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Hydrogen impurity in paratellurite «-TeO,: Muon-spin rotation and ab initio studies
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We present a systematic study of isolated hydrogen in «-TeO, (paratellurite) by means of muon-spin
spectroscopy measurements complemented by ab initio calculations based on density-functional theory (DFT).
The observable metastable states accessible by means of the muon implantation allowed us to probe both the
donor and the acceptor configurations of hydrogen, as well as to follow their dynamics. A shallow donor state
with an ionization energy of 6 meV as well as a deep acceptor state are proposed, together with their atomic-level
configurations and associated formation energies obtained from the DFT calculations. The latter show a tendency
of interstitial hydrogen to bind strongly to bridging oxygen ions but also to coexist at sites deeper in the interior of
the Te—O-Te rings with a more atomiclike character and a defect level in the gap. Atomlike interstitial muonium
was observed; it has a hyperfine interaction of about 3.5 GHz. Charge and site changes with temperature are

discussed.
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I. INTRODUCTION

The investigation of the role of hydrogen in semiconductors
and oxides has assumed increasing and vital importance
since the discovery that this ubiquitous impurity may play
an active role as a source of n-type conductivity in ZnO:
This prediction was made theoretically from calculations
based on density-functional theory (DFT)! and first confirmed
experimentally by muon-spin rotation (SR) spectroscopy.’
The identification of shallow-donor hydrogen levels was
subsequently generalized to other related systems.>~® From the
experimental point of view, the use of muonium (u* e~ the
hydrogenlike atom possessing a positive muon as the nucleus)
as a light pseudoisotope of hydrogen has become standard
in order to obtain information regarding the electronic states
of hydrogen in materials.””® The respective results compare
well with those obtained with protons, for the very few cases
allowing comparison.>*~!! These developments have recently
prompted a thorough survey of the muonium states in most
of the technologically relevant oxides.'>"'* Similarly, DFT
calculations that aimed to identify the shallow or deep nature
of hydrogen have also since been extended to many semi-
conductors and insulators.>° Theoretical models have also
been proposed attempting to predict the electrical activity of
hydrogen, namely whether hydrogen can act as an electrically
active impurity or an amphoteric impurity counteracting the
prevailing conductivity;'®!>!8 these theoretical approaches
usually rely upon a conversion level, the hydrogen e(+4/—)
pinning level, claimed to be universal in an electrochemical
scale for a wide selection of materials.!>!6:18

a-TeO, (paratellurite) is a most interesting and relevant
semiconducting oxide among nonlinear optical materials?'
and a promising active material for optical devices,?>>* gas
sensors,”>2® and the search of neutrinoless 8 decay.’’ Its
structure and vibrational and optical properties have also
been recently the object of intensified research by ab initio
DFT and molecular-orbital approaches.?"?-3* High dielectric
constants have also been reported,’®! which may include
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a-TeO, in the list of possible candidates for the replace-
ment of SiO, as gate oxide material in highly miniaturized
transistors.*” The conductivity of a-TeO, has been the object
of a limited number of studies mostly concentrated on the
behavior at or above room temperature. Impurities seem to
play a determinant role at room temperature, where p-type
conductivity seems to be dominant,** although evidence for
n-type conductivity has been found as well (Ref. 6 from
Ref. 33). Hydrogen is present during the growth and is
(nondeliberately) incorporated into the material and evidence
of its interaction with other dopant ions and oxygen vacancies
(Vo) has been suggested: Both the Cr**—Vo—2H center**
and the V4*—2H center® have been characterized. However,
nothing is known about the configurations and dynamics of
isolated hydrogen in «-TeO, and its effect on the electrical
conductivity. This is a fundamental step to be undertaken
before addressing the complexity related to the respective
interaction with defects and impurities. The @SR spectroscopy
is a privileged technique for this approach, since concentration
of implanted positive muons basically corresponds to the
extreme dilution limit. Therefore, the “isolated muon” at
low temperature only interacts via charge carriers®® and not
directly with other defects or impurities unless these have
very high concentrations corresponding to extreme positions
of the sample Fermi level. Direct observation of the muon
interaction with defects/impurities is usually observed only at
temperatures much higher than liquid nitrogen temperature,
upon muon diffusion.’”*® For undoped samples, the usual
concentration of electrons in the sample is sufficiently low to
ensure that the local environment at the muon site is essentially
intrinsic for cryogenic temperatures.

uSR, being a variant of ion-implantation techniques, can
probe not only the stable muonium state corresponding to
the absolute energy minimum at 7 = 0 K, but also other
muonium states corresponding to higher-energy local minima,
to be referred as metastable states. Transitions between states,
in particular ionization, as a function of temperature were
analyzed in this work with phenomenological Boltzmann

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.045201

R.C. VILAO et al.

distributions.'? This function describes the population of states
in thermodynamical equilibrium and was used here to fit the
s-shape-like change of the different fractions as a function
of temperature. The main parameter extracted from these fits
is the activation energy which has been then interpreted in
physical terms.

In the following, we present the first systematic study of
isolated hydrogen in «-TeO,, through a synergistic investi-
gation combining both experiment and ab initio DFT calcu-
lations. Experimentally, the modeling of isolated hydrogen
was performed by means of the positive-muon analog and
1SR spectroscopy. The ab initio DFT calculations consisted
of the determination of the equilibrium configurations of
hydrogen in all its charge states in the «-TeO, lattice and
their corresponding formation energies as a function of the
Fermi-level position in the band gap.

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS

A. Crystal structure and theoretical framework

a-TeO, possesses tetragonal symmetry (space group
No. 92, P4,2,2) with four formula units in the primitive
unit cell. X-ray diffraction showed that o-TeO, has a dis-
torted rutile structure whereby the rutile c-axis parameter is
doubled.*® The crystal is a network of corner-sharing TeOy
units, where each tellurium has a fourfold asymmetric oxygen
coordination with two oxygen atoms at shorter distances with
respect to the rest.”%?° The corresponding crystal structure is
displayed in Sec. IIID below, when discussing the hydrogen
configurations.

The DFT calculations in the present study were based on
the projector augmented wave (PAW) method as implemented
in the VASP code.** The generalized-gradient approxima-
tion for exchange and correlation was employed and the
Perdew-Burke-Ernzerhof (PBE) functional was used.** The
crystalline wave functions were expanded in a plane-wave
basis set limited by a kinetic energy cutoff of 500 eV. A
Monkhorst-Pack® 9 x 9 x 9 k-point mesh was used for the
Brillouin-zone integrations for the bulk crystal. The calculated
lattice constants, a and c¢, obtained from the structural
optimization were equal to 4.96 A and 7.64 A, respectively.
The internal parameters®® were also determined: x = 0.031
for the tellurium and («, B, ) = (0.145,0.256,0.190) for the
oxygen sublattice. These results are very similar to earlier DFT
calculations®®? and in very good agreement with the existing
x-ray diffraction data for the a-TeO, single crystal.*

In order to determine the equilibrium configurations of
isolated, interstitial hydrogen in a-TeO,, supercells with a total
of 96 atoms were constructed by doubling the primitive-cell
dimensions in all three directions. A coarser 3 x 3 x 3 k-point
mesh was used in these defect calculations. The formation
energies, Erom(H?), for hydrogen in the charge state g were
determined at 7 =0 K as a function of the Fermi-level
position, Ep, in the gap according to

Eform(Hq) = Elot(Hq) - Etol(bUIk) — U+ Q(EF + EVBM)~
(H

In the above expression E(H?) and Ey(bulk) are the
total energies of the supercell containing the hydrogen and
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the bulk-crystal supercell, respectively. wy is the hydrogen
chemical potential taken as half the total energy of the hydro-
gen molecule and Evypy is the valence-band maximum that
provides the reference energy for the position of Er. For the
charged hydrogen states a homogeneous charge background
was introduced to enforce overall charge neutrality.

For finite temperatures, the vibrational-entropy contribu-
tions should also be considered. Nonetheless, for reasonably
low temperatures the use of internal energies in the calculation
of formation energies is justified. In an earlier work,*® the
vibrational entropy contribution to the free energies was
determined for a number of impurities in silicon oxide (quartz)
and silicon: differences in formation entropies of 3kg among
various defect configurations were obtained. Taking an even
larger magnitude of 4kp for the present case, and considering
the relevant temperature range in the experiments (up to 300 K)
an upper bound of 0.2 eV for the change in free energies due to
vibrational-entropy is obtained. This magnitude will not affect
the conclusions drawn from the 7 = 0 K DFT calculations.

The minimum-energy path and associated energy barrier
connecting two of the multiple configurations of the neutral
state of hydrogen were determined by the nudged elastic-band
(NEB) method.*’

B. 1SR experiments

Muon-spin rotation and relaxation experiments took place
at the EMU instrument of the ISIS Facility, Rutherford
Appleton Laboratory, United Kingdom, and at the DOLLY
instrument of the Muon Spin Laboratory at the Paul Scherrer
Institut, Switzerland.

In the experiments, a monocrystalline «-TeO, sample
(obtained commercially from the MTI corporation) was used.
Positive muons were implanted into the sample, the implanted
muon spin polarization being parallel to the 100 axis. Conven-
tional transverse-field and longitudinal-field measurements*®
were undertaken from liquid-helium temperature up to room
temperature, and the respective experimental details are
presented below. In order to reduce the spurious (background)
events, both the flypast setup at ISIS** and the veto detector
at PSI°” were used. The sample was stored and handled in
air. During the measurements, the sample was in low-pressure
helium exchange gas. No significant change with ambient at-
mosphere is expected to occur for temperatures below 650 K.
Although no information is available about the concentration
of dopants in the sample, we note that usual commercial
samples of TeO, are expected to present aliovalent impurity
concentrations of about 0.1 ppm,’! which are too low in order
to expect any direct interaction with the implanted muon.

In Fig. 1 we present typical transverse-field time spectra
obtained for «-TeO, at PSI, at T =5 K and at T = 300 K.
An external transverse-field B = 1.5 mT was applied. A clear
slightly damped oscillation at the Larmor frequency w/2m =
(Yu/2m)B = 0.204 MHz is observed, corresponding to muons
in a diamagnetic environment. In addition, a strong relaxation
is present in the first few hundred nanoseconds, which we
assign to muons in a paramagnetic environment, as discussed
below. We have fitted the time spectra with the sum of two
components,

A(t) = Aslowe_)\“owfcos(wt + Psiow) + Afaste_AfQSllv (2)
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FIG. 1. Muon spin asymmetry as a function of time, in transverse
geometry (B =1.5 mT), at T =5 K (below), and at 7 =300 K
(observed at PSI). A clear nearly undamped oscillation at the Larmor
frequency is observed, which amounts to ~60% of the initial muon
spin polarization at 7 = 5 K and to ~40% of the initial muon spin
polarization at 7 = 300 K. A strongly relaxed signal is observed in
the first few hundred nanoseconds. Lines are fits as discussed in the
text.

an oscillating and a nonoscillating part, both with an expo-
nentional damping, where the subscripts “slow” and “fast”
stand for the slowly relaxing and the fast relaxing component,
respectively. Some spectra were also analyzed with different
damping functions for the fast relaxing component as de-
scribed in the text. Note that the fast decay is so fast that
Eq. (2) is indistinguishable from

A(r) = [Aslowe_ASlowt + Afaste_)hhs‘l]cos(wz + dsow).  (3)

The presence of these two relaxing components presents
an experimental problem: On one hand, a clear definition of
the slowly relaxing diamagnetic component benefits from the
large time window available only at ISIS; on the other hand,
the pulsed nature of ISIS beam limits the observation of the
highly relaxing component, which is best followed at PSI,
with its quasicontinuous beam. A coherent overall picture can
therefore be obtained only from a conjugation of the data
obtained at both facilities.

Below 125 K, the two signals appear to represent distinct
diamagnetic and paramagnetic fractions. Thus, in Fig. 1(a) we
attribute the fast decay (Agse > 30 us’l) to an overdamped
precession signal of triplet-state muonium, promptly formed
but very short lived. In this regime, other forms of the fast
relaxation function fit equally well, for example, Gaussian or
even compressed exponentials such as exp[—(kfastt)3], which
we found to provide the best description for the data in this
temperature range.
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Above 125 K, a single Larmor precession signal with
biexponential relaxation [cf. Eq. (3)] appears more appropriate
to our physical interpretation of this regime. In Fig. 1(b),
the initial fast decay is certainly exponential, but with a rate
not exceeding 8 us~'. It could represent muonium, whose
formation is delayed on this time scale, or muonium that is
subject to charge exchange on a much faster time scale.

Measurements in longitudinal geometry*® were also under-
taken at ISIS at 7 = 6 K in order to characterize the hyperfine
interaction of the paramagnetic species involved. In order to
avoid complications arising from extreme variations of the
maximum instrumental asymmetry in the flypast setup, the
sample was mounted in a large silver plate. The diamagnetic
component arising from silver was obtained from a calibration
with a hematite replica of the TeO, sample mounted on the
same silver plate. A calibration of the (slight) variation of the
maximum instrumental asymmetry with applied longitudinal
field was obtained with the silver plate. The time spectra were
fitted to a single exponential decay.

III. RESULTS AND DISCUSSION

Figure 2 displays the fractions as a function of temperature
between 5 K and 300 K. These have been obtained by
comparison of the fitted asymmetries Agoy and Agg to
the maximum instrumental asymmetry, as obtained from
a calibration with silver. The dominant part is the slowly
relaxing fraction (Mu®™ or Mu~) which is present at all
temperatures. The fast relaxing fraction (associated to Mu®)
amounts to about 20% at low temperatures, then decreases
at intermediate temperatures and increases again toward 300
K. A similar polarization fraction of about 20% is missing at
low temperatures but is recovered continuously with increasing
temperatures. A remarkable feature of the data is the peak in the
slowly relaxing fraction around 125 K and the corresponding
dip in the fast relaxing fraction, indicating an interconversion
process of the two fractions.
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FIG. 2. Temperature dependence of the slow component (open
circles), the fast component (solid circles) and total fraction (open
squares), as observed at PSI, for an applied transverse field B =
1.5 mT. A clear (inter)conversion process occurs between these two
components. Lines are fits as discussed in the text.
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FIG. 3. Temperature dependence of the slow Lorentzian relax-
ation Agow, observed at ISIS in transverse-field experiments (B =
2 mT). The solid line below 75 K is a fit to an activated process
which we assign to the ionization of a shallow donor. We associate
the peak around 7' = 175 K to charge fluctuations arising from the
(inter)conversion process.

Figure 3 displays the relaxation rate Aqoy of the slowly
relaxing fraction as a function of temperature. The overall
values are very low and could be measured only at ISIS with
the long time window. A transverse field B = 2 mT was used.
Two features are seen. At low temperatures a slightly enhanced
relaxation is observed which decreases quickly with increasing
temperatures. This part is attributed to a very weak hyperfine
interaction which disappears after ionization of a shallow
muonium state (see Sec. III A below). The second feature at
around 175 K may be associated with charge fluctuations (see
Sec. I[II C 2 below).

Figure 4 shows the relaxation rate A of the fast relaxing
fraction as a function of temperature. Such a high relaxation
can be caused only by a hyperfine interaction and thus indicates
the presence of muonium, either directly formed as the muon
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FIG. 4. Temperature dependence of the paramagnetic relaxation
Mgt Observed at PSI in transverse-field experiments (B = 1.5 mT).
The lines are simulations to the 13-meV (solid line) and 63-meV
(dashed line) conversion processes discussed in the text.
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FIG. 5. Dependence of the integral fraction with an applied
longitudinal field, at 7 = 6 K, observed at ISIS. The line is a fit
with a fully isotropic state as described in the text.

stops in the sample or created later via charge-state changes.
The signal is defined by a few data points at the beginning of
the time spectra only and therefore the extracted parameters
depend on the actual relaxation function used, giving rise to
systematic uncertainties not included in the error bars shown
in the figure.

Figure 5 shows the recovery of the integral muon spin
polarization as a function of the applied longitudinal magnetic
field at 6 K. The main recovery occurs in the field range
between about 50 and 500 mT, indicating the decoupling of a
muonium hyperfine interaction close to the vacuum value. The
fitting curve in Fig. 5 has been obtained using the QUANTUM
program>? by assuming the presence of an isotropic hyperfine
interaction Aj, = 3.5(1) GHz.

A. Shallow-donor state and the donor level

We assign the decrease of Aqew in Fig. 3 with increasing
temperature to the ionization of shallow muonium. In this
state the present DFT calculations show that hydrogen (and
therefore muonium) binds strongly to an oxygen ion of
the lattice, forming a covalent bond (cf. Sec. IIID); this
configuration is referred to as bond configuration in the
following. In favor of this assignment, we may argue that
the strongest competing description, in terms of the decrease
of relaxation felt by a diffusing particle in the presence of
the magnetic field created by the nuclear magnetic moments>>
(motional narrowing), can be discarded. First, the abundance
of magnetic moments in TeO, is very low (the only significant
natural isotope is '»Te, with 7% abundance), and we may
expect the corresponding Gaussian relaxation not to exceed
0.01us™!, from calculations of the second moment of the
magnetic field arising from the nuclear moments®® at the
hydrogen sites determined from the ab initio calculations
presented below in this work. The origin of the observed
relaxation is therefore electronic.

The formation of shallow muonium, that is, of a bound
hydrogenic state of an electron to the positive muon with an
extremely small hyperfine interaction A (around few hundred
kHz) in principle gives rise to two additional frequency lines
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placed symmetrically around the diamagnetic line w, /27, at
w, /2w &= A/2. However, if spin-flip dynamics exists or the
instrumental resolution is not enough to resolve these lines,
the effect will be that of a single broadened line at ® = w),."?
In the static case, the value of the broadening is of the order
of magnitude of the hyperfine interaction, which points to a
hyperfine interaction with an order of magnitude about 10 kHz,
which compares with similar values for other oxides.!? The
decrease of this broadening with increasing temperature thus
corresponds to the ionization of the bound shallow muonium
state in the donorlike process:

Mul) — Muj, + ecg- )

In order to fit the decrease in Ay, We took the weighted
average of the relaxation A, of the muons in the pure
diamagnetic state, and of the relaxation Ay of the muons in
the shallow paramagnetic state,

Ad = foro + fhrg, (5)

where the formation probability f; of the shallow para-
magnetic state is assumed to have the phenomenological
Boltzmann dependence,'?

1
1+ Nexp(—E,/kgT)’

where E, is the activation energy of the process, kg is the
Boltzmann constant, and the empirical parameter N relates to
the density of states. The normalized formation probability of
the corresponding diamagnetic state obeys f, =1 — f. We
note that these formation probabilities are normalized to the
total diamagnetic fraction f; observed at low temperatures.
We also note that for A, = 0, one obtains (for a fixed X¢)
the proportionality between the relaxation rate A; and the
paramagnetic fraction f, as used in Ref. 13. In the fit shown
in Fig. 3, the relaxation of the diamagnetic state was fixed
to A, = 0.01 us™', and an activation energy E, = 6(2) meV
[with N = 3(2) x 10, Ay = 0.033(2) MHz] was obtained.

From this value, and using € = 24(1)¢( (Refs. 30 and 31) for
the static dielectric constant in ¢-TeO,, we may estimate!3-14
the electron effective mass to be m* = 0.3(1)m(y and the
hyperfine interaction to be around 0.05 MHz (corresponding
to a Bohr radius of about 50 A).

fo(T) =

(6)

B. Atomlike (deep) muonium

In longitudinal-field experiments performed at 7 = 6 K,
a clear repolarization curve is seen (Fig. 5), corresponding
to a hyperfine interaction of about 3.5 GHz. The interaction
is isotropic or almost isotropic and its value amounts to
about 78% of the vacuum value. This is the signature of an
atomlike state with little interaction with the surroundings. It
is usually assumed that this so-called deep or normal muonium
resides at an open interstitial site in the lattice.”* Indeed,
the DFT calculations determined a higher-energy metastable
configuration of neutral hydrogen with the latter residing
deeper in the interior of the ring structure of the lattice (cf.
Sec. IIID below).

From such a state, in low transverse field, the singlet-triplet
transition frequency of about 3.5 GHz is far too high to be
resolved, so that half the polarization is lost. The other half
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would normally be seen as an intratriplet precession signal,
with frequency 21 MHz at 1.5 mT. In the present case it appears
to be damped in less than one cycle, mainly reflecting the
short lifetime of the quasiatomic state. The equality of the
missing and fast-decaying fractions support this interpretation,
accounting in total for 40% of the incoming muons.

C. Conversion dynamics

As discussed above, at the lowest temperatures, about 60%
of the muons form the donor configuration and about 40% form
the atomlike muonium. However, this ratio is not constant but
changes with temperature as evidenced by the increase and
decrease of the slowly relaxing component, with a maximum
at about 125 K. We assign the increase to a conversion of
paramagnetic deep muonium to diamagnetic muonium (which
can correspond to Mut or Mu~, not specifying the charge
state at this stage). The decrease is then assigned to a reverse
reaction: Mut~ converts to Mu®. In the reverse reaction,
charge fluctuations seem to play a non-negligible role. In
the following we concentrate the discussion on the fractions
represented in Fig. 2, from which an activation energy for
the ongoing processes can be extracted. We refrain from the
corresponding analysis of the relaxations shown in Figs. 3 and
4, which would require a rather detailed model for the ongoing
processes, which we can only hint at. The clarification of such
processes requires an extensive research program built upon
the results of the current work, in order to clarify the specific
processes involved and build an adequate model such as the
one currently existing for intrinsic silicon.'® A comprehensive
model should also include indirect interaction with defects and
impurities such as those known in other related systems.>¢->
However, the temperature dependence of the fractions contains
already the basic feature relative to the conversion of the
muonium states present.

1. Conversion ofMu0 toMut~ (T < 125 K)

Experimentally we cannot distinguish between Mu™ and
Mu~ and therefore no definite assignment can be made to the
final state being formed. Again, we assume a phenomenolog-
ical Boltzmann partition between the two configurations

! 7
21+ Niexp(—E, /kgT)’
JpNiexp(—E\/kT)

1 + N]CXp(—E]/kBT)

ffast(T) =

(N

fslow(T) =

+ fa, ®)

where f; and f, are the total formation probabilities of
the diamagnetic and atomlike paramagnetic configurations,
respectively, and f;+ f, =1 or f, =1— f;. E; is the
activation energy of the process, kg is the Boltzmann constant,
and the empirical parameter N; relates to the density of
states. The index 1 is used here to distinguish the param-
eters used in Egs. (7) and (8) from those used for the
processes described in the next paragraph, where we use
index 2. The factor 1/2 in the Eq. (7) accounts for the
fact that only half of the Mu’ frequencies are visible for
deep muonium, the other half of the transitions being not
detected due to their high frequencies. The simultaneous
fit of Egs. (7) and (8) to the data below 7 =125 K
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is represented in Fig. 2 (full lines), yielding f; = 61.6(5)%,
Nj = 6(1), and an activation energy E; = 13(1) meV.

A possible process for the transition of Mu’ to Mu* is
the site change of interstitial muonium to the bond donor
configuration, accompanied by a loss of the electron. The
activation energy (E = 13 meV) extracted from the increase
of the slowly relaxing fraction would then represent the barrier
height for the conversion. This process would then correspond
to a deep to shallow conversion of the neutral state, with
simultaneous ionization above 50 K.

This process seems a very plausible explanation and is con-
sistent as well with our DFT-NEB calculations for hydrogen,
where a very low barrier is obtained. However, a problem
arises for the temperatures above 125 K, where apparently
the reverse reaction occurs. The bond donor configuration is a
very stable situation and a re-formation of the higher-energy
interstitial state seems unlikely: It would require the breaking
of a strong covalent bond with oxygen. The present DFT-NEB
calculations for the barrier of the path leading to such a
re-formation provide a magnitude of 1.4 eV, suggesting this to
be a very difficult process.

Therefore, we consider also the possibility of Mu™ forma-
tion. This process was proposed in Refs. 56 and 57 for the ZnSe
case and the current DFT calculations depict it as very probable
here as well, since the existence of a stable negatively charged
hydrogen state in the deep interstitial geometry is predicted
(see Sec. [IID below). In this interpretation one assumes that
radiolytically produced conduction electrons are temporarily
stored at the native donors in these heavily compensated
materials and liberated at the temperature where ionization
occurs. These electrons can then be captured at interstitial
muonium to form Mu~. In this case the 13-meV activation
energy extracted from the fit in Fig. 2 below 125 K represents
the ionization energy of the native donors.

2. Conversion of Mu*~ to Mu® (T > 125 K)

Above 125 K, the slowly relaxing diamagnetic muonium
fraction decreases (Fig. 2), meaning that this configuration
becomes unstable. The high relaxation value of the fast
relaxing component (Fig. 4) requires that a deep muonium
state is formed, at least temporarily. We interpret the decay of
the slowly relaxing component in Fig. 2 as due to the reverse
process and extract an activation energy by fitting the fractions
with Boltzmann distributions analogous to the model described
in Eqgs. (7) and (8) [where the factor 2 in Eq. (7) is now removed
to take into account that the entire muon polarization is now
observed]. The resulting simultaneous fit to the two fractions
for T > 125 Kisrepresented in Fig. 2 (dashed lines) and yields
fa = 33(3)%, N, = 66(30), and an activation energy of 63(5)
meV.

In case of the reactivation of muonium from the bond site
to the interstitial site, this value would represent the energy
difference of the neutral muonium in the two configurations,
respectively. 63 meV seems too low for this level difference,
compared to 1.3 eV predicted by DFT (see Sec. IIID below).

For the Mu™ configuration, an instability is more plausible
since the second electron in Mu™ may easily be lost either to
the valence band filling holes if present®® or to the conduction
band.’® Again, 63 meV seems too low for the latter case,
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FIG. 6. (Color online) Formation energies of the different charge
states of hydrogen versus Fermi-level position in the band gap. The
energies for all multiple minimum-energy configurations discussed in
the text are included as well, with corresponding labels shown above
the plot. The thermodynamic defect transition levels, €(q,q’), are
denoted by the vertical dotted lines. The positions of the acceptor
levels €(0/—) among the H° and H~ states stable at different
geometric configurations are also explicitly shown by the arrows.
The solid vertical line, marked as CBM, denotes the theoretical DFT
conduction-band minimum. The reference energy for the Fermi level
is set at the valence band maximum.

since the theoretical DFT predictions place the thermodynamic
€(0/—) level about midgap, and the €(0/—) level associated
to the interstitial hydrogen configuration even lower (see
Fig. 6). In the former case (hole capture), the activation energy
corresponds to the activation energy of the native acceptors
and 63 meV appears as a most sensible value.

D. DFT study: Hydrogen configurations and formation energies

Hydrogen in all its charge states (H°, H", and H™) was
initially placed in various positions in the 96-atom bulk-crystal
supercells. The equilibrium configurations were then deter-
mined by minimization of the total internal energy. For every
charge state the resulting minimum-energy configurations
were identified, exploring also the possibility of coexistence
of multiple energy minima. The corresponding formation
energies are shown in Fig. 6 as a function of the Fermi-level
position in the band gap, for all different minimum-energy
configurations that hydrogen can exist for each of its charge
states. The thermodynamic transition levels €(g/q’), defined
by the value of the Fermi level where the charge states ¢
and ¢’ have equal energies, are also indicated by the dotted
vertical lines. To determine these levels we considered only
the lowest-energy configurations for each charge state. It
can be seen that the donor level e(+/0) lies higher in the
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FIG. 7. Minimum-energy configurations of isolated hydrogen (small white circle) in «-TeO,, shown in a projection parallel to the b-lattice
vector. Oxygen and tellurium ions are depicted as the larger and lighter (smaller and darker) circles, respectively. Dotted lines denote
the bulk-crystal repeating unit. (a) Bond configuration; (b) High-energy deep interstitial configuration; (c) Defect-complex-acceptor-like

configuration.

gap compared to the acceptor level €(0/—). This inequality
suggests that the present DFT calculations predict hydrogen
to be a negative-U defect in a-TeO,, where the neutral HO
state is never thermodynamically stable at any value of the
Fermi level.! It should also be pointed out that the finding
that the equilibrium pinning level €(4-/—) is within the gap
means that hydrogen is not a source of doping in a-TeO,.'8
Nonetheless, both H® and H~ can exist in more than one
configuration in the lattice (see Fig. 6) and the existence of
these higher-energy metastable configurations is still relevant,
especially when comparing with ©SR measurements, since
the latter access nonequilibrium processes occurring at a
very short time scale. For this reason, the formation energies
associated with all existing multiple configurations are also
shown in Fig. 6 and are discussed below. A consequence of
this is that new displaced transition levels become possible
that connect the higher-energy charge states of hydrogen for
each different geometrical configuration. These are indicated
by arrows in Fig. 6, where it can be seen that the acceptor level
€(0/—) is progressively displaced closer to the valence-band
edge.

Interstitial hydrogen for all charge states displayed a strong
tendency to bind to the bridging oxygen atoms (rendering them
threefold coordinated) with a formation of a strong covalent O—
H bond with a length of 0.98 A. The corresponding equilibrium
configuration for hydrogen in the positive charge state, H*, is
shown in Fig. 7(a). The depicted projection is parallel to the
lattice vector b, where the network of six-membered Te—O-Te
rings is clearly visible. The O—H bond is oriented perpendicular
to the ¢ axis and is shown by the thicker segment in the figure.
Inspection of the local environment of H* revealed that H*
forms an additional longer bond (2.13 A) with another oxygen
ion. The latter shares a common tellurium neighbor with the
primary oxygen that H* binds to [Fig. 7(a)]. The incorporation
of HT also does not entail breaking of a host Te—O bond,
similarly to other rutile-structured oxides such as SnO, and
Ti0,.!519:2059 The close proximity of H* to its binding oxygen
only repels the two tellurium nearest neighbors of the latter by
approximately 0.25 A each (the corresponding displacements

are depicted by the arrows in Fig. 7). The H" configuration
does not introduce any defect levels in the band gap.

For the case of a neutral supercell, hydrogen was also found
to adopt this bond configuration. Again, no deep state in the
gap appears: The additional electron occupies an energy level
that is resonant with the conduction band, rendering hydrogen
effectively ionized with its electron in a delocalized state. The
impurity center is therefore an ionized hydrogen with the
electron bound to the center in a hydrogenic effective-mass
state. The calculated donor level €(+/0) is nearly degenerate
with the conduction-band minimum, CBM (Fig. 6). These
findings thus suggest that the bond configuration very likely
corresponds to the shallow muonium state observed in uSR
with an estimated Bohr radius of about 50 A (see Sec. IIL A).

By exploring further the configurational space of hydrogen
in the lattice in the neutral supercell (still referred to as HO, for
conventional purposes) we found that H possesses another
stable configuration of higher energy (by 1.3 eV) where the
hydrogen atom resides at an interstitial site deeper in the
interior of the ring [see Fig. 7(b)]. More specifically, hydrogen
is located close to its nearest tellurium ion at a distance of
1.75 A, with the next-nearest neighbors being two oxygen
ions across the ring at distances in the 1.90-to-2.20-A range.
Calculations (with the NEB method) of the minimum-energy
path connecting the two multiple configurations of H’, namely,
the lower-energy bond site and the deep interstitial site,
revealed that a very low energy barrier (of the order of 0.1 eV,
practically within the numerical accuracy of the calculations)
is needed for H° to escape from the higher-energy site
toward its global minimum-energy bond site. The interstitial
configuration is a deep state with the electron occupying
a deep defect level located 1.2 eV above the VBM. The
electron charge density of this level is plotted in Fig. 8(a).
It can be seen that the state is relatively localized at the
hydrogen itself in an approximately spherically symmetric
charge distribution, but carries also considerable weight at
ions of its immediate vicinity, most notably its tellurium
nearest neighbor. Therefore, it has an atomlike character
but with strong influences from the local environment as
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FIG. 8. (Color online) Isosurfaces (in color) of the electron charge densities for the defect level in the gap in the higher-energy deep
interstitial H configuration (a) and in the intermediate-energy defect-complex H° configuration (b). The full supercell is shown for both cases,

in a projection parallel to the b-lattice vector.

well. We suggest that the deep isotropic muonium found
in the experimental results and discussed in the Sec. III B
corresponds to this configuration. The calculations also show
that this configuration is stable upon the subsequent electron
capture by this center, converting it into a stable H™ state.
Concerning the negatively charged H™ case, however, two
different configurations are possible, as we now discuss.

Indeed, for the negatively charged hydrogen, H™, the
previously described interstitial configuration was also found
to be stable. In contrast to H® and HT, however, the bond
configuration discussed above has a higher energy (almost by
1eV)and it was found to be unstable under small perturbations,
especially with respect to displacements of the oxygen ion
(participating in the OH™ bond) along the ¢ axis [see Fig. 7(c)].
This instability leads to a new stable H™ configuration of
lower energy with respect to the interstitial state (Fig. 6).
This H™ state, depicted in Fig. 7(c), is a rather extended
defect complex. It comprises an OH~ bond, which this time
is no longer perpendicular to the ¢ axis, and a pair of under-
and overcoordinated tellurium ions in its immediate vicinity,
Te[3] and Te[5]. The oxygen ion participating in the OH™
bond has displaced considerably from its initial position in
the lattice, leaving behind a threefold coordinated tellurium
(Te[3]) and creating an overcoordinated one (Te[5]). This
negatively charged state possesses a defect level deep in the
band gap, occupied by two electrons.

We further tested the stability of this defect complex by sub-
tracting one and two electrons from it. Whereas the positively
charged state was unstable, the defect-complex configuration
persists (with some changes in the local structure) as a neutral
state. This state, therefore, is the third stable H° configuration
in «-TeO, with a singly occupied deep level in the gap and

an energy slightly higher than the energy of the H bond state
discussed earlier (see Fig. 6). The charge-density distribution
for this level, shown in Fig. 8(b), is localized near the O-H™
bond and displays a strong asymmetry with a large weight on
the undercoordinated tellurium ion, Te[3].

IV. CONCLUSIONS

The present study is a comparative work of the incorpora-
tion and dynamics of isolated interstitial hydrogen in o-TeO,
by means of muon experiments and DFT calculations.

In the theoretical DFT part, in addition to the lowest-energy
configurations of hydrogen for each of its charge states,
higher-energy metastable states were also determined since
they can be relevant and accessible to the implanted muons.
Six minimum-energy hydrogen states are predicted together
with their level crossings. These six states are grouped in
three geometrical configurations: a donor configuration with
the hydrogen forming a short covalent bond to an oxygen
ion of the lattice, encountered also in many other oxides, and
two other configurations with deep defect levels in the gap: a
defect-complex acceptorlike configuration with the hydrogen
again strongly bound to an oxygen and a third interstitial one
with the hydrogen occupying a position deeper in the ring
structure of the «-TeO, lattice.

Experimentally, both the donor and the higher-energy
interstitial configurations have been observed. We have no
experimental indication of the formation of the acceptorlike
configuration where the muonium is strongly bound to the
lattice. We suppose that the formation of this configuration
is hindered by the requirement of the strong geometrical
rearrangements to form it.
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In the donor configuration, muonium is mainly ionized
(Mu™) but a faint indication of a hyperfine interaction remains,
indicating that a weakly bound electron is present. From the
disappearance of this interaction with temperature, the €(+/0)
conversion level can be located near the conduction band edge
within a range of about ~6 meV. This result is consistent with
the theoretical DFT prediction.

The formation of the deep interstitial configuration is
evidenced by the observation of atomiclike deep muonium
with a hyperfine interaction of about 3.5 GHz, corresponding to
about 78% of the vacuum value. None of the two other neutral
muonium configurations would show this characteristic. The
experimentally observed gradual increase of the diamagnetic
fraction with temperature up to 125 K is attributed to electron
capture by the interstitial muonium forming Mu™~, the decrease
of this fraction above 125 K to the loss of the second electron

PHYSICAL REVIEW B 84, 045201 (2011)

forming Mu® again. However, this interpretation is not unique
and alternative models are also discussed. The combined ex-
perimental and DFT study provides a quite complete picture of
the basic behavior of isolated interstitial hydrogen in a-TeO5.
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