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Quadrupole interaction of positronium in a-quartz
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Effective positroniun{Ps=(e*e™)] quadrupole interaction ia-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 cbinstant
a-quartz has been determined to be (8M9)x 10 ° eV.

DOI: 10.1103/PhysRevB.67.073104 PACS nuni®er78.70.Bj, 36.10.Dr, 31.30.Gs

It is well known that all hydrogen-like atoms consisting of ~ Ps has two ground stategara-positronium @-Ps) and
electrically positive and negative particles with different ortho-positronium @-Ps). In vacuum and without the pres-
masses possess a quadrupole moment due to the hyperfieece of a magnetic fieldy-Ps ando-Ps annihilate into two
interaction. This is predicted by Baryshevsky and Kb@md  and threey-quanta with mean lifetimes of 125 ps and 142 ns,
confirmed by the discovery of the anisotropy of the hyperfinerespectively. In condensed matter, however, most of the o-Ps
splitting of muoniuntMu) in a-quartz? atoms undergo pickoff annihilation, i.e.;y2annihilation of

Positronium(P9, which is the lightest H-like atom of an the positron bound in Ps with a foreign electron from its
electron and its antiparticle, a positron, does not, in principleenvironment.
have any multipole moments in vacuum, since the masses of If Ps has a quadrupole moment, the Ps spin Hamiltonian
the particle and antiparticle are the same. As a consequenadd,in a static magnetic field, is written in atomic units ds
“vacuum” Ps is a totally CPT-invariant quantum system with
identically zero multipole moments. However, Baryshevskii Qps
predicted that Ps in material might possibly havesffactive H=wSe §=2us(Se=Sp) B+ -~ QiVik. 2
guadrupole moment since the effective masses of the elec-
tron and the positron are different. Bondarev and Ktilse ~ Where ug is the magnetic moment of an electro@;
veloped a theoretical model for effective quadrupole moment FiF+FFi—(2/3)F(F+1)dj is the symmetric Carte-
Qps and showed that it takes the form sian tensorF=S.+ S, is the total angular momentum opera-

tor, Vi, is the electric field gradientEFG) tensor at the

0 center-of-mass of PsV{,=V;, 2;V;;=0), ando=kw is

(32°-r?), (1) the hyperfine splitting frequency of the Ps ground state in the
P crystal (x is the relative contact density of Ps and, in vacuo,
wherem, andm, are the effective masses of the electron andw=wo=8.41X10"* eV). Considering the quadrupole term
the positron, respectively, an@d - -) denotes the quantum as a perturbation, four eigenstatgs (n=0,1,2,3) of Ps
mechanical averaging over the exact triplet ground statdvith the Hamiltonian in Eq(2) are given by
wave function taking the electron-positron hyperfine interac-
tion into account. They also suggested that when Ps is in an _ (FM)

, | et Wi Iny= 2, c™|FM), ©)
oriented crystalQps can be detected, in principle, through FMm
the measurement of the anisotropy of the fraction of Ps at-
oms which self-annihilate in a magnetic field. In the caseVhere
where the oriented crystal ig-quartz, the anisotropy was

Mg—m
Mg+ m

Qps=

(00)_ (10)_
estimated theoretically to be 0.1% (Ref. 4 or ~1%),> de- o1 = *Co1 Gy’ =COSVCyp,
pending on initial assumptions. sing sing
Gess_manret al_.6 measured the_ anisotropy_ of ma_gnetic C(()}ll):__e*wclyoy c&l’l)z—e""clyo,
guenching of Ps ink-quartz by using the positron spin re- \/5
laxation technique and reported an anomalously large anisot-
ropy of the hyperfine tensor of P#{,/A,,~1.93). How- 00 10 sing " 1+cosv
ever, ambiguity remains since they used the Doppler C(2,3)=0, C(2,3)= e'?, 0(2,3)= iT,
broadening method whose resolution is relatively poor. In the 2
present study we investigate the Ps quadrupole interaction by _
- . : . N 1% cosd .
using the two dimensional angular correlation of annihilation = ¢i2e @)
radiation(2D-ACAR) method. ' 2
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|[FM) stands for the Ps eigenstate with total momentim
and itsz-projectionM in the absence of a magnetic field,

and ¢ are the polar and the lateral angles characterizing the

tilt of B in the system of the EFG tensor principal axds,
=QpsV;; is the quadrupole coupling constant of Ps apd

=[(Vxx—Vyy)/V,] is the asymmetry parameter of the EFG

tensor. Equationg3) and (4) with (5) show that the mixing

of |1M) and|00) in the presence of a magnetic field does not
depend only on the magnetic flux density, but also on the
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FIG. 1. 2D-ACAR spectrum for quartz.

relative orientation of the magnetic field and the principal = .
axes of the crystal lattice. 'pdB.0,¢)~Z(B,0,¢)-1p40), (1)
The mixing of the states enhances the intensity of the T'o(0) ,
self-annihilating Ps. The fractions () (ortho-like Pg and 1+ 2F ©) Yat2Pyq
|0) (para-like Pg created from the spin polarized positrons =2(B,6,¢)= ! (12
in the magnetic field afe 14 I'o(0) 2
I';(0)71

Fes

- > 21 _ _ 2
8(1+y§)[(1+yq) (1-P)+(1-ye)*(1+P)],

Fi

(6)

Fps

Fo=———
8(1+y?)

[(1-yg)*(1=P)+(1+yg*(1+P)],
@)

whereFpg is the Ps formation probability an is the pro-

The anisotropy ol p{B, 8, ¢) thus depends on the possible
Ps quadrupole interaction.

IpdB,6,¢) was measured using the 2D-ACAR method
with the same sample to avoid possible sample dependence.
Instead of changing the direction of the magnetic field, the
sample was simply rotated. The movement of the sample
around the axis parallel to the sample-detector line yields the
rotated but identical Ps momentum projections with the
changed magnetic field direction. It is to be noted that if we

jection of the incident positron polarization vector on theUSe the 1D-ACAR method, the rotation of the sample leads
magnetic field direction at the instant of Ps formation. Thus!0 @ change of direction of the projection of the Ps momen-

the fraction of the Ps atoms which self-annihilate intp i
the material is given by

2
KYsYq _ Fot KYs . F
I'1(B)(1+yg) I'o(B)(1+yq)

lpdB)= 0 (8)

wherel";(B) andl'o(B) are the total annihilation rates of the
ortho-like andpara-like Ps atoms, respectively, in the ma-
terial:

2
YitYqY
[y(B)=k—2 4y, (9)
1+yq
Yoyt y
S
T'o(B)= Kk ———=+ ¥po. (10)
1+yq

Here y; and y, are the self-annihilation rates @-Ps and
p-Ps in vacuum, respectively, ang,, is the Ps pickoff an-
nihilation rate in the material. Under the condition yﬁ

<1, l1p4B) is given by

tum distribution. Therefore the use of the 2D-ACAR method
resolves this problem.

The details of the 2D-ACAR system are described
elsewherd. The sample was cut to a size o6f3 mm

X3 mmx 10 mm. The long edge was parallel to thexis,
and one of the short edges was parallel todteis, making

the other short edge parallel to thé axis of the reciprocal
lattice. It was placed on the sample holder such that the long
edge of the sample was along the direction of the detegted
rays. The orientation of the crystal lattice was determined to
be within 1° using x-ray diffraction before setting the
sample. The magnetic field was applied perpendicular to the

direction of the detected rays. Thec axis was set parallel
and perpendicular to the magnetic field by rotating the
sample.
Using a source whose intensity wasl5 mCi, two spec-
tra were measured in each scan in magnetic fields of 1.25 and
—0.25 T. The sample was rotated after every four scans.
Figure 1 shows the 2D-ACAR spectrum ferquartz. One
sharp peak is seen at the center of the spectrum representing
the self-annihilation of Ps. There are also small satellite
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| R =(B,0=0 ”(B a—w)#ﬁ 6=0 (9—77)
—~ 1 & : ag REa ié!i.!_ H( T )NM T 2 (?yq yq( - ) yq - 2
9 s a5 ssas®"® a8 i
= ' ' ™ I'o(0) d
> |  @-quartz i %':’(B 0= —|+3 [ 0 +P
8 =\ b, y y .
é B/c Blc Bic Ble Bk 2 I'1(0) 201+ X2
B Lo=0) (8=n/2) . ]
z Eﬁgaééégaﬁggﬁéiééég (14)
- I H -
7 5 In view of Egs.(13) and (14), the anisotropy of = (B, 6)
: s ~1]is
S1.27 ; i 1
g - N I'o(0)
gl ET ; t 2(B,0=0)-1 +3 o/ P d
d1.1¢ . - To(0 12
= ] = B,0=z 1 0(0) y+2P 2w\1+Xx
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cycle number

From Fig. 2, we obtain an anisotropy 1:09.028. Using the
FIG. 2. Top: relative intensity of the positronium peakdn  values of B=1.25T, K=0.31t0.02,7 7p0=3_66
quartz for two different orientations with regard to the magnetic+(0.12 ns,” and P=0.31+0.02* d is determined to be
field. (Closed circles: 1.25 T, open triangles0.25 T) Bottom: the (3.0 0.9)x 107 ° eV.
ratio of the intensity of the positronium peak in the magnetic field  gince the hyperfine tensor is written a&, = wJ;

of 1.25 Tto that_ in—Q.25 T. The values are averaged over four +stvik4’ thus the anisotrops,,/A., . is calculated here as
scans in each orientation.

A;; o+QpyV;; w+d

peaks around the center reflecting the Bloch nature of the Ps Ay 0+ OnNa g ~L1s. (16)
wave function”® The broad momentum distribution has re- xx Pt 2
sulted from Ps pickoff annihilation and positron annihilation 2

without forming Ps. In order to determine the intensifyof  The value determined in this study is much smaller than that
the self-annihilated Ps, we subtracted the broad componegyiained by Gessmaret al. of A,,/A, ~1.93. Thus our re-
assuming it to be a two-dimensional Gaussian distribution. git js not consistent with the large effect reported by Gess-
The results are shown in Fig. 2. The top of this figure annet al. The qualitative agreement is probably accidental
showsl ps in different magnetic fields; the bottom shows the 46 1o the poor resolution of the Doppler broadening method

ratio of Ips in a magnetic field of 1.25 T to that in  hey ysed and their rather complicated way of the data
—0.25 T. Since Ps atoms are delocalized in quartz, the EFGpg|ysis.

tensor is axially symmetric:f=0 and= is ¢ independent The value ofd obtained in this work is a few tens of times
with the principa_l axisz, coll_inear with thec axis.[In the larger than that estimated by Bondarev and Kfifeom the
following, we write Z(B, 6) instead of=(B, 6,¢).] From  apalogy with the Mu quadrupole interaction i-quartz.
Eq. (12), the ratio ofIps is written as=(1.25T,6=0, or  This is probably because the deformation of the Ps wave
m/2)/E(~0.25T,6=0, or m/2), with 6=0 referring toB  fynction by the crystalline potential im-quartz is much
being pararell to the axis. To see the angular dependencelarger than that of the Mu wave function. It is supported by
clearly, the values are averaged over the four scans for eathe fact that the contact density of Psdnquartz is~0.3,
orientation of the crystal. It clearly shows the existence ofwhereas that of Mu is-1.° This value ofd yields the ratio

the quadrupole moment of Ps inquartz. d/wy~0.036, in agreement with the theoretical estimates of
We estimate the quadrupole coupling constafitom the  Bondarev
anisotropy off E(1.25T,6)/E(—0.25T,6) —1]. In the weak The new experimental techniqgue we employed to detect

magnetic fieldZ~1 and the field dependence is negligible. the effective quadrupole interaction extends potentialities of
Then[=E(1.25T,6)/Z(—0.25T,0) — 1] can be approximated the positronium spectroscopy of solids. One may experimen-

to[E(B,0)—1lg=125T- tally investigate anisotropic hyperfine interaction of the Ps in
In a quartz[FO(O)ll“l(O)]y§<1 holds. Then a further other materials in the same manner.
approximation In conclusion, we confirmed the existence of the effective

quadrupole interaction of Ps induced by the difference in the
I's(0) , effective masses of the electron and the positron in material.
T.(0) Yqt2Pyqt1, 13 Anisotropy in the fraction of the self-annihilation of Psdn

quartz was observed by using the 2D-ACAR method. The
of Eq. (12) is possible. Taking into account the condition positronium quadrupole coupling constaht QpV,, In a-
|1-yq/y|<1, we obtain quartz has been determined to be (309)x 10 ° eV.

2(B,0)~
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