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Formation of positroniumsPsd in SrF2 single crystal is confirmed. Temperature dependence of the momen-
tum distribution and the lifetime of the Ps have been investigated in the temperature range from 10 to 297 K.
Temperature induced transition of the Ps from the localized to the delocalized state has been observed. At low
temperatures, the Ps is in the localized state. When the temperature is above about 100 K, the Ps in the
localized states coexists with that in the delocalized states. The intensity of the delocalized Ps component
increases as the temperature rises. The effective mass of the delocalized Ps is found to be 6.332m, consider-
ably larger than the free Ps masss2md in vacuum. The level of the bottom of the delocalized state is 0.012 eV
higher than that of the localized state.
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I. INTRODUCTION

PositroniumsPsd, which is the bound state of a positron
and an electron, forms in various insulating solids, e.g., al-
kali halides, SiO2, polymers, etc.1–4 The Ps in solids can be
said to be an isotope of the exciton, a bound state of an
electron and a hole.

While Ps in crystalline SiO2 is in a delocalized Bloch
state,5 Ps in alkali halidessNaF, NaCl, NaI, KCl, KBr, and
KI d exists in two kinds of states, delocalized and localized
sself-trappedd states. The energy level of the localized state is
a little higher than the bottom of the delocalized band, i.e.,
the localized state is metastable.1,2,6–12At low temperatures
stypically less than a few tens of Kd, the Ps populates mainly
the delocalized states. This is confirmed by the observation
of very narrow peaks in the momentum distribution of the
positron annihilation radiation, the central peak and the sat-
ellite peaks appearing at the momenta corresponding to the
reciprocal lattice vectors of the specimen crystal. As the tem-
perature rises, Ps tends to be self-trapped, resulting in a
marked broadening in its center-of-mass momentum distribu-
tion. Similar coexistence of the free and the self-trapped
components has been observed in the exciton luminescence
spectra of several materials.13–15 Since the band mass of the
positron in alkali halides is smaller than that of the hole,16

the Ps in the same materials has a smaller mass than the
exciton. Hence the Ps is more difficult to be localized and it
has some influence on that the self-trapped state of Ps in the
above mentioned alkali halides is metastable.

Excitons in alkaline earth fluorides has been investigated
and well understood,14,17,18 however Ps in these materials,
except for MgF2,

19,20has not been studied even in relation to
its formation. In the present work, we investigate the exis-
tence and the behavior of Ps in SrF2. In the next section, the
experimental methods used are described. Experimental re-
sults are shown and analyzed in the third section and a dis-
cussion of the results is presented in the fourth section. Fi-
nally a summary is given in the last section.

II. EXPERIMENTAL PROCEDURE

High resolution one-dimensional angular correlation of
positron annihilation radiations1D-ACARd measurements
and positron lifetime measurements have been performed on
SrF2.

SrF2 single crystals used in both the 1D-ACAR and the
positron lifetime experiments were supplied by OKEN Co.
Ltd. In the 1D-ACAR measurements, the specimen was
glued onto a copper plate with GE 7031 varnish, and
mounted on the cold finger of a closed-cycle helium refrig-
erator fitted to a vacuum-tight chamber such that thek100l
axis of the crystal was oriented parallel to the measured mo-
mentum direction. To avoid asymmetric absorption of the
annihilation g rays in the sample, the top surface of the
specimen was cut at an angle of about 3° to thes100d plane
of the crystal. The surface of the specimen was coated with
vacuum-evaporated aluminum to avoid charge pileup during
the measurements. Positron annihilations in the thin alumi-
num coating were estimated to be negligible. The specimen
temperature was controlled to within ±0.5 K at values below
room temperature. Measurements were also performed at
room temperature, 297±1 K. A positron source of 30 mCi of
22Na was placed outside the vacuum chamber, facing the
specimen across a 40mm thick beryllium window.

The 1D projection of the electron-positron momentum
distribution onto thek100l direction of the crystal was mea-
sured in a magnetic field of +1.1 T. The positivesnegatived
sign indicates the direction of the field parallelsantiparalleld
to the positron incident direction. The momentum resolution
was 0.45310−3mc sm is the free electron mass,c is the
speed of light,mc=137 a.u.d full width at half maximum
sFWHMd. In order to confirm unambiguously that Ps was
formed, momentum distribution was also measured in a mag-
netic field of −1.1 T at several temperatures. Confirmation of
the Ps formation by this method is based on the fact that the
positrons emitted from ab+ decay source are spin-polarized
along their momenta. The 2g self-annihilation of the Ps is
more enhanced when the magnetic field is parallel to the
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positron spin than in the opposite case.11 Comparing the data
for the magnetic fields of the same intensity but with oppo-
site polarities diminishes possible errors induced by the dif-
ference in the area sampled by the positrons.

The positron lifetime was measured in the temperature
range from 10 K to room temperature. The positron source
used for the lifetime measurements was22Na of approxi-
mately 10mCi deposited onto Kapton foil which was then
covered with another piece of foil. The source was sand-
wiched between two identical pieces of the crystal specimen.
A pair of fast scintillation counters were used to provide the
signals required to measure the positron lifetime. One of the
detectors was used to detect the 1.275 MeV nuclearg rays
from theb+ decay of22Na, giving the start signals, whilst the
stop signals were provided by the 511 keV annihilationg
rays detected at the other counter. The time resolution was
220 pssFWHMd.

III. EXPERIMENTAL RESULTS

The momentum distributions obtained at various tempera-
tures from the 1D-ACAR experiment are shown in Fig. 1,
where the 2g coincidence counting rate is plotted against
momentum,pz.

The data was found to be temperature dependent; a cusp-
like structure was found at the center of the momentum dis-
tributions at temperatures near room temperature. Such a
structure was not observed at low temperatures.

Figure 2 shows the result of the subtraction of the mo-
mentum distributions in the magnetic field −1.1 T from those
taken in +1.1 T after appropriate normalization.sThe nor-
malization was performed in the following way.11 The ratio
of the two curves was plotted against momentum; it was
found that this ratio was almost constant forupzu.7
310−3mc. This indicates that the change in the field polar-
ization does not appreciably alter the shape of the broad
component. Then the two curves were normalized to the ar-

eas in the regionsupzu.7310−3mc.d The existence of the
remaining component is definite evidence for the existence
of Ps in SrF2, the component giving the momentum distribu-
tion of the Ps. The momentum distribution of the Ps at 10 K
thus obtained was approximated by a single Gaussian func-
tion of width 6.0310−3mc at FWHM. The Ps momentum
distribution at values near room temperature contains two
components where the width of one of these components is
very narrow. This gives rise to the cusp seen in the raw data,
shown in Fig. 1.

In order to investigate the temperature dependence of the
Ps components with better statistics, we subtracted from ev-
ery curve the broad component which resulted from the an-
nihilation of the positrons with electrons of the SrF2 or the
pick-off annihilation of the Ps. The shape of the momentum
distribution,Fspzd, was represented as

Fspzd = F1spzd + F2spzd + F3spzd, s1d

where

F1spzd = a exps− apz
2d,

F2spzd = b exps− bpz
2d,

F3spzd = c„exps− hpz
2d + d expf− jspz − gd2g

+ d expf− jspz + gd2g….

The parameters were determined by simultaneously fitting

FIG. 1. Momentum distributions of the annihilation photons
along thek100l axis of SrF2 in the temperature range 10–297 K.

FIG. 2. Positronium momentum distribution in SrF2 obtained
using the effect of the spin-polarization on Ps formation.
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the functions1d to the six ACAR data results at 180 K, 230
K, and 297 K for the magnetic fields +1.1 T and −1.1 T. The
function,F1spzd, represents the narrow Ps component,F2spzd
represents the broader Ps component, andF3spzd represents
the common broad component showing the momentum dis-
tribution of the g rays from positron annihilation with the
electrons of the SrF2. A more complex function forF3spzd
was introduced after finding that using a single Gaussian was
not adequate. A constraint of the fitting was thatb was fixed
to give a width of 6.0310−3mc, as determined in the mag-
netic quenching experiments andh ,j ,d, andg were param-
eters common to all six ACAR curves. The parametera was
common to the data for the same temperature with both the
magnetic fields useds+1.1 T and −1.1 Td but dependent on
the temperature. The Ps component which is isolated by sub-
tracting the obtained common broad component,F3spzd,
sshown in Fig. 1 on the 297 K plotd from each of the mo-
mentum distributions is shown in Fig. 3 together with the
fitted F2spzd.

The results of the two-component analysis of the lifetime
spectra are shown in Fig. 4. The intensity of the long lifetime
component,I2, decreases as the temperature rises and starts
to increase at around 180 K. The long lifetime,t2, starts to
shorten gradually at around 100 K. The short lifetime,t1,
becomes longer as the temperature rises to 180 K and ap-
pears to be almost constant or even slightly decreases as the
temperature rises above 180 K.

IV. DISCUSSION

The temperature dependence of the momentum distribu-
tion F1spzd+F2spzd sshown in Fig. 3d corresponds to the tem-
perature dependence of the population of Ps in the two dif-
ferent states, which is in agreement with that obtained by
magnetic effectsshown in Fig. 2d. There is no theoretical

calculation available of the broad component,F3spzd, result-
ing from the annihilation of the non-Ps positrons and the
pick-off annihilation of the Ps in SrF2. In the following, we
shall make no further discussion on this component.

Figure 5 shows the momentum distribution around the
momentum corresponding to the projection of the first recip-
rocal lattice vectors4.2310−3mcd measured at 297 K with
high statistics. A small structure is seen indicating a higher
momentum component of the narrow Ps component. To
make this point clear, Fig. 6 shows the component obtained
by subtracting the fitted function,F2spzd andF3spzd, from the
ACAR data at 297 K. A main peak at zero momentum and

FIG. 3. sColor onlined The temperature dependence of the Ps
momentum distribution in SrF2 obtained by subtracting the broad
component from the momentum distribution in Fig. 1. The solid
line indicates the component of Ps in the localized state.

FIG. 4. The short lifetime,t1, the long lifetime,t2, the average
lifetime, t̄, and the intensity of the long lifetime component,I2, of
the positron lifetime in SrF2.

FIG. 5. Momentum distribution around the momentum corre-
sponding to the reciprocal lattice vector of SrF2. The arrow pointing
in the figure represents the momentum corresponding to the recip-
rocal lattice vector of SrF2.
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satellite peaks at around multiples of the reciprocal lattice
vectors ±4310−3mc are clearly visible. Figure 7 shows the
temperature dependence of the square of the widthsFWHMd
of the central narrow component,W1. In the temperature re-
gion above 150 K, the square of the width increases linearly
with temperature. These show that the narrow component
results from the self-annihilation of the Ps in the delocalized
sBlochd state with energy-momentum relation characterized
by a constant effective mass. If we assume that the momen-
tum distribution of these Ps atoms,F1spzd, is described by
the Boltzmann distribution with an effective massM*,

F1spzd ~ exps− pz
2/2M * kBTd, s2d

then the widthsFWHMd of the narrow component,W1, is
expected to vary with temperature as

W1 = f8slog 2dM * kBTg1/2. s3d

The experimental value forM* is derived from the slope of
theW1

2 vs T plot, shown in Fig. 7. The solid line in the figure
shows the result of the least-squares fit to the data. From the
slope of this line, we conclude that the effective mass,M*,
of delocalized Ps in SrF2 is s6.3±0.2d32m. This value is

considerably larger than those of delocalized Ps in alkali ha-
lides. At temperatures below 130 K, the experimental data
points lie above the fitted line. This is perhaps because the Ps
in this temperature range is in an intermediate state between
a free and a localized state, somewhat like a loaded free
state.21 The Ps in this state is free to move but only slowly
with a heavy load of the phonon cloud.

The broader Ps component,F2spzd, is due to the self-
annihilation of the Ps in the localized state. The width of the
momentum distribution of the localized Ps is independent of
temperature.

The temperature dependence of the Ps components
sshown in Fig. 3d indicates that the Ps is localized at tem-
peratures lower than about 100 K and the transition from the
localized to the delocalized states takes place when the tem-
peratures rises above about 100 K. The fractional intensity of
the delocalized Ps component,S1/ sS1+S2d, is plotted against
temperature in Fig. 8, whereS1 andS2 are the intensities of
the delocalized and the localized Ps components, respec-
tively.

Temperature dependence of the delocalized Ps intensities
in SrF2 displays contrast to that of the Ps in alkali halides.8 In
alkali halides the Ps populates mainly the delocalized states
at temperatures lower than a few tens of K. As the tempera-
ture rises, it tends to be self-trapped. At values near room
temperature, all the Ps atoms are self-trapped. A model pro-
posed to interpret metastable self-trapping of holes in some
metal halides22 has been applied by Hyodoet al.7 to explain
the temperature dependence of the momentum distribution of
Ps in alkali halides. This model assumes that the level of the
self-trapped state is situated lowersby «d than the bottom of
the delocalized Ps band, and the fraction of the Ps in the
delocalized state,fF, is given by

fF = 1/f1 + AT−3/2exps«/kBTdg, s4d

whereA=N/Vs2p"2/M * kBd3/2, V, is the volume of the crys-
tal, andN is the number of the possible localized sites for the

FIG. 6. Momentum distribution of delocalized Ps at 297 K in
SrF2. G represents the reciprocal lattice vector of SrF2.

FIG. 7. sColor onlined Temperature dependence of the square of
the widthsFWHMd of the narrow component of the Ps peak in SrF2.
The width has been corrected for the broadening due to the optical
resolution of the apparatus. The solid line shows the result of the
least-squares fit to the data, from the slope of which the effective
mass,M*, of the Bloch Ps in SrF2 is found to bes6.3±0.2d32m.

FIG. 8. sColor onlined Temperature dependence of the fractional
intensity of the delocalized Ps in SrF2. The full circles show the
experimental data derived from the Ps peaks shown in Fig. 3, while
the solid line represents the least-squares fitted theoretical curve
which corresponds to the level of the delocalized state«
=0.012 eV.
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Ps in the crystal. For Ps in alkali halides,« is negative; the
self-trapped state of Ps is metastable.

This model can be applied without any modification to the
case of the Ps in SrF2. The fraction,fF, given by Eq.s4d was
fitted to the fractional intensity of the narrow component,
shown in Fig. 8. The solid line in the figure showsfF fitted to
the data with« andN being adjustable parameters and with
the constraint thatM * =6.332m. The general feature of the
observed temperature dependence of the momentum distri-
bution has been reproduced reasonably well. The fitting
gives the value of« ass0.012±0.003d eV and the number of
localized sites per unit cell,N, ass0.4±0.1d. When the speci-
men temperature rises, the effective number of the available
delocalized states increases rapidly because of the large ef-
fective mass of the Ps.

Turning to the results of the positron lifetime measure-
ments, shown in Fig. 4, these can be interpreted in the light
of the results from the ACAR experiments. The lifetime
spectra consist of the annihilation of two Ps components,
para-Pssp-Psd and ortho-Psso-Psd, and that of the non-Ps
positronssfree positronsd. In an insulating single crystal in
which Ps exists, the short lifetime,t1, component in a two
component analysis contains the annihilation of p-Ps and
free positrons, which cannot be resolved with the time reso-
lution of the present apparatus. The long lifetime,t2, com-
ponent is due to o-Ps as the lifetime of the o-Ps is usually
much longer than that of the p-Ps and the free positrons.3

The closed circles and the open squares in Fig. 9 represent
the temperature dependence of the total Ps intensity esti-
mated from the lifetime data and ACAR data, respectively.
The total Ps intensity from the lifetime data is estimated by
multiplying o-Ps intensity by 4/3, due to the statistical
weighting of the para and ortho spin states. The total Ps
intensity from the ACAR data is calculated from the intensity
of the Ps peak as follows. The Ps peak arises from the self-
annihilation of the Ps. We took pick-off annihilation into
account. We also took the magnetic quenching effect into
account since the ACAR measurements were performed un-
der the magnetic field. The applied magnetic field mixes the
p-Ps state with thems=0 substate of the o-Ps,10 which causes
2g self-annihilation of the perturbed o-Ps. Moreover, the ra-
tio of the p-Ps and the o-Ps intensities changes from 1/3
depending on the magnetic field because the positrons inci-
dent onto the sample from the source are spin-polarized

along the field direction. We used the theoretical 2g annihi-
lation intensities of Ps as a function of magnetic field.23,24

The polarization of the positrons along the magnetic field
was 0.3, as measured by the present apparatus,24 and the
pick-off annihilation rate was 1/400 ps−1 estimated from the
lifetime t2. The self-annihilation rate in SrF2 is not necessar-
ily the same as that in vacuum because of the screening of
the Coulomb interaction of the constituent particles of Ps by
the electrons of the medium. This makes the average distance
of the electron and the positron in Ps larger and the contact
density of these particles smaller. Hence the self-annihilation
rate of Ps decreases. The contact of the positron with the
medium electrons, on the other hand, causes pick-off annihi-
lation. In this experiment, detailed information on the self-
annihilation rate of p-Ps in SrF2 could not be obtained. As a
rough approximation, we presumed the overall annihilation
rate of p-Ps is the same as the self-annihilation rate in
vacuums1/125 ps−1d. We see in Fig. 9, that the Ps intensities
estimated are in good agreement with that estimated from the
ACAR experiment.

Correlation between the short lifetime,t1, and the inten-
sity of the o-Ps,I2, can be explained if we assume that the
lifetime of the p-Ps is shorter than that of the free positrons
as is usually the case with Ps in solids. Figure 10 shows
the temperature dependence of the short lifetime,t1f it,
fitted by setting the free positron lifetime using a free
parameter which is independent of temperature. The life-
time which gives the best fit is 210 ps, close to the value of
the free positron lifetime in alkali halides reported
previously.9

The almost constant lifetime of the o-Ps,t2, below 100 K
is consistent with the indication from the ACAR data that all
the Ps atoms are in the localized state below 100 K. If we
assume that the localization of the Ps is accompanied by a
local dilation of the lattice, as in alkali halides,9,10 the de-
crease of the long lifetime,t2, becoming shorter above 100 K
is consistent with the fractional increase of delocalized Ps, as
suggested by the ACAR measurements. The increase in the
fraction of the Ps delocalized in a region with low electron
density makes the average o-Ps lifetime shorter.9

The localized state is the intrinsic self-trapped state, judg-
ing from the fitted number of localized states per unit cell in
the present model. If the localized state is attributed to

FIG. 9. sColor onlined Comparison of Ps intensities obtained
from lifetime measurementssclosed circlesd and ACAR measure-
mentssopen squaresd.

FIG. 10. sColor onlined Comparison of the experimentally ob-
tained short lifetimesclosed circlesd and the fitted lifetimesopen
squaresd from the intensity of the long lifetime component.
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impurity induced extrinsic self-trapped state,13 the fitted
number of localized state must be much smaller than the
observed value.

V. SUMMARY

We have investigated positron annihilation in SrF2 single
crystal. Formation of Ps is confirmed. Temperature in-
duced transition of the Ps from the localized to the delocal-
ized state has been observed in both the momentum distribu-
tion and the lifetime measurements. The effective mass of

the delocalized Ps is determined to be 6.3±0.2 in units
of 2m. The level of the localized state is found to be
0.012±0.003 eV lower than the delocalized state.
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