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Hydrogen Absorption in Gd Thin Films
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In this contribution we have studied an initial hydrogen absorption in Gd thin films using in-situ X-ray pho-
toelectron spectroscopy (XPS) and ex-situ standard X-ray diffraction. As an initial hydrogen absorption indicator
we have used broadening of the Gd-4f peak. The Gd thin films with a thickness of 200 nm were deposited at room
temperature (RT) using UHV RF magnetron sputtering. As a substrate we have used naturally oxidised Si(100)
wafers with 20 nm - Pd buffer layer. Furthermore, hydrogen absorption kinetics under a pressure of 100 mbar in
Pd covered 200 nm Gd thin film was studied at RT using four-point resistivity measurements.
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1. Introduction

Rare earth (RE) metals are of great scientific inter-
est because of unusual electronic and magnetic proper-
ties which arise from their highly localized 4f electrons.
Adsorbates can significantly alter the electronic struc-
ture of the underlying substrate and are additionally of
great importance in technological processes, e.g., hetero-
geneous catalysis. RE metals present complex structural
and spin configurations when pressure or temperature is
changed. Moreover, REs suffer a fast oxidation process
when they are exposed to air; a problem that usually re-
duces their technological applicability. Oxidation prob-
lem is enhanced in the case of thin films due to their
large surface area. Consequently, studies in RE films are
still necessary to better understand their structural and
magnetic properties as well as their oxidation process.

Gadolinium is a nearly ideal soft-magnetic material
due to the small magnetic anisotropy [1, 2]. However, one
cannot take advantage of its properties because at room
temperature (RT) Gd loses the ferromagnetic ordering.
On the other hand, it has been recently shown that hy-
drogenation could enhance the Curie temperature [3].

As the hydrogen concentration in Gadolinium in-
creases, bulk Gd undergoes the following structural tran-
sitions [4]: α-phase (hcp, Gd)/β-phase (fcc, GdH2q{γ-
phase (hcp, GdH3q. Hydrogen-loaded thin films often
behave very differently from the corresponding bulk ma-
terials [5, 6]. Contrary to bulk materials which exhibit
isotropic lattice expansion when loaded with hydrogen,
thin films are clamped to a substrate. The clamping pre-
vents the in-plane lattice expansion and is responsible
for in-plane compressive stresses. Therefore, the expan-
sion of hydrogen loaded films is highly anisotropic: the
in-plane expansion is suppressed while the out-of-plane
expansion is larger than in a corresponding bulk sam-
ple [7]. Furthermore, polycrystalline thin films, and es-
pecially nanocrystalline films, often exhibit a high den-
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sity of lattice defects. It is known that H strongly in-
teracts with defects [5]. Initial step of hydride forma-
tion in single crystalline gadolinium thin films was stud-
ied in Ref. [8–10]. Exposure to low amounts of hydro-
gen (1–2 L) on thin films leads to adsorption and as a
consequence to a suppression of the surface state [8].
The amount of hydrogen is given in Langmuir (1 L �
1 Torr � 1 s). Higher amounts (15 L) of hydrogen re-
sult in plastic deformations with induced morphological
changes of the surface due to the increased volume of the
GdH2 [8].

In this paper we report on structural and electronic
properties of Gd thin film deposited by magnetron sput-
tering. Furthermore, initial hydrogen absorption and ab-
sorption kinetics under a pressure of 100 mbar were stud-
ied in-situ by X-ray Photoelectron Spectroscopy (XPS)
and ex-situ using resistivity measurements, respectively.

2. Experimental procedure

Pd/Gd bilayer and Pd/Gd/Pd trilayer were prepared
at RT using UHV (5� 10�10 mbar) magnetron sputter-
ing [11–13]. In Fig. 1 we show a schematic description
of prepared layered structures. As a substrate we have
used Si(100) wafers with naturally oxidised surface to
prevent a silicide formation. Therefore we have applied
a special heat treatment in UHV before deposition in or-
der to obtain a smooth SiO2 surface layer [14, 15]. The
Gd-layers were deposited using a radio frequency (RF)
current source. For preparation of the Pd-layers a direct
current (DC) source was used. The deposition rates of
Gd and Pd were individually checked by quartz thickness
monitors. The thickness of individual layers were con-
trolled by varying their deposition times. Furthermore,
the calibrations of the deposition rates were also deter-
mined by thickness measurements of reference samples
using DEC-TAC (Bruker) profilometer and X-ray fluo-
rescence analysis. Finally, a protective layer of 10 nm
Pd was deposited to allow a fast uptake and release of
hydrogen at RT and to avoid oxidation of the Gd layer.

The chemical composition of all the layers was checked
in-situ, immediately after deposition, transferring the
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Fig. 1. Schematic description of prepared Pd/Gd/Pd
trilayers.

samples to an UHV (4 � 10�11 mbar) analysis chamber
equipped with XPS. The XPS spectra were measured at
RT using a SPECS EA 10 PLUS energy spectrometer
with Al-Kα radiation of 1486.6 eV. The energy spectra
of the electrons were analysed by a hemispherical anal-
yser (FWHMMg�Kα � 0.8 eV for Ag-3d5{2q. All emis-
sion spectra were measured immediately after the sam-
ple transfer in vacuum of 8� 10�11 mbar. Details of the
XPS measurements can be found in Ref. [16–18].

The structure of the Gd film before and after hy-
drogenation was examined using standard θ � 2θ X-ray
diffraction (XRD). Initial step of the hydrogen load-
ing of the 20 nm Pd/200 nm Gd bilayer was per-
formed in-situ in the UHV analyse chamber. More-
over, Pd/Gd/Pd trilayer was hydrogenated ex-situ un-
der a pressure of 100 mbar in a HV chamber evacuated
to about 10�6 mbar [19, 20]. Absorption kinetics was
studied using four-point resistivity measurements at RT.
Since Gd is a metal and GdH3 is a semiconductor, the
time evolution of hydrogenation can be pursued in real
time by monitoring the change of the resistivity. Be-
fore hydrogenation the surfaces of the samples were out-
gased at 450 K for 1h. The magnetic characterisation of
the Pd/Gd/Pd trilayer before and after hydrogenation
was carried out using a Vibrating Sample Magnetometer
(VSM) at 295 K in an in-plane magnetic field up to 2 T.

3. Results and discussion

In Fig. 2 we show XPS core-level spectrum of the
freshly deposited Gd thin film on 20 nm Pd buffer layer.
Due to well known reactivity of Gd with oxygen we have
deposited the thin film after an additional heating of the
sample holder and the new substrate at 700 K for 3 h and
cooling to 295 K. Results showed that after such an out-
gassing procedure, it is possible to prepare oxygen and
carbon free Gd surface. If the outgassing procedure is
too short, the sample holder before deposition will not
be perfectly clean. Moreover, if the XPS measurements
were performed after few hours delay, the sample surface
would already be partly oxidised, despite the vacuum of
4 � 10�11 mbar in the analysis chamber. In that case
the intensity of the XPS signal decreases and the valence
band could be artificially broadened. In our case, the
oxygen and other surface impurities are practically ab-

sent on a such prepared Gd thin film surface. As can
be seen in Fig. 2, practically no XPS signal from poten-
tial contamination atoms like O-1s and C-1s is observed.
On the other hand, we have observed oxygen atoms (be-
low 1 at.%) already adsorbed on Gd surface 2h after the
preparation. Note that the sample was kept in the anal-
ysis chamber in the vacuum of 4� 10�11 mbar.

Fig. 2. (Al-Kαq XPS spectrum of in-situ prepared
200 nm - Gd on 20 nm - Pd buffer layer at 585 K.

Fig. 3. XPS (Al-Kαq valence band spectra of in-situ
prepared 200 nm Gd on 20 nm Pd buffer layer. before
and after room temperature hydrogenation at a pressure
of 6.4� 10�5 mbar for 15 min.

Fig. 3 shows the XPS valence band for 200 nm Gd
thin film deposited on 20 nm Pd buffer layer before and
after hydrogen absorption at a dose of 6.4 � 10�5 mbar
for 15 min. As can be observed 4f peak is considerably
broadened after an initial hydrogen absorption. More-
over, 4f peak is also shifted from 8.4 to 9.15 eV. Af-
ter XPS measurements the Gd/Pd bilayer is immedi-
ately transferred back to the preparation chamber and
the 10 nm Pd protective layer was deposited onto hydro-
genated 200 nm Gd thin film. In Fig. 4 we show XRD
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Fig. 4. XRD pattern (Cu-Kαq of „as prepared” and hy-
drogenated 20 nm Pd/200 nm Gd/10 nm Pd trilayers
deposited at 585 K.

pattern of the Gd/Pd bilayer covered immediately after
hydrogenation by 10 nm Pd protective layer. For a com-
parison, we also show XRD pattern for the “as prepared”
Pd/Gd/Pd trilayer. Note, that the two patterns showed
in Fig. 4 are obtained in fact for two different samples de-
posited under the same preparation conditions. Results
showed that the Gd thin film grows in a mixture of fcc
and hcp phases [21] as indicated in Fig. 4. After initial
step of hydrogenation the Gd hcp peaks practically dis-
appear. On the other hand, in Fig. 4 we have observed
a broad (101) peak of mixture of cubic GdH2 and GdH3

phases [22].

Fig. 5. Relative resistivity (R{R0q as a function of hy-
drogenation time under a pressure of 100 mbar. R0 �
Rpt � 0q.

Magnetic measurements at 295 K revealed no hys-
teresis loop for both “as deposited” and hydrogenated
Pd/Gd/Pd trilayers. Therefore, we conclude that the
200 nm Gd thin films are paramagnetic at RT.

Figure 5 shows relative resistivity change of the
20 nm Pd/200 nm Gd/10 nm Pd alloy thin film dur-

ing hydrogen absorption at a pressure of about 100 mbar.
Note that immediately after preparation the Gd thin film
was covered in-situ by 10 nm Pd layer to catalyze hydro-
gen absorption and to protect against oxidation. The
sample shows rather slow resistivity change during the
first 15 min of RT absorption (see Fig. 5) compared to
that measured for nanocrystalline ZrPd2 thin films [23].
Moreover, we have observed a minimum of R{R0 after the
first 4 min of the hydrogenation. The above behaviour
could be explained by an improve of the Pd/Gd and/or
Gd/Pd interface due to the initial diffusion process of the
hydrogen atoms.

In conclusion, results showed that the initial hydro-
gen absorption in the 200 nm thick Gd thin film de-
posited in-situ on 20 nm Pd buffer layer strongly influ-
ences the shape and position of the Gd - 4f peak of the
XPS valence band. Moreover, pure Gd thin film prac-
tically doesn’t desorb hydrogen at RT even under UHV
conditions. Therefore, 4f peak could be a very sensi-
tive indicator of the in-situ studies of the hydrogenation
mechanism in Gd thin films.
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