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Hydrogen at the surface and interface of metals on $111)
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The depth-resolved measurement of hydrogen using the resonant nuclear realkigfay)'°C in the
formation of(Pb, Ag, and CySi(111]) interfaces is reported. It was found that Pb deposition ¢h13j1x1-H
at 110 and 360 K leads to the formation of the Pb/KIE1) interface. Upon deposition of Ag at 110 K,
however, it was found that a quarter of the monolayer of H migrates to the surface of Ag with the rest of H
remaining at the Ag/$111) interface. The preadsorbed H atom was desorbed from the surface by deposition
of Ag and Cu at 360 K, suggesting th@g, Cu)/H/Si(111) is a metastable structure. The relative stability of
the interface H is discusse[50163-182809)03619-X

[. INTRODUCTION enables us to directly detect H with depth resolution, which
is well suited to the study of metal on H-terminated surfaces.
Hydrogen at solid surfaces and interfaces has receivel is demonstrated that the nuclear reactiorttef*N,ay)'°C
much attention in recent years from the viewpoint of techno-has detection limit for H adsorbed on a solid surface less
logical application as well as fundamental physics andhan 1/10th of a monolayéf:** This reaction was applied to
chemistry! Hydrogen adsorption at solid surfaces is the ini-the investigation of the H trapping at the Al-Si interfa€en
tial step for a variety of surface and bulk phenomena such a@Ur previous papers, we reported that the use of resonant
hydrogen storage in materials and hydrogenation reaction§uclear reaction analysiRNRA) enables us to distinguish
From a fundamental point of view, many concepts of adsorpSurface and interface hydrogen. When Si is evaporated on
tion and diffusion are embodied in the system of H at solid™-t€rminated S001) at a low temperature, H atoms are
surfaces. Furthermore, hydrogen at semiconductor surfacé¥esent at thelmterface between the substratel z_and the depos-
and interfaces is of practical interest and importance becaudd Si layer™ In the case of metal deposition on the
hydrogen atoms frequently passivate semiconductor surfaced(111-H surface at room temperature, Ag induces H de-
and also reduce the density of the interface states by saturgt?"Ption f;°m the surfacé while Pb forms interface
ing the dangling bond. According to the work by Nth and hydroggnz. . _—
co-workers, hydrogen at the metal-semiconductor interface, ' this paper, we report a RNRA investigation of H upon

depending on the kind of metals, significantly influences themetal(Pb' Ag, and Clideposition on a hydrpgen—termin_ated
Schottky-barrier height thereby offering an opportunity to>i(111 surface at 360 and 110 K. Depending on the kind of

modify and control the barrier height by dosing H atomsdeposited metals and the subs_t_rate temperature, the behavior
before formation of metal-silicon contads In recent ©Of hydrogen upon metal deposition and also the growth mode
years, it has been found that hydrogen atoms sometimdd the metal reveals dramatic changes.

modify the growth mode of the metal® and

semiconductors~®acting as a surfactant. However, I|t'gle is Il. EXPERIMENT
known about the real role of H and the H concentration in
the resulting epitaxial film and the interface. The experiments were performed in an UHV chamber

A difficulty for the study of H at surfaces and interfaces is (base pressure:»310™ 1°mbar) which was attached through
that H is visible to quite limited techniques, because of thewo-stage differential pumping to the 2C beam line of the
small scattering factor due to light mass and limited avail-tandem-type Van de Graaff accelerator at the Research Cen-
ability of electron spectroscopic techniques. High-energy iorter for Nuclear Science and Technology at the University of
beams offer a way to detect hydrogen atoms. Stability of HTokyo. The*N?* ion beam was accelerated to an energy of
at the Au-Si interface was investigated by the measuremer.385 MeV and introduced into the UHV chamber, inducing
of D coverage using nuclear reaction analy§iand the sys- the *H(**N,a)**C nuclear reaction with H atoms adsorbed at
tem of Au deposition on H-terminated Si was recently inves-the surface. Detection of rays with an energy of 4.43 MeV
tigated by core-level spectroscopyApplication of a reso- emitted as a result of the nuclear reaction by a@#iO;,
nant nuclear reaction instead of a nonresonant reactioscintillator enables us to measure the H concentration. Since
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the reaction at this energy has a resonance width of 1.8 keV
(Ref. 29 and the stopping power of a solid for the incident N
beam is the same order of magnitfdé®variation of the ion
energy gives us the depth information about H atoms in a
solid. The energy width of the incident ion beam was 10
keV, which was achieved by monochromatization with the
energy analyzeforbital radius: 1270 mpnat a slit width of 4

mm and with the help of a slit feedback system. The typical
beam current and beam size at the sample were 30 nA and 2
mm in diameter, respectively. The measurement time was
100-200 s per data point and one monolayer of H for
Si(111) yields 51 countgiC at the resonance energy. Since
the y-ray yield gradually decreases after a prolonged mea-
surement with a time constant of about one hour probably
due to ion-induced desorption, estimation of H coverage was
carried out after correcting the effect of the decay. The ion
source at this accelerator is a Cs-sputtering type with a solid
cathode of Ti°N+C, which produces a CNion of around 1

MA.

The sample used in the present study i€181)1Xx1-H,
which was prepared by dosing atomic H at a sample tem-
perature of 820 K until the H coverage was saturated. Before FIG. 1. Intensity profiles of they ray from the'H(**N,ay)**C
dosing H, the Sil11) sample was cleaned by flashing at nuclear reaction as a function of the incidé?™ beam energy taken
1470 K. Atomic hydrogen was produced by passing hydrofor the sample of Pb depositon on (81D1X1-H. (a)
gen molecules through a tungsten tL(ﬁemm in diameter, Si(lll)le-H before Pb depositior(b) Pb deposition of 45 A at
0.1 mm thick, 30 mm longheated at 1900 K. The sample 360 K, and(_c) Pb deposition of 45 A at 1_10 K. Solid curves are fits
prepared in this way exhibited a cleax1 low-energy elec- 0 & Gaussian forrfia sum of two Gaussian forms féo)].
tron diffraction (LEED) pattern indicating the formation of

H-terminated 5('&117)- A previous scanning tunnel micro- ering the instrumental width of 10 keV that is estimated from
scope(STM) study’ reports that this $11)1X1-H is the  the slit width of the ion energy analyzer, the observed width
ideal 1X1 structure with one H atom at a dangling bond andjs roughly consistent with the vibrational energy of H at
H coverage of one monolay¢ML) (7.83<10'Ycn¥). The  gj(111).%

sample temperature of lower than 400 K was measured by a Figyres 1b) and 1c) show they-ray intensity profiles as
Pt-PtRh thermocouple attached to the Ta electrode suppor fynction of the incident ion energy after Pb deposition of
ing the Si sample, yvh|le the_temperature of higher than 70Q,5 & on S{111)1x1-H at sample temperatures of 360 and
K was measured with an optical pyrometer. The sample temyqg K, respectively. Figure(lh) reveals the presence of two

perature_from 400 to 700 K was determined by extrapolatin omponents, one centered at 6.385 MeV and the other cen-
the relation between the sample current and temperature 0 '

the range of 700—1100 ¥ The evaporation of metdCu, ered at a higher energy, while Fig(c] exhibits one com-

Pb, and Ag was performed by using tungsten filaments andponent atan energy higher than the resonance energy. The
the thickness was measured by a quartz oscillator placed bBI€Sence of the higher-energy component clearly indicates
low the sample. The typical evaporation rate was 0.4 A/sthat appreciable amounts of hydrogen atoms are present be-
The sample temperature during metal evaporation and meg2W the surface after deposition of Pb atoms. The prable
surements was kept at 360 or 110 K, which was achieved b fitted to a sum of two Gaussian functions, which is shown

Y —ray yield (counts/uC)

6.36 6.38 6.4 6.42 6.44
Energy (Mé&V)

liquid-nitrogen cooling. y the solid curve in Fig. 1. The parameté&g and FWHM
(=2+4In20) obtained from the fit are 23:53.5keV and

IIl. RESULTS AND DISCUSSION 24.0“:_ 8.5keV for the highe_r-energy component. A fit of _the

. data in Fig. 1c) to a Gaussian form, on the other hand, gives
A. Pb/Si(11)1x1-H us E,; and FWHM values of 10:80.4keV and 21.3

Figure Xa) shows they-ray intensity profile as a function *=1.2keV, respectively. Furthermore, the H concentration
of the incident!>N beam energy taken for the($11)1x1-H  estimated from the integrated intensity of the specttanis
at a sample temperature of 360 K. The profile reveals a peak.10+=0.08 ML. At a sample temperature of 360 K, the H
at the resonance enerdyvhich is assumed to correspond to concentrations for the surface and higher-energy components
the H of 7.8 10"cn?. The solid curve fits to a Gaussian in Fig. 1(b) are estimated to be 0.60.1 and 0.41
function of the form ofA exd —{(E—Eg)—Ey}%/d?], whereE ~ +0.17 ML, respectively. The total amount of H is preserved
is the ion energyEg is the resonance energy of 6.385 MeV, during the Pb deposition at 360 K as well as at 110 K. Since
andA, Eg, ando are fit parameters. The spectral widithll the E, value represents the shift of the distribution with re-
width at half maximum(FWHM)] obtained from the fit is spect to the resonance energy due to the energy loss of the
12.7+0.4keV, which is much broader than the resonancencident beam, one can know the mean depth of H from the
width of 1.8 keV because of the Doppler effect caused by thestopping power. With the stopping power of Pb for N at
zero-point vibration of adsorbed H at the surfa¢€onsid-  6.385 MeV, 0.232 keV/&® the depth of the H correspond-
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(a) (b)

FIG. 2. Schematic figures of Pb growth on(R&i1)1x1-H at
substrate temperatures @) 360 K and(b) 110 K. Black dots
denote H atoms.

Y —ray yield (counts/#C)

. . - _ . .38 6.4 6.42 6.44
ing to the higher-energy components in Figé)land 1c) is Energy (MeV)

calculated to be 101 and 44.4 A, respectively. _ _ LS L

The mean depth of the higher-energy component ob- F!G- 3. Intensity profiles of they ray from the H(**N,ay)**C
served at 360 K is twice as much as the deposited amount ?nfjclear react!c?n as a function of the |nc!dé?ltl beam energy taken
Pb, hence it is considered that the Pb atoms form islands off’ Ag depgsmon on the SL111x1-H with coverages ofa) 39 A )
this surface, covering about 40% of the surface with a heigh?nd(b) /0 ata sample temperature of 360 K. Solid curves are fits
of 101 A and that 0.63 ML of H is present at the Si surface,to. a Gaussian form and the broken curve denotes the curve for
L . . . i(11D)1Xx1-H.
giving rise to the surface peak, while the rest of H remains a?
the interface between the Si substrate and Pb layer as sche- .
matically shown in Fig. @). Since the amount of deposited B. Ag/SI(11D1x1-H
Pb on the surfacé5 A) is in remarkable agreement with the  Intensity profiles taken after Ag deposition on
depth of H in Fig. 1c) (44.4 A), on the other hand, it is Si(111)1x1-H at 360 and 110 K are shown in Figs. 3 and 4,
concluded that all the H atoms preadsorbed on the surfagespectively. The Ag deposition at 360 K brings about a
remain at the interface between the substrate and the Pb layaubstantial decrease in theray intensity corresponding to
at a sample temperature of 110 K with a Pb layer of uniformthe surface H, suggesting that adsorption of Ag atoms causes
thickness as schematically shown in Figb)2 It should be H desorption from the surface at this temperature. The H
noted that the effect of the Pb-Si interdiffusion may be ne-coverage is estimated to be 026.03 and 0.150.02 ML at
glected at these deposition temperatures. Ag coverages of 39 and 70 A, respectively. Since the reduc-

According to previous studies, the Schottky-barrier heightion rate of H is small, the deposited Ag is concluded to form
for the Pb contact formed on(&@il1)1X1-H is reported to be islands without H atoms at the Ag-Si interface and that the H
higher than that formed on the bargi1) surface by 0.08 atoms remain at the uncovered surface, which is similar to
eV3%tis claimed that a H-induced dipole layer is presentthe case of Ag deposition on (3L1)7x7-H (Ref. 22 as
at the interface and that H atoms remain at the Pb-Sschematically shown in Fig.(8). Although the possibility
interface® which is strongly supported by the present study.for H atoms to be present at the surface of Ag islands cannot

It is worth noting that the spectral width corresponding tobe ruled out, this is unlikely to occur because the thermal
the interface component is substantially broadened comparetesorption temperature of H at Aldl1) is known to be 190
with the profile for S{111)1x1-H. Although this broadening K (Ref. 33 and H is expected to desorb at 360 K. From the
may suggest the H atoms corresponding to the interface contielation between the Ag coverage and the area covered by
ponents are distributed within some layers around the inter-
face, the main cause for this broadening is considered to be T
the energy straggling of the incident ion traveling in the Pb £
layer. According to the work by Rud, Biger, and Jensen,
the energy straggling of the N ion at an energy of 6.385 MeV
is reported to be proportional to the square root of the ion-
transmitting thickness of the solid and the atomic number to
the 0.39th powet? By using the curve reported in this paper,
FWHM of the energy straggling in the Pb layer is described
as 1.8/t keV where t is the thickness of the Pb layer in the
unit of A. From this formula, the energy straggling for thick-
nesses of 101 and 44.4 A are calculated to be 18.1 and 12.0
keV, respectively. Assuming that both energy straggling and : ! . : . ; ;
vibrational widths are described in a Gaussian form, convo- 6.36 6.38 6.4 6.42 6.44
lution of these two terms leads to total widths of 22.1 and Energy (MeV)
17.5 keV, which are roughly in agreement with the experi-  FiG, 4. Intensity profiles of they ray from theH(*N,a)'2C
mental values of 24.0 and 21.3 keV, respectively. The renyclear reaction as a function of the incidé™ beam energy taken
maining difference might be caused by the following rea-for Ag deposition on $111)1x1-H with coverages ofa) 33 A and
sons: (1) uncertainty in the energy straggling(2) (b) 67 A at a sample temperature of 110 ) Intensity profile
inhomogeneity of the Pb layer thicknes8) H migration taken after annealing at 300 K of the sample correspondiri)to
into the Si substrate and/or the Pb layer, &ichardening of  Solid curves are fits to a sum of two Gaussian forms and the broken
the H vibration at the interface. curve denotes the curve for($11)1x1-H.

>
w
(=2
o2}

Y -ray yield (counts/#C)
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9
Si(11] Si(111/ N 1
jo}) BN -
Q
(a) (b) =1 ]
FIG. 5. Schematic figures of Ag growth on(811)1x1-H at E
substrate temperatures ¢f) 360 K and(b) 110 K. Black dots o s (3) ]
denote H atoms. T _
"t (b)
Ag islands, the height of Ag islands is estimated to be 52 and 6.36  6.38 6.4 0.4z 5 44
82 A at Ag coverages of 39 and 70 A, respectively. Island Energy (MeV)

formation on the H-terminated Si surface is supported by a _ _ L5 L

previous study using scanning-electron microscopy where FIG. 6. Intensity profiles of they ray from the’H(*N,a)C

Ag atoms are observed to form islands with a height of 30 Anuclear reaction as a function of the incidéi beam energy taken

and a coverage of 13.4 ®.This result is in good agreement 10" Cu deposition on $L11)1x1-H with coverages ofa) 19 A and

with the present study. It is worth noting that Ag atoms in- (b) 31 A z'_:lt a sample temperature of 360 K. Solid curves are fits to

duce desorption of H only after islanding, not while diffusing a_Gau53|an form and the broken curve denotes the curve for
: Si(111)1x1-H.

on the surface, because Ag atoms arrive at the surface ran-

domly and migrate on the surface, leaving H atoms on S

before island formation. The previous study on the Ag con

tact with S{111) shows that the Schottky-barrier height

the Ag surface at 300 K. A possible interpretation is that
‘annealing brings about islanding of Ag atoms with a part of
the Si surface exposed to the vacuum. Although we cannot

formed on the H-terminated Si(111X11 surface is identical definitelv i . : :
. . ) . y identify the adsorption site of the surface H be-
with that formed on Si(111)% 1 without H, suggesting that .o Ag and Si from the spectrum, we suggest another

preadsorbed H atoms are replaced by deposited Ag "ﬂomspossibility, that the H atom corresponding to the surface

This conclusion is strongly supported by the present result.;;nnanent exists at the subsurface site of Ag with a higher
Figures 4a) and 4b) show intensity profiles taken after activation barrier for desorption.

Ag deposition of 33 and 67 A, respectively, on acinthe case of Pb deposition, it should be noted that the

Si(11D1x1-H at 110 K. Upon Ag deposition at 110 K, in sy ctral width corresponding to the interface H is broadened

contrast to the deposition at 360 K, a single peak observedymhareq with that of the surface component. The width
for Si(111)1x1-H before the deposition splits into two peaks ,i-inad from the fit is 23.7 keV. The energy straggling in

with increasing Ag coverage. This result suggests that bot g is described as 1.94 keV following the formula men-
surface and interface components are present after Ag depﬁ(’)ned above, which gives us the energy widBWHM) of

sition at 110 K. The_spectra are well fitted to a sum O.f W01 6.3 keV. By convoluting with the vibrational width, a total
Gaussian forms, which are displayed by solid curves in Fig

4. The obtained result for the coverage of 67 A shows tham?ghtﬁé tzaiﬁelr(ier%ve:]vtzf \(/):ltua;ngg Zévglig\lls In good agreement
one is centered &g (6.385 Me\j with a coverage of 0.28 P ' )
+0.03ML and the other is centered aEg+(23.7 i
+0.38) keV with a FWHM of 23.%0.8keV with a cover- C. Cu/SI11h1x1-H
age of 0.5& 0.05 ML. It seems that the total amount of His  Figures 6 and 7 show the-ray intensity profiles in the
almost preserved during Ag deposition at 110 K. With thecase of Cu deposition on @i11)1x1-H at 360 and 110 K,
stopping power of 0.335 keV/A, the mean depth of the bulkrespectively. Upon deposition of Cu at 360 K, theay in-
H is calculated to be 70.7 A, which coincides with the tensity corresponding to the surface H is dramatically de-
amount of Ag deposited onto the surface. Therefore, it ixreased to 0.13 MIFig. 6(b)], which is similar to the case
concluded that Ag atoms form a uniform layer at 110 K, inof Ag deposition. Since no substantial intensity is observed
contrast to the growth at 360 K. It is noted that the effect ofin the region higher than the resonance energy, most of the H
the Ag-Si interdiffusion can be neglected because of the lovatoms preadsorbed on the Si surface are concluded to be
substrate temperature. Furthermore, since there exists a sutesorbed from the surface by Cu deposition. The small
face component of H, it is considered that about a quarteamount of surface H observed even after Cu deposition of 31
monolayer of H segregates to the surface, occupying the suf suggests that Cu atoms form islands with H remaining at
face site of the Ag layer while the rest of H remains at thethe uncovered region of the surface. However, the possibility
Si-Ag interface as schematically shown in Figb of 0.13 ML H remaining at the surface of Cu deposited onto
Figure 4c) shows they-ray intensity profile taken after the Si surface cannot be ruled out at this stage, because the
annealing at 300 K the sample corresponding to Hilg).4t  thermal desorption temperature is higher than 350 K at a low
is noticed that the intensity of the interface component iscoverage’® At 110 K, on the other hand, while the-ray
dramatically reduced while the surface component seems tiotensity corresponding to the surface component is reduced
remain intact. The interface H is either desorbed from thewith increasing Cu coverage, a small intensity corresponding
surface or diffused into the bulk. It seems that the presenct® the bulk component is appreciably observed with Cu
of H at the surface of Ag even after annealing at 300 Kdeposition of as much as 60 A. After subtraction of the sur-
contradicts the previous discussion that H is desorbed frorface component, a fit of the subtracted spectrum to a Gauss-
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P L cesses such as diffusion and recombination. The thermal de-
| \\ i sorption spectrum of ffrom the 1X1 phase of S111) is
Fo reported to have a maximum at 840°KTo compare with
the isothermal desorption data for Pb, Ag, and Cu, we tenta-
tively assign the desorption temperature gftblthe onset of
the spectrun{temperature with a desorption rate of 10% of
the maximum in the spectrum720 K. On the other hand,
isothermal desorption data are presented at substrate tem-
peratures as low as 420, 550, and 600 °C forPag,38°
and Cu(Ref. 40 on Si(111), respectively. Therefore, the
: ‘ bonding strength of Si-H is stronger than that of Si-Pb but
6.36 6.38 6.4 6.42 6.44 weaker than those of Si-Ag and Si-Cu, provided that the
Energy (MeV) thermal desorption temperature is determined by the bond
FIG. 7. Intensity profiles of the ray from the H(N,ay)1C strength. H atoms tend to remain at the interface upon Pb

nuclear reaction as a function of the incidétl beam energy taken deposmon. V_Vh'le they are likely to be replgced by Ag and Cu
for Cu deposition on the 8i11)1x1-H with coverages ofa) 19 A ~ atoms arriving at the surface. As described above, the ex-
and(b) 60 A at a sample temperature of 110 K. Solid curves are fitschange process between H and metal atoms is temperature
to a Gaussian and a sum of two Gaussian forms(tiprand (c), dependent and most of the H atoms seem to be replaced by
respectively, and the broken curve denotes the curve foAg and Cu at 360 K. Hence, the exchange process is acti-
Si(11D)1x1-H. vated with a higher barrier for Ag than Cu. The H atom
replaced by a metal atom is considered to be desorbed from

ian form gives theE, and FWHM values of 23 1.1 keV the surface at a deposition temperature of 360 K because of

. o weak binding of H at Cu and Ag surfaces, as discussed
and 23.2-2.7 keV, respectively, which is demonstrated by aabove. It should be noted that about half of the monolayer H

solid curve in the figure. Although the fit parameters ob-.S desorbed by Cu deposition at 110 K even though the H-Cu

tained include large uncertainty due to the small intensity o : :
. . ond is stronger than that of H-Ag. This could be because Cu
this bulk component, the mean depth of H is calculated to breadily forms silicide at the interfad@*! The dynamics of

68.3 A with the stopping power of 0.338 keV/A for Cu, ; .
which is in rough agreement with the amount of Cu depos_I—_|—meta| exchange should be discussed in terms of the rela-

: . ive stability between the structures of metal/Hi3il),
ited on the surface. Since the H coverages of the surface al o :
interface components are 029.04 and g.l& 0.04 ML, re- /metal/S{111), and Hisilicide/S111) along with the com-

spectively, it is concluded that as in the case of Ag deposi_peting process of desorption from the surface. We also note

tion at 110 K Cu atoms form a uniform layer with 0.29 and that H might occupy the subsurfape site of metal durjng the

0.19 ML of H at the surface of Cu and the Cu-Si interface exchange process, as suggested in Sec. Il B. To elgudate the

respectively. Different from the Ag deposition, about 0.5 ML bonding mechanism of metal atoms at the H-termma’Fed Si

of H is desorbed from the surface by Cu deposition. surface as v_veII as the_ethange process, further experimental
The growth of Cu on the H-terminated($11) surface and theoretical investigations are required.

has been investigated by medium-energy ion scattéfiiig.

is reported that the preadsorbed H hardly affects the growth

of Cu on S{l111) at a substrate temperature of 300 K al- IV. CONCLUSION

though H adsorption is effective at higher temperatures. Itis \ye have investigated the behavior of H at13il) upon
suggested that H adsorbed or13il) is replaced by Cu at-  formation of metal-Si interfaces. By applying a resonant

oms impingin_g on the surface at 300 K, which is in goodclear reaction ofH(15N,a)'2C, we showed that H resid-
agreement with the present work. ing at the metal/Si interface is well resolved from that at the
surface. We found that H atoms stably occupy the interface
site of Pb/Si111), the growth mode of Pb being dependent
N on the substrate temperature. Low-temperature deposition of
~The present results for Pb, Ag, and Cu deposition ofng and Cu leads to separation of the preadsorbed H layer
Si(11)1x1-H show a chemical trend for the formation of jnto surface and interface H, while room-temperature depo-
interface hydrogen. Comparing the experimental data at gjtion causes desorption of H.
sample temperature of 110 K, one monolayer of interface H
is found to be formed at the Pb-Si interface, while a part of
the predosed H occupies the surface site of the metal layer
upon deposition of Ag and Cu. Furthermore, the coverage of
the interface H for Ag is higher than that at the Cu-Si inter- The authors are grateful to K. Kobayashi, S. Hatori, C.
face. We can qualitatively understand this trend from theNakano, and Y. Sunohara for their valuable advice and as-
difference of the bonding energy between Si-H and Si-metalsistance in operating the accelerator. This work was sup-
To the first approximation, the bonding strength may be deported by a Grant-in-Aid for Creative Basic Research, Sci-
scribed by the thermal desorption temperature of adsorbatestific Research, and Scientific Research on Priority Areas
at a surface, although the thermal desorption reflects not onffrom the Ministry of Education, Science, Sports and Culture
the bonding energy but also a combination of various pro-of Japan, and by the Iron and Steel Institute of Japan.

Y —ray yield (counts/4C)

D. Chemical trend
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