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The incorporation of hydrogen normally results in degradation when applied to

metals. In this diffraction study, however, improvement of the film structure,

such as in-plane grain growth, lattice defect removal and texture enhancement,

was observed in a (111)-textured palladium thin film during hydrogen loading

and unloading cycles. Accordingly, diffraction stress analysis was performed to

investigate the evolution mechanism. It was found that the formation of the �
phase during the �-to-� phase transformation occurred at the same in-plane

stress present in the � phase, and vice versa. This suggests that the cyclic �–�
grain boundary motion during the transformation occurred mainly along the in-

plane direction, contributing to the film structure evolution.

1. Introduction

It is well known that hydrogen incorporation into metals

results in hydrogen embrittlement (Kirchheim & Pundt, 2014).

For this reason, hydrogen is considered one of the most

harmful elements with respect to metals. However, during the

past few decades, several researchers have identified hydrogen

as a useful element for certain processes. For instance, the

hydrogen absorption–desorption-based grain refinement

method, known as hydrogenation–decomposition–desorp-

tion–recombination (HDDR), is employed for improving the

magnetic properties of neodymium–iron–boron-based

magnets (Harris & McGuiness, 1991; Nakayama & Takeshita,

1993). Grain refinement by HDDR can also enhance the

mechanical and electrical properties of copper alloys (Iwaki et

al., 2009; Okada et al., 2010). In addition, hydrogen incor-

poration promotes interdiffusion, known as ‘hydrogen-

induced lattice mobility’ (Sidorenko et al., 1978; Noh et al.,

1991, 1992; Flanagan & Noh, 1995; Watanabe et al., 1996;

Hayashi et al., 1998). Furthermore, in the case of 304 and 316L

austenitic stainless steels, hydrogen may improve resistance

against fatigue crack growth (Murakami et al., 2010).

Although these investigations have been conducted inten-

sively on bulk materials, few reports have been made on thin

films. According to Gremaud et al. (2009) and Pivak et al.

(2011), hydrogen has been shown to improve (111)-textured

palladium (Pd) thin films: hydrogen loading and unloading

results in an enhancement of the (111) texture and an increase

in crystal size (hereafter, these are denoted as film structure

evolution). However, since those papers focused on the

hydrogenography, they presented no information about the

film structure during phase transformation from the dilute
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palladium hydride � phase to the palladium hydride � phase at

higher hydrogen concentration. Therefore, the mechanism of

film structure evolution is still unclear and further investiga-

tion is required.

In this study, we try to reveal its mechanism by performing

an in situ X-ray diffraction (XRD) study on a (111)-textured

Pd thin film under �-to-� and �-to-� phase transformations.

Since we measured the diffracted X-rays using a two-dimen-

sional position-sensitive detector at two different tilt angles

( = 0 and 70.5�), changes such as out-of-plane/in-plane grain

sizes, texture, in-plane stress and hydrogen concentration of

both the � and � phases could be estimated from the acquired

diffraction patterns. The mechanism of film structure evolu-

tion is then discussed on the basis of these results.

2. Experimental

A (111)-textured Pd thin film of thickness 48 nm was sputter

deposited onto a synthetic fused silica glass substrate coated

with an APA underlayer. The APA underlayer consisted of

AlN(20 nm)/Pd(8 nm)/AlN(20 nm). As shown in x3.1, the

underlayer improved the (111) texture of the Pd film while the

diffraction intensity from the underlayer could be ignored.

Note that the 8 nm-thick Pd interlayer was employed for

preparing the c-axis-oriented AlN layer, the surface of which

was suitable for face-centred cubic (111) deposition (Haru-

moto et al., 2013). However, the Pd interlayer had no role and

no reaction during hydrogen loading cycles, since it was coated

with the AlN layer. This was confirmed by electrical resistivity

measurements during the introduction of hydrogen gas (Fig. S1

in the supplementary information): the electrical resistivity of

the Pd interlayer in the APA underlayer had no response

against the introduced hydrogen gas (compare Figs. S1a and

S1c), while that of a Pd(8 nm)/AlN(20 nm)/substrate exhibited

a large resistivity change (Figs. S1b and S1c).

The multilayer film was deposited using the continuous

sputter deposition method, suitable for preparing textured

films (Harumoto et al., 2013, 2016). Details of the deposition

conditions are described in our previous report (Harumoto et

al., 2017). The layer thickness and the roughness of the

multilayer film were confirmed by X-ray reflectometry (XRR).

The experimental details of the XRR measurement setup and

the curve fitting were reported by Harumoto et al. (2014). The

layer structure of the film was analysed using Auger electron

spectroscopy (AES) (JAMP-9500F; JEOL, Tokyo, Japan). The

film surface was irradiated with 10 keV electrons. The depth

profile was acquired using an argon (Ar) sputter gun (Ar ion

energy: 2 keV; sputtering rate: 13.6 nm min�1 for SiO2). The

surface morphology of the film was investigated using atomic

force microscopy (AFM) (AFM5100N; Hitachi High-Tech-

nologies, Tokyo, Japan) with the instrument in a dynamic force

microscope mode.

For the diffraction study, a D8 Discover X-ray diffract-

ometer (Bruker AXS, Karlsruhe, Germany) was used. The

diffractometer was equipped with a rotating copper (Cu)

anode X-ray generator, cross-coupled multilayer mirrors for

the Cu K� radiation (0.15418 nm) with a 0.1 mm-diameter

pinhole exit collimator, a goniometer and a two-dimensional

position-sensitive detector (Vantec-500) placed 199 mm from

the centre of the goniometer. The beam divergence of the

X-rays after the mirrors was less than 0.04� in both horizontal

and vertical directions. To stabilize the diffractometer, the

X-ray generator was turned on at normal conditions (50 kV,

22 mA) for 24 h before the actual measurement. Since (111)-

textured Pd films exhibit a strong 111Pd diffraction intensity at

tilt angles  = 0 and 70.5�, two-dimensional patterns were

acquired at these two  angles alternately. The acquisition

time for each frame was 50 s. The specimen was rocked in an

angular width of �2� from the centre angle. During the entire

in situ measurement of 47.6 h, no move command was applied

to the diffraction angle (2�) axis. A hydrogen (H2) and

nitrogen (N2) gas mixture was introduced into a gas cell

designed by ourselves (Harumoto et al., 2017). Hydrogen gas

was introduced in cycles up to 10%. The actual H2 gas profile

is shown later, together with the diffraction results. Note that

by using two mass flow controllers the total flow of the gas

mixture was kept constant. The temperature and pressure

during the measurement were room and atmospheric,

respectively.

Line profiles were extracted from the two-dimensional

patterns. The profiles were analysed using peak profile fitting

conducted with Mathematica (Version 9; Wolfram, Cham-

paign, IL, USA). During the fitting, the peak was assumed to

consist of two Lorentzian profiles (Cauchy curves) that

correspond to Cu K�1 and Cu K�2 peaks. The accuracy and

the instrumental broadening of the diffractometer were esti-

mated using NIST SRM 640c silicon powder. The accuracy of

the diffraction angle 2� was better than 0.04� at both  angles.

Errors were estimated from the sum of the accuracy of the

diffractometer and the standard error of the peak fitting.

3. Results and discussion

3.1. Film structure

Fig. 1 shows the out-of-plane diffraction line profiles of the

Pd(48 nm)/APA underlayer/substrate and the APA under-

layer/substrate. For comparison, the profiles of the Pd(48 nm)/

substrate and the silica glass substrate itself are also shown. It

is clear that the Pd thin film on the APA underlayer is highly

(111) textured: strong 111Pd and 222Pd peaks were detected

while other hkl peaks were almost absent in the profile of the

Pd(48 nm)/APA underlayer/substrate (on closer examination,

however, there is a very small trace of the 200Pd peak). The Pd

film without the APA underlayer [Pd(48 nm)/substrate]

exhibited small 111Pd and 200Pd peaks, indicating weak (111)

and (100) textures. The diffraction profile of the APA under-

layer/substrate exhibits very weak 002AlN and 111Pd peaks;

however, its 111Pd intensity was negligible compared with the

Pd film on the APA underlayer. Thus, although the APA

underlayer contains a Pd layer, it does not affect our diffrac-

tion study on highly (111)-textured Pd thin films. Note that we

also confirmed that there was no change in the diffraction

profile of the APA underlayer during hydrogen loading and

unloading.
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The layer thickness and roughness of the Pd(48 nm)/APA

underlayer/substrate were confirmed by XRR (Fig. 2). The

simulated curve exhibits a good agreement with the experi-

mental one. The best-fit result is shown in the inset of Fig. 2,

indicating that the measured layer thickness of each layer is

almost equal to the designed one, although the AlN layers

exhibit small deviations. Also, the surface/interface rough-

nesses were of sub-nanometre order, showing the smoothness

of the surface/interfaces.

The layer structure was analysed using the AES depth

profile (Fig. 3a), confirming the designed layer structure of the

Pd(48 nm)/APA underlayer/substrate. Also, no oxygen

contamination was detected at the interfaces. The depth

profile of the film after the cyclic hydrogen loading and

unloading is shown in Fig. 3(b). There was no change in the

depth profiles. Thus, the layer structure seems to have resis-

tance to the hydrogen loading and unloading cycles. Note that

the difference in the sputtering rate between two depth

profiles seems to have originated from the instability of the Ar

gun employed for sputtering.

The surface morphology of the Pd(48 nm)/APA underlayer/

substrate is shown in Fig. 4(a). The in-plane isotropy is

confirmed and the in-plane grain size is around 20 nm. The

research papers
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Figure 3
AES depth profiles of the Pd(48 nm)/APA underlayer/substrate, (a) as
deposited and (b) after the in situ XRD measurement (after nine cycles of
10% hydrogen loading). The dashed lines in the figures denote the noise
level of the AES signal.

Figure 1
Out-of-plane diffraction line profiles of the Pd(48 nm)/APA underlayer/
substrate, APA underlayer/substrate, Pd(48 nm)/substrate and substrate
itself. In this figure, the APA underlayer is abbreviated to ‘APA’.

Figure 2
XRR curve of the as-deposited Pd(48 nm)/APA underlayer/substrate.
The simulated curve was calculated using the best-fit values shown in the
inset.

Figure 4
AFM images of the Pd(48 nm)/APA underlayer/substrate, (a) as
deposited and (b) after the in situ XRD measurement (after nine cycles
of 10% hydrogen loading).
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surface roughness is 0.31 nm (r.m.s.), indicating the very

smooth surface. Note that the difference between the rough-

nesses measured using XRR (0.78 nm) and AFM (0.31 nm)

could be explained by the different measurement methods.

Fig. 4(b) is the AFM image after the in situ XRD measure-

ment. An increase in the in-plane grain size (around 30–

40 nm) was observed, although the surface roughness also

increased (1.48 nm r.m.s.). The mechanism of the in-plane

grain growth is discussed later.

In short, it was confirmed that the prepared Pd thin film

deposited onto an APA underlayer was highly (111) textured.

Since the diffraction intensity from the APA underlayer was

very weak, it could be ignored. The surface/interfaces rough-

nesses were sufficiently small and the thickness of each layer

was almost equal to the designed one. Also, because no change

in the AES depth profiles was detected, the layer structure was

confirmed to be sufficiently stable during hydrogen loading

and unloading. We hence conducted the in situ X-ray

diffraction study with this prepared, highly (111)-textured Pd

film (next section).

3.2. In situ X-ray diffraction study

Two-dimensional diffraction patterns typical of those

acquired are shown in Fig. 5. Only ten frames out of a total of

1988 are shown. qz and qy denote the out-of-plane and in-

plane scattering vectors, respectively. 111Pd at  = 0� was

observed at qy = 0 as a spot rather than a ring, indicating the

well developed out-of-plane (111) texture (Fig. 5a). The

texture was further confirmed by the spotty appearance of

111Pd on the diffraction pattern at  = 70.5� (note, 70.5� is the

angle between h111i) (Fig. 5f). In addition, since 111Pd(H)

remains as a spot during the �-to-� and �-to-� transformations

[in the �-to-� case, Fig. 5(b)], the (111) texture remained even
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Figure 6
Schematic illustration of 2� and � in the two-dimensional pattern and the
extraction of line profiles. 2�c and Ic denote the peak centre and height of
the 111Pd(H) peak. FWHM2� and FWHM� are the full widths at half-
maximum along the 2� and � directions, respectively. The centre position
of the pattern was (2�, �) = (40�, �90�)

Figure 5
Typical reciprocal space maps calculated from the acquired two-dimensional diffraction patterns: (a), ( f ) as deposited (time t = 0 h), (b), (g) during the
initial 4.9% H2 gas introduction (t = 3.0 h), (c), (h) during the initial 10% H2 gas introduction (t = 3.5 h), (d), (i) after the initial H2 loading and unloading
(t = 6.1 h), and (e), ( j) after nine cycles of hydrogen loading and unloading (t = 47.6 h). The upper row shows the frames at = 0� and the lower shows  =
70.5�. qz and qy are the scattering vectors along the out-of-plane and in-plane directions, respectively. The labels � and � denote the 111 spots of the � and
� phases. Regarding t, refer to Fig. 8(c).
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after the transformation (compare Figs. 5a, 5b and 5c; Figs. 5c

and 5d; Figs. 5f, 5g and 5h; and Figs. 5h and 5i). Furthermore,

the intensity of 111Pd was increased after the hydrogen loading

and unloading cycles (compare Figs. 5a, 5d and 5e, or Figs. 5f,

5i and 5j). It should be noted that the diffractometer was

stable enough to analyse the peak intensity (Fig. S2a in the

supplementary information). Therefore, it was confirmed that

the (111) texture remained and film structure evolution took

place during the hydrogen loading and unloading cycles.

For further analysis of the measured results, the line profiles

along the diffraction angle (2�) and the detector-tilt angle (�)

were extracted from the two-dimensional diffraction patterns

(see the schematic illustration in Fig. 6). Fig. 7 shows the 2�
line profiles extracted from the frames in Fig. 5. The (a)–( j)

labels in Fig. 7 correspond to (a)–( j) in Fig. 5. During the

introduction of H2 gas, the emergence of the �-phase 111 peak

was obviously observed at both  = 0� and  = 70.5� [Figs. 7(b)

and 7(c) for = 0�, and Figs. 7(g) and 7(h) for = 70.5�]. After

the hydrogen unloading, a large peak shift was observed at =

0� (compare Figs. 7a and 7d) while there was only a slight shift

at  = 70.5� (compare Figs. 7f and 7i). This difference is related

to the substrate clamping effect and the in-plane stress (details

are discussed later). In addition to the peak intensity (height)

increase, the cyclic hydrogen loadings resulted in a decrease in

the peak width (compare Figs. 7a, 7d and 7e, or Figs. 7f, 7i and

7j). This indicates the film structure evolution, such as the

grain growth and the removal of defects from the lattice.

Next, the line profiles were compiled into intensity maps

against time (Fig. 8 for 2� and Fig. 9 for �). The introduced

hydrogen gas profile is attached to these figures and those

showing subsequent analysis results (Fig. 8c, Fig. 9c, Fig. 10e,

Fig. 12c and Fig. S2b). It is clear that the intensities of the

111Pd(H) peaks both at = 0� and at = 70.5� increase with the

number of cycles, indicating the film’s structural evolution

over hydrogen loading and unloading cycles. In Fig. 8(a), it is
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Figure 7
2� line profiles extracted from the two-dimensional diffraction patterns
shown in Fig. 5. (a), ( f ) as deposited (time t = 0 h), (b), (g) during the
initial 4.9% H2 gas introduction (t = 3.0 h), (c), (h) during the initial 10%
H2 gas introduction (t = 3.5 h), (d), (i) after the initial H2 loading and
unloading (t = 6.1 h), and (e), ( j) after nine cycles of hydrogen loading
and unloading (t = 47.6 h). The labels � and � denote the 111 spots of the
� and � phases. Regarding t, refer to Fig. 8(c).

Figure 8
Diffraction intensity maps of the 2� line profiles at (a)  = 0� and (b)  = 70.5� against time (t). The introduced H2 gas profile is also shown in (c). The
labels � and � denote the 111 peaks of the � and � phases, respectively.
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also clear that the shift of the 111Pd(H) peak at  = 0� can be

divided into two components: one is a continuous peak shift

within the same phase and the other is an abrupt large peak

shift due to the phase transformation. In contrast, the shift of

the 111Pd(H) peak at  = 70.5� is essentially composed of just

the latter component (Fig. 8b). This indicates that, except for

the phase transformation period, in-plane lattice expansion/

shrinkage is suppressed while out-of-plane expansion/

shrinkage occurs intensively. This observation is related to the

substrate clamping effect, i.e. owing to the substrate, the film

exhibits an anisotropic expansion/shrinkage (Miceli et al.,

1991; Reimer et al., 1993; Zabel & Weidinger, 1995; Laudahn et

al., 1999; Pundt & Kirchheim, 2006; Pivak et al., 2011; Wagner

et al., 2011; Kirchheim & Pundt, 2014; Callori et al., 2016;

Harumoto et al., 2017). According to Figs. 9(a) and 9(b), the

retention of the (111) texture during hydrogen cycling is

obvious, since the 111 peaks of both the � and the � phases are

observed always at � = �90�, the centre of the detector-tilt

angle. The small peak shift in Fig. 9(b) seems to originate from

the lattice distortion, or the angle change between [111] and

[111], due to the in-plane stress.

The profile fitting results are shown in Fig. 10. Again, a

gradual increase in the peak intensity (peak height) was

clearly observed for both  = 0� and  = 70.5� (Fig. 10a). Also,

the directional dependence of the lattice expansion/shrinkage

was confirmed: the 111 peak at  = 0� exhibits a relatively

dynamic peak shift as compared with the one at  = 70.5�

(Fig. 10b). In addition to the intensity increase and the peak

shift, a decrease in the peak full width at half-maximum

(FWHM) along the 2� and � directions was observed at both

 = 0� and  = 70.5� (Figs. 10c and 10d). This also indicates the

film evolution. In detail, the FWHM2� at  = 0� corresponds to

the out-of-plane crystal size (namely, the crystal thickness)

and the lattice defects (Fig. 10c,  = 0�). Similarly, the

FWHM2� at  = 70.5� is related to the crystal size along  =

70.5� (corresponding mainly to the in-plane crystal size) and

the lattice defects (Fig. 10c,  = 70.5�). At both  = 0� and  =

70.5�, the FWHM2� plots of the � phase (also in the case of the

� phase) exhibit a U-shaped curve. This suggests that, during

the �-to-� and �-to-� phase transformations (i.e. during the

formation of the new phase and the disappearance of the

matrix phase), the crystal size is small and the crystal includes

many lattice defects. However, once the transformation is

completed, the crystal grows large and the lattice is stabilized.

During the initial hydrogen loading cycles, the �-phase plots

exhibit a slightly larger FWHM2� than the �-phase plots.
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Figure 9
Diffraction intensity maps of � line profiles at (a) = 0� and (b) = 70.5� against time (t). Maps of the � and � phases are shown separately. (c) shows the
introduced H2 gas profile.
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Figure 10
Profile fitting results of the 111Pd(H) spots at  = 0 and 70.5�. (a) Peak intensity (peak height) (Ic), (b) peak centre position (2�c), (c) peak FWHM along
the 2� direction (FWHM2�) and (d) peak FWHM along the � direction (FHWM�). The introduced hydrogen gas profile is shown in (e). In (c), the axis on
the right-hand side represents the crystal size estimated from the Scherrer equation. The black square and red triangle plots correspond to the fitting
results of the � and � phases, respectively.
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However, after several cycles, the �-phase plots reach almost

the same FWHM2� as that of the � phase. In addition, the

FWHM2� at the transformation completion becomes smaller

as the cycles increase. Thus, many lattice defects would be

introduced into the lattice during the initial hydrogen loading

cycles (especially during the first �-phase formation), and they

would be removed after several cycles. At the same time, grain

growth also took place. Under the assumption that there was

no peak broadening due to the lattice defects, the FWHM2�

can be transformed into the crystal size using the Scherrer

equation [the right-hand side of Fig. 10(c)]. The Scherrer

constant was assumed to be 0.9. The crystal thickness was

around 30–40 nm as deposited and decreased during the initial

hydrogen loadings; however, after several hydrogen loading

and unloading cycles, it returned to 30–40 nm (Fig. 10c,  =

0�). This size is very close to the thickness of the Pd film

(48.8 nm) measured using XRR (Fig. 2). The crystal size along

 = 70.5� was around 20 nm initially and exhibited a gradual

increase up to 40 nm after the cycles (Fig. 10c,  = 70.5�). The

same grain size increase from 20 nm to 30–40 nm was also

observed in the AFM images (Fig. 4). Considering the

agreement among the FWHM2�, XRR and AFM results, it

could be concluded that, at as deposited and after nine cycles

of hydrogen loading and unloading, the fraction of lattice

defects was relatively small. Therefore, although a large

number of lattice defects were introduced into the lattice

during the initial hydrogen loading cycles, further hydrogen

loading and unloading cycles resulted in the sweeping of such

defects to the grain boundary between the �- and �-phase

grains (denoted as ‘�–� grain boundary’) together with in-

plane grain growth. The intensity increase after several

hydrogen cycles also supports this conclusion. Except for the

phase transformation period, the FWHM along the � direction

at  = 0� corresponds mainly to the fluctuation of the [111]

direction (Fig. 10d,  = 0�). Thus, the observed gradual

decrease (�0.8�) in the FWHM� suggests that a decrease in

the [111] direction fluctuation, or (111) texture enhancement,

most likely occurs together with in-plane crystal growth during

the hydrogen loading and unloading cycles. Note that the

increase in the in-plane grain size also results in an FWHM�

decrease; however, its effect would be relatively small, since

the FWHM2� decrease at  = 70.5� is only �0.3�. The FWHM

along the � direction at  = 70.5� is also related mainly to the

fluctuation of the [111] direction and the observed decrease

(�1�) again indicates (111) texture enhancement (Fig. 10d, =

70.5�).

In summary, it is clear that the cyclic hydrogen loadings

resulted in in-plane grain growth, lattice defect removal and

(111) texture improvement. Consequently, a peak intensity

(height) increase was also observed. Accordingly, from the

viewpoint of the in-plane stress in the film, we discuss the

evolution mechanism in the next section.

3.3. Film structure evolution mechanism

To investigate the film structure evolution mechanism, the

stress and the strain-free lattice parameter in the film were

estimated using a diffraction stress analysis. Fig. 11 shows the

analysis procedure and the relation with the phenomena

during the hydrogen loading. During the hydrogen loading

(the left column of Fig. 11), owing to the hydrogen incor-

poration into the lattice, the lattice parameter increases. In

addition, a large in-plane compressive stress would be

induced, since the film is clamped to the substrate, and stress

relaxation may take place. The combination of these two

components, i.e. the increase in the lattice parameter and the

in-plane stress, results in a tilt angle ( )-dependent lattice

spacing change. Thus, it is impossible to calculate the in-plane

stress in a simple way, such as an estimation of the in-plane

stress simply from the out-of-plane lattice spacing change.

Instead, the  -dependent lattice spacing change should be

analysed in terms of the diffraction stress analysis (the right

column of Fig. 11). In this study, since the film is (111)

textured, two (111) lattice spacings at  = 0 and 70.5� were

measured. Thereafter, using the diffraction stress analysis,

these two spacings were converted (separated) into two

components: one is the strain-free lattice parameter and the

other is the in-plane stress. The former component corre-

sponds to the hydrogen-induced lattice parameter increase.

Note that, in this study, the frequently employed assumption

that the strain-free lattice parameter equals the bulk lattice

parameter was not adopted; instead, the strain-free lattice

parameter remained variable rather than being constant.

Under the assumption of rotationally symmetric biaxial

stress (�11 = �22 = �|| and �33 = 0, where �11 and �22 are the in-

plane stresses and �33 is the out-of-plane stress), the strain at

the tilt angle  for the (111)-textured cubic crystal structure

thin film can be written as (Hauk, 1997; Tanaka et al., 1999;
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Figure 11
Relation between the phenomena during the hydrogen loading and the
analysis procedure. The diffraction stress analysis was independently
conducted for each of the � and � phases, i.e. the analysis was performed
two times when the � and � phases coexist in the film.
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Kamminga et al., 2000; Leoni et al., 2001; Welzel et al., 2005;

Yokoyama & Harada, 2009; Harumoto et al., 2014)

"111
 ¼ d111

 � asf=31=2

asf=31=2
¼ 2S111

1 þ 1
2S

111
2 sin2 

� �
�jj; ð1Þ

where d111
 is the (111) lattice spacing at the tilt angle  and asf

is the strain-free lattice parameter. S111
1 and 1

2S
111
2 are the

diffraction elastic constants for the (111)-textured thin film

and can be described as ð1=3Þs11 þ ð2=3Þs12 � ð1=6Þs44 and

ð1=2Þs44, respectively, where s11, s12 and s44 are the single-

crystal elastic compliances. Employing the compliances in the

literature (Hsu & Leisure, 1979) (s11 = 13.744 TPa�1, s12 =

�5.995 TPa�1 and s44 = 14.035 TPa�1 for pure Pd; s11 =

12.923 TPa�1, s12 = �5.507 TPa�1 and s44 = 15.760 TPa�1 for

PdH0.66), the two constants S111
1 and 1

2S
111
2 were calculated as

�1.754 and 7.018 TPa�1 for the � phase, and �1.991 and

7.880 TPa�1 for the � phase (PdH0.66). Since the actual

hydrogen concentration varies in the range from pure Pd to

PdH0.66, the errors shown in Table S1 (in the supplementary

information) were introduced into the diffraction elastic

constants and they were employed during the calculation of

error bars. Note that the effects of defects and size on the

diffraction elastic constants would be negligibly small in

comparison with the introduced (relatively large) errors listed

in Table S1.

Equation (1) can be solved analytically using the (111)

lattice spacings at  = 0 and 70.5� (d111
 ¼0� and d111

 ¼70:5�) as

follows (Harumoto et al., 2017):

asf ¼ 31=2 9

4

S111
1

1
2S

111
2

þ 1

� �
d111
 ¼0� �

9

4

S111
1

1
2S

111
2

d111
 ¼70:5�

� �
; ð2Þ

�jj ¼ � 9

2

d111
 ¼0� � d111

 ¼70:5�

9S111
1 þ 41

2S
111
2

� �
d111
 ¼0� � 9S111

1 d111
 ¼70:5�

: ð3Þ

Note that sin2 70.5� was assumed to be 8/9. Employing the

(111) lattice spacings calculated from the peak centre posi-

tions (2�c) at  = 0 and 70.5�, the strain-free lattice parameter

and the in-plane stress were calculated (Fig. 12). The strain-

free lattice parameter was also employed to estimate the

hydrogen concentration (xH), or the H/Pd atomic ratio. Since

it has been separated into the two components of the strain-

free lattice parameter and the in-plane stress, it is possible to

estimate the hydrogen concentration from the strain-free

lattice parameter even if a large stress exists and stress

relaxation takes place. The following relation between the

lattice parameter and the hydrogen concentration was

adopted (Peisl, 1978; Manchester et al., 1994; Wagner et al.,

2016; Wagner & Pundt, 2016; Harumoto et al., 2017):

asf � abulk Pd

abulk Pd

¼ �HxH; ð4Þ

where �H and abulk Pd are the expansion coefficient (0.061) and

the bulk lattice parameter of pure Pd (0.3890 nm, PDF No. 00-

046-1043). Note that this equation is valid not only for the �
phase but also for the � phase. The hydrogen concentration

axis was added to the right-hand side of Fig. 12(a).

Before the hydrogen gas introduction (t = 0 to 1.2 h), the

strain-free lattice parameter was equal to the bulk one and the

in-plane stress in the film was almost zero, indicating almost no

residual stress and xH = 0. [More specifically, the lattice

parameter was slightly larger than the bulk one and the stress

was slightly compressive, although these deviations were

within the error. They could be attributed to the atomic

peening effect, which results in lattice expansion and
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Figure 12
Profiles for (a) strain-free lattice parameter (asf) and (b) in-plane stress (�||). In (a), the axis for the hydrogen concentration (xH) is shown on the right-
hand side. The dotted line in (a) denotes the lattice parameter of the bulk Pd, or xH = 0. The black square and red triangle plots correspond to the results
of the � and � phases, respectively. The introduced hydrogen gas profile is shown in (c).
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compressive stress, during the sputter deposition (Hoffman &

Thornton, 1982).]

The hydrogen loading (from t = 1.2 h) resulted in both

lattice expansion and large in-plane compressive stress. The

gap in the strain-free lattice parameter (i.e. the difference in

hydrogen concentration) between the � and � phases corre-

sponds to the miscibility gap in the phase diagram of the Pd–H

system (Fig. 12a). The hydrogen solubility limit in the � phase

at the first hydrogen introduction cycle was around xH = 0.1 (at

t = 3.2 h). This xH value is very much larger than the bulk case

(xH = 0.02) (Manchester et al., 1994); however, it is very close

to the value reported for a 32 nm Pd nanocube (xH = 0.15) in

the literature (Bardhan et al., 2013: Griessen et al., 2016). This

suggests that the �-to-� transformation took place under a size

effect, namely the narrowing of the miscibility gap at nano-

metre-sized grains (Feenstra et al., 1983; Eastman et al., 1993).

The hydrogen concentration of the � phase during the initial

formation (t = 2.9 h) was around xH = 0.52 and increased up to

xH = 0.55 at 10% hydrogen gas (t = 3.3�3.7 h).

Unlike the results for the strain-free lattice parameters,

there was no gap between the in-plane stresses of the � and �
phases (Fig. 12b). Instead, the plots of the two phases overlap

and are almost connected with each other within the error

range. This indicates that the formation and the grain growth

of the � phase took place under the same in-plane compressive

stress that the � phase receives. The maximum compressive

stress during the first hydrogen gas introduction was around

�2 GPa. This stress value is in good agreement with that

measured by the substrate curvature (Leervad Pedersen et al.,

2004; Pundt & Kirchheim, 2006; Kirchheim & Pundt, 2014;

Wagner et al., 2016; Wagner & Pundt, 2016). The large in-plane

compressive stress corresponds to the presence of the

substrate clamping effect, which suppresses the in-plane lattice

expansion (Miceli et al., 1991; Reimer et al., 1993; Zabel &

Weidinger, 995; Laudahn et al., 1999; Pundt & Kirchheim,

2006; Pivak et al., 2011; Wagner et al., 2011; Kirchheim &

Pundt, 2014; Callori et al., 2016; Harumoto et al., 2017).

Furthermore, this stress value also suggests that stress

relaxation, namely plastic deformation, took place during the

hydrogen loading, since this compressive stress (�2 GPa) is

smaller than the estimated value under no plastic deformation

[�9.9 GPa at xH = 0.55, calculated from the ratio between the

in-plane stress and hydrogen concentration, �||/xH = �18 GPa,

for (111)-textured Pd films under no plastic deformation]

(Wagner et al., 2016; Wagner & Pundt, 2016; Harumoto et al.,

2017).

During the hydrogen unloading (from t = 3.7 h), a decrease

in the hydrogen concentration of the � phase was initially

observed. After the decrease of xH, transformation from the �
phase to the � phase took place and was completed when the

�-phase hydrogen concentration was 0.46. This value is

smaller than that at formation (xH = 0.52) and corresponds to

hysteresis during the transformation (Pundt & Kirchheim,

2006; Lee et al., 2010; Pivak et al., 2011; Bardhan et al., 2013;

Baldi et al., 2014; Griessen et al., 2016). The hydrogen

concentration of the � phase at formation was around 0.1 and

in agreement with that at the �-to-� transformation. Without

hydrogen gas introduction (t = 5.8�6.3 h), the strain-free

lattice parameter returned to the initial value (i.e. the bulk

value), indicating xH = 0.

In addition to the decrease in xH, the large compressive

stress in the � phase was released during hydrogen unloading.

Similar to the �-to-� transformation, the �-to-� transforma-

tion also took place under the same in-plane stress present in

the � phase. After the completion of the �-to-� transforma-

tion, the stress in the film did not return to its initial value (�|| ’
0 at t = 0 h), instead exhibiting a large tensile stress (�|| ’
1.8 GPa). This also indicates that plastic deformation at the Pd

film/APA underlayer interface took place during the first

hydrogen loading and unloading.

During the second and subsequent hydrogen loading and

unloading cycles (from t = 6.3 h), the hydrogen concentration

plots exhibited similar tendencies to the first cycle. However,

under closer examination, the solubility limit in the � phase

decreased compared with the first cycle. This could be

attributed to the effect of the increased in-plane grain size,

which resulted in the widening of the miscibility gap (Feenstra

et al., 1983; Eastman et al., 1993). The hydrogen concentration

of the � phase at the initial stage of formation was decreased

from xH = 0.52 (in the first cycle) to xH = 0.45 (the average of

the second and later cycles). This decrease in xH of the � phase

at formation could be explained by the effect of stress on the

thermodynamic properties (Pivak et al., 2009, 2011; Wagner &

Pundt, 2016), rather than the increase in grain size. Indeed, the

in-plane stress at the �-phase formation of the first cycle was a

large compressive stress of �|| ’ �1 GPa, while those of the

second and subsequent cycles were around zero (Fig. 12b).

Also, in the � phase, the rate of increase of xH at hydrogen

loading was larger than the rate of decrease of xH at unloading.

In contrast, in the � phase, the rate of increase of xH was

smaller than the rate of decrease of xH. Although the details

are under investigation, these effects could be attributed to

hysteresis during the transformation (Pundt & Kirchheim,

2006; Lee et al., 2010; Pivak et al., 2011; Bardhan et al., 2013;

Baldi et al., 2014; Griessen et al., 2016). Note that no obvious

changes in �|| and xH were detected between the second and

subsequent cycles, while large changes were observed between

the first and second cycles.

In light of these results, we discuss the mechanism of film

structure evolution during hydrogen loading and unloading

cycles. We consider that the main result observed is the

following:

During the �-to-� phase transformation, the formation and

grain growth of the � phase took place under the same in-

plane stress present in the � phase, and vice versa.

This suggests that the growth of the �-phase grain during

the �-to-� transformation occurred in plane rather than out of

plane. This is because the in-plane grain growth mode is able

to take place under the above conditions (Figs. 13b–13d),

while out-of-plane grain growth promotes a stress difference

between the � and � phases (Fig. 13a). From the viewpoint of

the grain boundary between the � and � phases (�–� grain

boundary), transformation under the in-plane growth mode

can be recognized as in-plane �–� grain boundary motion
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taking place during hydrogen loading cycles. Since the grain

boundary between two � phases (�–� grain boundary) would

have higher energy (owing to the interfacial energy) than the

inside of the �-phase grain, the �-phase grain which is growing

in the �-phase grain can take over such a region readily and

grow over the �–� grain boundary, resulting in a change in the

grain structure during the cyclic �–� grain boundary motion.

Such motion can result in in-plane grain growth and (111)

texture improvement, as the film can simply minimize its

energy by reducing the �–� and �–� grain boundaries and

depositing the stable (111) plane on the film surface. Also, the

cyclic �–� grain boundary motion can sweep the lattice defects

to the �–� grain boundary, resulting in the removal of lattice

defects from the inside of the lattice. It should be noted that, in

the case of Nb films, the in-plane grain growth mode of the

hydride phase has been reported already (Nörthemann &

Pundt, 2008).

These findings also suggest that the evolution based on this

mechanism takes place only for thin films and not thick films

or the bulk case. Indeed, in the case of thick Pd films of

thickness 1080 nm in the literature (Čı́žek et al., 2013), the

(111) texture was degraded by hydrogen loading.

In summary, from the observed agreement of in-plane

stresses between � and � phases, we have described a

mechanism of film structure evolution. It was concluded that

the cyclic in-plane �–� grain boundary motion during phase

transformation was the origin of the observed film structure

evolution.

4. Conclusions

We performed an in situ X-ray diffraction study on a Pd thin

film under hydrogen loading and unloading cycles. It was

confirmed that, in the case of the (111)-textured Pd thin film,

the hydrogen loading and unloading cycles resulted in grain

growth rather than refinement. Also, the film texture

improved during cycles. Hence, changes in the film structure

during the hydrogen loading and unloading cycles differed

from the bulk case. Accordingly, by employing diffraction

stress analysis, the mechanism of grain growth and texture

improvement was found. On the basis of the observed

agreement of in-plane stresses between the � and � phases, it

was concluded that grain growth during the �-to-� and �-to-�
phase transformations took place mainly along the in-plane

direction, leading to film structure evolution in in-plane grain

growth, lattice defect removal and (111) texture enhancement.

We believe that this study facilitates the use of hydrogen for

the post-deposition process in thin metal films.
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