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Access to the transfer chamber, 
sample fabrication with the MBE system 
and beam time at MARIA is provided via 
proposals at MLZ in Garching (http://mlz-
garching.de/) and at

Acces to thin film fabrication

Questions to be solved: 
• complexity of sample 

fabrication?
• is growth investigation 

required?
• handling of the 

deposition material: 
question of toxicity and 
vapor pressure

RHEED assisted determination of the stoichiometry of SrCoxO2.5+!

15 keV 15 keV
x=1.00 x=1.12

P. Schöffmann, S. Pütter, J. Schubert, W. Zander, J. Barthel, P. Zakalek, M. Waschk, 
R. Heller, and T. Brückel, Mater. Res. Express 7 (2020) 116404

While XRD is not able 
to distinguish between 
perfect stoichiometry 
and Co excess RHEED 
shows distinct features 

AFM

RHEED XRR 

The magnetic moment of epitaxial Fe4N/LaAlO3

MBE growth is used as 
alternative to sputtering 
techniques for finding 
the best crystalline 
structure and highest 
magnetic moment of 
Fe4N

15 keV

38 nm Fe4N/LaAlO3

Examples

N. Pandey, S. Pütter, S. M. Amir, V. R. Reddy, D. M. Phase, J. Stahn, A. Gupta, 
and M. Gupta, Phys. Rev. Materials 3 (2019) 114414

Hydrogen detection in thin Films by Neutron Waveguide

Main chamber: base pressure < 10-10 mbar
Sources: 6 Effusion cells, 2 e-guns (each 4 crucibles), plasma source
Growth control via Quartz micro balances and Reflection High Energy 
Electron Diffraction (RHEED) 
Substrate manipulator temperatures up to 1000 °C
High reproducibility of sample growth: 
Automated control of the growth procedure by scripts 
Supplied evaporation material:
Ag, Al, Au, Co, Cr, Cu, Fe, La, Mn, Ni, Nb, Pt, Sm, Sr, and Ti, other 
material on request

Molecular Beam Epitaxy (MBE) setup for sample fabrication

Imagine you have an idea for a thin film system which you want to 
measure with polarised neutron reflectometry. But you do not have 
the expertise and/or the equipment for thin film fabrication. 

We can help you! 
The JCNS thin film laboratory runs an oxide MBE system for the 
growth of various types of samples, i.e. “classical” magnetic thin 
films, transition metal oxide heterostructures or thin metal films for 
soft matter studies, acting as defined surfaces.

Introduction

base pressure 2･10-10 mbar

A. Syed Mohd, S. Pütter, S. Mattauch, A. Koutsioubas, H. Schneider,  A. Weber, and 
T. Brückel, Rev. Sci. Instrum. 87, 123909 (2016)

Mini UHV transfer chamber 

UHV valve

wobble stick as sample holder

neutron path through sapphire windows

nonevaporable getter and ion pump

Thin film fabrication in a new laboratory

Jülich Centre for Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum (MLZ), Forschungszentrum Jülich GmbH, Garching, Germany
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FIG. 2: (a) PNR and GenX fit of virgin sample showing the resonance position ✓res in vacuum. (b) Shift of the
resonance peak during H absorption. For clarity, only a small selection of the measured curves are reported. (c)
Time evolution of the resonance peak and corresponding hydrogen concentration. (d) ⇢ depth profile obtained by
the fitting of PNR shown in (a). (e) Resonance peak before H absorption, fit of experimental data with Gaussian
profile and first derivative of the fit. (f) Time evolution of the intensity at Q* during H absorption. Inset: zoom of

the beginning of absorption process and procedure to distinguish real increased signal above statistical error.

sponding to 0.16 mbar of pure H2.

The waveguide method was applied in two di↵erent
modes on two identical samples. On the first sample the
shift of resonance was tracked by measuring a series of
consecutive Q-scans around the resonance position dur-
ing the hydrogen upload, shown in fig. (2b). All the
maximum of the recorded peaks were recovered and the
time dependence shown in Fig. (2c) was reconstructed.
This allows to have an insight on the kinetics of H absorp-
tion process, thanks to the direct proportionality between
the Qres shift and cH . A higher concentration of hydro-
gen uploaded was obtained with expected values reported
previously in literature [15, 17], however previous exper-
iments were conducted at 185 or 200�C, where the phase
diagram shows an equilibrium between ↵ and ↵

0
phases,

whilst ours was performed at room temperature, where
the precipitation of the hydride � phase is expected [36].

For the second sample the shift was tracked by staying
at one fixed Q position on the resonance peak and moni-
toring the count rate as it changes during the H upload,
as shown in Fig. (2f). Fig. (2e) shows the point chosen for
the timescan, called Q*, corresponding to one of the max-
ima of the derivative of the Gaussian fit of the resonance
peak in vacuum. The inset of Fig. (2f) shows a zoom
of the beginning of absorption process. Staying at Q*,
the count rate in vacuum was measured for 20 minutes
(shown in red) in order to have a statistical distribution
around the average value R0, and be able to know the

value of the standard deviation �. The gas mixture was
then injected in the chamber in correspondence of the
yellow arrow. The first detectable increase due to hydro-
gen absorption and shift of the peak is considered to be
the second consecutive point with intensity bigger than
R0 + �, indicated with the green arrow. It is then possi-
ble to calculate the shift of resonance and corresponding
hydrogen concentration in the sample by assuming that
the resonance peak does not change in intensity during
absorption, which is reasonable in the case of small hy-
drogen concentration and stable magnetic properties of
the label layer. In this small cH region (below the 30%
of atomic H/Nb) a kinetic of absorption very similar to
that shown in Fig. (2c) was observed.

The waveguide method just shown opens the possibil-
ity to study many di↵erent systems in a new way, as
it ensures a series of advantages. Contrarily to conven-
tional neutron reflectometry the waveguide method does
not need to rely on the quality of the fitting of the exper-
imental data, as no fitting procedure is necessary, with
the H concentration depending only on �Qres which in
turn depends only on �⇢2, as seen in Eq. (4). Since the
fitting is not necessary, it is also not necessary to scan
a big Q range, hence reducing the time of measurement
and allowing a dynamic study of the absorption process.
Thanks to the waveguide enhancement, the dimensions
of the sample could be reduced down to only 5x5mm2,
without degradation of the experimental data during an-

• Sample with staircase like scattering potential 
enclosing Nb layers, a well-known hydrogen 
absorber and form a neutron waveguide 

• Pt(3nm)/Nb(25nm)/Co(3nm)/Nb(25nm)/Al2O3. 
When Nb absorbs H, its scattering length density 
decreases, changing the shape of the potential.

• The Neutron wave amplitude is modified and 
shifted in Q.

L. Guasco, Y. Khaydukov, S. Pütter, M. Paulin, T. Keller, and B. Keimer, submitted
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some concentration gradient in sample C. On the other hand,
La depth profiles, shown in Fig. 4(b), reveal the mystery. We
can see that at the film substrate boundary, the La counts do
not rise abruptly but rather show a linear tail on the rising
part of the inflection point [shown by arrow in Fig. 4(b)]
accompanied by a Gaussian distribution in all three samples.
This linear tail indicates La diffusion through grain bound-
aries [44–46] beyond the interface into the Fe4N films. It is
known that the slope of the linear relation between ln(SIMS
counts) and Z6/5 yields the grain boundary diffusion (Dg), if
volume diffusion (Dv) is known [44–46].
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where ! is the grain boundary width, c is SIMS concentration,
and t is the annealing time.

Since the Dv cannot be calculated in the present case
(as it requires detailed isothermal annealing at different tem-
peratures) therefore, we can only qualitatively estimate the
Db in our case. In order to fit ln(138La)-versus-Z6/5, first,
we need to make the peak of La profile at zero (nm) by
subtracting the corresponding depth value in the rest of the
depth. The ln(138La)-versus-Z6/5 curve for each La profile
is linearly fitted [shown in the insets of Fig. 4(b)]. Here we
can clearly see that the slope is higher in sample C (MBE
grown Fe4N ) than in sample A. Hereby, our SIMS results
reveal the dominant La diffusion into the Fe4N film through
larger grain boundaries present due to smaller grains (shown
in AFM image Fig. 1; given in Supplemental Material [43]) in
MBE grown sample C. Such La diffusion may also cause the
gradient in concentration of Fe and N as found for sample C
and discussed above.

Moreover, the film-substrate interdiffusion region is fitted
with a Gaussian function and FWHM comes out to be about
20, 7, and 14 nm, for sample A, B, and C, respectively, and
reflects the thinnest film-substrate interface in sample B (HiP-
IMS) while highest in sample A. In these results it is evident
that La diffuses more into films through grain boundaries to
a larger length scale quite substantially in dcMS and MBE
grown samples (sample A and C) but not so much in sample B
and also play a major role in forming a broad interface.

The diffusion of La into Fe4N films can also be understood
in terms of the interfacial excess. Interfacial excess (Z#) of a
species is defined as the excess number density of atom caused
by the interface. Z# of reactive species at the interface has been
proficiently quantified in the polymer glasses using SIMS
measurements. The change in the Z# reflects as an increase of
concentration around the interface realm in the concentration
depth profiles and has been fitted using Gaussian function,
expressed as [47,48]:

Z# = 1.064 " h " $ (2)

where h and $ is the height and FWHM of the Gaussian peak.
In the present study also, we can see that the SIMS depth

profile of 57Fe shows a cusp/plateau near the film-substrate
interface in all samples as shown by the shaded region in
Fig. 4(c). This clearly reflects that the matrix effect for Fe
sputtering is significantly modified here and results in vari-
ation in Fe sputtering yield. It is apparent from Fig. 4(c) that

FIG. 5. XRR patterns (a) and SLD depth profiles (b) of sam-
ples A, B, and C. Inset of (a) showing the roughness of samples A,
B, and C. Here, L1, L2, and L3 denoted the surface region, the bulk
of the Fe4N film and the film-substrate interface, respectively.

Z# is highest in sample B while lowest in sample A. Using
the height and FWHM obtained from the Gaussian fit of the
shaded 57Fe profile region [shown for sample B in Fig. 4(c)],
it was found that Z# is decreased by about 60 and 50%,
respectively, for samples A and C, compared to sample B. It is
also interesting to note here that the FWHM of the Gaussian
peak correspond to the film-substrate interface region of La
depth profile is the highest in sample A and the smallest in
sample B, indicating that the higher the interfacial excess,
the lower La diffusion. This clearly indicates that a densely
packed region forms near the film-substrate interface in case
of sample B which will act as a barrier to interrupt diffusion
of La into the film. Thus, a relatively narrower film-substrate
interface and inferior diffusion of La are observable for the
HiPIMS grown sample.

Such interdiffusion of La has been previously probed in
SrTiO3/LAO heterostructures and it was found that La forms
a broader interface (compared to Al in LAO) and has been
described in terms of the stability of LAO compound with
oxygen vacancies [49,50]. Oxygen depletion from LAO in-
duces the Al diffusion into subsurface regions but a change of
valency of La from 3+ to 2+ acts as a driving force leading to
segregation of La to much larger length scales [50].

To further confirm SIMS results, depth profiles were also
obtained from XRR measurements as shown in Fig. 5(a). Fit-
ting of XRR data were performed (using Parraatt32 [51]) con-
sidering a three-layer model: (i) L1—surface region, (ii) L2—
the bulk of Fe4N film, and (iii) L3—film-substrate interface.
As shown in Fig. 5(b), the width of L3 is substantially small
in HiPIMS grown sample B as compared to samples A and
C. This behavior is in agreement with SIMS depth profiling
results and the width of the interface is also similar. As dis-
cussed before, such variations can be understood due to larger
La interdiffusion when the microstructure is porous in dcMS
and MBE grown samples but due to denser microstructure, La
diffusion gets suppressed leading to sharper interface in the
HiPIMS grown sample. In addition, it can be seen that surface
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