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Abstract

The recent development of hydrogen atom/ion
implantation technologies has made it possible to
introduce a large amount of hydrogen into functional
solids for tailoring their physical properties. In this note,
we focus on intriguing behavior of excess electrons
in heavily hydrogen-doped SrTiO; (the coexistence of
delocalized and localized electrons) and briefly present
our recent experimental study on this subject by using
positively charged muons as a radioactive pseudo-

hydrogen isotope [1].

1. Background )

In recent decades, much attention has been
focused on the development of electronics based
on metal oxides, known as oxide electronics, as this
approach may allow for functionality and performance
improvements of electronic devices beyond the limit
of existing silicon-based technologies. Strontium
titanate (SrTiO;), a dielectric material commonly used
in capacitors, holds the key to establishing the oxide
electronics. Although an insulator in its pure form,
SrTiO, changes into an excellent electron conductor
when doped with impurities such as Nb. The excess
electrons donated to the conduction band by the
impurity doping show exceptionally high mobility in
transition metal oxides, which is useful in many state-of-
the-art applications.

Hydrogen has unique features among known n-type
dopants for SrTiO;. It can form not only a protonic
defect at an interstitial site, but also a hydridic defect

at an anion site [2]. Furthermore, hydrogen is relatively



DELH IR TVWILRS, FRICEVWEAD2S F—
Ny bEBWHT EVo Tz, fMOTTETILEE L WERIED
KFEIZOWTIITETT 8. KEDChLDHEEE
EWICFATAILICXD, X DEALYEBEOR
PR TEE T,

SITiO; Z X Lwd & 9 2 BRI A KT 2 WINT 5
BRI L 2500, TOBEEBERMESTT. KFEE
BARKEHAT T SITIO; # BT 52 L TEATE
HRFEOBRERIH~ 10'em’ BETHLEEbh T
Fo LB L. HE. KFEEF - 1+ Y HLARBROR
Blck b, EERABICKEOKE BEICLT
10%em® 2 JE) %MaHIMICEATEL L) ICh>TE S
LBl COEICLTEAZIKERENS S IIRTF
BMBRICAD., BFZ2HH L TEOEAERNE b > TEE
fEt3aeE2HNTVET (LI, interstitial & &K
ZRAFIEAVWT.ChEH ERBLET.)[4 EB.
AFELEESAFHC BV TIIERPICZD [Fi#] 17
SR ERCEIBE SN TWET[3, 5L ZD—F T,
FHEFORBIIOVWTI Y BEOBWFRISESID
Y9k olz T, Zo [Filkl 248 LA-ETF0IE
VLTI TEE Lz, BUkKEETOHE
SHC X D ARFE(LL 72 SITIiO, MEDQ XEFH K TR, 5
EETOMICFEL-ETFOEELRET 5 E5HEH
ERNTWwET Bl 5T, KRICBITEH, A4+ E—
LBBEHIC X ) KFEAL L7z SrTio; ik » B K EMRAIED
RIS, BFEHS 2 TERBICPHEIC 2 o 72kE
REOBEENTREENTVET B WThoBab{s
BETFLEFT IR CREETFIEET 522 LiEbNR
T4, TOFMAEFREIIWELZICHLAIZERT
iAo

2. WMAOARE )
SrTiO; DHEF MR ICH BA F K FE O T,
—EAPRE S TWBEDTL LI P CNEHBIZDIC
. KFRICHAEZBWCTREFARAT —VORHRES 225
M LEIIED ¥, B2, 70 b NMRAE
DR L LTEND 2345 SrTio, o FHPRIC NMR
HEICLELZHOTO b2 EAT S LRI EEE
TYo KFRETF - 44 T HARC L ) BERH CHER
BEOKEZEALLEESIIOVTD, HIESSRASHEE
THEPWZIZTH P ORETLBOARTTTHE L
ErzohFd, #THLIE. E324> () 25
7O —7 L LT SITIO BHIEAL, ThEHD
BAFRE LTOBTREZZOGHEIT2FELRAT

77—
mobile in comparison with other dopants, which enables
some unique operations, such as removing hydrogen
from the host lattice by applying heat [3]. Further
development of material functions may be achieved by
exploiting these unique features of hydrogen.

There is a technical hurdle to overcome in hydrogen
doping into SrTi0O;; the solution limit of hydrogen is quite
low. The hydrogen concentration that can be achieved
by annealing under hydrogen or humid atmosphere is
reported to be at most 107 em® On the other hand, the
recent development of hydrogen atom./ion implantation
technologies has made it possible to introduce a large
amount of hydrogen (~10* em®) into SrTiO; thin films
[3]. The forcedly implanted hydrogen is considered to be
stabilized at an interstitial site and release an electron
to form a positively charged defect that acts as a
donor (hereafter, referred to as H,") [4] Indeed, metallic
conductivity was observed in hydrogen-irradiated
SrTiO; films [3, 5], which is perfectly in line with the
above common sense. On the other hand, the existence
of localized electrons, which is contrary to the common
sense, has also been becoming clear in the hydrogenated
samples. For example, photoemission spectroscopy
detected a deep in-gap state, which can be associated
with strongly localized electrons, as well as a delocalized
state in a hydrogenated SrTiO, film prepared by hot H
atom irradiation [5]. Thermal hysteresis in resistivity
of an H," ion-irradiated SrTiO, film also suggests the
existence of trapped electrons [3]. In both cases, localized
electrons are presumed to coexist with well-established
delocalized electrons in hydrogen-irradiated SrTiO,.
However, the exact nature of the localized state is still
far from being fully understood.

2. Contents of research )

What happens at around implanted hydrogen in the
SrTiO, lattice? Atomic-scale information from 'H-NMR,

if it is available, would be useful for elucidating the
electronic structure of the hydrogen defect. However, it
is usually difficult to introduce enough 'H nuclear spins
into solid or film samples of SrTiO; to obtain a sufficiently
intense NMR signal. Instead, we adopted a beta-detected
magnetic resonance technique using positively charged
muons (u¥) as radioactive pseudo-hydrogen, which is
called u*SR. Hereafter, we use “Mu" as an elemental
symbol for the p™-based pseudo-hydrogen. Because
atomic Mu® and H® have almost the same reduced
mass, Mu can be regarded as an isotope of hydrogen. In
1 "SR experiments, spin-polarized u* beams are used,
produced by a proton accelerator, such as J-PARC. The
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Figure 1. Magnetic field variation of 4SR frequency spectra in SrTiO;
at 1.7 K. The horizontal axis corresponds to the frequency shift from
v.B/2 m , where B is the external magnetic field and v, (=2 m x
135.53 MHz/T) is the muon gyromagnetic ratio.
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u " particles implanted into a material immediately find
potential minima to stay and form Mu-related defects
by interacting with the lattice. They disappear from the
material in a short period of time as a consequence of u~
decay into an electron neutrino, a muon antineutrine, and a
positron with a lifetime of 22us. The time evolution of u*
spin polarization is obtained from the anisotropy of positron
emission, containing the information on the electronic
structures of the Mu-related defects. 4'SR, consisting
of forced implantation of Mu and in-situ observation
of its electronic structure, is one of the most suitable
experimental techniques for analyzing hydrogen-related
physics in H atom/ion irradiated SrTiOs.

We prepared a high-quality single crystal of SrTiO,
and performed u*SR measurements of this sample
in MLF, J-PARC, Japan, and LMU, PSI, Switzerland.
Figure 1 shows 'SR spectra in the frequency domain
recorded at 1.7 K under magnetic fields applied along the
cubic [001] direction. The central sharp line corresponds
to the H," ionized donor state without binding any
unpaired electron. The four satellite lines are a clear
signature of a neutral Mu defect species, which traps an
unpaired electron. The frequency shift from the central
line reflects the magnitude and anisotropy of the hyperfine
interaction between u* and the unpaired electron. The

significant anisotropy and field dependence of the shifts
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are typical for cases where the center of gravity of the
spin density distribution is displaced from the Mu site
by an atomic-scale length. Indeed, overall features of
the shifts were reproduced well by assuming that Mu is
ionized to form Mu* and an excess electron is trapped
at an adjacent Ti site to form a Ti*" small polaron
as shown in Figure 2. From curve fitting analysis, the
magnitude of the magnetic moment at the adjacent Ti
site was estimated to be of order unity in ug which is
in line with the Ti*" small polaron picture. Because the
Ti** small polaron forms a deep single-particle state
in the band gap [6], the deep in-gap state observed by
photoemission spectroscopy in a hydrogenated SrTiO,
film [5] may be associated with a similar localized state
formed near H;".

The height of an activation barrier between the
electron trapped state and the ionized state can be
estimated from the temperature dependence of signal

intensities for the neutral and ionized Mu defect species.
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The intensity for the neutral Mu defect (satellite lines)
gradually decreases and is transferred to that for
the ionized Mu defect (central line) with increasing
temperature, as shown in Figure 3. From this behavior,
the activation energy for thermal dissociation of the
Mu;"-bound small polaron was estimated to be about
30 meV. This seems very small for the energy that
separates the localized and delocalized electron states,
but this can be explained by considering the energy
balance for polaron formation in the presence of lattice
distortion induced by the localized electron; the benefit
in the electron system (~1 eV) is almost offset by
the loss in the lattice system. Because the Ti*" small
polaron is said to be unstable in the region far apart
from ionized dopants [6,7], the present observation
suggests that local lattice strain induced by the Mu,*
ionized dopant also plays a crucial role in achieving the
energy balance.

For taking the discussion further, we must pay
attention to non-equilibrium nature of fractional
distribution of the neutral and ionized Mu defect
species just after muon implantation [89]. This is due
to the fact that the muon implantation energy is much
higher than thermal energy of the lattice and therefore
implanted muons always undergo rapid quenching. At
low temperatures, the as-implanted non-equilibrium
distribution is kept over the u*SR time window. The
time constant for relaxation into equilibrium gradually
becomes shorter with increasing temperature and it
then becomes comparable to the length of the #*SR
time window. The temperature where this condition is
satisfied is about 50 K in SrTiO; in terms of the charge
state of the Mu; defect, as seen in Figure 3. Such a
situation could be wvalid for the hydrogenated SrTiO;
film that was prepared by the H," ion irradiation at low
temperature [3]. Indeed, thermal hysteresis in resistivity
of this film indicates that the as-implanted mixture of
H states excessively contains neutral defect species.
This neutral state is suggested to be an H,"-bound small

polaron from the correspondence to the u "SR result.

3. Significance and impact of research results J

Our u 'SR study on Muy; defect species in SrTiO;
revealed that H;" in hydrogen-irradiated SrTiO; can
weakly bind an electron at an adjacent Ti site to form a
paramagnetic H;*-T1*" complex. The local lattice strain
induced by H," is considered to play a crucial role in
stabilizing the electron trapped state. The insight from
4 "SR not only contributes to deepening the understanding
of the electron behavior in hydrogen-irradiated SrTiO,,
but also suggests that Ti*"based magnetic functionalities
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can be given to SrTiO, by tuning lattice strain.

Through this research, the validity of g *SR was
demonstrated for investigations of non-equilibrium
phenomena in hydrogen-irradiated systems. The
importance of this technique will increase further as the

application of hydrogen atom./ion implantation expands.

4. Perspectives )

As mentioned in the Background section, hydrogen in
SrTiO; can take various other configurations besides the
interstitial one, which we focused on in this note. Recent
density-functional theory (DFT) studies have revealed that
Hq defects (hydridic H trapped in oxygen vacancy V) are
energetically more favorable than separated pairs of Vg
and H; [2]. This means that Hy plays a vital role in oxygen-
deficient systems in global equilibrium. 1 "SR is expected
to provide a unique viewpoint in the study of Hg as well
1 'SR measurements of reduced SrTiO, have been in
progress in J-PARC to elucidate the formation process
of the H, defect that starts from the separated pair of
Vo and H; by observing that for a Mu pseudo-hydrogen

system.
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