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Hydrogen in the Earth’s deep interior has been thought to exist as a hydroxyl group in high-pressure
minerals. We present Muon Spin Rotation experiments on SiO, stishovite, which is an archetypal
high-pressure mineral. Positive muon (which can be considered as a light isotope of proton) implanted in
stishovite was found to capture electron to form muonium (corresponding to neutral hydrogen). The
hyperfine-coupling parameter and the relaxation rate of spin polarization of muonium in stishovite were
measured to be very large, suggesting that muonium is squeezed in small and anisotropic interstitial voids
without binding to silicon or oxygen. These results imply that hydrogen may also exist in the form of neutral
atomic hydrogen in the deep mantle.

makes the Earth a habitable blue planet. Ocean covers 70% of the Earth’s surface. Moreover, a significant

amount of water may be hidden in the Earth’s interior. The water in anhydrous silicates is considered to be
related to lattice defects and incorporated into the system, for example, by simultaneous substitutions such as
Mg** — H" and O*” — OH"™ (Ref. 1). If a structural change is induced by significant substitutions, the system
should be classified in hydrous silicates. In the field of earth science, the water in anhydrous silicates has been
studied mainly by the methods to probe the oscillation of hydroxyl group, such as infrared absorption and Raman
scattering®>. It has been reported that the mantle-transition zone can accommodate a significant amount of H,O
component up to several times as much as the total mass of ocean' and, although it is not a consensus®, the lower
mantle could also accommodate a non-negligible amount®.

At the same time, one can speculate that hydrogen might exist in silicates without substitutions. In the
field of applied physics, hydrogen in perfect crystals of low-pressure phases of SiO, has been studied by the
methods to probe H more directly® ', such as Muon Spin Rotation (uSR) and Electron Paramagnetic
Resonance (EPR), to obtain a better understanding of Metal-Oxide-Semiconductor (MOS) devices. In those
studies, it has been reported that hydrogen can exist in interstitial voids of structure. Moreover, it has
recently been revealed that a significant amount of small molecules, such as H, and He, dissolves into
interstitial voids of low-pressure phases of SiO, (Refs. 11-15). Therefore, it seems possible that the hydrogen
which is not directly related to lattice defects of silicates and has not so far been recognized sufficiently in
earth science may exist in the mantle. However, because interstitial voids of low-pressure phases of SiO, are
large, the above findings could be exceptional. The structures of two important SiO, minerals, stishovite and
quartz, are compared in Figure 1. Stishovite is a rutile-type high-pressure phase and quartz is an ambient-
pressure phase. The two structures show marked contrast in interstitial voids, in addition to the well-known
difference in coordination number.

I I ydrogen is the most abundant element in the solar system. It binds to oxygen and the resultant water
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Figure 1| Crystal structures of stishovite and quartz. They are archetypal
high-pressure six-fold coordinated and low-pressure four-fold
coordinated minerals having the same chemical formula of SiO,. View
from the direction of crystallographic a-axis (left) and c-axis (right) is
shown for the both structures.

Here, we present the results of PSR spectroscopy to show the
possible existence of neutral atomic hydrogen in small and aniso-
tropic interstitial voids of stishovite. Although USR spectroscopy is
not very popular in earth science, it is a well-established technique to
simulate the behavior of hydrogen in semiconductors and insula-
tors'®". Positive muon can be considered as a light isotope of proton
with a mass of about 1/9 that of proton. In PSR, spin-polarized
positive muons are implanted into matter and their subsequent beha-
viors (changes in spin polarization with time) are measured under
various conditions of magnetic field. uSR is a powerful tool to probe
the position, electronic state, and other information of the hydrogen
that exists irregularly in matter, because it tracks the behavior of each
implanted particle (in contrast to diffraction). In this study, uSR was
conducted on powder and pellet samples to clarify intrinsic prop-
erties of stishovite (see Methods).

Results

An example of the time evolution of muon-spin polarization in
stishovite powder is shown in Figure 2a. These spectra were mea-
sured at a transverse field of 350 G (nominal) at TRIUMF (Canada).
The upper and lower limits of the vertical axis of the graph corre-
spond to the amplitude for fully spin-polarized muons. This figure
clearly indicates that the fraction of muon staying in the initial dia-
magnetic state (corresponding to OH forming hydrogen) is small.
The muon fraction in stishovite increased slightly with decreasing
temperature; 14% at 300 K, 14% at 250 K, 15% at 200 K, 16% at
150 K, 17% at 100 K, 17% at 50 K, and 19% at 2.5 K in stishovite
powder.

The spectrum at 300 K in Figure 2a is enlarged in terms of the
horizontal axis and is compared with quartz in Figure 2b,c. High-
frequency oscillation of muonium-spin polarization is seen. The
fraction of muonium (= muon-electron bound paramagnetic state,
corresponding to neutral atomic hydrogen) can be determined from
the amplitude of oscillation at time = 0 after subtracting the contri-
bution of muon-spin polarization. Only the triplet state, in which
muon and electron have spins of the same direction, appears in these
spectra and the singlet state, in which they have spins of the opposite
direction, has the same population as the triplet and does not appear;
twice the amplitude of the triplet state corresponds to the fraction of
muonium'®". It was determined to be 56% in stishovite at 300 K.
The sum of muon and muonium fractions is smaller than 100%
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Figure 2 | Time evolution of muon- and muonium-spin polarization in
stishovite and quartz. P(t)’s are plotted (Eq. 11). (a) Muon spin in
stishovite powder taken at 300 K and 2.5 K under a transverse field of
350 G (nominal). (b and ¢) Muonium spin in stishovite and quartz
powders. The spectrum at 300 K in (a) is enlarged in terms of the time axis
and is shown again in (b) for stishovite. The vertical bars represent the
statistical error (standard deviation) of each point.

(Table 1). The remaining 30% was missing due to fast relaxation in
spin polarization. These spectra also show that the relaxation rate of
muonium-spin polarization in stishovite is large.

The beat of oscillation due to the splitting of the triplet state under
transverse field is also seen in Figure 2b,c. The frequencies deter-
mined from the spectrum for stishovite are 452(10) and 562(32)
MHz. The hyperfine-coupling parameter of muonium A/h, where
h is the Plank constant, can be determined from these frequencies.
A/b’s for powder and pellet samples agree well with each other
(Table 1). A/h for muonium in stishovite at 300 K is determined to
be 4.67(3) GHz with all the spectra for the two samples at transverse
fields from 200 to 1000 G (nominal). A/h at 2.5 K is 5.17(14) GHz,
estimated only from the two frequencies at 350 G (nominal). These
values are significantly larger than 4.49(2) GHz in quartz (Table 1)
and 4.463 GHz in vacuum'®. Data for stishovite plotted on the Breit-
Rabi diagram'*"” are shown in Figure 3.

Experimental results at TRIUMF are summarized in Table 1. In
both powder and pellet samples of stishovite, the muon fraction was
small and decreased with increasing temperature. Also, A/h’s are the
same for the two samples as mentioned above. On the other hand,
some differences are found; the muon fraction and the relaxation rate
of muonium-spin polarization were smaller in powder than in pellet.
In this study, experiments were also conducted at RIKEN/RAL (UK),
PSI (Switzerland), and MLF/J-PARC (Japan). Preliminary results at
these facilities, such as the muon fraction and A/h in stishovite pow-
der (roughly estimated based on decoupling measurements under
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Table 1 | Summary of pSR measurements for stishovite

Material Form Temperature [K] Statistics [events] f. [%] My [ps™] fmo [%] o [ps™'] A/h [GHz]
Stishovite Powder 300 100 M 14.4(3) 0.10(1) 56(5) 24(4) 4.65(2)
2.5 100 M 19.2(4) 0.13(1) -+ -b 5.17(14)
Pellete 300 100 M 32.1(5) 0.05(1) 55(9) 55(9) 4.68(5)
2.5 25 M 39.6(8) 0.06(1) - - -
Quartz Powder 300 25 M 28.0(6) 0.01(1) 56(8) 7(5) 4.49(2)

(nominal) were used to determine the other parameters.

<Sintered nanocrystals (Ref. 28).

°f,.: fraction of muon, A,.: relaxation rate of muon, fu,: fraction of muonium, A, relaxation rate of muonium, A/h: hyperfine-coupling parameter of muonium, where h is the Plank constant (see Methods for
more details). Measurements shown in Figure 3 were used to determine A/h for stishovite and measurements at 350 and 700 G (nominal) were used to determine A/h for quartz. Measurements at 350 G

bAlthough the simultaneous determination of fy, and ki, was not successful due to the very fast relaxation, the relation between the two parameters can be expressed well as fy, = 0.83y, + 8.1.

longitudinal field), do not contradict those at TRIUMF described
above. Experimental results for quartz are consistent with previous
work® 10,

A large muonium fraction was found in stishovite as is the case in
quartz. Interstitial voids of stishovite, which consists of SiO¢ octahe-
dra, are much smaller than those of quartz, which consists of SiO,
tetrahedra (Fig. 1). Therefore, the present results suggest that the
formation of muonium is not controlled by the size of interstitial
voids. In stishovite, not only the muonium fraction was large but also
the muon fraction decreased with increasing temperature, suggesting
that implanted muons become more stable by capturing an electron
to form muonium than by staying in diamagnetic state. Hyperfine-
coupling parameter is a measure of 1s electronic orbital size; the cube
of Bohr radius is inversely proportional to this parameter'®'.
Therefore, a very large hyperfine-coupling parameter of muonium
in stishovite, which is even larger than that in quartz, suggests that
muonium is squeezed in small interstitial voids without binding to
silicon or oxygen. A very large relaxation rate of muonium-spin
polarization cannot be explained by the effect of nuclear magnetic
moments of silicon and oxygen because they are small. It may be due
to anisotropy in hyperfine interactions. This explanation seems
plausible because the relaxation rate becomes larger at low tempera-
tures where the mobility of muoniums becomes smaller. In fact,
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Figure 3 | Energy diagram of muonium in stishovite as a function of
applied transverse field, so called Breit-Rabi diagram'*". x denotes the
transverse field that is normalized by the field corresponding to A/h (Eq.
8). The three solid lines, in order from top to bottom, represent theoretical
E,/A, Ey/A, and E5/A (Egs. 12-14). The data of E,/A and E3/A, from left to
right, correspond to the measurements at 200, 350, 500, 700, and 1000 G
(nominal). Because of alarger A/hat 2.5 K thanat 300 K, the datafor2.5 K
are located at the left side of corresponding data at 300 K.

interstitial voids in stishovite are largely anisotropic (i.e., having
channels along the c-axis; Fig. 1).

The difference in muonium fraction and relaxation rate of muo-
nium-spin polarization between powder and pellet suggests that they
are affected by the grain size and/or surface condition (= defects,ina
broad sense) of samples. The pellet sample is a sintered body of
nanocrystals and therefore has a much smaller grain size than the
powder sample. A negative correlation between grain size and muon
fraction may be explained by the inhibition of delayed-muonium
formation, in which positive muons capture radiolysis electrons
and become muoniums after time = 0 (Ref. 10). In quartz single
crystal, it has been reported that muon and muonium fractions were
20% and 80%, respectively, and about the half of muonium was
formed promptly after time = 0 (as delayed muoniums)'®. On the
other hand, in quartz powder, the muon fraction was 28% (Table 1).
Therefore, a negative correlation between grain size and muon frac-
tion is also seen in quartz. The delayed formation of muonium sub-
stantially (but very shortly) after time = 0 causes the de-phasing of
spin polarization. This may explain the missing fraction in powder
and pellet samples; i.e., the sum of muon and muonium fractions is
smaller than 100% (Table 1). At low temperatures, the muon fraction
becomes larger probably because the mobility of radiolysis electrons
becomes smaller and therefore the formation of delayed muonium is
inhibited. In any case, muonium seems to be more easily formed at
higher temperatures and/or in more perfect crystals of stishovite.

Discussion

In this study, pSR experiments have suggested that the neutral
atomic hydrogen (corresponding to muonium) can exist in stishovite
without having a direct relation to lattice defects. So, the question is
whether invisible hydrogen really exists in stishovite, i.e., without
being detected by infrared absorption, Raman scattering, and other
standard methods. Although proving the existence is difficult, a clue
can be found in a report on MOS devices'. Infrared absorption due
to Si-OH and Si-H oscillations was detected in y-ray irradiated SiO,
films of MOS devices, while it was not detected in non-irradiated
films. It has been interpreted as a sign that H and/or H, released from
an electrode of the device (hydrogen source) exist in the film and
react with dangling bonds of silicon and oxygen generated by the -
ray irradiation. Therefore, we believe that invisible hydrogen exists
similarly in stishovite if hydrogen sources are available. However,
even in the presence of hydrogen sources, oxidizing environment
would favor the incorporation of water into stishovite by a substi-
tution of Si** — 4H™ (Ref. 5). The situation may be similar in other
high-pressure silicates. In previous studies of earth science, oxidizing
environment has often been assumed and many experiments have
been conducted in various silicate-water systems. However, the
redox state of the deep mantle (from past to present) is a challenging
issue’*** and it may be much more reducing compared to the present
shallow mantle***,
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Now we assume reducing environment in the deep mantle. Then,
the question is whether hydrogen sources are available in the Earth’s
interior. A candidate may be the core. In some models of early earth
evolution, a tremendous amount of hydrogen dissolved into the
core***. Or, hydrogen may have dissolved directly into the mantle
atan early stage and stay there quietly’®~* the chemoaffinity between
silicates and liquid H, under high pressure has been demonstrated
recently”. Therefore, it is possible that the neutral atomic hydrogen
which is not directly related to lattice defects of silicates may exist in
the mantle. To further test the hypothesis, uSR experiments should
be conducted on more realistic mantle minerals and rocks. In-situ
experiments under high pressure and high temperature are also
indispensable. Definitely, studies from multiple viewpoints are
required to know how much hydrogen can dissolve into silicates in
a thermodynamically stable state. For example, accurate calculation
of the formation enthalpy should be made with the help of knowledge
obtained by experimental work. Neutral atomic hydrogen in the
mantle will be an important research target in future earth science,
because the existence form of this important element has a fun-
damental importance in physicochemical properties of mantle
minerals, thus controls the dynamics and evolution of our planet.

Methods

Sample preparation. PSR spectroscopy requires a relatively large amount of samples.
So, nominally anhydrous stishovite samples were synthesized under high pressure
and high temperature with a belt-type large-volume press* at National Institute for
Materials Science (Japan) and with a Kawai-type large-volume press® at
Geodynamics Research Center of Ehime University (Japan), respectively. To clarify
intrinsic properties of stishovite, two kinds of samples were prepared; powder sample
was synthesized with a standard technique at the former institute and pellet sample
(sintered nanocrystals)*® was synthesized with a recently developed technique at the
latter institute. Stishovite powder of about 0.5 g was synthesized from noncrystalline
S$iO, powder (Kanto Chemical Co., Inc., purity 99.9%) at 10 GPaand 1373 K with the
former press. For reference in PSR experiments, quartz powder was also synthesized
from the same starting material at 2 GPa and 1373 K with the same type of press.
Each synthetic powder was packed in a capsule made of aluminum foil (having a
thickness of 12 um). Stishovite pellet (sintered nanocrystals) of 5.5 mm in diameter
and 1.0 mm in thickness was synthesized with the latter press. More detailed
information on the stishovite pellet has been given elsewhere®*.

Experimental procedure. USR experiments were conducted for stishovite and
quartz with surface-muon beams at RIKEN/RAL (UK), PSI (Switzerland), MLF/J-
PARC (Japan), and TRIUMF (Canada). Spin-polarized positive muons were
implanted into the capsulated powder or pellet and subsequent behaviors (changes
in spin polarization with time) were measured under transverse magnetic field
(perpendicular to the initial spin-polarization direction, up to 1000 G) or
longitudinal magnetic field (parallel to the initial spin-polarization direction, up to
4000 G) at temperatures between 2.5 and 300 K (= room temperature). Stishovite
powder was measured at all the four facilities and stishovite pellet was measured
only at TRIUMF. Quartz powder was measured at MLF/J-PARC and TRIUMEF.
Based on preliminary results at RIKEN/RAL, PSI, and MLF/J-PARC, experiments
with a high timing resolution, which is suitable for the observation of muonium,
were conducted by using a continuous beam and a spectrometer called HiTime at
TRIUME.

Analytical procedure. Standard procedure was followed to analyze uSR data'*". It is
briefly summarized below.

First, data obtained with HiTime under transverse magnetic field were analyzed in
frequency domain. Angular frequencies of muon-spin polarization ®, and muo-
nium-spin polarization ®yg,; and Wy, were determined by the Fourier transform.
Because of the splitting of the triplet state, two frequencies appear for muonium. Thus
determined ®,, and gyromagnetic ratio of muon v, were used to determine the
transverse magnetic field H actually applied to the sample with the equation

o, =7,H. (1)

Hyperfine-coupling parameter of muonium A/h relates to @y, and ©y,, with the
following equations;

é_i.ﬁ)Jrz*(m—*mMul)z )
h 2n ®_ — Opmul

A 1 _U’Jrz—(mMuz—w—)2 3)
h 2=n Opuz — ©_ ’

+
0y = Y;JH ()

Here, h is the Plank constant and v, is the gyromagnetic ratio of electron. All the sets
of (H, ®py1) and (H, 0pgy2) were used to determine A/h with a least-square method
taking uncertainties in angular frequencies into account.

Next, data at 350 G (nominal) were analyzed in time domain with angular fre-
quencies obtained by the Fourier transform. The equation

A(t) = Aycos(myt)exp(—A,t) (5)
was fitted to the data at time = 0.01 ~ 2.00 psec to determine amplitude A, and
relaxation rate A, of muon-spin polarization. Then, with fixed A, and A, the next

equation was fitted to the data at time = 0.005 ~ 0.050 psec to determine amplitudes
A and Ay, and relaxation rate Ay, of muonium-spin polarization;

A(t)=Aycos(myt)exp(—Ayt)

(6)
+ [AMul cos (mMult+ ¢) +AMu2 cos (mMu2t+ (I))] eXp (_ }VMut)a
where
Ay 14+x+%2
3 ul ﬁ’ (7)
Mu2 —X+X
+ h
X= uH-,V (8)
2n A

Here, phase ¢ was introduced to correct the error in time = 0. The difference in
relaxation rates of two frequencies was assumed to be negligible. Then, muon fraction
f, and muonium fraction fyr,, were determined with the equations

A
f,=—1, 9
* Apa ©)
2(A +A /
fMu= ( Mul MuZ)' (10>

Aral

Here, Agy is the amplitude for fully spin-polarized muons, which was separately
calibrated with Ag as a standard. ()" denotes that quantities in the parenthesis are
corrected for the error in time = 0.

In Figures 2 and 3, time evolution of spin polarization P(t) and muonium ground-
state energies E; and E; given below are presented.

A(t)

P(t)= 2, 11
Arun ()
and
1
Ei=E+ %hmMula (12)
1
Es=E— ﬂthuZa (13)
where
1 1 1 ’
Ey=—-A+4/-A’+(—ho, | . 14
= tanyfh (h ) (14)
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