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Quadrupole interaction of positronium in a-quartz

N. Suzuki,1,* H. Saito,2 Y. Nagai,3 T. Hyodo,2 H. Murakami,4 M. Sano,5 I. V. Bondarev,6 and S. A. Kuten6
1The Institute of Physical and Chemical Research(RIKEN), Hirosawa, Wako-shi, Saitama 351-0198, Japan

2Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902,
3The Oarai Branch, Institute for Material Research,Tohoku University, Oarai, Ibaraki 311-1313, Japan

4Department of Physics, Faculty of Education, Tokyo Gakugei University, Koganei, Tokyo 184-8501, Japan
5Department of Chemistry, Division of Natural Sciences, International Christian University, Mitaka, Tokyo 181-8585, Japan

6The Institute for Nuclear Problems, The Belarusian State University, Bobruiskaya Street 11, 220050 Minsk, Republic of Belaru
~Received 26 November 2002; published 26 February 2003!

Effective positronium@Ps5(e1e2)# quadrupole interaction ina-quartz has been observed using the Zee-
man effect on Ps. In order to reduce sample dependence and to achieve a good resolution, the two-dimensional
angular correlation of annihilation radiation technique has been used. The quadrupole coupling constantd in
a-quartz has been determined to be (3.060.9)31025 eV.
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It is well known that all hydrogen-like atoms consisting
electrically positive and negative particles with differe
masses possess a quadrupole moment due to the hyp
interaction. This is predicted by Baryshevsky and Kuten1 and
confirmed by the discovery of the anisotropy of the hyperfi
splitting of muonium~Mu! in a-quartz.2

Positronium~Ps!, which is the lightest H-like atom of an
electron and its antiparticle, a positron, does not, in princip
have any multipole moments in vacuum, since the masse
the particle and antiparticle are the same. As a conseque
‘‘vacuum’’ Ps is a totally CPT-invariant quantum system wi
identically zero multipole moments. However, Baryshevsk3

predicted that Ps in material might possibly have aneffective
quadrupole moment since the effective masses of the e
tron and the positron are different. Bondarev and Kuten4 de-
veloped a theoretical model for effective quadrupole mom
QPs and showed that it takes the form

QPs5
me2mp

me1mp
^3z22r 2&, ~1!

whereme andmp are the effective masses of the electron a
the positron, respectively, and̂•••& denotes the quantum
mechanical averaging over the exact triplet ground s
wave function taking the electron-positron hyperfine inter
tion into account. They also suggested that when Ps is in
oriented crystal,QPs can be detected, in principle, throug
the measurement of the anisotropy of the fraction of Ps
oms which self-annihilate in a magnetic field. In the ca
where the oriented crystal isa-quartz, the anisotropy wa
estimated theoretically to be;0.1% ~Ref. 4! or ;1%,5 de-
pending on initial assumptions.

Gessmannet al.6 measured the anisotropy of magne
quenching of Ps ina-quartz by using the positron spin re
laxation technique and reported an anomalously large an
ropy of the hyperfine tensor of Ps (Azz/Axx'1.93). How-
ever, ambiguity remains since they used the Dopp
broadening method whose resolution is relatively poor. In
present study we investigate the Ps quadrupole interactio
using the two dimensional angular correlation of annihilat
radiation~2D-ACAR! method.
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Ps has two ground states:para-positronium (p-Ps) and
ortho-positronium (o-Ps). In vacuum and without the pres
ence of a magnetic field,p-Ps ando-Ps annihilate into two
and threeg-quanta with mean lifetimes of 125 ps and 142 n
respectively. In condensed matter, however, most of the o
atoms undergo pickoff annihilation, i.e., 2g annihilation of
the positron bound in Ps with a foreign electron from
environment.

If Ps has a quadrupole moment, the Ps spin Hamilton
H in a static magnetic fieldB, is written in atomic units as4

H5vSe•Sp22mB~Se2Sp!•B1
QPs

4
QikVik , ~2!

where mB is the magnetic moment of an electron,Qik
5FiFk1FkFi2(2/3)F(F11)d ik is the symmetric Carte-
sian tensor,F5Se1Sp is the total angular momentum oper
tor, Vik is the electric field gradient~EFG! tensor at the
center-of-mass of Ps (Vik5Vki , ( iVii 50), andv5kv0 is
the hyperfine splitting frequency of the Ps ground state in
crystal (k is the relative contact density of Ps and, in vacu
v5v058.4131024 eV). Considering the quadrupole term
as a perturbation, four eigenstatesun& (n50,1,2,3) of Ps
with the Hamiltonian in Eq.~2! are given by

un&5(
F,M

cn
(FM )uFM &, ~3!

where

c0,1
(00)56C0,1, c0,1

(10)5cosqC1,0,

c0,1
(11)52

sinq

A2
e2 iwC1,0, c0,1

(121)5
sinq

A2
eiwC1,0,

c2,3
(00)50, c2,3

(10)5
sinq

A2
eiw, c2,3

(11)56
16cosq

2
,

c2,3
(121)56

17cosq

2
ei2w, ~4!
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C05
1

A11yq
2

, C15
yq

A11yq
2

,

yq5yA11
d

v
~3 cos2u211h sin2u cos 2w!/2A11x2,

y5
A11x221

x
, x5

4mBB

v
. ~5!

uFM & stands for the Ps eigenstate with total momentumF
and itsz-projectionM in the absence of a magnetic field,u
andw are the polar and the lateral angles characterizing
tilt of B in the system of the EFG tensor principal axesd
5QPsVzz is the quadrupole coupling constant of Ps andh
5u(Vxx2Vyy)/Vzzu is the asymmetry parameter of the EF
tensor. Equations~3! and ~4! with ~5! show that the mixing
of u1M & andu00& in the presence of a magnetic field does n
depend only on the magnetic flux density, but also on
relative orientation of the magnetic field and the princip
axes of the crystal lattice.

The mixing of the states enhances the intensity of
self-annihilating Ps. The fractions ofu1& (ortho-like Ps! and
u0& (para-like Ps! created from the spin polarized positro
in the magnetic field are7

F15
FPs

8~11yq
2!

@~11yq!2~12P!1~12yq!2~11P!#,

~6!

F05
FPs

8~11yq
2!

@~12yq!2~12P!1~11yq!2~11P!#,

~7!

whereFPs is the Ps formation probability andP is the pro-
jection of the incident positron polarization vector on t
magnetic field direction at the instant of Ps formation. Th
the fraction of the Ps atoms which self-annihilate into 2g in
the material is given by

I Ps~B!5
kgsyq

2

G1~B!~11yq
2!

F11
kgs

G0~B!~11yq
2!

F0 , ~8!

whereG1(B) andG0(B) are the total annihilation rates of th
ortho-like andpara-like Ps atoms, respectively, in the m
terial:

G1~B!5k
g t1yq

2gs

11yq
2

1gpo , ~9!

G0~B!5k
yq

2g t1gs

11yq
2

1gpo . ~10!

Here g t and gs are the self-annihilation rates ofo-Ps and
p-Ps in vacuum, respectively, andgpo is the Ps pickoff an-
nihilation rate in the material. Under the condition ofyq

2

!1, I Ps(B) is given by5
07310
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I Ps~B,u,w!'J~B,u,w!•I Ps~0!, ~11!

J~B,u,w!5

112
G0~0!

G1~0!
yq

212Pyq

11
G0~0!

G1~0!
yq

2

. ~12!

The anisotropy ofI Ps(B,u,w) thus depends on the possib
Ps quadrupole interaction.

I Ps(B,u,w) was measured using the 2D-ACAR metho
with the same sample to avoid possible sample depende
Instead of changing the direction of the magnetic field,
sample was simply rotated. The movement of the sam
around the axis parallel to the sample-detector line yields
rotated but identical Ps momentum projections with t
changed magnetic field direction. It is to be noted that if
use the 1D-ACAR method, the rotation of the sample lea
to a change of direction of the projection of the Ps mom
tum distribution. Therefore the use of the 2D-ACAR meth
resolves this problem.

The details of the 2D-ACAR system are describ
elsewhere.8 The sample was cut to a size of;3 mm
33 mm310 mm. The long edge was parallel to theâ axis,
and one of the short edges was parallel to theĉ axis, making
the other short edge parallel to theâ8 axis of the reciprocal
lattice. It was placed on the sample holder such that the l
edge of the sample was along the direction of the detecteg
rays. The orientation of the crystal lattice was determined
be within 1° using x-ray diffraction before setting th
sample. The magnetic field was applied perpendicular to
direction of the detectedg rays. Theĉ axis was set paralle
and perpendicular to the magnetic field by rotating t
sample.

Using a source whose intensity was;15 mCi, two spec-
tra were measured in each scan in magnetic fields of 1.25
20.25 T. The sample was rotated after every four scans

Figure 1 shows the 2D-ACAR spectrum fora quartz. One
sharp peak is seen at the center of the spectrum represe
the self-annihilation of Ps. There are also small satel

FIG. 1. 2D-ACAR spectrum fora quartz.
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peaks around the center reflecting the Bloch nature of the
wave function.9,10 The broad momentum distribution has r
sulted from Ps pickoff annihilation and positron annihilati
without forming Ps. In order to determine the intensityI Ps of
the self-annihilated Ps, we subtracted the broad compo
assuming it to be a two-dimensional Gaussian distributio

The results are shown in Fig. 2. The top of this figu
showsI Ps in different magnetic fields; the bottom shows t
ratio of I Ps in a magnetic field of 1.25 T to that in
20.25 T. Since Ps atoms are delocalized in quartz, the E
tensor is axially symmetric (h50 andJ is w independent!,
with the principal axisz, collinear with thec axis. @In the
following, we write J(B,u) instead ofJ(B,u,w).# From
Eq. ~12!, the ratio of I Ps is written asJ(1.25T,u50, or
p/2)/J(20.25T,u50, or p/2), with u50 referring toB
being pararell to theĉ axis. To see the angular dependen
clearly, the values are averaged over the four scans for e
orientation of the crystal. It clearly shows the existence
the quadrupole moment of Ps ina quartz.

We estimate the quadrupole coupling constantd from the
anisotropy of@J(1.25T,u)/J(20.25T,u)21#. In the weak
magnetic field,J'1 and the field dependence is negligib
Then@J(1.25T,u)/J(20.25T,u)21# can be approximated
to @J(B,u)21#B51.25 T.

In a quartz @G0(0)/G1(0)#yq
2!1 holds. Then a further

approximation

J~B,u!'
G0~0!

G1~0!
yq

212Pyq11, ~13!

of Eq. ~12! is possible. Taking into account the conditio
u12yq /yu!1, we obtain

FIG. 2. Top: relative intensity of the positronium peak ina
quartz for two different orientations with regard to the magne
field. ~Closed circles: 1.25 T, open triangles:20.25 T.! Bottom: the
ratio of the intensity of the positronium peak in the magnetic fi
of 1.25 T to that in20.25 T. The values are averaged over fo
scans in each orientation.
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J~B,u50!'JS B,u5
p

2 D1
]J

]yq
Fyq~u50!2yqS u5

p

2 D G
'JS B,u5

p

2 D13yS FG0~0!

G1~0!Gy1PD d

2vA11x2
.

~14!

In view of Eqs. ~13! and ~14!, the anisotropy of@J(B,u)
21# is

J~B,u50!21

JS B,u5
p

2 D21

'11

3S FG0~0!

G1~0!Gy1PD
FG0~0!

G1~0!Gy12P

d

2vA11x2
.

~15!

From Fig. 2, we obtain an anisotropy 1.0960.028. Using the
values of B51.25 T, k50.3160.02,7 gpo53.66
60.12 ns21,7 and P50.3160.02,11 d is determined to be
(3.060.9)31025 eV.

Since the hyperfine tensor is written asAik5vd ik
1QPsVik

4, thus the anisotropyAzz/Axx is calculated here as

Azz

Axx
5

v1QPsVzz

v1QPsVxx
5

v1d

v2
d

2

'1.18. ~16!

The value determined in this study is much smaller than t
obtained by Gessmannet al. of Azz/Axx'1.93. Thus our re-
sult is not consistent with the large effect reported by Ge
mannet al. The qualitative agreement is probably acciden
due to the poor resolution of the Doppler broadening meth
they used and their rather complicated way of the d
analysis.

The value ofd obtained in this work is a few tens of time
larger than that estimated by Bondarev and Kuten4 from the
analogy with the Mu quadrupole interaction ina-quartz.
This is probably because the deformation of the Ps w
function by the crystalline potential ina-quartz is much
larger than that of the Mu wave function. It is supported
the fact that the contact density of Ps ina-quartz is;0.3,
whereas that of Mu is;1.6 This value ofd yields the ratio
d/v0'0.036, in agreement with the theoretical estimates
Bondarev.5

The new experimental technique we employed to de
the effective quadrupole interaction extends potentialities
the positronium spectroscopy of solids. One may experim
tally investigate anisotropic hyperfine interaction of the Ps
other materials in the same manner.

In conclusion, we confirmed the existence of the effect
quadrupole interaction of Ps induced by the difference in
effective masses of the electron and the positron in mate
Anisotropy in the fraction of the self-annihilation of Ps ina-
quartz was observed by using the 2D-ACAR method. T
positronium quadrupole coupling constantd5QPsVzz in a-
quartz has been determined to be (3.060.9)31025 eV.
4-3



hn
6

.

a

a,

ys.

l.

BRIEF REPORTS PHYSICAL REVIEW B67, 073104 ~2003!
*Present address: Henkel Research Center of Advanced Tec
ogy, Molecular Engineering Institute, Kinki University, 11-
Kayanomori, Iizuka, Fukuoka 820-8555, Japan.

1V. G. Baryshevsky and S. A. Kuten, Phys. Lett.67A, 238~1977!.
2J. H. Brewer, D. S. Beder, and D. P. Spencer, Phys. Rev. Lett42,

808 ~1979!.
3V. G. Baryshevskii, Phys. Status Solidi B124, 619 ~1984!.
4I. V. Bondarev and S. A. Kuten, Acta Phys. Pol. A88, 83 ~1995!.
5I. V. Bondarev, Fiz. Tverd. Tela41, 999~1999! @Phys. Solid State

41, 909 ~1999!#.
6Th. Gessmann, J. Major, A. Seeger, and J. Ehmann, Philos. M

B 81, 771 ~2001!.
07310
ol-

g.

7Y. Nagai, Y. Nagashima, and T. Hyodo, Phys. Rev. B60, 7677
~1999!.

8Y. Nagai, H. Saito, T. Iwata, Y. Nagashima, T. Hyodo, J. Uchid
and T. Omura, Nucl. Instrum. Methods Phys. Res. A378, 629
~1996!.

9A. Greenberger, A. P. Mills, A. Thompson, and S. Berko, Ph
Lett. 32A, 72 ~1970!.

10C. H. Hodges, B. T. A. McKee, W. Triftsha¨user, and A. T. Stewart,
Can. J. Phys.50, 103 ~1972!.

11Y. Nagai, Y. Nagashima, J. H. Kim, Y. Itoh, and T. Hyodo, Nuc
Instrum. Methods Phys. Res. B177, 199 ~2000!.
4-4


