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Abstract
Thermal conductivity switching in Pd-catalyzed Gd hydride films was investigated 
using in  situ analyses of electrical, optical, structural, and thermophysical proper-
ties upon gasochromic hydrogenation/dehydrogenation at room temperature. These 
reactions allow the films to reversibly switch between the metallic (GdH2) phase 
in the hydrogenated state and the semiconductor (GdH3) phase in the dehydrogen-
ated state. We fabricated three-layered films comprising Pd (5 nm)/Gd or GdH2 (300 
nm)/Mo (100 nm) using DC magnetron sputtering using Pd, Gd, and Mo targets, 
respectively, on unheated synthetic quartz substrates. Ar or mixture of Ar + H2 (H2: 
5 % to 50 %) gases were used for the deposition of the Gd or GdH2 films, respec-
tively. The thermal conductivities of the Gd or GdH2 films were analyzed using 
in situ rear-heating/rear-detection type time-domain picosecond pulsed light heating 
thermoreflectance measurements by employing a gas mixture of N2/Ar and H2 (H2: 
3 %) at 1 atm, which is below the explosive limit for hydrogen. The thermal conduc-
tivities of Gd and GdH2 films were measured for one and two hydro-/dehydrogena-
tion cycles, respectively. The thermal switching ratios of the ON state thermal con-
ductivity to the OFF state thermal conductivity were 6.4 and 2.9–5.4 for the Gd film 
and the GdH2 (H2: 5 %–50 %) films, respectively. The thermal conductivity of the 
Gd hydrides films changed along with those estimated from the Wiedemann–Franz 
Law and electrical conductivities.

Keywords  Gadolinium · Gadolinium hydrides · Gasochromic hydrogenation/
dehydrogenation · In situ time-domain thermoreflectance · Switchable mirror 
materials · Thermal conductivity switching

Selected Papers of the 22nd European Conference on Thermophysical Properties.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10765-023-03322-y&domain=pdf


	 International Journal of Thermophysics (2024) 45:43

1 3

43  Page 2 of 14

1  Introduction

The reuse of waste heat is one of the emerging social issues to improve energy 
efficiency. Technologies that provide heat flow control such as thermal diodes, 
transistors, regulators, and switches have attracted remarkable interest in thermal 
engineering recently [1]. Thermal conductivity switching realizes heat flow con-
trol owing to a sharp contrast in thermal conductivities between ON/OFF states. 
The ON/OFF states of thermal conductivity have been controlled using changes 
in structures [2, 3], phase transitions [4, 5], and chemical reactions [6–9] obtained 
upon various external fields such as UV irradiations [9], application of voltages, 
and magnetic fields.

Recently, a high contrast in thermal conductivity change has been reported for 
a switchable mirror material [10, 11]. The switchable mirror is used for the con-
trol of optical properties between the semiconductor state (transparent) and the 
metal state (opaque) obtained via hydro-/dehydrogenation, respectively [12–14]. 
The thermal conductivity changes of a Pd-catalyzed Ni–Mg thin film, one of the 
switchable mirror materials controlled using the reaction of dilute H2 gas, reached 
a factor of 14 between the ON/OFF states [10]. In the metal state, the thermal 
conductivity is mainly due to the contribution of free electrons. In contrast, pho-
nons dominate the thermal conductivity in the semiconductor state, resulting in a 
low thermal conductivity.

Although switchable mirror materials are expected to exhibit excellent per-
formance in thermal conductivity switching, a large volume change associated 
with hydro-/dehydrogenation hinders durability. Approximately 25 % of volume 
expansion was observed between Ni–Mg films and their hydrides [15]. Such 
a large volume change can cause cracks or the peeling of the film, decreasing 
the switching durability. The durability of switchable mirror materials must be 
improved by reducing volume expansion due to hydro-/dehydrogenation.

Gadolinium (Gd) is a switchable mirror material that can switch between a metal-
lic dihydride (GdH2) and a semiconducting trihydride (GdH3). The linear volume 
expansion from GdH2 to GdH3 is approximately 3 %, which is smaller than that from 
Gd to its hydrides. The formation enthalpies from Gd to GdH2 and from GdH2 to 
GdH3 are − 197 kJ mol−1 and − 50 kJ mol−1 [16], respectively. The reaction between 
GdH2 and GdH3 becomes reversible with the Pd catalyst [17]. The electrical conduc-
tivity of GdH2 was reported to be 2.3 × 106 S m−1 [18], which is comparable to those 
of Ti (2.33 × 106 S m−1 [19]) and Zr (2.29 × 106 S m−1 [20]). Owing to the contribu-
tion of free electrons, the thermal conductivities of Ti and Zr are 21.9 W m−1 K−1 
[21] and 19.7 W m−1  K−1 [22], respectively. Based on the Wiedemann–Franz law 
(WFL), metallic GdH2 is expected to possess a relatively high thermal conductivity.

In this study, both Gd and GdH2 films were synthesized via reactive direct cur-
rent (DC) magnetron sputtering with various H2 gas flow ratios. The prepared Pd-
catalyzed Gd or GdH2 films can be controlled via hydro-/dehydrogenation upon 
exposure to a dilute H2 gas (3 %) and air at room temperature (RT), respectively. 
The performance of the thermal conductivity switching of the GdH2 films was 
studied compared to that of the Gd film.
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2 � Experiments

2.1 � Sample Preparation

For thermal conductivity measurements, we fabricated trilayer Pd/Gd/Mo or 
Pd/GdH2/Mo films on an unheated synthetic quartz glass substrates, where a 
100-nm-thick Mo underlayer acts as a transducer film for thermoreflectance 
measurements. The Mo layers were deposited via DC magnetron sputtering using 
a Mo target (99.95 % in purity, 3 inch in diameter), and 1.0 Pa of Ar was used 
as a sputtering gas with an applied DC power of 50 W. Gd or GdH2 films with a 
nominal thickness of 300 nm were deposited on the Mo layers via reactive DC 
magnetron sputtering using a Gd target (99.99  % in purity, 3 inch in a diame-
ter) with an applied DC power of 50 W. Target-substrate distance was fixed at 
55 mm. For the deposition of Gd or GdH2 films, 100 % Ar or mixture of Ar + H2 
(H2: 5 %, 20 %, 30 %, and 50 %) gases were used, respectively, as the sputter-
ing gases. The total gas flow during all the depositions was fixed at 10 sccm, 
where the Ar/H2 ratios were controlled by their gas flow ratios. The back pressure 
was less than 4.0 × 10−4 Pa, and the total gas pressure during the deposition was 
kept at 1.0 Pa. Without exposure to the air, the surfaces of the Gd or GdH2 films 
were covered with a 5-nm-thick Pd layer, which acts as a catalyst for gasoch-
romic hydro-/dehydrogenation and protects the Gd or GdH2 layers from oxida-
tion. The Pd layers were deposited via DC sputtering using a sputtering gas of Ar 
(99.999 % in purity) at a total gas pressure of 0.5 Pa and a sputtering power of 10 
W. The thickness of the Pd film was optimized for enhanced hydro-/dehydrogena-
tion efficiency. All layers were synthesized without heating the substrate. We also 
fabricated bilayer Pd/Gd or Pd/GdH2 films on synthetic quartz glass substrates for 
in situ X-ray diffraction (XRD), X-ray absorption fine structure (XAFS), optical 
transmittance, and electrical conductivity analyses. The deposition conditions for 
the Gd or GdH2, Pd, and Mo films are listed in Table 1. Hereafter, the samples 
with the Gd film and the GdH2 film in the as-deposited state were named “ad-
Gd sample” and “ad-GdH2 (H2: 5  %) sample”, “ad-GdH2 (H2: 20  %) sample”, 

Table 1   Deposition conditions for the Gd or all the GdH2, Pd, and Mo films

Gd or GdH2 Pd Mo

Deposition method dc magnetron sputtering
Target Gd (99.99 %) Pd (99.99 %) Mo (99.95 %)
Sputtering gas Ar Ar Ar
Reactive gas H2 – –
H2 flow ratios,  % 0, 5, 20, 30, 50 – –
Total gas pressure, Pa 1.0 0.5 1.0
Back pressure, Pa  < 4.0 × 10–4

Nominal thickness, nm 300 5 100
Substrate temperature Room temperature
DC power, W 50 10 50



	 International Journal of Thermophysics (2024) 45:43

1 3

43  Page 4 of 14

“ad-GdH2 (H2: 30  %) sample”, and “ad-GdH2 (H2: 50  %) sample” for their H2 
flow ratios, respectively.

2.2 � Optical Properties

In situ optical transmittance measurements were performed in the spectral range 
of 185–3300  nm using a spectrophotometer (UV-3600iPlus, Shimadzu) and the 
hydrogen-content-controlled vacuum chamber for the ad-Gd and ad-GdH2 (H2: 
50 %) samples at RT and 1 atm. First, the transmittance spectra in the as-deposited 
state were measured under atmospheric conditions. The transmittance spectra in the 
hydrogenated state were measured after the chamber was replaced with a mixture of 
Ar and H2 (3 %) gases. The transmittance spectra in the dehydrogenated state were 
measured after the chamber was replaced with the atmosphere.

2.3 � Structural Analyses

The crystal structures of the Gd and Gd hydrides films in the hydro-/dehydrogenated 
states were analyzed at RT using in situ XRD. XRD measurements were conducted 
using Cu Kα radiation (Ultima III, Rigaku). First, the XRD patterns of the as-depos-
ited state were measured under atmospheric conditions. The XRD patterns of the 
hydrogenated state were measured after the chamber was evacuated and replaced 
with a mixture of Ar and H2 (3 %) gases (below the explosive limit for hydrogen) 
for the ad-Gd sample or a mixture of N2 and H2 (3 %) gases for the ad-GdH2 (H2: 
50 %) sample for 2 h. The measurement in the dehydrogenated state was performed 
after the chamber was again evacuated and replaced with the air for 12 h. For the ad-
GdH2 (H2: 5 %, 20 %, and 30 %) samples, XRD patterns of as-deposited and dehy-
drogenated states in the air were measured using XRD-6000 (Shimadzu).

The Gd L3-edge XAFS spectra of the ad-Gd and ad-GdH2 (H2: 50 %) samples in 
the hydro-/dehydrogenated states were measured at beamlines BL5S2 and BL11S2 
of AichiSR. Samples were placed inside a quartz flow cell, which allows for meas-
urements under various gases. All XAFS measurements were performed in the fluo-
rescence mode at RT and 1 atm.

Cross-sectional Transmission Electron Microscopy (TEM) observations were 
conducted on the as-deposited and dehydrogenated states of the ad-Gd and ad-GdH2 
(H2: 50 %) samples using JEM-2100 (200 kV, JEOL).

2.4 � Electrical Conductivity

The electrical conductivities of the ad-Gd and all the ad-GdH2 samples in the as-
deposited, hydrogenated, and dehydrogenated states were evaluated using the in situ 
four-point probe method (HL5500PC, ACCENT) with a parallel circuit model com-
prising Pd and Gd (or Gd hydrides) layers. The sheet resistances were measured on 
two-layer Pd/Gd or Pd/Gd hydrides samples at RT. The electrical conductivities of 
the Gd or Gd hydrides layers were calculated, where the sheet resistance of Pd was 
measured for a Pd monolayer film deposited on an unheated quartz glass substrate 
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under the same conditions listed in Table 1. The sheet resistance in the hydrogenated 
state was measured after the chamber was evacuated and replaced with the mixture 
of N2 and H2 (3 %) gases of 1 atm at RT, and that in the dehydrogenated state was 
measured after the chamber was replaced with the air of 1  atm at RT. The sheet 
resistances in each states were recorded when they reached at constant values.

2.5 � Thermal Conductivity

The thermal conductivities of the Gd or Gd hydrides films were investigated using 
an in  situ rear-heating/rear-detection type time-domain picosecond pulsed light heat-
ing thermoreflectance (TDTR) measurement apparatus [23], as shown in Fig. 1. The 
wavelength, pulse width, and power of the pump laser were 1550  nm, < 0.5  ps, and 
20 mW, respectively. The wavelength and pulse width, and power of the probe laser 
were 775 nm, < 0.5 ps, and 1 mW, respectively. The reflected probe laser beam was 

Fig. 1   Schematic diagram of an in  situ rear-heating/rear-detection type time-domain thermoreflectance 
apparatus
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measured using a Si photodiode and a lock-in amplifier. The lock-in phase signal was 
recorded against the delay time between pump and probe pulses. The sample tempera-
tures upon pump laser heating were estimated as 315 K for the ad-Gd and ad-GdH2 
(H2: 20, 30 %) samples, and 317 K for the ad-GdH2 (H2: 5, 50 %) samples. 

First, the thermal conductivity in the as-deposited state was measured under atmos-
pheric conditions. The thermal conductivity in the hydrogenated state was measured 
after the chamber was evacuated and replaced with a mixture of Ar (for the ad-Gd sam-
ple) or N2 (for all the ad-GdH2 samples) and H2 (3 %) gases at 1  atm for 1 h. The 
thermal conductivity in the dehydrogenated state was measured after evacuating the 
chamber again and replacing the gas in the chamber with the air for 1 h. The same 
sequences were repeated for the second hydro-/dehydrogenated states for the ad-GdH2 
(H2: 5 % and 50 %) samples. For the ad-GdH2 (H2: 20 % and 30 %) samples, the meas-
urements in the second dehydrogenated state were carried out after the samples reached 
stable state. The thermal diffusivity and volumetric heat capacity for the Gd and Gd 
hydrides, and Gd/Mo and Gd hydrides/Mo boundary thermal resistances were evalu-
ated based on the simulation of the phase signal, which solves the heat transport equa-
tion under the assumptions of unsteady one-dimensional heat conduction and bilateral 
semi-infinite substrates. As common fixed fitting parameters, the thermal diffusivity, 
volumetric heat capacity, and optical absorption coefficient at a wavelength of 1550 nm 
of the Mo film were 2.1 × 10−5 m2 s−1, 2.6 × 106 J m−3 K−1, and 4.6 × 107 m−1, respec-
tively. The thermophysical properties of the Pd layer were assumed to be same as those 
of the bulk: the thermal diffusivity, volumetric heat capacity, and film thickness were 
set to 2.5 × 10−5 m2 s−1 [24], 2.9 × 106 J m−3 K−1, and 5 nm, respectively. The thermal 
effusivities of the quartz glass substrate were set to 1487 J m−2 s−0.5 K−1 (for the ad-Gd 
and ad-GdH2 (H2: 20 % and 30 %) samples) and 1488 J m−2 s−0.5 K−1 (for the ad-GdH2 
(H2: 5 % and 50 %) samples), respectively. The volumetric heat capacity of Mo and 
Pd was calculated from the density and specific heat capacity shown in Ref. 24, and 
thermal diffusivity of Pd was calculated from the density, specific heat capacity and 
thermal conductivity shown in Ref. 24. The thermal effusivity of quartz glass substrate 
was also calculated from the thermal conductivity, specific heat capacity, and density 
shown in Ref. 24. The thicknesses of the ad-Gd and ad-GdH2 (H2: 50 %) samples in the 
as-deposited state were 300 nm and 301 nm, respectively, measured by a step-height 
meter. Considering the volume expansion, the thicknesses of the ad-Gd sample in the 
hydro-/dehydrogenated states were estimated as 322 nm and 313 nm, whereas those of 
the ad-GdH2 (H2: 50 %) sample in the hydro-/dehydrogenated states were 311 nm and 
301 nm, respectively. The properties and thickness of the Mo layer were estimated in 
advance from Mo monolayer film measurements. All fitting parameters and determined 
properties are shown in Tables S1–S3 of Supplementary information.

3 � Results and Discussions

3.1 � Dynamic Structural Changes and Control of Hydro‑/dehydrogenation

Figure 2 shows the results of the in  situ XRD measurements on the as-deposited, 
hydrogenated, and dehydrogenated states of the ad-Gd and ad-GdH2 (H2: 50  %) 
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samples. The XRD patterns in the as-deposited and dehydrogenated states for ad-
GdH2 (H2: 5 %, 20 %, and 30 %) samples are shown in Fig. S1 of Supplementary 
information. Figure 2(a) shows the XRD of the as-deposited state of the ad-Gd sam-
ple, where hexagonal close-packed structure and face-centered cubic structure of Gd 
coexisted. For the hydrogenated state, a peak newly appeared at 2θ ~ 26.6° corre-
sponding to hexagonal GdH3, and a peak corresponding to cubic GdH3 appeared at 
2θ ~ 28.9°, indicating a structural change from Gd to GdH3 owing to hydrogenation 
and the coexistence of hexagonal and cubic [26] GdH3. In the dehydrogenated state, 
the peak corresponding to the fluorite structure of GdH2 appeared at 2θ ~ 29.0°, indi-
cating that the dehydrogenation changed the crystal structure from hexagonal and 
cubic GdH3 to cubic GdH2. Figure 2(b) shows the as-deposited state of the ad-GdH2 
(H2: 50 %) sample, indicating that the films with the GdH2 fluorite structure were 
directly synthesized. In the hydrogenated state of these films, a peak correspond-
ing to cubic GdH3 was appeared at 2θ ~ 28.6°, indicating that the dehydrogenation 
changed the crystal structure from cubic GdH3 to cubic GdH2. We also confirmed 
that the XRD of all the ad-GdH2 (5 %, 20 %, and 30 %) samples showed the same 
GdH2 fluorite structure in the as-deposited and dehydrogenated states.

Furthermore, the XAFS spectra of the ad-Gd and ad-GdH2 (H2: 50 %) samples in 
the dehydrogenated state and the XAFS spectra of the ad-GdH2 (H2: 50 %) sample in 
the as-deposited state were almost identical, confirming that these three states pos-
sessed the same GdH2 local structure. The extended X-ray absorption fine structure 
analysis was used to obtain the Gd–Gd bond distance, which was estimated to be 
3.73 Å for the dehydrogenated states (ad-Gd and ad-GdH2 (H2: 50 %) samples) and 
the as-deposited state (ad-GdH2 (H2: 50 %) sample), in agreement with the value for 

Fig. 2   XRD patterns of the Pd/Gd or Pd/GdH2 films with the ad-Gd and ad-GdH2 (H2: 50 %) samples for 
the as-deposited, hydrogenated, and dehydrogenated states. ●: Gd in the hexagonal close-packed struc-
ture, ▼: Gd in the face-centered cubic structure, ▲: GdH3 in the hexagonal structure, ♦: GdH3 in the 
cubic structure, and ■: GdH2 in the fluorite structure
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cubic GdH2. Different spectra were found for the ad-Gd sample in the as-deposited 
state and the hydrogenated state. From the former, we obtained a Gd–Gd distance of 
3.58 Å, close to the value of hexagonal metallic Gd, whereas, for the latter, it was 
3.68 Å, shorter than that of GdH2, in agreement with previous studies [26, 27]. (See 
Supplementary information, Fig. S2.)

Figure 3 shows the cross-sectional bright-field and dark-field TEM images of the 
ad-Gd and ad-GdH2 (H2: 50 %) samples. Figures 3(b) and (f) show ad-Gd sample 
after one cycle of hydro-/dehydrogenation, and Fig. 3(d) and (h) show ad-GdH2 (H2: 
50 %) sample after two cycles of hydro-/dehydrogenation. The bright-field images in 
Fig. 3 (a)–(d) show the results of volume expansion accompanied with the hydro-/
dehydrogenation. The thickness of the film increased by 13 % from the as-deposited 
state (Gd) to the dehydrogenated state (GdH2) in the ad-Gd sample, whereas in the 
ad-GdH2 (H2: 50 %) sample, a thickness increased by 2 % was observed from the 
as-deposited state (GdH2) to the dehydrogenated state (GdH2). Dispite those vol-
ume expansions, any defect and damage were not observed at the interfaces of the 
layers and the substrate, and the Pd layer uniformly covered the top surface. The 
dehydrogenated ad-Gd sample (Fig.  3(f)) exibits a columnar-like structure, which 
basically reflects that of the as-deposited Gd. The ad-GdH2 (H2: 50 %) sample shows 
more fiber-like (Fig. 3(h)) structure, which is attributed to vapor-phase crystalliza-
tion upon reactive sputtering.

Figure 4 shows changes in optical transmittance upon hydro-/dehydrogenation for 
the bilayer ad-Gd and ad-GdH2 (H2: 50 %) samples. The optical transmittance spec-
tra of ad-Gd and ad-GdH2 (H2: 50 %) samples were measured for one and two cycles 
of hydro-/dehydrogenation, respectively. For both samples, the film in the dehydro-
genated state was opaque due to free electrons, whereas it was transparent in the vis-
ible-to-infrared range upon hydrogenation owing to the reduction of free electrons. 
For the ad-GdH2 (H2: 50  %) sample, the transmittance spectra were reproducible 
for two cycles of hydro-/dehydrogenation. The changes in optical transmittance for 
ad-GdH2 (H2: 5 %, 20 %, and 30 %) samples are shown in Fig. S3 of Supplementary 
information.

Fig. 3   (a)–(h) Cross-sectional TEM images of the Pd/Gd/Mo or Pd/GdH2/Mo films with the ad-Gd or ad-
GdH2 (H2: 50 %) samples in the as-deposited and dehydrogenated states. (a)–(d) bright-field images and 
(e)–(h) dark-field images
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3.2 � Thermal and Electrical Conductivities Switchings

Figure  5 shows the thermoreflectance signals for the ad-Gd and ad-GdH2 (H2: 
50  %) samples in the as-deposited, hydrogenated and dehydrogenated states. The 
thermoreflectance measurements of ad-Gd and ad-GdH2 (H2: 50 %) samples were 
conducted for one and two cycles of hydro-/dehydrogenation, respectively. The 
transient signal corresponded to the decrease in the temperature of the heated sur-
face after laser heating. The thermoreflectance signals obviously changed between 
hydrogenation and dehydrogenation. Note that for the ad-GdH2 sample, the signal 
of the as-deposited state was comparable with those of the first and second dehy-
drogenated states. (See Supplementary information, Fig. S4(d).) The thermoreflec-
tance signals and cycle reproducibility for ad-GdH2 (H2: 5 %, 20 %, and 30 %) are 
shown in Figs. S4(a)−(c) and S5 of Supplementary information. Figure 6(a) shows 
the thermal conductivities of the ad-Gd and ad-GdH2 (H2: 50 %) samples in the as-
deposited, hydrogenated, and dehydrogenated states. The thermal conductivities of 
the ad-Gd sample were 7.3 W  m−1 K−1, 1.3 W  m−1 K−1, and 8.3 W  m−1 K−1 for 

Fig. 4   Optical transmittance spectra of the Pd/Gd or Pd/GdH2 films with the ad-Gd and ad-GdH2 (H2: 
50 %) samples, respectively, in the as-deposited, hydrogenated, and dehydrogenated states

Fig. 5   Thermoreflectance signals (phase) of (a) Pd/Gd/Mo and (b) Pd/GdH2/Mo films with the ad-Gd 
and ad-GdH2 (H2: 50 %) samples, respectively, in the as-deposited, hydrogenated, and dehydrogenated 
states
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the as-deposited, hydrogenated, and dehydrogenated states, respectively. The rela-
tive uncertainties of the thermal conductivities, which is calculated from geomet-
ric mean of relative uncertinties of volumetric heat capacity and thermal diffusivity, 
for all states were ~ 12 %. (See Supplementary Information, Figs. S6 and S7.) The 
average thermal conductivities of the first and second hydrogenated states of the ad-
GdH2 (H2: 5 %, 20 %, 30 %, and 50 %) samples were 1.6 W m−1 K−1, 1.9 W m−1 
K−1, 1.4 W m−1 K−1, and 1.8 W m−1 K−1, respectively. The average thermal con-
ductivities of the first and second dehydrogenated states of the ad-GdH2 (H2: 5 %, 
20 %, 30 %, and 50 %) samples were 8.7 W m−1 K−1, 5.6 W m−1 K−1, 5.4 W m−1 
K−1, and 6.9 W m−1 K−1, respectively. The relative uncertainties of the thermal con-
ductivities of the ad-GdH2 (H2: 5 %, 20 %, 30 %, and 50 %) samples for all states 
were ~ 8.7 %. (See Supplementary information, Fig. S7 − S15.) The thermal switch-
ing ratios (TSR) of the ad-Gd and ad-GdH2 (H2: 5 %, 20 %, 30 %, and 50 %) sam-
ples, which is the ratio of the thermal conductivity of the ON state to that of the OFF 
state, were 6.4, 5.4, 2.9, 3.9, and 3.9, respectively. Figure 6(b) shows the electrical 
conductivities of the ad-Gd and ad-GdH2 (H2: 50 %) samples in the as-deposited, 
hydrogenated, and dehydrogenated states. The electrical conductivity changes upon 
hydro-/dehydrogenation showed the same trend as the thermal conductivity changes. 
For the ad-GdH2 (H2: 5 %, 20 %, 30 %, and 50 %) samples, 2-cycle reproducibilities 
were confirmed for both thermal and electrical conductivities. (See Supplementary 
information, Fig. S16.) Fig. 7 shows the relationship between thermal and electri-
cal conductivities, in which the straight line indicates the WFL at 298.15 K with a 
Lorentz number of 2.45 × 10−8 W Ω K−2. In all the ad-Gd and ad-GdH2 samples, a 
series of thermal conductivity changes for Gd, GdH3, and GdH2 had a slope similar 
to that of the WFL estimation. The electrical and thermal conductivities of the dehy-
drogenated GdH2 states of the GdH2 (H2: 20 %, 30 %, and 50 %) are smaller than 
those of GdH2 (H2: 0 % and 5 %), which could be explained in terms of the excess 
incorporation of hydrogens in the fluorite GdH2 structure.  

Figure 8 shows comparison of the TSR near RT for our samples to that of other 
thermal switching materials [1, 3, 4, 6, 10, 11]. The compared materials here 

Fig. 6   (a) Thermal conductivities of the ad-Gd and ad-GdH2 (H2: 50  %) samples in the as-deposited, 
hydrogenated, and dehydrogenated states. (b) Electrical conductivities with the ad-Gd and ad-GdH2 (H2: 
50 %) samples in the as-deposited, hydrogenated, and dehydrogenated states. The lines are guide for eyes
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are chosen based on solid substances and dry process switching. The TSR of the 
azobenzene polymer was reported to be 3.5, whose thermal conductivity is con-
trolled owing to the structural change due to UV irradiation. For the liquid crystal, a 
structural network was changed by the magnetic field, and its TSR reached 1.5. The 
TSR of the sputtered VO2 thin film associated with metal-to-insulator transition was 
1.5 and that of SrCoOx upon electrochemical oxidation/reduction was 4.0. In this 
study, the second largest switching ratio of 6.4 (Gd start film) was obtained after the 
Ni–Mg switchable mirror thin film. The TSRs for the switchable mirror materials 
such as the Gd, Y–Mg, and Ni–Mg are large compared to those reported from many 
other dry processes. The GdH2 start thin film could be expected for practical use as a 
thermal switching material because of its high TSR and small volume expansion due 
to hydrogenation and hence the high durability.

Fig. 7   Thermal conductivity ( � ) 
as a function of electrical con-
ductivity ( � ). Symbols of circle, 
triangle and square indicate Gd, 
GdH2, and GdH3, respectively

Fig. 8   Summary of the TSR 
near RT for various thermal 
switching materials using the 
dry process (The labels above 
each bar denote the TSR)
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4 � Conclusion

The Gd and Gd hydride films as the switchable mirror materials were investi-
gated for their potential use in thermal switching devices. The in  situ analyses 
of the structural, optical, electrical, and thermophysical properties of the films 
were conducted during gasochromic hydro-/dehydrogenation using diluted H2 gas 
(3 %), indicating the clear control between the metallic Gd and GdH2 and semi-
conductor GdH3 states. The TSR were 6.4 and 2.9–5.4 for the ad-Gd film (the Gd 
film in the as-deposited state) and the ad-GdH2 (H2: 5 %, 20 %, 30 %, and 50 %) 
films (the GdH2 films in the as-deposited state), respectively, indicating their high 
potential as the thermal switching layer. The thermal conductivity changes in this 
system can be estimated using the Wiedemann–Franz Law (WFL) and electrical 
conductivities.
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