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Temperature dependence of the momentum distribution of positronium in Mgk, SiO,, and H,O
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Temperature dependence of the momentum distribution of delocalized Bloch-positronium in solids is stud-
ied. The momentum distribution of the positronium, which is proportional to the energy integration of the
spectral function weighted with the Bose distribution, is expressed in terms of the effective mass and the
deformation potential of the crystal for positronium. A simple formula for the shape of the positronium peak in
the 1D-ACAR spectrum is derived and applied to the analysis of the experimental data fer Bigk, and
H,O in wide temperature ranges. An extraordinary broadening of the peak shape is observed folt NMdgF
interpreted as an effect of the umklapp phonon scattering. The diffusion constants of Ps in these materials are
also estimated.

I. INTRODUCTION magnesium fluoride where thé;5(p,) at higher tempera-
tures cannot be approximated by a single Gaussian because
Positronium (P9, the bound state of a positron and an of a large taif*®
electron, forms in various insulatots® Ps is in a delocalized In this paper, we present a formula for tNgp(py) €x-
Bloch-state in some single crystals: quartz, magnesium fluopressed in terms of the effective mass of the Ps and the
ride, ice, and some alkali halides at low temperatrésn deformation potential without the Gaussian approximation.
such crystals, narrow peaks are observed in the angular cothe linear projection of (p) is compared directly with the
relation of 2y annihilation radiatiofACAR) spectra, a main  shape of the Ps peak observed in the 1D-ACAR spectrum.
peak at the center and satellite peaks at the momenta corrghe 1D-ACAR of Mgh single crystal is measured in a wide
sponding to the projections of the reciprocal lattice vectors. temperature range and the formula is applied to fit the data.
These peaks, which originate from the self-annihilation ofthe formula is also applied to fit the quartz and ice data
the Ps, represent the translational momentum distribution qfvh“:h were previous|y measured. The |a|’ge tail in the
the Ps atoms. The relative intensities of these peaks providg, ;(p,) for MgF, at higher temperatures is well explained
information about the wave function of the ¥. by taking into account the effect of the umklapp phonon
The shape of the central peak enables us to discuss thgattering recently suggested by BondafeThe diffusion
renormalization and the damping of the Ps st@fée referto  constant is also estimated for each material.
this peak as Ps peakThe shapeN;p(p,) of the Ps peak in
one-dimensionallD-) ACAR spectra is the linear projection
of the Ps momentum distribution. The momentum density

distribution F(p) of the Ps is proportional to the energy in-  Since Ps is neutral, its interaction with longitudinal acous-
tegration of the Ps spectral functipp(w) weighted with the  tic phonons is expected to be more important than that with
Bose distributiort* polar optical phonons. Our problem is simplified by consid-
ering only the interaction with the former as in the theory of
e pi() the excitont>!® Then the Ps-phonon interaction is treated in
F(p)ocJ’ do— ——. (1)  terms of the effective madd* of the Ps and the deforma-
—eeviE—1 tion potentialEy. The Hamiltonian is written as

Il. THEORY

This shows that the ACAR data reflect the momentum aspect

of the spectral function. H=Ho+H'=| > epcici+ >, hwgata;
In previous work¥'3 investigating the shape of the Ps ° P ek g

peak in terms oF(ﬁ), Eqg. (1) was approximated for sim-

plicity by a Gaussian function with the same full-width at + Z gdCL;G‘CE(aa_ai ), (2)

half-maximum (FWHM). This approach, however, fails for k0,G d a
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NN
U5=iEqq ZogpV' SEZZM*’ 3 Mgk, s

V\{hereaa ann!hilat.es a phonon Wit.h frgquen%, cg-anni- 14K
hilates a positronium atom with kinetic energy, p is the Lo

density of the materialG is the reciprocal lattice vectogg
is the Ps-phonon coupling constant avids the volume of 57K [

the sample. The terms witG=0 andG+#0 correspond to

the normal and umklapp interactions with phonons, respec- —
tively. Then the spectral function is well approximated by 101K 2

(@) 2lide) @
()= , A
O (0= h2K22M* 2+ [T 0) )2 149K i
with the self-energ ;= A;—iT' ;. Substituting Eq(4) into 200K A
Eq. (1), we can write the momentum distributii{p) of the
Ps as
250K N
|:( _)) jac Fg(w)e_“’/kBT g (5) fe——" &
oC (1),
PP Jo (o p22M* 21 [Ti(w) I 298K ~
e &,
where the Bose statistics is replaced by the Boltzmann sta- SK
tistics because there exists at most only one Ps atom at a time 35 FaX
in the specimen. S
Using the lowesisecond order perturbation theory, the 423K
damping terml” is A
R L 1 (6)
w)~————\Jw
“ \/EWﬁSSzp
with P, [10” mc]
3=(0)2 FIG. 1. The angular correlation curves along thexis of a
E = \/E2+ hs"Eg’n(wy) MgF, single crystal taken at temperatures from 14 K to 573 K. The
a— d w1 KgT solid lines indicate the broad component irrelevant to the momen-
tum distribution of the Ps.
Ed fOI‘T<TD=ﬁw1/kB,
- \/E§+(3Edm/w1)2 forT>Tp, @) Since this expression includes only one integration and the

two parameters* and E4, we can apply nonlinear least

whereE{!)=E,vG/2 representing the effect of the umklapp squares fit directly to the measured 1D-ACAR data.

phonon interaction? s is sound velocityp is the number of
the nearest neighbors in the reciprocal lattice spa¢e,)

=[expfiw,/kgT)—1] ! is the value of the phonon distribu- Ill. EXPERIMENTAL
tion function at the phonon frequenay; near the boundary

of the Brillouin zone. A MgF, single crystal cut perpendicular to thexis was

supplied by OKEN Co. Ltd. The 1D-ACAR spectra in a

; 2,13 etribg It
Ln the. previous wqu%, the momentum Q|str|but|on wide temperature range from 14 K to 573 K were measured
F(p), derived by substituting Eq6) into Eq.(5) without the by using long-slit apparatus. The 1D-projection of the

umklapp effect Egl)_:Q)v was approximated by a Gaussian gjectron-positron momentum distribution to thexis of the
function. Hol/vever, it is possible to calculate the linear Pro-crystal was measured under the magnetic field of 1.5 T. The
jection of F(p), i.e., 1D-ACAR spectrunN;p(py) for the Ps  momentum resolution of the apparatus is well approximated
peaks, without using the Gaussian approximation. The inteby a Gaussian function with the FWHM of 0.840 3mc
gration over the momenta, andp, can be performed ana- (m: free electron mass;: light speed;mc=137 a.u). The

lytically prior to the integration over the energw]: reason the-axis is selected is that the narrow peaks are most
) ) widely separated from each other, and hence the subtraction
* . &~ yPx of broad component is the easiest. The obtained data are
Nip(py)> | “d&ge 7 ractan =21 ®  shown in Fig. 1. . _
Each ACAR curve consists of a broad component with
=20 %32 the FWHM of ~10x 10 3mc, a narrow strong peak at the
EqM* ' KgT 1

a= . y= _ (9) center, and a weak satellite peak at the momentun8 (
V27h3s%p 2M* X 103mc) corresponding to the projection of th@11)
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FIG. 3. The temperature dependenceEgffor MgF, .

of which is longer than that of para-Ps, is thermalized
enough before the annihilation.

IV. ANALYSIS

The formulation described in Sec. Il was used to analyze
the 1D-ACAR data for the Ps in the MgFerystals. The
previously measured data for SiQa-quart?*® and H,0
(ice)t®2*were also analyzed. The momentum resolutions of
the apparatus are well approximated by Gaussian functions
with the FWHM of 0.38< 10 3mc for the measurements of
Si0,, 0.26x10 *mc for H,O at 110 K and 160 K, and
0.13x10 3mc for H,O from 4 K to 60 K. In thecase of
H,O, only the data below 160 K were analyzed because a
part of the Ps in KO is trapped in thermally created vacan-
cies above 180 K and is not in the delocalized Bloch-state.
The effect of the momentum resolution of the apparatus is
included by convoluting the Gaussian resolution function
into Eq. (8) in the fitting procedure.

FIG. 2. The centrap-Ps peak for MgF at different tempera- We tried fitting Eq.(8) to the spectra for MgFwith com-
tures. The peaks are extracted by subtracting the broad componemton M * and|Ed| in the whole temperature range. It was not
from the measured 1D-ACAR curves. The solid and dashed linepossible to obtain the common values of the parameters.
are the results of the nonlinear least square fits by(8q. Then we tried the same fitting in a restricted temperature

range, from 14 K to 149 K. The solid lines in Fig. 2 in this
reciprocal-lattice vector. The narrow peaks are attributed téémperature range show the results of the fit. The model
the 2y self-annihilation of the delocalized Ps and thus rep-8XPlains the data very well. The optimized valued/of/2m
resent the momentum distribution of the Ps. The broad comand [Eq| are 1.1&0.01 and 7.6 0.09 eV, respectively.
ponent arises from the annihilation of non-Ps positrons an&ince theT of MgF, is about 230 K22 the |E4| determined
pick-off annihilation of the Pgannihilation of the Ps posi- in this temperature range represe}ig|. The sign ofEy is
tron with an electron other than that bound in the. A$is  probably negative since both the positron and the electron of
component does not change the shape when the temperatiife Ps prefer not to penetrate into a molecule and hence Ps
is varied. likes dilated regions.

The Ps peaks are isolated by subtracting from the 1D- The dashed lines above 200 K in Fig. 2 show the Ps peak
ACAR curves the broad component which is commonshape expected from these valuesot/2m and|Eg|. It is
throughout the whole temperature range. Figure 2 shows thg/éar that the momentum distribution broadens more as the
results of the subtraction. temperature is elevated. We interpret this in terms of the

Under the magnetic field, the ortho-Ps can self-annihilaté'Mklapp phonon scattering, fitting E¢8) to the spectra
into 2y due to the Zeemann mixture of the para-Ps and th@bove 250 K with adjustabley and M*/2m fixed to 1.10.
m=0 substate of the ortho-P&while 2y self-annihilation ~ The solid curves above 250 K in Fig. 2 sho!v the results of
of the ortho-Ps is forbidden in zero field. We have confirmedthe fit and Fig. 3 shows the optimized valueskyf. The fits

that the shape of the Ps peak does not depend on the magre good. The value dE, increases with temperature and
netic field. This means that the ortho-Ps, the average lifetimeaturate to about 16 eV above 355 K. This is consistent with
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FIG. 5. The centrap-Ps peak for HO at different temperatures.
FIG. 4. The centrap-Ps peak for Si@at different temperatures. The peaks are extracted by subtracting the broad component from
The peaks are extracted by subtracting the broad component frothe measured 1D-ACAR curves. The solid lines are the results of
the measured 1D-ACAR curves. The solid lines are the results othe nonlinear least square fits by E8).
the nonlinear least square fits by Ef).

Rasass

The obtained values d&fl*/2m and|E4| give the Ps diffsion
constant to be~0.23+0.06 cnf/s for MgF, at 300 K,
~0.6+0.2 cnf/s for Si0, at 300 K and~0.3+0.1 cnf/s
for H,O at 100 K.

the picture presented by Eq7). The value forEgl) was
obtained to be~9x10" eV/cm, usingw;=kgTp/% (Tp
=230 K).

Contrary to the case of Mgkwe can fit, in each the case
of SiO, and H0, Eq.(8) with a commonM*/2m andE, in V. DISCUSSION

the whole temperature range. The results of the fits are \yith the lowest order approximation of the self-energy,
shown in Fig. 4 (SiQ) and Fig. 5 (HO). The optimized \ye have been able to explain the 1D-ACAR data for MgF
values arel\/l**/2m:1.54i 0.08 and|Ey|=3.6+0.7 eV for  sjo,, and HO very well in terms of the only two param-
Si0;, and M*/2m=1.1-0.1 and |Eq|=3.320.6 eV for eters,M* and|Ey|. Anomalous broadening for MgFs in-
.HZO' The fact that one value @, can fit all the_ ice qlata IS terpreted as the effect of the umklapp phonon scattering. The
In ag_reement with the Debye temperature being higher thaBther possibility is Ps scattering with the nonpolar optical
the h|gh(_ast temperature of the measurements. . phonons because the interaction matrix element has the same
The diffusion constanD at temperaturd is related with g-dependence as the umklapp scattering with acoustic
I andM* as phonons. The anormalous broadening is not observed in
SiO, or H,O. The reason is not clear at present. Probably
E(" for SiO, or H,O is much smaller than that in MgF

-1
D~al “(kgT)kgT/M™. (10 Even if it is not small in HO, we should not expect to see
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the effect since th@p [ ~220 K Ref. 23 of H,O is higher

than the highest temperature of the measurements.
The diffusion constants of the Ps in Si@nd HO have

been estimated by using slow positron beaffs.Eldrup
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It is to be pointed out that the successful fit of our expres-
sion to the data for KD shown in Fig. 5 suggests B %2
behavior ofD as indicated by Eq(6) inserted into Eq(10),
while a variable-energy positron experiménteports that

et al?* measured the incident positron energy dependence é¢he D for H,O is constant below 100 K. It would be inter-

the fraction of the Ps emitted from the,8 surface. The

esting to do new and more detailed slow positron experi-

values ofD estimated for two different samples were 0.11ments on HO.

and 0.30 cr’s below 100 K, which are similar to the

present value. Sferlazzt al? estimated the value db for
SiO, at room temperature as 0.07 ths with a method

similar to that of Ref. 24. This is one order of magnitude
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