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Using interface-sensitive resistance measurement techniques, we detected the reduc-

ing reaction precursor at the interface between the metallic oxide SrRuO3 and the

electrodes under a hydrogenous atmosphere at room temperature. The interface re-

sistance between this polycrystalline oxide and the electrodes (metallic pads or wires)

clearly increased with the hydrogen present even at room temperature. In contrast,

for bulk SrRuO3, no increase in resistance was found. The rate of increase of the

interface resistance depends on the electrode material. For example, that of SrRuO3-

Ag is larger than that of SrRuO3-Cu, and the rate is related to the propensity for

bulk oxide to reduce; Ag2O is easier to reduce than CuO. The origin of the increase in

interface resistance is posited to be the partial deficiency of oxygen in SrRuO3. Our

experiments suggest that the reduction at the interface of SrRuO3 occurs at relatively

low temperatures (room temperature) compared with the bulk reducing temperature

of ∼ 200◦C previously reported. In addition, electrode materials control the reducing

reaction at the interface.
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I. INTRODUCTION

Hydrogen causes drastic changes in matter. For example, atomic hydrogen adsorbed on

insulating SrTiO3 induces a metallic state at the surface1. Very recently, extreme high-

temperature superconductivity was discovered in high-pressurized hydrogen compounds;

specifically, H3S at 203 K2, and LaH10 at 250 K3. Not only for basic science but also

for applied science, hydrogen attracts much attention because of its great potential as an

extremely clean energy source without producing CO2. To date, the high number of studies

attest to the variety of fields delving into hydrogen-related science. Although reduction is

one of the simplest chemical reactions, the reaction is usually performed at higher temper-

atures than room temperature because the thermal energy usually accelerates the chemical

reaction. For instance, the reduction of CuO is not expected at room temperature without

heating. In general, because the surface/interface state is qualitatively different from the

bulk state, the reducing reaction temperature at the surface/interface is different from the

bulk. Therefore, bulk and surface/interface reactions must be assessed separately.

The SrRuO3 (SRO) oxide is one of the rare electrically conducting oxides without doping

and exhibits a rather high conductivity4,5. The bulk properties have been well studied,

especially the ferromagnetic transition, which occurs at 160 K4,5. Owing to its pseudo cubic

perovskite structure and good lattice matching to other perovskite oxides, SRO is used in

applications as an electrode in functional devices5. However, SRO films degrade and become

less conductive in forming gas (FG, e.g. 5% H2 + 95% Ar) annealing, which is necessary to

improve the quality of Si-based devices. According to Halley and colleagues6, the resistivity

of a SRO film starts to increase at ∼ 300◦C because of hydrogen diffusion and rapidly

changes at ∼ 500◦C through the decomposition of SRO during FG annealing; corresponding

in-situ X-ray diffraction (XRD) signals at ∼ 200◦C and at ∼ 450◦C were also observed. From

XRD measurements, Lin and colleagues7,8 reported the degradation of SRO films starting

at ∼ 200◦C in the FG (3% H2 + 97% N2) annealing process. From a thermogravimetry

analysis, Mlynarczyk and colleagues9 observed a loss of sample mass at 300◦C during FG

(4% H2 + 96% Ar) annealing, whereas from thermochemical reactivity measurements in

flowing molecular hydrogen, Bensch and colleagues10 reported an onset temperature of 800

K (∼ 530◦C) in the reduction of SRO single crystals. All previous experiments had been

done with SRO films or crystals; whether reducing reactions simultaneously occurred in the
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bulk and at the surface/interface was not necessarily clear.

Here, from electrical transport measurements, we report room-temperature reduction at

the interface of a ruthenium oxide compound. We adopted separately bulk and interface-

sensitive resistance measurement techniques, and measured both the bulk and interface

resistances of SRO in a hydrogen atmosphere at room temperature. We emphasize again

that the room temperature is much lower than the onset temperature of decomposition

∼ 200◦C that was previously reported6–8.

II. EXPERIMENTAL METHODS

The main samples of polycrystalline SRO were prepared using a conventional solid-state

reaction method with SrCO3 and RuO2 as starting materials. After careful mixing, the

materials were shaped into pellets and sintered at 1100◦C in air. After crushing the pellets,

the above process was then repeated. Typically, the range of grain sizes of sintered SRO

is approximately 0.1–1 µm, which we obtained from scanning electron microscope images11.

The pellets were cut into thin slabs (∼ 3× 2× 0.5 mm3) for resistance measurements.

Electrical resistances were measured using three methods: (i) four-terminal (4T) sensing

for the bulk sample, (ii) three-terminal (3T) sensing for the interface between sample and

conductive epoxy pad, and (iii) point-contact (PC) for the interface between sample and

metallic wire tip. Each of these methods have specific features, which we outline separately

in the above order:

(i) For the 4T method, the conventional technique, the two current-supply lines are

isolated from the two voltage-measurement lines so as not to measure the interface resistance

between sample and conductive epoxy pads [see Fig. 1(a)].

(ii) For the 3T method, one of the two conductive epoxy pads for the current lines is

common to one of those for the voltage lines [Fig. 1(b)]. Thus, the interface resistance

between sample and conductive epoxy pad is measured [see circuit diagram at the bottom

of Fig. 1(b)]. Note that the 3T method is sensitive to the interface resistance and not

the bulk. Hereafter, without further notice, we used Ag epoxy for the pads except for the

SRO 3T measurements, for which we used both Ag and Cu epoxy to check the influence of

different materials. For the 4T and 3T methods, we measured not only the SRO samples but

also samples of commercial Pd (purity 99.95%), Cu (purity 99.96%), and sintered carbon
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composition resistors (2.2 Ω); they are used as references, namely, a hydrogen-storing metal,

a non-hydrogen-storing metal, and a porous material, in the above same order. Furthermore,

concerning the 3T method, we measured sintered RuO2 polycrystalline samples. The RuO2

samples, which were made of commercial RuO2 powder sintered at 1050◦C with oxygen gas

flow, showed good metallic behavior similarly to SRO as the temperature decreased.

(iii) For the PC method, a metallic tip is pushed gently against the sample surface to

form the junction. The junction resistance is usually much larger than the bulk resistance

of the sample or the metallic tip itself. Therefore, the PC measurement is also sensitive

to the sample-tip interface. We used five different commercial metallic wires (0.20 mm in

diameter) for the tips: Au (purity 99.95%), Pt (purity 99.98%), Ag (purity 99.99%), Cu

(purity 99.9%), and Fe (purity 99.5%).

The experimental measurements were taken following a set procedure. First, to evaluate

the initial states, 4T or 3T resistance−temperature (R–T ) measurements for the initial

samples (not exposed to hydrogen gas) were performed in vacuum (< 1 × 10−3 Pa), using

a Gifford–McMahon refrigerator, over a cooling and warming cycle from room temperature

to 4 K and then back to room temperature. Next, at room temperature, under a pressure

of 3.5×104 Pa, hydrogen gas (commercial composition of purity 99.999%) was fed into the

vacuum chamber exposing the samples to hydrogen molecules for a duration of two days.

During this exposure, the time variation of the resistance R(t) was measured in the closed

chamber. Then, after pumping the hydrogen gas out, the 4T or 3T R–T measurements were

performed again in vacuum for the hydrogen-exposed samples. Moreover, R(t) for the 3T

SRO samples were obtained not only at room temperature but also higher temperatures

(between 30–60◦C), which were regulated using a mantle heater surrounding the chamber.

For the PC method, however, a freshly nipper-cut metallic wire tip was set closely to the

SRO sample surface in the vacuum chamber. After pumping the ambient air out from the

chamber to less than 1 × 10−3 Pa, the tip was pushed gently against the sample surface

to form the SRO-tip interface. At the regulated temperatures up to 60◦C (as for the 3T

SRO measurements), the interface resistance remained stable. Hydrogen gas at a pressure

of 3.5×104 Pa was again established in the chamber, and R(t) variations of the samples

were measured over two days. The R–T measurements for the 4T and 3T methods were

performed using the standard lock-in technique applying an ac modulation frequency of 89.3

Hz. On the other hand, R(t) measurements in hydrogenous atmosphere at room temperature
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or regulated temperatures up to 60◦C for 4T, 3T and PC methods were performed using

either this lock-in technique or the dc method using a Keithley 2400 source-measure unit.

III. RESULTS

Figure 2(a,b) shows the R–T results for Pd and SRO, respectively, obtained from the

4T method before and after hydrogen exposure. For Pd, the resistance after hydrogen

exposure becomes higher than that before exposure and features an anomaly around 50 K.

This anomaly is strong evidence that hydrogen atoms dissolve into the palladium lattice

sites through the glass transition12–14. In contrast, the 4T R–T of SRO [Fig. 2(b)] shows no

changes when exposed to hydrogen. The curves appear the same and feature a kink at 160

K that arises from the ferromagnetic transition for both samples, indicating that hydrogen

neither dissolves into the SRO lattice nor affects this transition. Next, the 3T R–T curve

of the data for Pd after hydrogen exposure [Fig. 2(c)] is similar to that before exposure,

except that the resistances are higher after hydrogen exposure than before exposure. We

recall that the 3T method yields not the bulk but the interface resistance, the latter being

approximately a hundred times larger than the former. Similar to the Pd result, the two

3T R–T curves for SRO before and after hydrogen exposure [Fig. 2(d)] are similar in shape

and resistances are higher after hydrogen exposure than before. This higher resistance after

hydrogen exposure is evidence of a hydrogen reaction at the SRO interface because, from

the 4T curves [Fig. 2(b)], the bulk resistance shows no change after hydrogen exposure. In

addition, the 3T resistances for SRO are approximately 30 times larger than those obtained

from the 4T method, indicating that the 3T data reflect not the bulk but the interface

resistance. We also note that the ferromagnetic transition kink at 160 K becomes dull

for 3T R–T [Fig. 2(d)] compared with the 4T curve [Fig. 2(b)] probably because the

ferromagnetic transition is suppressed at the interface.

Figure 3 shows the R(t) results obtained using the 4T and 3T methods for SRO, Pd, Cu,

and C at room temperature. Here we compare the normalized resistance R(t)/R0, where R0

is the resistance just after introducing hydrogen into the chamber. Whereas the absolute

value of R depends on the width of the epoxy pad, the normalized R(t)/R0 is free from such

experimental uncertainties. We examined R(t)/R0 for two different 3T SRO samples with

different R0 values with both yielding almost identical curves (not shown here). Initially,
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the hydrogen response to the resistance of 4T method was only detected in Pd, whereas no

response was detected in SRO, Cu, and C. The 4T resistance of Pd immediately starts to

increase just after hydrogen exposure reaching a saturated value after 10 h had passed. The

bulk resistance of PdHx is known to monotonically increase as x increases from 0 to 0.7515.

This result shows that only Pd stores hydrogen inside the bulk material, whereas the others

do not. Next, for the 3T R(t) measurements, we see the resistance increases for SRO as well

as Pd, whereas Cu and C do not show significant increases. Here, we note that R(t)/R0 of

SRO started to increase just after hydrogen exposure whereas for Pd there was some delay in

the rise of R(t)/R0. Furthermore, R(t)/R0 of SRO continued to increase for two days and did

not show any saturation behavior; for Pd, a saturated value was reached after 20 h. These

results show that SRO reacts immediately with hydrogen at the interface and continues for

a long time. In contrast, Pd reacts with hydrogen first inside the bulk and subsequently

at the interface, and finished reacting, although the reason for the delay in starting at the

interface is unclear. Therefore, the increase in R(t)/R0 for SRO is qualitatively different

from that for Pd.

The temperature dependence of R(t)/R0 for SRO obtained from the 3T method [Fig.

4(a)] shows that the increase in R(t)/R0 is larger with higher temperatures, suggesting that

the hydrogen reaction at the interface is thermally activated. Here, we note that above

303 K the data were taken at regulated temperatures controlled by a mantle heater. The

data below 299K were taken at unregulated temperatures, although an average temperature

with a slight fluctuation (± ∼ 1 K) was obtained. In addition, the upper limit for this

experimental setup was 333 K and was imposed to avoid thermal leaks caused by thermal

expansion from the taper-sealed vacuum chamber. The behavior for data at 318 K, after

the hydrogen exposure experiment, is also shown: from 47 h to 58 h, hydrogen gas was

pumped out using a turbo molecular pump and afterwards fresh air was introduced into the

chamber at atmospheric pressure. Interestingly, on substituting hydrogen for fresh air, the

interface resistance decreased. We believe that oxygen atoms in the air play an important

role to recover electrical conductivity at the interface; this role is discussed later. Figure 4(b)

shows a plot of ∆R(t)/R0 versus temperature, where ∆R(t)/R0 = R(t)/R0 − R(0 h)/R0 =

R(t)/R0 − 1 is the normalized resistance increase from 0 h to t (here, we show t = 10 h and

40 h). From an approximate extrapolation, we expect a non-zero ∆R(t)/R0 to be observed

at approximately 270 ∼ 280 K. This result suggests that the hydrogen reaction occurs at
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the SRO interface at ∼ 0◦C, which is much lower than the bulk reducing temperature of

∼ 200◦C6–8.

In Fig. 5(a), we show the 3T R(t)/R0 result for RuO2 at 303 K compared with the SRO

result obtained under the same experimental conditions. We observed an increase in 3T

R(t)/R0 at the RuO2 interface similar to SRO at room temperature, although the rate of

increase is smaller than that of SRO. Figure 5(b) shows the epoxy material dependence of 3T

R(t)/R0 for SRO. With Cu-epoxy pads, the increase in R(t)/R0 during hydrogen exposure

is much less than for the Ag-epoxy pads. This result suggests that rate of hydrogen reaction

depends on the epoxy material.

To check the influence of the contact materials, we performed several PC experiments

(see Figs. 6 and 7). As tips, we used five wires of different metals, specifically, Au, Pt, Ag,

Cu, and Fe. Each metal tip was pushed gently against the SRO surface to form a junction

(see lower inset of Fig. 7), the resistance of which is typically ∼ 1 Ω (Fig. 6). We used two

different tips of the same metal with different pushing strengths, for which R0 are different

by a factor of ∼ 2. Just after hydrogen exposure, an unexpected jump in R sometimes occurs

that arises through some vibrational instability during the feeding of the hydrogen gas. To

remove the uncertainty, we defined R0 as the resistance just after the jump from which the

resistance starts gradually to increase (Fig. 6). Figure 6 shows the qualitative similarity of

trends in R(t)/R0 for the same metal. Although the increasing magnitude in R(t)/R0 of

Ag is different from each other, the other materials (for Au and Cu, in especial) show good

reproducibility in R(t)/R0. Figure 7 shows the tip material dependence of R(t)/R0. Here,

we chose the data of Ag#1 (see Fig. 6) for Ag because of the following reasons. Empirically,

we studied that successive hydrogen exposure enhanced the increase in R(t)/R0 for the PC

experiments (not shown here) probably because of the progress of the interface degradation.

If surface degradation might exist before hydrogen exposure, a large increase in R(t)/R0

might occur despite the initial hydrogen exposure, as seen in the case of Ag#2. In Fig.

7, we see that rate of increase in R(t)/R0 depends on the material. Within ∼ 5 h, the

data of R(t)/R0 for Au and Pt show almost identical curves and feature the largest changes

among the five materials. Concerning for Ag, Cu, and Fe, the increases become smaller in

magnitude. We note that the rate of reaction is larger for Ag than Cu, which is in qualitative

agreement with earlier results [Fig. 5(b)]. Beyond ∼ 10 h, for all materials except Cu, the

increase in R(t)/R0 gradually slows. For the Cu-tip, the increase is monotonic (Fig. 7,
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upper inset). Here, we note that the tip hardness of the material is not a critical factor of

the PC experiments because no correlation in Mohs scale is found; specifically, 2.5–3 (Au),

4.3 (Pt), 2.5 (Ag), 3 (Cu), 4.5 (Fe). Here, each numerical value denotes the Mohs scale.

That is, if we divide the five different tips into two groups of similar hardness, specifically

(Au, Ag, Cu) and (Pt, Fe), common trends are not observed.

In Fig. 8, we compare the resistance increase normalized to that from 0 to 5 h,

∆R(t)/∆R(5 h) = (R(t) − R0)/(R(5 h) − R0), obtained by the different methods—3T

and PC for Ag and Cu [see Figs. 5(b) and 7]. The normalized data of Ag-epoxy (3T) and

Ag-tip (PC) show a remarkable similarity in time dependence. In contrast, the two curves

for Cu show a linear time dependence, which is qualitatively different from that for Ag

although the two Cu curves are not equivalent. Therefore, we assert that electrode material

dependence of hydrogen reaction is not trivial but intrinsic.

IV. DISCUSSION

We summarize the important results from our SRO experiments: (1) The 3T R(t)/R0

results show a continuous increase in resistance during hydrogen exposure even at room

temperature; in contrast, the 4T results do not. (2) The rates of increase in 3T R(t)/R0

are larger at higher temperatures. (3) The rates of increase in 3T R(t)/R0 depend on the

conducting epoxy materials being larger with Ag epoxy pads than with Cu ones. (4) In

regard to (3), the rates of increase in the PC R(t)/R0 depend on the tip material, being

largest for Au and Pt tips, then, Ag, Cu, and smallest for Fe.

Considering these results, we discuss the origin of the increase in resistance at the SRO-

metal interface. According to Halley and colleagues6, with the FG annealing of SRO, weak

and smooth increases in resistivity were observed at ∼ 300◦C because of hydrogen diffusing

into the SRO lattice and the generation of oxygen vacancies: SrRuO3 + xH2 → SrRuO3−x

+ xH2O. Further heating to ∼ 500◦C showed a sharp transition in resistivity because of

the decomposition of SRO: SrRuO3 + 2H2 → SrO + Ru + 2H2O. Therefore, at ∼ 300◦C,

the conducting network (· · ·-O-Ru-O-· · ·) starts to break up, and the resistance increases

gradually. Next, agglomerating islands of Ru generated at ∼ 500◦C are isolated from the

conducting network, and the resistance rapidly increases10. Here, we also note that the

SRO resistivity was observed to increase and change from a metallic behavior to a semi-
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conducting behavior under a reduced oxygen pressure during film growth16. Hence, oxygen

deficiency certainly lowers the conductivity in SRO.

With the room temperature being much lower than the bulk reducing temperature, the

resistance of the bulk most likely never changes under a hydrogen atmosphere at room

temperature. In this work, however, we suggest that a partial reduction (oxygen deficiency)

occurs at the interface even at room temperature for the following reasons. Concerning result

(2), the hydrogen reducing reaction conceivably had accelerated at higher temperatures.

Furthermore, the recovery of conductivity for hydrogen-exposed SRO samples through the

exposure to fresh air [Fig. 4(a)] implies an opposite reaction to a reduction. Plausibly,

oxidation, which repairs oxygen vacant networks in SrRuO3−x-metal channels, recovers the

conductivity at the interface. Here, we note that air contains not only O2 but also N2, H2O,

and other gases. However, N2 should be inactive and H2O reacts with SrO to form Sr(OH)2,

which results in a degradation of the SRO interface8 that involves the reverse reaction that

decreases the resistance. Thus, we regard O2 as a key molecule in recovering electrical

conductivity. Regarding results (3) and (4), an Ellingham diagram17, which represents the

Gibbs free energy versus temperature to form metal oxides, is considered and shows reducing

trends for several metal oxides. For example, bulk Ag2O is easily reduced by heating to only

200◦C without a reducing agent, whereas CuO is hard to reduce without a reducing agent

and heating to 1800◦C is needed. Furthermore, FeO is harder to reduce than CuO. Therefore,

the most stable material to use in a reducing environment among FeO, CuO, and Ag2O is

FeO, the next being CuO, and the last Ag2O. We speculate that the initial rate of increase

in R(t)/R0 is closely related with the reducing trends of the electrode material oxides. Here,

we assume pseudo-oxides based on Ag, Cu, and Fe form at the interface of the SRO because

of overlaps of their wave functions (Fig. 9). Because Ag2O is easier to reduce than CuO,

the rate of increase in R(t)/R0 for an Ag epoxy pad/tip is likely to be larger than that of

Cu. In light of this work, there is consistency with this scenario in that the rate of increase

of R(t)/R0 for Fe is the smallest. In contrast, Au and Pt hardly form oxides. Therefore,

in this instance, oxygen atoms at the interface are easily reduced with hydrogen because

Au(Pt)-O bonding is weak. Then, the rate of increase in R(t)/R0 for Au and Pt are similar

and are largest among Au, Pt, Ag, Cu, and Fe.

From recent surface XRD experiments for RuO2(110) on Ru(0001), the XRD signals show

a partial reduction on the RuO2 surface following hydrogen exposure (1.1×10−5 Pa of H2)
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even at 300 K18. This report supports our scenario of a room-temperature reduction at the

SRO-metal interface. In Fig. 5(a), we observed that the rate of increase in 3T R(t)/R0

for RuO2 is smaller than that of SRO. The origin of the quantitative difference is as yet

unclear, however, the existence of SrO as well as RuO2 in SRO may affect the reducing rate

and should be resolved in the near future.

As an additional remark, if H2O is generated as a result of reduction, it may subsequently

react with SrO to form Sr(OH)2
8. In this case, because R(t)/R0 has also a tendency to

increase from losses in the conducting network, distinguishing them as originating from a

reduction only or a water reaction in addition is difficult at present.

V. CONCLUSIONS

Using separately the interface and bulk-sensitive measurement techniques of electrical

resistance, we studied the reducing reaction for conducting ruthenium oxide SrRuO3 in

a hydrogen environment near room temperature. We found that the room-temperature

interface-sensitive resistance between SrRuO3 and a pad/tip of a metal electrode increases

in a reducing environment, whereas no variation in resistance is seen for the bulk. We

conclude that the partial reduction occurs at the SrRuO3-metal interface even at room

temperature and is much lower than the bulk reducing temperature. We also found that the

reducing rates depend on the stability of the metal oxides present in the electrode against

the reducing environment; that is, the rate of reaction is higher in more unstable oxides.
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FIG. 1. Schematics of the wiring (upper) and circuit diagrams (lower) of the electrical resistance

measurements for (a) four terminal (4T) and (b) three terminal (3T) methods. Each method

measures the resistances marked in red.
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FIG. 4. (a) Temperature dependence of R(t)/R0 for SrRuO3 3T in H2 gas atmosphere (3.5×104

Pa of H2 from 0 h). For the 318 K data, the H2 gas was pumped out from 47 h to 58 h, and then

fresh air was introduced at 1 atm at 58 h. (b) ∆R(t)/R0 versus temperature. ∆R(t)/R0 is the

increase in the normalized resistance from 0 h to t. The data at t = 10 h (black open circle) and

40 h (red solid circle) are shown.
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FIG. 5. Comparisons of 3T R(t)/R0 curves for different setups in H2 gas atmosphere (3.5×104 Pa

of H2 from 0 h) at 303 K: (a) SrRuO3 and RuO2, and (b) Ag-epoxy and Cu-epoxy pad for SrRuO3.

16



0.6

0.61

0.62

0.63

(j)

Fe#1

R0

R
 (

)

0.92

0.93

0.94
(k)

Fe#2

R0R
 (

)

0 2 4 6 8 10
0.98

1

1.02

1.04 Fe#1 (Fig.7)
Fe#2

(l)

R
/R

0

time (h)

1.36

1.38

1.4

1.42

Au#1

R
 (

)
(a)

R0

0.8

0.81

0.82

0.83

0.84

Au#2

R
 (

)

(b)

R0

0 2 4 6 8 10
0.98

1

1.02

1.04

Au#1 (Fig.7)
Au#2

time (h)

R
/R

0

(c)

1.08

1.09

1.1

1.11

1.12

Cu#1

R
 (

)

(g)

R0

1.68

1.7

1.72

1.74

Cu#2

R
 (

)

(h)

R0

0 2 4 6 8 10
0.98

1

1.02

1.04 Cu#1 (Fig.7)
Cu#2

R
/R

0

time (h)

(i)

0.36

0.37

0.38

0.39

R
 (

)

(d)

Ag#1

R0

1

1.05

1.1

R
 (

)

(e)

Ag#2

R0

0 2 4 6 8 10
0.98

1

1.02

1.04

time (h)

R
/R

0

(f)

Ag#1 (Fig.7)
Ag#2

FIG. 6. Resistance R(t) and normalized resistance R(t)/R0 versus time for the SrRuO3-metal tip:

(a–c) Au, (d–f) Ag, (g–i) Cu, and (j–l) Fe in H2 gas atmosphere (3.5×104 Pa of H2 from 0 h) at

303 K obtained with two different tips of the same metal using the PC method. The horizontal

dashed line of each R(t) plot indicates the R0 value.
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FIG. 9. Schematics of the SrRuO3-metal interface in (a) vacuum and (b) a hydrogen atmosphere.

Oxygen atoms at the interface recombine with hydrogen molecules in (b).
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