5 mrad in the magnetization geometry of row B
topes with low-energy nuclear transitions. For comparison?f Fig. 5. The dashed lines mark the envelope that is characterized
the parameters of several M&bauer isotopes with reso- t_)y the speedypy. The right panel shows the Fourier spectra of the
nances below 30 keV that have already been used in expeffme Spectra in the left panel.

ments with synchrotron radiation are listed in Table I. Inter-

esting candidates for magnetic studies are the rare-earthken into account. The time spectra are then modulated by a
isotopes®°Tm, ®Eu, *°Sm, and®'Dy. Present-day un- long-period temporal oscillation, the so-called dynamical
dulators at third generation sources typically deliver a flux ofbeat, that imposes restrictions on the applicability of the nu-
10°-10* photons/s/neV at photon energies in the range ofmerical algorithm described here. Here, we want to quantify
10—30 keV. These numbers show tleddstic nuclear reso- the validity limit of this algorithm in terms of film thickness
nant scattering of synchrotron radiation is an attractive techd and number density of resonant nuclei. The first node of
nique to study magnetism with monolayer sensitivity. In thethe dynamical beat is located at time

same experimental setup it is possible to probe lattice dy-

namics via inelastic nuclear resonant scatterfi® that

could be shown to exhibit monolayer sensitiity’ The 16¢

combination of both techniques offers the unique possibility
to study magnetic and vibrational properties and their inter-
relationship with atomic resolution.

M*W 70, (A1)

whereo is the nuclear absorption cross section as given in
Table I. For timeg<t,, the envelope of the time spectra is
ACKNOWLEDGMENTS given by e" "XV After multiplication with eX7 the
_ . o speedup of the envelope is corrected for and the numerical
It is a pleasure to thank R. IKar for providing excellent giorithm can be reliably applied. On the other hand, in the
experimental conditions at the nuclear-resonance beamhqpegion around =t,, the time spectra are strongly perturbed.
ID18 of the ESREF, for stimulating discussions and for critical This is illustrated in Fig. 15. Time spectra of grazing-
reading of the manuscript. Moreover, we wish to acknowl-i,cidence reflection from Fe films on W have been calculated
edge the support of E. Burkel during the experiments. Thiccording to the full dynamical theof¥.It is obvious that
work was supported by the German BMBF under contract 0%yithy increasing thickness the first node of the dynamical
SK8HR 1 and by the European Union under Contract NOopeat indicated by the shaded region, shifts to earlier tithes.
G5RD-CT-2001-00478. In the corresponding Fourier spectra, the lines are broadened
and their relative intensities are changed so that the spectral
weightsg((;) cannot be determined reliably anymore. Ac-
cording to Eq.(Al) the area densitpd of the resonant nu-
clei determines the time rangkt that is not perturbed by
The procedure for determination of the magnetic structurelynamical beat$>°* If one asks forAt=300 ns as in our
function as outlined in Sec. V is valid for ultrathin films in experiments, the critical area density is given by 1.8
the limit of kinematical scattering. With increasing film x10?°° m~2 (assuming thaf ,,=0.8 ande=>5 mrad). For
thickness, however, multiple-scattering processes have to mire °’Fe with p=8.46x10?° m~2 this limit is exceeded

APPENDIX: VALIDITY OF THE KINEMATICAL
APPROXIMATION
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already ford>2.2 nm. If films of larger thicknesses are to be however, at the expense of energetic resolution in the Fourier
studied by this method, the degree of enrichment should bepectra. Thus, for best results, the speedup should be below
decreased. On the other hand, one could decrease the tinge=1 and the time spectra should extend over a large tem-
rangeAt that is subject to the Fourier transform. This goes,poral range.
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