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In situ magnetometry with polarized neutrons on thin magnetic films

T. Nawrath, H. Fritzsche, F. Klose, J. Nowikow, and H. Maletta*
Hahn-Meitner-Institut Berlin, Glienicker Strasse 100, D-14109 Berlin, Germany

~Received 12 April 1999!

We shall discuss perspectives opened up by using polarized neutron reflectometry as anin situ technique to
measure the magnetization of ultrathin films not covered by a protective layer. In order to demonstrate the
advantage of this method, Fe~110! films of a thickness of up to 20 Å were prepared on V~110! single crystals.
In neutron measurements the absolute value of the magnetization of the films was determined precisely by a
simple optical model, by fitting the spin-up and spin-down reflectivities separately. Additionally the measure-
ments were compared with data obtained from magneto-optical Kerr magnetometry. Both techniques show that
the magnetizations of the films are considerably reduced.@S0163-1829~99!12033-2#
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I. INTRODUCTION

In recent years the magnetism of thin films and interfa
has received growing interest, especially after a remarka
enhancement in the magnetic moment of free magnetic
ers was predicted.1,2 It is known that protecting a thin film
with a cap layer might change the magnetization of the f
film. Furthermore, magnetism at interfaces is technologic
interesting, since antiferromagnetically aligned bilayers
multilayers produce a giant magnetoresistance effect.3,4

The Fe/V system investigated in the experiments repo
here has been subject to a number of experimental5–10 as
well as theoretical11–14 studies, which, however, in the mai
concentrate on the magnetic moment at the~100! interface.
Second, the measurements presented in these studies
either performedin situ in an ultrahigh vacuum chamber b
methods, which do not measure the absolute magnitud
the magnetization, or the authors prepared multilaye
structures and determined the magnetization at the interf
by magneticex situexperiments.

Despite of the lack of experimental data on the Fe/V s
tem, a number of methods exist, by which the absolute m
netization of uncovered films can be measured directly~see,
e.g., Refs. 15 and 16!. These methods are based on class
magnetometry, such as torsion oscillation magnetom
@TOM ~Ref. 17!# or alternating gradient magnetomet
@AGM ~Ref. 18!#.

In this paper we shall show that the magnetization of
trathin uncovered films can also precisely be studiedin situ
with polarized neutrons. Polarized neutron reflectome
~PNR! is an established method for experiments on protec
magnetic films and multilayers, and thus relates our meas
ments of unprotected magnetic films19 to the studies of
Felcher and co-workers20,21 and Bland, Pescia, and Willis,22

who performed PNR measurements on covered ultra
films. This method is mainly based on the effect of an
creasing reflectivity at the Bragg maxima which is obtain
by covering the film with a cap layer of a typical thickness
200–400 Å, while the measurements presented here w
performed on a substrate, which does not have a total re
tion edge for neutrons. We shall discuss the advantage o
in situ PNR method by presenting data on thin Fe films
V~110!, which show a significant difference in the reflecti
PRB 600163-1829/99/60~13!/9525~7!/$15.00
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ity of polarized spin-up and spin-down neutrons at su
ciently high reflectivities without covering layers bein
needed.

II. SAMPLE PREPARATION

All samples were prepared directly at the neutron bea
line in a standard UHV chamber at a base pressure
,10210mbar. This set-up is sketched in Fig. 1 with th
UHV chamber containing an electron-beam evaporator
an argon-ion gun, which cleans the sample by sputter
Furthermore, the chamber contains an AES~Auger electron
spectroscopy! and a LEED~low-energy electron diffraction!
system. As shown in Fig. 1, the sample is positioned ab
the electron-beam evaporator, where it can also be chara
ized by AES and LEED. For the neutron measurements
sample was moved into the quartz cylinder, where it w
studied by a neutron beam.

Before the epitaxial iron films were prepared, the V~110!
single crystal was cleaned repeatedly during several spu
ing and annealing cycles, using argon ions of 700 eV dur
the sputtering and a temperature of 1400 K during the
nealing cycles in order to recrystallize the surface. This p
cess was repeated for 120 h until the contamination of
surface was below the detection limit of our Auger spectro
eter, i.e., below 2% of a monolayer for sulfur or carbon a

FIG. 1. Experimental setup of thein situ polarized neutron re-
flectivity ~PNR! method with the UHV preparation chamber. Th
Helmholtz coils provide a horizontal magnetic field directed p
pendicular to the neutron beam, which is necessary for this me
to saturate the magnetization of the film sample.
9525 ©1999 The American Physical Society
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9526 PRB 60NAWRATH, FRITZSCHE, KLOSE, NOWIKOW, AND MALETTA
below 5% for oxygen, as the oxygen transition coincid
partly with the vanadium LMM transition. No other contam
nation was detected during the sputtering and annea
cycles. Before evaporation of the iron the single crystal w
covered with a vanadium layer of 10 Å, which resulted in
well-ordered surface with a typical terrace width of 89 Å
the @001# and 50 Å in the@11̄0# direction, respectively.23

The films were evaporated by molecular-beam epita
~MBE! at a rate of 0.07 Å/s at a sample temperature of 3
K. The thickness of the films was controlled by a calibrat
quartz balance during evaporation. The conditions create
special growth mode for iron films with a collapse in th
island size at a film thicknesstFe54 Å, and an island size o
21 Å in @001# and 9 Å in@11̄0#. AbovetFe510 Å the island
size of the iron films increases again to values of 30 Å
@001# and 20 Å in@11̄0#. It is important to mention that this
behavior is not connected to a Vollmer-Weber~island!
growth as the AES intensities of iron and vanadium m
sured dependently of the iron thickness show a coverage
is typical for a Frank-van der Merwe~layer! growth, which
makes the study of the magnetic behavior of films parti
larly interesting. For a more detailed discussion of the pre
ration and structure of the films see Ref. 23.

III. EXPERIMENTAL SETUP

The experiments were performed with the standard se
of the reflectometer V6~Ref. 24! at the Hahn-Meitner-
Institut Berlin, that was adjusted to a wavelength of 4.66
It uses a graphite monochromator, a liquid-nitrogen-coo
Be filter, a set of two diaphragms, and a polarizi
supermirror,25 which create a polarized, monochromate
and well collimated neutron beam.

For thein situ experiment, an UHV preparation chamb
was placed into the neutron beam of the reflectomete
sketched in Fig. 1. The angleu between the incoming neu
tron beam and the sample surface was adjusted by a p
sion rotary feedthrough at the UHV preparation chamb
The neutron intensity transmitted through the quartz cylin
amounted to 90%. The measurement position was also
rounded by Helmholtz coils outside the chamber providin
horizontal magnetic field perpendicularly directed to the n
tron beam (Hmax51200 G).

The neutron detector was a two-dimensional position s
sitive scintillation detector26 with a lateral resolution of 50
mm. The angle of 2u was determined precisely by the di
tance between the reflected and the transmitted beam
perform measurements at low temperatures the transfer
~Fig. 1! was flooded with liquid helium and the sample w
put into a copper box, which was in contact with the heliu
bath. Since the cooling also resulted in a lower base pres
of 4310211mbars, the sample holder was cooled with liqu
He during all PNR measurements.

IV. EXPERIMENTAL METHOD

In what is to follow we shall in detail describe the meth
of in situ magnetometry with polarized neutrons on th
films. For reflectometry the interfaces of the films were
ranged perpendicularly to the scattering vectorq5k f2k i
with k i and k f as the incoming and outgoing neutron wa
s
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vector ~andk52p/l). Thus the interaction with the film is
reduced to a one-dimensional problem, which can be
scribed as an optical potentialVj ~Fermi pseudopotential! for
grazing incidences:

Vj5
2p\2

m
Njbj2mBj , ~1!

wherem is the neutron mass,Nj the atomic density,bj the
nuclear scattering length of the material,m the magnetic mo-
ment of the neutron, andBj the magnetic induction, wherea
the indexj refers to the layer number.

The first term in Eq.~1! results from the interaction of the
neutron and the nucleus, while the second term results f
the interaction of the neutron and the magnetization of
sample. Both terms are of the same order of magnitude~see,
e.g., Ref. 27 for some specific values! and the second term
can also be given as a scattering length densityNjbj

m , where
bj

m is directly proportional to the magnetic momentm j per
atom, withbj

m5cm j andc52.695 fm/Bohr magneton. Her
1Njbj

m denotes the magnetization parallel to the neut
spin, while2Njbj

m denotes the antiparallel configuration.
In our setup the polarized neutrons were aligned para

or antiparallel to the sample field by a Mezei-type flippin
coil, while the magnetization of the sample remained in
rection of the sample field perpendicular to the neutr
beam. Please note that it is a characteristic of neutron s
tering that a magnetization parallel to the scattering vec
has no effect on the potentialVj ,28 and thus only the in-
plane component of the magnetization is measured. To
termine this component precisely, the magnetization of
sample has to be saturated in direction of the applied fi
1200 G were applied which is sufficient according to o
magneto-optical Kerr effect~MOKE! measurements. A 90%
polarization of the neutron beam was gained at the sam
position, and taken into account for the data evaluation.

According to Eq.~1!, the perpendicular component of th
wave vectork in the j th medium is

kj
'5A2m

\2 ~E2Vj !, ~2!

with E5\2(k sinu)2/2m. Here the reflectivity of the sample
can be calculated by the Schro¨dinger equation. In the simu
lations presented here the Schro¨dinger equation is solved by
a program which is based on the Parratt formalism29,30 and
was written by de Haan.31 Please note that all simulation
shown in this section in Figs. 2–4 were performed with
neutron polarization of 100% in contrast to our experime
tally achieved polarization of 90%.

Contrary to x rays, the nuclear scattering lengthb of neu-
trons is not proportional to the atomic number. For so
elements small or even negative scattering length values
occur. The scattering length density of vanadium is Nb5
227.6mm22.

This effect can be used to measure the magnetizatio
thin films as shown in the simulations of the neutron refle
tivity in Fig. 2~a!, where it is assumed that the vanadiu
substrate is covered by a 20-Å-thick Fe film with bulk ma
netic moment. This results in a distinct splitting of th
spin-up and spin-down reflectivities with a higher reflectiv
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PRB 60 9527In situ MAGNETOMETRY WITH POLARIZED . . .
for the spin-up signal. For comparison a reflectivity profile
a 20-Å Fe layer on MgO is simulated in Fig. 2~b! with the
scattering length density of 597.2mm22 for MgO, a substrate
that is widely used for the epitaxy of iron. Due to the high
Fermi pseudopotential@Eq. ~1!# of the iron film for spin-up
neutrons the spin-up branch shows higher reflectivities
both simulations.

The interfacial roughness is another parameter which
generally important for reflectivity measurements. It is d
fined as the averaged deviation from the mean interface

sition, s5A(z2 z̄)2, and is simulated by a Debye-Walle
factor. Our simulations in Fig. 2 show that this parameter
no influence on the reflectivity in the very lowq range. This
is advantageous for applications of the PNR method fo
quantitative determination of the magnetization of the fi
~see below!.

For both substrates the reflectivities decrease relativ
rapidly and proportionally toq24 for larger scattering vec
tors. However, only for vanadium a distinct splitting of th
spin-up and spin-down signal occurs at reflectivities ab
1023, a value that can easily be measured with neutro
Compared to this, the splitting for MgO is much small
even for smaller reflectivities.

It is also important to mention that in theq range inves-
tigated here the neutrons are not sensitive to the deta
magnetization depth profile of the film, and thus only t
average magnetization of the sample is measured. In ord
study a magnetization profile of the film much higherq val-
ues would be required.

In the next section we should like to introduce the sp
asymmetry in order to describe our experiments:

S5
R12R2

R11R2 , ~3!

FIG. 2. ~a! Simulations of the spin-up (R1) and spin-down re-
flectivities (R2) of a 20-Å-thick Fe film on a vanadium substra
with different roughnesses as indicated in the figure. The spin
reflectivities are always represented by the upper branches.~b! The
same simulations with 20-Å Fe on a MgO substrate.
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whereR1 is the spin-up andR2 the spin-down reflectivity.
In Fig. 3~a! the calculated spin asymmetries of 20-Å Fe la
ers on V and MgO are plotted~thick lines!. The vanadium
substrate shows a rapid increase ofS at low q values, which
is in agreement with the splitting of the spin-up and t
spin-down signal in Fig. 2~a!. Contrary to this,S increases
much more moderately behind the total reflection edge of
MgO substrate. This can be explained by a higher~inner!
reflectivity coefficient at the Fe/MgO interface, which ove
laps the spin dependent reflectivity of the magnetic film. T
lines numbered 1–5 and 8 in Fig. 3~a! are simulations with a
scattering length density of the substrate of 100, 200, 3
400, 500, and 800mm22. Here the transition from V to MgO
substrate materials can be studied.

Since a rapidly increasing spin asymmetry is the m
condition under which magneticin situ measurements can b
performed, the substrate scattering length density canno
higher than 200mm22.

In Fig. 3~b! the spin asymmetry for negative scatterin
length densities is plotted with 0, 1,̄ 2̄, 3̄, 4̄ for values of 0,
2100, 2200, 2300, 2400 mm22 for Nb. Thusin situ PNR
requires a minimum scattering length density of2100
mm22. At lower scattering length densities the reflectivi
coefficient of the film/substrate interface increases, wh
again leads to reduced splitting nearq50 Å21, and conse-
quently the spin asymmetry increases more moderately a
values lower than2100mm22. Since in our experiments we
access a typical maximum scattering vectorq of only 0.02
Å21, the vanadium substrate is almost ideally suited to g
high spin asymmetries.

The dependence of the simulated spin asymmetrySon the

p

FIG. 3. ~a! Simulations of the spin asymmetry of a 20-Å-thic
Fe film on V and MgO substrates~thick lines with
Nbv5227.6mm22 and NbMgO5597.2mm22, respectively!. In addi-
tion, simulations for various substrates are shown, with a scatte
length density Nb of 100, 200, 300, 400, 500, and 800mm22 for the
graphs numbered 1, 2, 3, 4, 5, and 8.~b! Simulations with Nb
50, 2100,2200,2300, and2400mm22 for the graphs numbered

0, 1̄, 2̄, 3̄, and 4̄.
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9528 PRB 60NAWRATH, FRITZSCHE, KLOSE, NOWIKOW, AND MALETTA
magnetization of iron on vanadium is shown in Fig. 4 f
6-Å Fe without roughness~dotted line!, 20-Å Fe without
roughness~solid line!, and 20-Å Fe with roughness ofs
510 Å ~open circles!. The upper functions are simulate
with a magnetic moment of 2.2mB/iron atom, which is
equivalent to the bulk magnetic moment, and the lower fu
tions show simulations with a magnetic moment
1.1mB/iron atom. It is important to note that the saturati
value ofSonly depends on the average magnetic momen
the film, but not on the other two parameters, the thicknes
the roughness of the film.

The thickness of the film mainly influences the magnitu
of the reflectivity, and results in a higher mean reflectivity
the spin-up and spin-down signal for thicker films~see, e.g.,
Fig. 5!. Therefore the~mean! reflectivity can be fitted by the
film thickness, while the spin asymmetry determines the
eraged magnetic moment of the film. Thus the two m
parameters, i.e., thickness and magnetization of the film,
be fitted independently, and an absolute value is obtained
the film thickness, which can also be compared to AES
tensities from Fe-LMM and V-LMM transitions~see Fig. 7,
and also Ref. 23!.

V. EXPERIMENTAL RESULTS

In Figs. 5~a!–~c! the measured neutron reflectivities
iron films deposited on V~110! with a thickness of 6, 10, and
19.5 Å are presented. The spin-up reflectivities are plotte
up and the spin-down as down triangles, respectively. The
films of a thickness of 6 and 10 Å were measured at 80
whereas the 19.5-Å film was measured atT5110 and 300 K.
The results are plotted as filled and open triangles. The
asymmetries are shown in Fig. 6.

The data were fitted with two free parameters: the thi
ness and the magnetic moment of the film. The best fits
shown as solid lines and the dotted lines are simulations w
the bulk magnetic moment of 2.2mB per iron atom. A neu-
tron polarization of 90% were taken into account in the
simulations.

Figure 5 shows that for all measurements best fits
obtained at reduced magnetic moments. Values of 1.8
1.3mB/iron atom are obtained fortFe519.5 and 10 Å, respec
tively, while the magnetization vanishes at a film thickne

FIG. 4. Spin asymmetry simulated for 6- and 20-Å Fe~with
different roughness! on vanadium. The simulations are perform
with the magnetic moment of bulk iron (2.2mB per atom!, and with
1.1mB per atom. It is remarkable that the saturation value of the s
asymmetry is independent of the thickness and roughness o
film.
-
f

f
or

e
f

-
n
an
or
-

as
e
,

in

-
re
th

e

re
nd

s

of 6 Å. At a film thickness of 19.5 Å no dependence on t
measuring temperature was observed. Both measurem
are best fitted with a moment of 1.8mB/atom. Hence the ob-
served reduction in the magnetization cannot be explained
a temperature-dependent effect caused by a lower Curie
perature of the thin film.

We should like to mention that all samples were check
for surface contamination before and after the PNR meas
ments by Auger electron spectroscopy~AES!. The two spec-
tra of an Fe film thickness of 19.5 Å shown in Fig. 7 reve
that the samples are free of contamination. The upper s
trum ~a! in Fig. 7 was obtained directly after the film wa
prepared. On the left-hand side of the three Fe-LMM pe
~at 598, 651 and 703 eV! there are the LMM peaks of the
vanadium substrate and the Fe transition at low energies~47
eV!. In Fig. 7~b! a spectrum of the same film after a typic
measuring time of 12 h is presented. Neither before nor a
the PNR measurements do any other but the iron and v
dium Auger transitions peaks indicate surface contaminat

The magnetization of the film was additionally inves
gated by magneto-optical Kerr effect~MOKE! measure-
ments. These experiments were carried out on iron wed
which were prepared under the same conditions as
samples for thein situ PNR measurements. The inclinatio
of the wedges amounted to 0.6 Å/mm, while the diameter
the laser spot was'0.3 mm. The measurements were al
performed in situ at T5300 K with s-polarized light in a

in
he

FIG. 5. PNR measurements of iron films of various thicknes
of 19.5, 10, and 6 Å on V~110! are shown in parts~a!, ~b!, and~c!,
respectively. The reflectivities of the spin-up neutrons are given
up triangles, the spin-down reflectivities as down triangles. T
simulations with the magnetic moment of bulk iron are shown
comparison as dotted lines, whereas the best fits are shown as
lines. The best fits are performed with a magnetic moment per a
of 1.8, 1.3, and 0mB , respectively.
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longitudinal geometry, sensitive to the in-plane compon
of the magnetization. The source was a He-Ne laserl
5632.8 nm), the amplitude of which was modulated with
frequency of 100.24 kHz, by a subsequent arrangement
polarizer, a photoelastic modulator, and a second polariz

In Figs. 8~a! and ~b! two hysteresis loops of the MOKE
measurements with an iron thickness of 7 and 6 Å are p
ted. A clear magnetic signal occurs attFe57 Å. This signal
is not detectable attFe56 Å, which is in agreement with the
PNR results shown in Fig. 5~c!.

In Fig. 9 the total size of the Kerr rotation@that means the
jump in the rotation as shown in Fig. 8~a!# is plotted as
circles versus the iron thickness. This value is proportiona
the magnetization in the thin-film limit, whereas the propo
tionality factor depends on the experimental setup~angle of

FIG. 6. The spin asymmetry of Fe films on V~110! as calculated
from the reflectivity data shown in Fig. 5.~a! V~110!/19.5 Å Fe,~b!
V~110!/10 Å Fe,~c! V~110!/6 Å Fe. The simulations with the mag
netic moment of bulk iron are shown for comparison as dotted lin
whereas the best fits are shown as solid lines.

FIG. 7. Auger electron spectroscopy~AES! pattern of the 19.5
Å thick Fe film on V~110! ~the same as shown in Fig. 5a!. Part~a!
is the spectrum measured before, part~b! after the PNR experiment
t

f a
r.

t-

o
-

incidence,s or p polarization of the light, etc.! and on the
optical constants of the film and the substrate. In this cas
is not trivial to make a quantitative statement with respec
the magnetization.~For ab initio calculations of the Kerr
rotation of 3d transition metal materials see, e.g., Ref. 32!

From the results of the PNR measurements, the magn
moment per atom multiplied by the iron thickness was d
rived and also plotted in Fig. 9~squares! versus the iron
thickness. This product is proportional to the magnetizat
of the film and increases with increasing film thickness
Therefore the Kerr data can be adjusted to the PNR data
applying a multiplication factor specific to the setup of t
MOKE experiment. As shown in Fig. 9, both sets of data a
on the same line, which is parallel to the dotted line int
secting with the origin with a slope of 2.2mB for bulk iron.
The shift between those two lines determines the magn
offset of the thin film, which is negative here and amounts
24 Å. The observed offset is therefore independent of
film thickness. This means that the magnetization of the t

FIG. 8. ~a! Magneto-optical Kerr~MOKE! hysteresis loop of the
7-Å-thick Fe film on V~110!. ~b! Kerr hysteresis loop of 6-Å Fe on
V~110!.

FIG. 9. Magnetization values of the iron films on V~110! due to
the PNR measurements are plotted as the product of the mag
moment per atom times the iron thicknesstFe ~squares! versustFe.
In the same diagram the maximum Kerr signals obtained on a s
larly prepared Fe wedge are plotted as full circles.
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Fe films on V~110! leads to a reduced magnetic mome
which is equivalent to a magnetically dead layer with
thickness of 4 Å. As already pointed out, this statement
plies to the in-plane component of the magnetization, wh
was the only component measured by neutron reflectome
The reduced magnetization observed may~at least partially!
also be caused by an antiferromagnetically polarized s
strate. This problem will be discussed in detail in a follow-
paper, in which further experimental results will also be p
sented.

VI. DISCUSSION

The simulations shown in Figs. 2–4 allow for the follow
ing main conclusions:
~i! There are two parameters which are important for
fitting of the reflectivity of single ultrathin films: the thick
ness and the magnetization of the film. The thickness has
same influence on the reflectivity of the spin-up and the sp
down neutrons and leads to higher reflectivities for thic
films. Consequently, the averaged reflectivity increases w
the thickness of the films. On the other hand, if a film ha
large magnetic moment, the spin-up and the spin-down
flectivity curves always split widely.~ii ! The spin asymmetry
S can be interpreted as a direct measure of the avera
in-plane magnetization. It is important to note that the sa
ration value ofS does not depend on the thickness of t
film. ~iii ! The measurements are independent of the inte
cial roughness, because they were performed at very loq
values.~iv! The spin asymmetry decreases at higher posi
as well as at higher negative scattering length densities o
substrate. This can be explained by the high reflectivity
the substrate overlapping the spin dependence of the m
netic film. For thein situ magnetometry with PNR the bes
range for the scattering length density of the substrate va
from 2100–200mm22.
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In Fig. 9 the magnetic data obtained from the PNR a
the MOKE measurements are compared.~This is justified, as
the measurements presented in Fig. 5~a! show no tempera-
ture dependence of the magnetization atT5300 and 110 K.!
Here the PNR and MOKE measurements show consis
results.

In summary our first measurements by thein situ PNR
method demonstrate that it is indeed possible to precis
determine the magnetization of ultrathin uncovered filmsin
situ with polarized neutrons on a reflectometer. In the expe
ments described here a precision of 0.05mB/atom was
achieved for iron films of a thickness,20 Å. The precision
mainly depends on the neutron flux and can hence be
creased by a more intense neutron source. In our next ex
ments a precision gain is to be expected from a factor of
more efficient position sensitive detector.

Compared to otherin situ methods, the high sensitivity
and the possibility to determine the absolute value of
magnetization of thin films are the main advantages of
PNR method. It is shown that the precise knowledge of b
the film thickness and the interfacial roughness are not
quired in order to determine the absolute value of the m
netization from the PNR data. Additionally, there are on
few restrictions with respect to the sample geometry, i
that the neutrons have to be reflected from the sample
small angle. Due to the high transmission probability of t
neutrons for the most materials, these conditions are eas
provide.
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