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研究成果の概要（和文）：水素貯蔵材料であるパラジウム(Pd)金属を、格子定数が大きいAg表面にエピタキシャル成長
させる事でPdの格子定数を変調させ、それに伴う水素吸蔵特性変化を調べることを目的とする。Pd膜中における水素吸
蔵量の全量は水素昇温脱離測定から調べた。一方、反射高速電子線回折(RHEED)を測定する事から、表面のPd格子定数
の水素吸蔵に伴う格子定数変化を調べた。その結果から、Pd/Ag界面の効果は小さく、Pd表面近傍に濃度が高い水素化
物が形成されていることが分かった。

研究成果の概要（英文）：I investigated of the hydrogen absorption in the Pd metal whose lattice constant 
was distorted. The Pd film was grown on the Ag(111) surface whose lattice constant 5 % larger than that 
of Pd. The structure of the Pd film was investigated using Atomic Force Microscopy and Transmission 
Electron Microscope. The total amount of the hydrogen absorption was measured by thermal desorption 
spectrum. The Pd surface lattice constant change was studied by measuring of the Pd surface lattice 
constant using Reflection High Energy Electron Diffraction. I found that the hydrogen absorption property 
change at near Pd/Ag interface is small. Hydrogen concentration in the Pd film is not uniform, and it is 
localized near the Pd surface.

研究分野：表面科学

キーワード： 水素吸蔵　パラジウム　銀　格子定数
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5  Fig .  1  Schemat i c  drawing  o f  the  apparatus .  
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Figure 1: (Color online) RHEED patterns on Ag(111) surface (θPd=0 nm), and
the Pd(111) surface (θPd=1 nm). The (00) to (11) rod distance (d) is plotted as
the function of θPd . d is normalized by a distance at the sufficiently large θPd .

film on the Si(111)7×7 wafer (5×15 mm2) at room tempera-
ture [12]. In order to form the uniformly flat Ag(111) surface,
the Ag was slowly deposited on the Si(111)7×7 surface with
a deposition rate of 0.8 Å/min. The Pd was deposited on the
Ag(111) surface by a Knudsen-cell at room temperature. A 170
nm thick Pd film was grown with a slow deposition rate of 1.0
Å/min. The Pd surface lattice spacing in the in-plane direction
was measured by RHEED during the film formation.

The sample was formed into < 112̄ > cross-sectional speci-
men for TEM and scanning TEM (STEM) observations, using
a standard technique involving mechanical thinning and Ar-ion
milling.

3. Results

The Pd surface on the Ag(111) was evaluated by RHEED
during the deposition. The electron beam was injected from the
parallel to the [112̄] orientation. Typical RHEED patterns at
θPd = 0 and 1 nm are shown in the inset of Fig. 1. The pattern
on the Pd deposited surface was essentially the same as that on
the Ag(111), which indicates that the Pd was heteroepitaxially
grown as (111). The lattice spacing difference between Pd and
Ag is reflected to the (00) to (11) rod distance (d) (indicated
as arrows in the image). The Pd surface lattice spacing change
was estimated from d−1 as the function of θPd. θPd dependence
of d−1, which is normalized by d at θPd > 3 nm is shown in
Fig. 1. The observed lattice spacing distribution is in the in-
plane direction. The lattice spacing changes from 5 % larger
Ag to Pd one with θPd, and the mismatch between two is found
to fully relax at θPd = 2.5 nm.

100 nmSi
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Figure 2: Cross-sectional STEM image of Pd/Ag/Si.

The cross-sectional STEM image of Pd/Ag/Si is shown in
Fig. 2. The Ag/Si interface is clearly hold. The Ag(111)
substrate for the Pd film in this study was not the bulk single
Ag(111) crystal surface, but it was the Ag(111) film grown on
the Si substrate. Therefore, we anticipated that the Pd silicide
could be formed near the Ag/Si interface, if the Ag coating on
the Si substrate was not perfect. Fortunately, 90 nm thick Ag
film perfectly disturbed the Pd silicide formation, and the ideal
Ag/Si interface structure was observed. A clear Pd/Ag interface
is also observed with the contrast difference. The details of the
Pd/Ag interface structure was observed with TEM.

The lattice resolved TEM image near the Pd/Ag interface is
shown in Fig. 3(a). The Pd/Ag interface is located horizontally
near the center of the figure (y = 0). The lattice spacing of
the Pd and Ag layers were investigated from the FFT image of
the lattice image. FFT patterns at the Pd and Ag regions are
shown in Fig. 3(c) and (d), respectively. To escape the interface
effect, y > 3 and y < −3 nm was selected to FFT for (b) and
(c), respectively. The spots distance ratio between cross and
longitudinal directions matches to

√
8/3 at the both regions,

which reflects of the fcc structure projected along [112̄]. The
spots distance at the Pd region is 5 % larger than that at the Ag
region by reflecting of the lattice spacing difference between
two.

At the very near interface, the lattice spacing was modified
from that in the bulk region, although the atomic periodicity is
maintained. The lattice space distributions in y direction esti-
mated from the FFT of the TEM image are plotted in Fig. 4. In
order to measure the local lattice spacing at each y position, the
TEM image was sliced into ∼ 0.5 nm width rectangular shapes
in the parallel direction to x-axis. The FFT spots distances of
each sliced image are measured in the in-plane direction (upper
panel) and in the perpendicular direction (lower panel). The
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Figure 1: (Color online) RHEED patterns on Ag(111) surface (θPd=0 nm), and
the Pd(111) surface (θPd=1 nm). The (00) to (11) rod distance (d) is plotted as
the function of θPd . d is normalized by a distance at the sufficiently large θPd .

film on the Si(111)7×7 wafer (5×15 mm2) at room tempera-
ture [12]. In order to form the uniformly flat Ag(111) surface,
the Ag was slowly deposited on the Si(111)7×7 surface with
a deposition rate of 0.8 Å/min. The Pd was deposited on the
Ag(111) surface by a Knudsen-cell at room temperature. A 170
nm thick Pd film was grown with a slow deposition rate of 1.0
Å/min. The Pd surface lattice spacing in the in-plane direction
was measured by RHEED during the film formation.

The sample was formed into < 112̄ > cross-sectional speci-
men for TEM and scanning TEM (STEM) observations, using
a standard technique involving mechanical thinning and Ar-ion
milling.

3. Results

The Pd surface on the Ag(111) was evaluated by RHEED
during the deposition. The electron beam was injected from the
parallel to the [112̄] orientation. Typical RHEED patterns at
θPd = 0 and 1 nm are shown in the inset of Fig. 1. The pattern
on the Pd deposited surface was essentially the same as that on
the Ag(111), which indicates that the Pd was heteroepitaxially
grown as (111). The lattice spacing difference between Pd and
Ag is reflected to the (00) to (11) rod distance (d) (indicated
as arrows in the image). The Pd surface lattice spacing change
was estimated from d−1 as the function of θPd. θPd dependence
of d−1, which is normalized by d at θPd > 3 nm is shown in
Fig. 1. The observed lattice spacing distribution is in the in-
plane direction. The lattice spacing changes from 5 % larger
Ag to Pd one with θPd, and the mismatch between two is found
to fully relax at θPd = 2.5 nm.
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Figure 2: Cross-sectional STEM image of Pd/Ag/Si.

The cross-sectional STEM image of Pd/Ag/Si is shown in
Fig. 2. The Ag/Si interface is clearly hold. The Ag(111)
substrate for the Pd film in this study was not the bulk single
Ag(111) crystal surface, but it was the Ag(111) film grown on
the Si substrate. Therefore, we anticipated that the Pd silicide
could be formed near the Ag/Si interface, if the Ag coating on
the Si substrate was not perfect. Fortunately, 90 nm thick Ag
film perfectly disturbed the Pd silicide formation, and the ideal
Ag/Si interface structure was observed. A clear Pd/Ag interface
is also observed with the contrast difference. The details of the
Pd/Ag interface structure was observed with TEM.

The lattice resolved TEM image near the Pd/Ag interface is
shown in Fig. 3(a). The Pd/Ag interface is located horizontally
near the center of the figure (y = 0). The lattice spacing of
the Pd and Ag layers were investigated from the FFT image of
the lattice image. FFT patterns at the Pd and Ag regions are
shown in Fig. 3(c) and (d), respectively. To escape the interface
effect, y > 3 and y < −3 nm was selected to FFT for (b) and
(c), respectively. The spots distance ratio between cross and
longitudinal directions matches to

√
8/3 at the both regions,

which reflects of the fcc structure projected along [112̄]. The
spots distance at the Pd region is 5 % larger than that at the Ag
region by reflecting of the lattice spacing difference between
two.

At the very near interface, the lattice spacing was modified
from that in the bulk region, although the atomic periodicity is
maintained. The lattice space distributions in y direction esti-
mated from the FFT of the TEM image are plotted in Fig. 4. In
order to measure the local lattice spacing at each y position, the
TEM image was sliced into ∼ 0.5 nm width rectangular shapes
in the parallel direction to x-axis. The FFT spots distances of
each sliced image are measured in the in-plane direction (upper
panel) and in the perpendicular direction (lower panel). The
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Figure 1: θPd dependences of the Pd(111) streak distance (d) normalized by the
Ag(111) substrate one (d0) observed by RHEED measurement.

K by the backfilling with a pressure of 1×10−4 Pa. The TD
spectrum was observed from 102 K with a temperature ramp
of ∼ 4 K/sec. The sample temperature during the TD measure-
ment was monitored by combining of a K-type thermocouple
and an infrared pyrometer. By integrating α-H TD signals ob-
served in the various H2 exposures and θPds, the H desorption
amount from the α site was estimated. The absolute value of
the H2 desorption was calibrated based on the TD signal from
the H saturated Si(111) surface by taking into account of the
density difference factor of 1.95 for Pd(111).

3. Results

3.1. Evaluation of Pd(111)/Ag(111)/Si(111) surface structure
The Pd film on the Ag(111) is known to grow as the layer-

by-layer fashion without any interdiffusion to the Ag substrate
at room temperature [19]. The RHEED pattern showed a sharp
(111) streak pattern both on the Ag substrates and the Pd de-
posited surfaces (the electron beam was injected from [112̄]).
Since a 4.9 % of small lattice constant mismatch exists be-
tween Ag and Pd crystals, the (111) rod distance (d) changed
gradually from the Ag to Pd bulk one as θPd increased. Fig-
ure 1 shows the θPd dependence of d−1 which is normalized
by the Ag(111) substrate one (d0). The observed lattice con-
stant change is quantitatively consistent with a previous mea-
surement, and the lattice constant of the Pd film relaxed to the
intrinsic bulk Pd one at θPd >∼ 70 ML [19]. Although the Pd-H
absorption (adsorption) property with the Pd lattice expansion
at θPd < 70 ML is an interesting subject, we concentrated at
the region of θPd > 70 ML in this study to avoid the Pd lattice
distortion effect in the H adsorption dynamics.

The Pd(111) surface morphology grown on the
Ag(111)/Si(111) substrate was observed by ex-situ AFM
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Figure 2: AFM images of Pd deposited on Ag(111)/Si(111) substrates for θPd
of (a) 0 ML, (b) 50 ML, and (c) 420 ML. Images size is 0.5 × 0.5 µm2. The
typical cross sections at lines in Figs. 2(a-c) are plotted in Fig. 2(d). The surface
roughness RMS values at whole observed region vs. θPd ML are plotted in Fig.
2(e).
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Figure 3: α-H TD spectra at Pd(420 ML)/Ag(50 ML)/Si(111) surfaces. The H2
exposure corresponds to 675 L (triangle), 4050 L (square), and 8100 L (circle).
The H2 dependence of the integrated α-H desorption amount is shown in the
inset. The line is for eyes.

as shown in Figs. 2. The AFM images of the Pd(111) surface
at θPd = 0, 50 and 420 ML, are shown in Fig. 2(a) to (c),
respectively. The images size is 0.5×0.5 µm2. The typical
cross sections at each image (indicated as lines) are shown
in Fig. 2(d). The Ag(111) growth on the Si(111) surface has
been established as Stranski-Krastanov mode [20, 21], and the
three dimensional Ag islands formed with the atomically flat
(111) terrace (Fig. 2(a)). The Pd(111) film was epitaxially
grown at each Ag island, and it grew as layer-by-layer fashion
at θPd ∼< 10 ML (not shown). The roughness at the island
surface became worse some extent as θPd increased (ex. typical
surface height difference at the each island corresponds to
∆θPd ∼ 7 ML at θPd = 420 ML). The surface roughness root
mean square (RMS) values at each θPd are plotted in Fig. 2(e).
Though the surface became rough as the θPd increased, H
uptake is known to proceed mainly from the Pd(111) terrace
site [22]. At different orientation of (001), no H uptake from
the terrace has been reported [10]. Therefore, we presumed
that the H uptake from the Pd(111) terrace is the dominant
absorption path in our TD measurement.

3.2. H-TD spectra at Pd(111)/Ag(111)/Si(111) surface

H-TD spectra observed at θPd = 420 ML at various H2 ex-
posures are shown in Fig. 3. A sharp desorption signal was
observed at 180 K whose peak temperature was consistent with
that of the previously reported α signal [4]. Small β signals
originate from the topmost layer were also observed around 350
K (not shown). In our highly H2 exposure conditions, the sur-
face H coverage was saturated. Similarly to the previous ex-
periment, the desorption signal from the “bulk” with a broad
desorption temperature centered at ∼ 800 K, which can be ob-
served when Te ∼> 170 K, was suppressed at Te ∼ 102 K [4].
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Figure 4: α-H TD spectra at the various θPd . The exposed H2 was fixed as 4050
L. The Inset shows the β-H signals observed around 350 K. In comparison with
the α-H signal, no θPd dependence was observed in β-H signal.

Therefore, the α signal at 180 K was the dominant desorption
signal at Te ∼ 100 K. The α-H absorption amount estimated
from the integration of the α-TD spectrum is plotted in the in-
set of the Fig. 3. Initially, the α-H absorption rapidly increases
with the exposure. The exposure dependence curve exhibits a
saturation trend around the α-H absorption of ∼ 8 ML. In the
previous report, α signal showed non-saturating feature against
the H2 exposure from the bulk Pd(111) [4]. The observed sat-
uration trend in our experiment reflects the limitation of the Pd
thickness. In an assumption that H was absorbed in the Pd film
uniformly, the averaged H concentration at the largest H2 expo-
sure in the Pd film was about 2 %. The observed α-H concentra-
tion of 2 % is close to the previously reported α-H concentration
in 0 - 30 ML the deep region of 2.6 % by NRA measurement
[2].

TD spectra observed at various θPd with H2 exposure of 4050
L are shown in Fig. 4. α signals continuously increased with
θPd. In contrast, the β signals at 350 K did not show any clear
θPd dependence, since the H2 exposure of 4050 L was high
enough for the topmost surface saturation (inset in Fig. 4). The
θPd independent β signal implies that the influence of the Pd
surface roughness is not the essential in our measurement, and
the increase of α-H is due to θPd.
θPd dependences of the integrated α-H signals in Fig. 4 is

shown in Fig. 5. If α-H is formed only at the near surface lim-
ited region, H absorption amount has to show θPd independent
feature above a certain θPd. However, α-H absorption continued
to increase up to θPd = 1050 ML. The result indicates that the
α-H formation extends to the deep bulk region beyond 103 ML
deep. The increment of the α-H absorption slowly decreased as
θPd increased. The averaged α-H concentration in the Pd film
vs. θPd is plotted in the inset of Fig. 5. Decrease of the averaged
α-H concentration with θPd indicates that the α-H distribution
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mean square (RMS) values at each θPd are plotted in Fig. 2(e).
Though the surface became rough as the θPd increased, H
uptake is known to proceed mainly from the Pd(111) terrace
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the terrace has been reported [10]. Therefore, we presumed
that the H uptake from the Pd(111) terrace is the dominant
absorption path in our TD measurement.
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that of the previously reported α signal [4]. Small β signals
originate from the topmost layer were also observed around 350
K (not shown). In our highly H2 exposure conditions, the sur-
face H coverage was saturated. Similarly to the previous ex-
periment, the desorption signal from the “bulk” with a broad
desorption temperature centered at ∼ 800 K, which can be ob-
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Therefore, the α signal at 180 K was the dominant desorption
signal at Te ∼ 100 K. The α-H absorption amount estimated
from the integration of the α-TD spectrum is plotted in the in-
set of the Fig. 3. Initially, the α-H absorption rapidly increases
with the exposure. The exposure dependence curve exhibits a
saturation trend around the α-H absorption of ∼ 8 ML. In the
previous report, α signal showed non-saturating feature against
the H2 exposure from the bulk Pd(111) [4]. The observed sat-
uration trend in our experiment reflects the limitation of the Pd
thickness. In an assumption that H was absorbed in the Pd film
uniformly, the averaged H concentration at the largest H2 expo-
sure in the Pd film was about 2 %. The observed α-H concentra-
tion of 2 % is close to the previously reported α-H concentration
in 0 - 30 ML the deep region of 2.6 % by NRA measurement
[2].

TD spectra observed at various θPd with H2 exposure of 4050
L are shown in Fig. 4. α signals continuously increased with
θPd. In contrast, the β signals at 350 K did not show any clear
θPd dependence, since the H2 exposure of 4050 L was high
enough for the topmost surface saturation (inset in Fig. 4). The
θPd independent β signal implies that the influence of the Pd
surface roughness is not the essential in our measurement, and
the increase of α-H is due to θPd.
θPd dependences of the integrated α-H signals in Fig. 4 is

shown in Fig. 5. If α-H is formed only at the near surface lim-
ited region, H absorption amount has to show θPd independent
feature above a certain θPd. However, α-H absorption continued
to increase up to θPd = 1050 ML. The result indicates that the
α-H formation extends to the deep bulk region beyond 103 ML
deep. The increment of the α-H absorption slowly decreased as
θPd increased. The averaged α-H concentration in the Pd film
vs. θPd is plotted in the inset of Fig. 5. Decrease of the averaged
α-H concentration with θPd indicates that the α-H distribution
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