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Positron bound states on hydride ions in thermochemically reduced MgO single crystals
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Positron-lifetime and Doppler-broadening techniques were used to unambiguously identify positronium
hydrides in thermochemically reduced MgO crystals at low temperatures. Positrons trapped iahgH
forming PsH, yield a lifetime of (648 40) ps, independent of temperature. Complementary evidence for this
identification was provided by Doppler-broadening experiments, in which positrons were trapp&d sitds
at low temperatures. TheH ions were formed via H+e~—H?~ by the capturing of an electron released
from Fe" impurity under blue-light stimulatior].S0163-18266)00438-9

I. INTRODUCTION Laboratory using high purity grade MgO powder from the
Kanto Chemical Company, Toky@apan. Large concentra-
The positronium atorm{P9 is a particle consisting of a tions of hydrogen were obtained by presoaking the MgO
positron bound to an electron, both revolving about theirpowder in H,0. In the proccess of thermochemical reduction
center of mass. This atom was predicted and experimentallfTCR) the crystals were heated at high temperature
discovered many years add.The possibility of forming (~2400 K) and under high pressure Mg vapor { atm in
molecules in which Ps is a constituent has been of consideg tantalum bomb, followed by rapid cooling*®
able interest both theoretically and experimentally. The pos- To monitor the concentration of oxygen vacancies and
itronium hydride (PsH, also known as the bound state |- igns, optical absorption measurements in the UV-VIS-IR

[e"~H"], is such a molecule; it is a hydrogen molecule\yere made with a Perkin-Elmer Lambda 9 and a Perkin-
with one of its two protons replaced by a positron. Its exist-gmer 2000 FT-IR spectrophotometers.

ence was first postulated by Grand recent calculations pre- Ty types of positron techniques were employed: lifetime
dict a PsH lifetime of~ 410 ps in vacuuri.This molecule is  gnq Doppler broadening. In both cases?#Na positron
important in the understanding of the physics and chemistrggrce was sandwiched between a pair of samples. Lifetime
of the positronium. For example, the annihilation characteryyperiments were performed between 100 and 300 K inside a
istics of the positronium may provide information on differ- jiqid-N, flow cryostat. A spectrometer with a resolution
ent processes occurring in the center of the galaxyin  (EwHM) of 235 ps was used. The lifetime spectra were ana-
particular, those annihilation processses responsible for thl?zed by means of thePOSITRONFIT program. Doppler-
narrow annihilation line detected from the direction of the5adening experiments were performed over a range 10 —
galactic center.® The detection of PsH and knowledge of its 300 K in an optical He-closed cycle cryostat. The annihila-
annihilation characteristics in condensed matter are fundgjon radiation was recorded with an intrinsic Ge detector with
mental for numerous applications of positron annihilationg yesolution of 1.62 keV at the 1.33 MeV line #iCo. Mea-
spectroscopyPAS) to materials scienck. surements were made with samples either in the dark, or
The formation of PsH has been reported in MgO crystals, nger biue-light irradiation on both external surfaces by two
and in collisions with CH mo[ecules? In this paper we 400 W Xe lamps colinearly arranged. An interferometric fil-
demonstrate from positron lifetime experiments at low tem+er with a band width of 2.5 nm, in conjunction with a lens
peratures that PsH molecules are formed in MgO single CrySsystem, was used to concentrate the beams onto the samples.
tals containing H ions, which are protons each with tWo The irradiance on the sample was estimated to=1E70
electrons substituting for indigenous’Oions. Even though  mwiem?2. The axis of the Ge detector was perpendicular to
the H™ ion is negatively charged, substituting for arf O the |ight beams. A series of spectra with 250 counts
ion renders the site positively charged relative to the lattic§nder the annihilation peak were alternatively collected in
arlzq can therefore trap an electron to form a metastablgye gark and under blue light at different temperatures. The
H®" ion. A temperature-dependent positron-trapping coeffipgppler broadening of the annihilation peak was character-

cient has been obtained. In addition, by Doppler-broadeningeq py the line shape paramet@rit describes the fraction
experiments we produced evidence that thermalized poshs annihilation events in the energy window of

trons can be trapped by substitutionaf Hions, induced in (511.0-0.8) keV.
the crystals by blue light at low temperatures.

II. EXPERIMENTAL PROCEDURE Ill. RESULTS AND DISCUSSION

The MgO crystals used in this investigation were grown During TCR, the main defects formed are Hons and
by the arc fusion methd@!! at the Oak Ridge National oxygen vacancie¥!® The latter can exist in two charge
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FIG. 1. Intensities of the positron lifetime spectrum against tem- FIG- 2. Temperature dependence of the positron trapping rate
perature for MgO crystals with an H concentration of k10 (kb) and of the trapping coefficienfu,) for H™ ions.
cm™~2 and no F centers.
component. The second component is due to annihilation of
states, with one or two electrolE * and F centers, respec- bound positron states at Hions, i.e., bounde” —H"]
tively), with the F centers as the dominant species. The opstates, and the third component with lifetime values of 1.4—
tical absorption bands of both centers are broad and can B9 ns has been attributed to pickoff annihilation of ortho-Ps
identified by peaks coinciding at the same waveler{gg0  States created by dissociation[@" —H™] states’ The life-
nm).}* The H™ ions are identified by local vibrational modes time values of these three components do not exhibit a sig-
at 1053, 1032, and 1024 cm.*>**From the corresponding hificant temperature dependence but their spectral intensities
optical absorption bands, the concentrations of the anion valo. Figure 1 depicts the spectral intensities versus tempera-
cancies(F plus F" centery and H™ centers were estimated ture after the F centers were completely annealed out. The
to be ~5x 108 cm~2 and 1x 10'® cm~3, respectively. The increase of, andl; indicates both an increase of the bound
H~ ions are thermally much more stable than the oxygerie” —H™] states and their dissociation into Ps and H. Using
vacancies?® In a reducing atmosphere, they are stable everd more elaborate positron decay model than that proposed in
at 1900 K, whereas anion vacancies annedl at 1350 K.  Ref. 8, the positron trapping rate, for H " ions and the
Since F centers were shown here to compete with hydridéfetime of the PsH statep, was obtained?
ions for positrons, it was possible to take advantage of the The positron trapping coefficient, is related to the pos-
stability of the hydride ions and either partially or completely itron trapping ratex;, by x,=u,Cy-, where the measured
anneal out the anion vacancies at 1470 K. H™ ion concentrationCy- in the samples is 9:8107°
Thermochemical reduction also results in valence changatom™*. Figure 2 shows the, and u;, values against tem-
of impurities such as iron, from Pé to Fe". Exciting the  perature. These values increase with temperature, as pre-
crystal with blue light(400-430 nm releases electrons via dicted for a positively charged vacancy in wide-gap
Fet —Fe&"+e . (The absorption at these wavelengths iscrystals%9 Calculations in semiconductors indicate that a
sufficiently small that this process can be considered to bgositively charged vacancy can hold bound positron states
uniform throughout the crystalThe electron is then trapped €ven though its positron trapping coefficient is very fo\°
at an H™ site, forming a metastable H ion.**~*" At room  Thus, in MgO crystals positrons can be trapped at idns
temperature the paramagneti@ Hion will release an elec- after more effective positron traps such as F centers have
tron, reverting back to an H ion; at sufficiently low tem- been removed. Experiments in a pair of samples where the
peratures< 150 K, it is thermally stablé’ In the present concentration of F centers was varied as the samples were
study we chose to work at low temperatures precisely t@nnealed at increasing temperatures, yield a lifetime for the
maximize the concentration of H ions. PsH state of (6461 40) ps, independent of temperature. This
value agrees with that previously obtained from room-
o ) . temperature experimertts.
A. Positronium hydride formation Doppler broadening of the 511 keV annihilation photo-
Severe thermochemical reduction of hydrogen-dopedreak provides information on the momentum distribution of
MgO crystals provides all the necessary ingredients to obthe annihilating electrons. A lo® implies a low probability
serve the PsH, even though optimization of parameters arithat positrons annihilate with low momentum electrons.
elimination of undesirable defects are necessary. Also, S depends on the positron trapping coefficigt The
After TCR, the MgO samples showed a two-componentemperature dependence of S measured in the dark for
lifetime spectrum with a second component lifetime of 225samples with different F center concentrations is shown in
ps which is attributed to trapped positrons at F centers. lirig. 3. For comparisonS for a sample with only F centers
spite of the high F center concentration, no positron trappingwithout H™ ions) is shown. In all casesS increased with
saturation was observed. When most of the F centers wetemperature. These results indicate a strong temperature ef-
annealed out, the lifetime spectrum was observed to be thregect on the positron trapping coefficient for Hons.
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FIG. 3. Temperature dependence of yparameter, normalized Temperature (K)
to the room-temperature value, for MgO crystals with
- 8 -3 . — 7 -3 .
[F]~5x10° cm *(0); [F]=5x10 cm and FIG. 4. Difference curve 43— S;) vs temperature for 400 nm

[H]=1x10® cm%®); [F]=1x10Y cm® and

[H-]=1x 10" cm-3(0): and[H]=1x 10 cm-3(A). light stimulation @); points (¢ ) correspond to the difference be-

tween theS values of two successive measurements performed in

L . ~ . the dark. Each point represents the mean value of three measure-
For a sample containing high F and"Hconcentrations, qents.

S was unaffected by illumination with 400 or 425 nm light.

This result was not surprising since the concentration of )
H2~ jons'® produced by blue irradiation was estimated to beth® Xe lamp. No difference was observed betw&grand

1016 —_ 1017 Cmfs_ The Concentration Of anion Vacancies WaSSi . Since |OW'm0mentum annih”ations are Controlled by the
2 orders of magnitude higher. It was previously shown that Fannihilation of para-Ps states produced by the thermally ac-

centers are effective positron trafbﬂ')erefore, the fraction of tivated dissociation of PsH-like states, we attribute the ob-
positrons annihilated at H ions would be negligible. served results to a reduction in the creation of PsH-like states

due to the photoconversiad ~—H?~ ions and subsequent

formation of bound [e"—H?"] states. Annihilating

_ _ e —e' pairs aff e” —H?" ] states have lower momenta than
Next we gfzmqnstrate the effect of blue light 8nvia g annihilating at PsH states. However, it appears that this

H™+e”—H?". Since F centers compete With®H ions for et is overcome by a reduction in the probability of form-

pogitron trappi_ng, to enhance positron trapping éfH;i'Fes, ing para-Ps states induced by the PsH dissociation.
anion vacancies were annealed out. After heating the

samples at 1470 K for 120 min in a reducing atmosphere,
anion vacancies completely vanished. Under blue-light
stimulation, the H~ concentration was estimated to be at
least 1 order of magnitude lower than that of the libn.1® _ o _
However, the H~ ion is expected to be a more effective ~ LOW-temperature positron annihilation experiments d.em-
positron trap because of the more negative potential. The onstrate thafe” —H™] and[e” —H?"] states are formed in
values under 400 nm light stimulation were lower than thosé_hermocher_mcally reduced H-doped MgO c_rystals aft_er an-
measured in the dark ak<100 K. At T>100 K, the S ion vacancies were annealed out. The positron trapping co-
values measured in the dark and those under light were irgfficient for H™ centers increases with temperature. The life-
distinguishable. Figure 4 plotsSg—S;) versus temperature, time of the PsH state is (64040) ps and is temperature
where S, refers toS in the dark, andS; to S under light independent. At temperatures below 100 K the_values of the
stimulation. A Fourier analysis of the difference curve re-parameterS under blue-light(400 nm stimulation were
veals predominant frequencies, indicating th8§S) is a  lower than those in the dark, indicating that fre" —H*"]
real effect induced by the blue-light irradiation. A lo state dpes not annihilate via dissociation into a Ps state and
value implies that positron annihilations with low momen-an H™ ion.
tum electrons are less probable. Consequently, the above re-
sults indicate that the annihilation with low momentum elec-
trons are less probable when the samples are illuminated ACKNOWLEDGMENTS
with 400 nm light. We attribute theS;—S;) difference to
photoconversion of H ions which capture electrons re- Research at the Universidad Carlos Ill was supported by
leased from Fé impurities resulting in H~ ions. the Direccim General de InvestigaaioCientfica y Tecnica

We propose that this is the only plausible interpretation.of Spain(Project No. PB91-0220and the Comunidad Au-
The effect is not due to temperature increase produced by ttenoma de Madrid CAM). The research of Y.C. is an out-
light absorption, becaus&s{—S;) would be negative. Mea- growth of past investigations performed at the Oak Ridge
surements were also made using unfilteretite) light from  National Laboratory.

B. Positron trapping at H?~ centers

IV. CONCLUSIONS



54 BRIEF REPORTS 8953

1S. Mohorovicic, Astron. Nachi253 94 (1934). 10M. M. Abraham, C. T. Butler, and Y. Chen, J. Chem. PH55.
2J. W. Shearer and M. Deutsch, Phys. Rg6, 462 (1949. 3752(1971.

3A. Ore, Phys. Rev83, 665 (1951). 11y, Chen, D.L. Trueblood, O. E. Schow, and H. T. Tohver, J.
4y, K. Ho, Phys. Rev. A34, 609 (1986. Phys.C 3, 2501(1970.

3?R. GonZ#ez, Y. Chen, and M. Mostoller, Phys. Rev.28, 6862
(1981.
13 .
. Y. Chen, R. GonZaz, O. E. Schow, and G. P. Summers, Phys.
6 ’ ’ ’ ’
B. L. Brown, M. L. Leventhal, and A. P. Mills, Jr., Phys. Rev. A Rev. B27, 1276(1983.

. 33, 2281(1986. o 14y, Chen, J. Kolopus, and W. A. Siblephys. Rev.182 962
See U.S. Department of Energy Worshop report “Application of 1969

Positron Spectroscopy to Materials Science,” L. D. Hulett, Jr.,155 Tomprello. H.T. Tohver. Y. Chen. and T. M. Wilson Phys.
R. Gonzéez, B. L. Brown, A. L. Denison, R. H. Howell, Y. C. Rev. B30 7’374(1984). ’ ’ ’

Jean, P. L Jones, W. J. Kossler, K. G. Lynn, A. P. Mills, Jr., S.16yy M. Orera and V. Chen, Phys. Rev. 36, 5576 (1987).
Okada, D. M. Schrader, L. C. Smedskjaer, A. H. Weiss, R. N.17y/ M. Orera and Y. Chen, Phys. Rev. 35, 6120(1987).

SM. Leventhal, C. J. MacCallum, and P. D. Stang, Astrophys.
225 L11 (1978.

. West, and Y. Chen, Adv. Mater. Re3; 1 (1994 8M.A. Monge, R. Pareja, R. Gonlez, and Y. Cherfunpublished
R. Pareja, R. M. de la Cruz, M. A. Pedrosa, and R. Gleza 1°M. J. Puska, C. Corbel, and R. M. Nieminen, Phys. Revi1B
Phys. Rev. B41, 6220(1990. 9980(1990.

°D. M. Schrader, F. M. Jacobsen, N. P. Frandsen, and YZ2°M. J. Puska, O. Jepsen, O. Gunnarsson, and R. M. Nieminen,
Mikkelsen, Phys. Rev. Let69, 57 (1992. Phys. Rev. B34, 2695(1986.



