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Hydrogenation of gadolinium thin films with a functional layer of niobium
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Controlled hydrogen saturation is a promising method for controlling the structural and magnetic properties of
rare-earth metal thin films. Optimum conditions for hydrogenation of gadolinium thin films have been determined
to obtain the required phases: a solid solution of hydrogen in gadolinium or gadolinium hydrides GdH, and GdHj3.
It has been shown that hydrogenation of the gadolinium layer can be carried out both through a catalytic surface
layer of platinum and through a functional niobium layer, without using noble metals. By analyzing the structural
changes in the films, the processes of guiding of these two types in Gd thin films have been compared.
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Introduction

Heavy rare-earth metals (RE) have unique magnetic
properties such as high magnetic moments per atom and
a variety of types of magnetic ordering implemented in
RE metals. Controlled hydrogen saturation is one of the
promising techniques used to control structural, electronic
and magnetic properties of rare-earth metals. Magnetic
ordering in rare-earth metals is defined by RKKY inter-
action through conductivity electrons. Hydrogen saturation
of rare-earth metals leads to a decrease in the number of
electrons in the conduction band, having a significant effect
on the RKKY interaction intensity and sign. Formation
of alloys based on rare-earth metal hydrides provides a
unique way to control mean magnetic moment, free carrier
density and, consequently, magnetic properties of free
carriers. Rare-earth metals are known to actively absorb
hydrogen from ambient atmosphere, whilst, besides metal
hydrides, solid solutions may be also formed depending on
hydrogen pressure and temperature. It is known that, as
the hydrogen concentration in a rare-earth metal increases,
transitions between alpha phase (metal), beta phase (REH,,
semiconductor) and gamma phase (REH3, dielectric) take
place [1].

Gadolinium is a ferromagnetic rare-earth metal with
the Curie temperature close to room temperature. Bulk
gadolinium crystallizes into a HCP structure (a = 3.629 A,
c=5760A), it can interact with hydrogen to form
HCP GdH; (a = 5.268 A) and HCP GdH; (a = 3.7218 A,
c =6.7085A) as well as a solid solution [2]. Moreover,
gadolinium is a soft magnetic material with magnetocaloric
effect, maximum values of which are achieved at the Curie
temperature Tc ~ 293K [3]. Study [4] provided a detailed
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investigation of the dependence of the Curie temperature
on hydrogen concentration for bulk gadolinium, and showed
that an increase in the Curie temperature was observed in
GdH solid solutions with low hydrogen concentration.
Note that, while bulk gadolinium hydrogenation processes
are relatively well studied at this point, systematic study
of gadolinium thin films hasn’t been performed, and the
literature provides discrepant data. In contrast to bulk
gadolinium samples, gadolinium thin films show anisotropic
lattice expansion: expansion in the film plane is prevented
by the influence of substrate and adjacent layers, while
surface-normal expansion will be greater than that in the
corresponding bulk gadolinium sample. Hydrogenation
of ultrathin gadolinium films (units of monolayers) and
relatively thick gadolinium films (hundreds of nanometers
in thickness) is reported in the literature, and there is a few
data concerning hydrogenation of films with intermediate
thicknesses (units to tens of nanometers). In [5], during
hydrogenation of 300 nm Gd film, it was found that, as the
hydrogen pressure increased, transition from the hexagonal
alpha phase of Gd to the cubic beta phase of GdH, and
then to the cubic gamma phase of GdHs;was observed.
Hexagonal phase of GdH3 was not detected. It was reported
in [6,7] that after hydrogenation of 200nm gadolinium
film, a mixture of cubic phases of GdH, and GdHj;
semiconductors was formed in it. Hexagonal phase of GdH;
wasn’t detected either. On the other hand, in [8], reversible
transition from the cubic phase of GdH, to the hexagonal
phase of GdH3z was observed during hydrogenation of 40 nm
and 80nm gadolinium thin films (reversible transition was
observed after holding the film in air outside the chamber
for several hours). Finally, in [9], a hexagonal phase was
obtained at high temperatures in 500 nm gadolinium films
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coated by a catalytic Ni layer. Typically, a hexagonal phase
wasn’t observed in films without a catalytic layer.

Magnetic properties of gadolinium hydride thin films also
remain underinvestigated. In [10,11], it is concluded that
gadolinium thin film in transition to the beta and gamma
phases during hydrogenation remains ferromagnetic with a
decreased Curie temperature and saturation magnetization
due to the presence of hydrogen-unsaturated regions and
inhomogeneous hydrogen distribution over the film volume.
Magnetism of gadolinium hydride thin films has been
poorly explored and should be investigated in terms of its
dependence on hydrogen concentration, and the presence
of GdH, and/or GdH3.

For rare-earth metal film hydrogenation, a catalytic
layer is generally applied to facilitate hydrogen molecules
dissociation into radicals penetrating deep into the film. As
a catalytic layer, noble metals are used: gold, platinum, palla-
dium, etc. [12] They enable hydrogenation at room tempera-
ture and low hydrogen pressures, however, limit the sample
temperature stability and are expensive. Applicability of Ni
as a catalytic layer was discussed in [13]. But Ni falls far
behind noble metals in terms of catalytic properties and,
being a ferromagnetic material with the Curie temperature
of 360 °C, hinders the investigation of magnetic systems.
Recently, we have discussed whether niobium could be
used as a functional layer for hydrogenation and established
conditions for formation of solid solution and/or niobium
hydride [14].

Hydrogen dissociation processes proceed differently on
the niobium surface and noble metal surfaces. Hydrogen
may either loose its electron, thus, turning into a proton,
or accept an electron to form H™. It has been found that
hydrogen in hydrides of transition metals such as palladium
and platinum was in the form of proton [15], at the same
time, rare-earth metal hydrides contained negatively charged
hydrogen ions [16]. Since proton mobility in metals is
much higher than negative hydrogen ion mobility, then
hydrogenation processes in Gd films with Pt catalytic layer
and Nb functional layer on the surface will flow differently.
Functional layer on the substrate is required to match lattice
parameters, improve adhesion and prevent interpenetration
of substrate and film atoms. Being placed on top of
the structure, it protects the structure against oxidation in
air. Hydrogenation of gadolinium films coated with the Pt
catalytic layer will flow quickly even at room temperature,
moreover, formation of both gadolinium dihydride and
trihydride may be expected. Hydrogenation of gadolinium
film without a catalytic layer will flow quite slowly and
heating of the sample will be required. At the same time,
formation of solid solution may be expected. The purpose
of the study is to perform comparative determination of
the best hydrogenation conditions for gadolinium nanometer
films with the Nb functional layer and Pt catalytic layer on
the surface to form solid solutions and gadolinium hydrides.
Conditions, in which the hexagonal phase of gadolinium
trihydride in such films, are studied.
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1. Experiment

Gd films without a catalytic layer were grown
on single-crystal silicon substrates with the (100)
orientation, with Nb buffer and covering layers:

Si//Nb(50 A)/Gd(250 A)/Nb(50 A). Gd layers with the Pt
catalytic layer were grown on sapphire single-crystal sub-
strates with the (1102) orientation, the sample structure is
Al,O3//Nb(250 A)/Gd (375 A)/Nb(250 A)/Pt(30 A). Synthe-
sis was performed by magnetron sputtering of high purity
targets by argon plasma using the ULVAC MPS 4000 C6
system at the Institute of Metal Physics, Ural Branch,
Russian Academy of Sciences (Yekaterinburg). Sputtering
was performed at room temperature; the base vacuum level
in the growth chamber was 5- 1077 Pa, the argon pressure
was ~ 0.1Pa and the growth rate was ~ 0.5 A/s.

Hydrogenation was carried out in a horizontal quartz
chemical reactor placed in a resistance furnace. The sample
was placed on a horizontal quartz table without additional
clamping. The reactor was evacuated to less than 100 Pa,
then purged with 1l/min argon flux for 1min to remove
residual gases. Then the sample was heated in vacuum to
an operating temperature within 190—360 °C. On reaching
the operating temperature, the reactor was filled with pure
molecular hydrogen to reach atmospheric pressure. Holding
time in each of the processes was 1h, with hydrogen
continuously pumped through the reactor at 11/min to avoid
plasma-forming gas depletion and hydrogen partial pressure
drop. Upon completion of the process, hydrogen was cut
off, the furnace was turned off and furnace clamshells were
opened for quicker cooling down. Residual hydrogen was
drained, and the reactor was purged with Ar following the
same procedure as before the process. The reactor was filled
with Ar to atmospheric pressure, further cooling down was
performed in a slow Ar flux 0.11/min, to avoid possible
entry of atmospheric air into the reactor and oxidation of
the hot sample. Samples were removed from the reactor at
a temperature below 50 °C.

Structural modifications, multilayer structure quality, layer
thicknesses and degree of imperfection of interlayer bound-
aries were evaluated on the basis of X-ray diffraction and
reflectivity data. X-ray measurements were performed using
the PANalytical Empyrean Series 2 laboratory diffractome-
ter using CoK, line radiation at 1.79A in the parallel
beam configuration. A parabolic reflector based on a W/Si
superlattice was used in the primary beam to suppress the
CoK, radiation line together with formation of a parallel
beam. X-ray measurements were performed in the mirror
configuration ® — ©. For reflectivity measurements, a 1/16°
divergence slit was used. The beam height was 0.16 mm.
A plane-parallel collimator with a plane graphite monochro-
mator and collimating slit with an equatorial aperture of
0.1mm was used at the secondary beam. Reflectograms
were processed using the commercial PANalytical X’Pert
Reflectivity software. X-ray measurements were performed
and repeated long after extraction of the samples from the
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reactor, no changes were observed on the X-ray diffraction
patterns.

2. Results and discussion

X-ray diffraction measurement demonstrate formation of
axial textures of BCC niobium (110) and HCP gadolinium
(0002) in the samples, which corresponds to previously
obtained data [17,18]. The specified lattice planes of the
layers are parallel to the substrate plane. Position of the
gadolinium (0002) reflection was used to evaluate the Gd
lattice parameter variation during hydrogenation. Figure 1
shows the X-ray diffraction data for the original gadolinium
thin film with buffer and protective niobium layers and
of these films after hydrogenation at the ambient pressure
and various process temperatures. At 190°C, the lattice
parameter cgq slightly decreases due to stress relaxation
in a thin film during temperature treatment. No any
perceptible hydrogen penetration into the system occurs yet
at this temperature. Within 190—240 °C, increase in the
gadolinium lattice parameters is observed and demonstrated
by the shift of the Bragg peak of Gd (0002). While
the niobium lattice remains unchanged, suggesting that
hydrogen has moved from the niobium to the gadolinium
layer. At 240 °C, the gadolinium lattice parameter varied by
0.026 A (0.4%), indicating that a hydrogen solid solution
has formed in gadolinium.

Significant structural modifications take place with
further increase in the hydrogenation temperature:
hydrogen penetrating into the gadolinium layer reacts with
gadolinium to form GdH,, which is indicated by the (0002)
Gd peak asymmetry. Interpretation of these results was
hindered by the fact that the Bragg peak position of (0002)
Gd and (111)GdH,; differ from positions typical of the bulk
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Figure 1. X-ray diffraction  patterns of the
Si//Nb(50 A)/Gd(250 A)/Nb(50A)  sample  subjected  to
hydrogenation in various conditions: (0 — original state,
1 —at 190°C, 2 — at 247°C, 3 — at 260°C, 4 — at 310°C.
Intensity was shown on a logarithmic scale, curves are shifted
vertically for clarity.

sample measured in PowderCell [19]. This is due to the
inevitable presence of stresses in the metal thin film induced
by incomplete match between the lattice parameters of
the substrate and deposited material. To ensure correct
interpretation, second-order peaks of (0004) Gd, (222)
GdH, were also reviewed. For verification, the lattice
parameters were calculated and compared using the angular
positions of first-order and second-order peaks. For exam-
ple, at 255°C, we have: aggo2) = (6.049 £ 0.009) A and
and  a(p) = (5.448 £0.004) A. The parameters for
different orders coincide within the permissible error,
suggesting that peaks were interpreted correctly and GdH,
occurrence time was determined correctly as well.

At 260 °C, the peak from gadolinium remains absolutely
unchanged, however, the (111) GdH, peak becomes more
intense. It may be concluded that excess hydrogen insoluble
in the lattice forms dihydride, and the amount of solid
solution doesn’t decrease. Niobium at this temperature
also starts interacting intensively with hydrogen, which,
according to [20,21], leads to significant expansion of the
lattice in the sample plane and formation of niobium
hydrides. The X-ray diffraction data may be used to
establish that the niobium lattice parameter ayy increases
by 0.15A and a small peak occurs and may be interpreted
as a reflection from (111) NbH,. A low narrow peak at
approx. 38.5° isn’t interpreted as a structural peak and
is probably associated with a large-scale substrate defect
because it disappears at particular sample positions on
the diffractometer table. Identical results for the NbH,
formation process were addressed in [14].

Further increase in the hydrogenation temperature has no
any effect on the condition of gadolinium films and the
resulting GdH,. The Nb peak continues shifting towards
small angles, indicating that niobium continues to be
saturated with hydrogen, thus increasing the concentration
of NbH,. This behavior corresponds to the findings of
our previous work [14]. Niobium dihydride presumably
reduces the catalytic activity of the layer, allowing hydrogen
molecules to dissociate into radicals and, thus, becomes a
»barrier for hydrogen.

The plotted dependences of the Gd and GdH, lattice
parameters on temperature (Figure 2) clearly show that
as the hydrogenation temperature increases to 255 °C, the
gadolinium lattice parameter increases, and then stops
changing. This may indicate that maximum hydrogen
saturation occurred at 255 °C, i.e. the gadolinium dihydride
formation temperature. Decrease in the crystal lattice
parameter at the start of the process is caused by stress
relaxation in the film during annealing. As expected, the
GdH, lattice parameter isn’t subjected to any significant
changes as the temperature grows.

According to the X-ray reflectivity data (Figure 3), the
original Gd layer thickness is 24.8nm, and density is
790g/cm?® (in accordance with the Gd density in thin
films [22]). Broad oscillations at the end of the reflectogram

Technical Physics, 2025, Vol. 70, No. 10
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Figure 3. Xray reflectivity curves (symbols) and processing
results (solid lines) for the Si//Nb(50 A)/Gd(250 A)/Nb(50 A) film
at various hydrogenation temperatures: 0 — original state, / — at
190°C, 2 — at 210°C, 3 — at 240°C, 4 — at 247°C, 5 — at
265 °C. The curves are shifted vertically for clarity.

are associated with the presence of Nb,Os approximately
29-34nm in thickness on the film surface. Below the
hydrogenation temperature of 240 °C, gadolinium density
decreases to 7.45g/cm® and thickness increases to 25.4nm
due to the formation of solid solution (Figure 4). At a
hydrogenation temperature above 255°C, a rapid growth
of the Gd layer thickness is observed as the density
decreases, which corresponds to the X-ray diffraction data
and confirms the formation of GdH, and increase in the
concentration of hydrogen solid solution in gadolinium.
Note that the reflectogram obtained for the sample hydro-
genated at 247 °C has a smooth intensity decrease without
any noticeable oscillations. This indicates a significant
increase in the layer interface roughness, which may be
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attributed to the start of GdH, formation (according to the
diffraction data, this occurs exactly at this temperature). It
is impossible to determine the Gd layer thickness using such
reflectivity curve. As the temperature further increases, the
amount of hydride increases, layer interfaces are partially
restored due to diffusion. Oscillations corresponding to a
multilayer structure occur on the reflectogram again.

We now analyze the results for the sample with the
catalytic platinum layer. Review [1] showed effective
utilization of a catalytic platinum layer for hydrogenation at
10° Pa. We have studied how low pressure would affect the
hydrogenation results, therefore hydrogenation was carried
out at room temperature, the process pressure varied from
240Pa to 15kPa. Figure 5 shows X-ray diffraction patterns
of the sample after the processes at various hydrogen
pressures.

The sample contains gadolinium dihydride already in
the original state because the catalytic layer dissociates
hydrogen from atmospheric air and facilitates hydrogen
penetration into the system. Bragg peaks of (1000) Gd,
(0002) Gd and (111) GdH; are clearly distinguished on
the diffraction pattern. At 240Pa, the (111) GdH, peak
becomes more intense, however, hydrogen solid solution
also remains in gadolinium. As the hydrogen concentration
increases, gadolinium obviously transforms into gadolinium
dihydride, which affects the disappearance of peak (1000)
and significant decrease in the intensity of the (0002) peak.
Further increase in pressure up to 295Pa leads to full
transition of gadolinium into GdH, (diffraction peaks cor-
responding to pure gadolinium disappear) and appearance
of hydrogen solid solution in niobium and NbH,, which
is indicated by occurrence of a corresponding reflection.
At 320Pa, GdH; is formed, with its amount becoming
larger than the amount of GdH,, which is indicated by the
higher intensity of the Bragg peak of (0002) GdHj3. Further
increase in pressure results in further increase in the amount
of GdH; and decrease in the amount of GdH,. This trend
is maintained up to 15kPa, where only GdH3 remains, no
structural modifications are observed any longer at higher
pressures.

Dependence of the lattice parameter on the process
pressure is shown in Figure 6. As can be noted, lattice pa-
rameters remain virtually unchanged regardless on whether
it is metal or hydride. However, note that only one of
gadolinium hydrides as well as a set of gadolinium hydrides
may be formed at different hydrogenation pressures. Only
hydrogen solid solution in gadolinium cannot be formed for
this system.

According to the X-ray reflectivity data (Figure 7), it
was found that the original samples had a thickness of
37.5nm, and a density of 7.90 g/cm?® (in accordance with
the Gd density in thin films [22]). Increase in the hydrogen
pressure causes an increase in the layer thickness and
RMS roughness of Gd/Nb layer interfaces, and a decrease
in Gd density. At 295Pa, the sample density becomes
7.14g/cm?, which may suggest full transition of metallic
gadolinium into GdH, because the resulting density is close
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Figure 5. X-ray diffraction patterns of gadolinium thin film with
a buffer niobium layer and catalytic platinum layer subjected to
hydrogenation in different conditions: 0 — original state, / — at
240Pa, 2 — at 295Pa, 3 — at 320Pa, 4 — at 15kPa during
1 h. Intensity is plotted on the logarithmic scale, curves are shifted
vertically for clarity.

to the GdH, density of 7.11 g/em®. Thickness increases by
4.6nm in this case (Figure 8). At 1.33kPa, the thickness
increases significantly and becomes equal to 53.7 nm, which
is caused by formation of GdHs. As the pressure further
increases, the thickness keeps increasing and the density
keeps decreasing. At 15kPa, the density is 6.5g/cm?, the
layer thickness is 75 nm. No further structural modifications
are observed as the pressure increases. Layer density quite
closely corresponds to the gadolinium trihydride density
(reference values is 6.61 g/em®) and this confirms the X-
ray diffraction results indicating that only GdH; remained
in the system.

Comparing the hydrogenation processes flowing in
Nb/Gd/Nb systems with and without the catalytic platinum
layer, the following typical features may be noted. Hydro-

genation of the film without the Pt layer takes place much
slower, providing a theoretical opportunity to reach the
required hydrogen concentration in the system. The sample
with the catalytic layer starts saturating with hydrogen
already in normal conditions, that’s why hydrogen solid
solution cannot be achieved in gadolinium without a hydride
impurity. This phase likely occurs for a very short time
after the first contact between the synthesized sample and
air. However, it can be easily obtained in the system
without a catalytic layer. Thus, when it is necessary to
perform intense gadolinium hydrogenation with formation
of a mixture of hydrides or only trihydride, a catalytic layer
(platinum, palladium is also possible) shall be preferably
used. On the contrary, it is better to perform precision
hydrogenation directly through niobium without using a
catalytic layer. Solid solution can be easily obtained in this
case. The hydrogen saturation process may be also slowed
down, if necessary, using a graphene layer as an additional
barrier [14].
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Figure 6. Dependence of Gd, GdH,, GdH3 lattice parameters on
the hydrogenation pressure for the sample without a catalytic layer.
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Al,03//Nb(250 A)/Gd (375 A)/Nb(250 A)/Pt(30 A) film at various
hydrogenation pressures: () — original state, / — at 240Pa, 2 —
at 295Pa, 3 — at 320Pa, 4 — at 1.33kPa. The curves are shifted
vertically for clarity.

The general hydrogenation process trend is common for
both types of samples. Hydrogen solid solution is first
formed in gadolinium, resulting in lattice expansion. Then,
formation of GdH,; starts, and this phase coexists with the
solid solution. Then, only GdH, remains, and GdH3 also
occurs as the pressure further increases. Finally, GdH, fully
transforms into GdH; and only this phase remains. For
the sample without a catalytic layer, GdH3; wasn’t observed,
but probably may be obtained through a considerable
increase in the holding time because the main difference
between the studied systems is in the hydrogenation process
rate.
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Conclusion

It has been shown before that niobium thin films had
high hydrogen absorption capacity even without a catalytic
noble metal (Pd, Pt) layer. The study demonstrates that
the niobium layer also facilitates hydrogen penetration into
the underlying gadolinium layer and allows obtaining both a
pure hydrogen solid solution and a mixture of solid solution
and GdH,.

According to the X-ray diffraction and reflectivity results
for the Nb/Gd/Nb system, structural modifications of the
gadolinium layer with hydrogen saturation were analyzed
and conditions allowing the necessary finite states to be
obtained were determined. Thus, it has been found that
below 240°C the gadolinium layer didn’t undergo any
changes and was resistant to hydrogen atmosphere. In
the range from 240°C to 247°C, only hydrogen solid
solution in gadolinium is formed, which is important for
magnetic structure modification. With further increase in
the temperature up to 261 °C, hydrogen concentration in the
gadolinium layer increases, however, GdH, is formed, which
may be undesirable for magnetic state control. Formation
of GdHj3 in this system was not observed. Thus, the
best hydrogenation conditions were determined to obtain
a hydrogen solid solution in gadolinium with the desired
lattice parameter, but to avoid formation of hydrides at the
same time. For this, any catalytic noble metal layer and
low gas pressures are not required, but a certain process
temperature must be maintained.

It has been also found that maximum hydrogen saturation
of the gadolinium layer was observed at 261°C, ie.
structural properties of gadolinium stopped changing. This
effect is probably defined by the time when NbH, is formed.
NbH2 prevents hydrogen molecule dissociation and further
penetration into the underlying layers.

For the sample with the -catalytic platinum layer,
Nb/Gd/Nb/Pt, it has been found that GdH,, besides metallic
Gd, was already present in the original state, suggesting
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Figure 8. Dependences of Gd layer density (a) and thickness (b) variations in the sample with the catalytic layer at various hydrogenation
pressures. The dashed line shows Gd layer density and thickness before hydrogenation.
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hydrogen penetration into the thin film from the air. Gradual
pressure increase makes it possible to obtain each of
the gadolinium hydrides separately as well as a set of
gadolinium hydrides. But the hydrogen solid solution
in gadolinium cannot be obtained without hydrides. At
sufficiently high hydrogen pressure, a system consisting of a
mixture of cubic GdH, and hexagonal GdH3 phases can be
formed, where the latter is predominant. Transition into the
cubic phase in films over time was not observed, the phase
composition remained stable for a considerable period of
time after sample removal from the reactor.

Thus, depending on the tasks, hydrogen solid solution in
gadolinium or each of the gadolinium hydrides separately
may be obtained by choosing a system with or without
a catalytic layer and appropriate hydrogenation process
variables.

The results are needed to make necessary structural
modifications during hydrogenation of layered systems and
superlattices with gadolinium, and to establish correlation
between the magnetic properties, structure and degree of
hydrogenation of gadolinium thin films.
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