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The spectroscopic quadrupole moments of the neutron deficient radioactive Ir isdttpe&ir?,
188 rm 187 189r and ¥r were measured with the technique of quadrupole-interaction-resolved NMR
on oriented nuclei. The ratio of quadrupole moments of2thésomeric state’®8ir™ and the5* ground
state ¥4r9 points to different nuclear deformations in these states. In addition, we present a new
method for the unambiguous measurement of ground state spins. [S0031-9007(96)01746-2]

PACS numbers: 21.10.Ky, 21.60.Ev, 27.70.+q, 76.60.—k

The Ir nuclei lie in the transition region between thelying 7K = 272 isomeric state®r™ (configuration:
well-deformed rare earth nuclei and the spherical nucleir3/2%[402] »7/27[503]).
near?°®Pb. In this transition region, the nuclear deforma- For #r, from the 8-decay properties, a similar low-
tion may be influenced considerably by the properties ofjround state configuration had been proposed [2]. Here,
specific single-particle wave functions, and may thus beQI-NO measurements yielded = +2.2(4) b [4], which
different for ground states and low-lying isomeric statesprecluded a lowk configuration. It was proposed that the
even if the energy difference is small. 1841 ground state is described by a mixturefof= 4 and

The ground state configurations 8fir and 1%4r have 5 components, which can be understood as arising from
been the subject of many investigations, both theoreticallyhe coupling of ar1/27[541] state (ground state df4ir)
and experimentally [1-8]. FromB-decay studies of®Ir  and ar9/2*[624] state (ground state df°0s), for which
(I™ = 5%) a low-K ground state configuration had beenK = 4 and 5 is expected. Recently, from spectroscopic
proposed for*®9r [1,2], the main components in the wave investigations, the configuration and even the assignment
function given byI” K = 571 and5%0. This can be un- of I = 5 for ¥r was doubted [7].
derstood as the coupling of @1/27[541] state (ground Here, in addition to precision measurements of quad-
state of¥r) and of ar1/27[510] state (ground state of rupole moments, we present a new method for the mea-
18%0s), for whichk = 0 and 1 is expected. In the frame- surement of ground state spins with resonance precision.
work of the rotational model th& -quantum number can It is based on the following features: For the case of
be determined from the spectroscopic quadrupole momeiat combined magnetic-dipole plus electric-quadrupole hy-
0 which is connected with the intrinsic quadrupole mo-perfine interaction the resonance spectrum consisgy of
mentQ, by subresonances which are separated equidistantly around
3K2 — I(1 + 1) the magnetic hyperfine splitting. The frequency offset of
T D@l +3) 1) the_subreso'nance.vx./lth the largest amplitude to the mag-

netic hyperfine splitting depends @n Thus/ can be de-

Thus, for a lowK state of a nucleus with prolate deforma- termined by frequency measurements. This method was
tion, a negative quadrupole moment is expected. Foapplied to®4r, with the unambiguous result= 5.
188, this was confirmed by the measurement of the spec- The questions addressed above can be answered by
troscopic quadrupole moment with quadrupole-interactioimeasuring the quadrupole splittings in hcp-Co, from
nuclear orientation (QI-NO), which yieldedQ =  which—without the exact knowledge of the electric field
—2.41(20) b [3]. This value indicated a larger nuclear gradient (EFG) of Ir in hcp-Co—highly precise ratios
deformation than expected from the extrapolation ofof quadrupole moments are obtained. We also present,
heavier Ir isotopes. In this context, it is an interestinghowever, results of quadrupole-interaction-resolved NMR
question whether the nuclear deformation of the lw- on oriented nuclei (QI-NMR-ON) measurements 6fir,
anomalous ground staféqr9 is enhanced by the specific %8r, and ¥¥9r. With the relative quadrupole splittings of
properties of ther1/27[541] proton intruder state coming 7™ = 3/2% ¥r and ¥r in hcp-Co, and the quadrupole
down from thewhy/, orbital. This can be tested by a moments of /™7 = 3/2* *4r and **r known from
measurement of the quadrupole moment of the lowmuonic x-ray spectroscopy [9], we are able to determine

0= 0o
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the EFG of Ir in hcp-Co. Thus we can deduce absolutgesonance separation W(QC) — %Ay(QL)_ If |,,(QL)| is not
values for the quadrupole moments8fir, **9r9, *¥ar™,  gma|| compared te,,, the quadrupole subresonance spec-
#r, 1%4r, and '#9r. trum is no more equidistant. This is taken into account
For Ir in a hcp-Co single crystal, in addition to the py the correction factor€” ! in Eq. (5) which are cal-
magnetic hyperfine interaction, there exists an electri¢ulated by diagonalization of the hyperfine Hamilton-
quadrupole interaction. The strength of the interactions isan. For the present case, tii&'*! are of the order of

specified by the magnetic and electric hyperfine splittingjp=2...10"!. K in Eq. (6) is the resonance shift pa-

frequencies which are defined as rameter which takes into account the Knight shift and dia-
vy = lgmunBur/hl, (2)  magnetic shielding. _
5 We denote the subresonance between the energetically
vog = eqQ/h. (3)  lowest sublevels as, resonance, the nexb, etc. At low

Here ¢ and eQ are the nucleag factor and the spec- temperatures, the,; resonance has the largest amplitude
troscopic quadrupole moment, al;r and eq are the and can thus be measured with the best accuracy. If
magnetic hyperfine field and the EFG, respectively. BotHigher subresonances can also be observed with sufficient
the magnetic hyperfine field and the EFG depend on thetatistical accuracy, the quadrupole interaction is obtained
angled of the electronic magnetization with respect todirectly from the frequency differences. The highest
the ¢ axis of the Co single crystal. We dendgr(6 = accuracy is normally achieved for @eometry, but the

0°) = B|I|{F and Bup(6 = 90°) = Biip. The cased — resonance amplitudes are rnuch larger irf g@ometry
0°—denoted as Dgeometry—is realized for zero exter- because of the resqnancellke enhancement factor for
nal magnetic field, or if the external magnetic field is ap-the radio frequency field [11]. m'f higher subresonances
plied parallel to the: axis. To realize the cage— 90°—  cannot be observed—as féfr™ in the present case—
denoted as J0geometry—an external magnetic field hasthe quadrupole |n.terat1)ct|on can be determined from the
to be applied perpendicular to theaxis, B.,, = B + Mmeasurement of, in 0° and 90 geometry,

Bgem WhereB; = 13.4 kG is the perpendicular anisotropy I — vE = Avmg — GAVY — €1 Avg)) (1 - D,

field andBg.r, is the demagnetization field which depends (11)
on the dimensions of the sample. (Typical valuesEgk,
are(0.3...0.5 kG in the present work.) where the (small) magnetic contribution to the offset

The hyperfine interaction of radioactive Ir isotopes inAwvy,, is obtained via Eq. (6).
hcp-Co can be determined with the technique of NMR In addition, the spin of the oriented state can be deter-
on oriented nuclei [10]. For an isotope with sgin mined with resonance measurements: The offset; db
there exists a set dfl subresonances. Fof @eometry the magnetic hyperfine splitting is given by
denoted by||) and 90 geometry (denoted byt ), the
f:enter of th)e )subresona?]ce corr)es(ponding to%f)transitions vm — vi = (I = 1/2)Avg. (12)
between stat¢m) and [m + 1) is, assuming that the Thus the spin of the oriented state can be determined from

m = [ state lies lowest in energy, given by three frequency measurements,
V)|1|1—>m+1 = v1|1|'1ag - AV(Q”)(Wl + %)7 (4) I = (Vmag - V])/AVQ + 1/2, (13)
Viimom41 = Vimag — AV(QL)(m + 31+ crtY), (5)  where the magnetic splitting,,, can be determined with
N e several kinds of experiments, e.g., #ap /Bha™ is
mag M known, by additional NMR-ON measurements with Fe or
X (Bext — Baem) (1 + K), (6)  Nias host lattice.
ApD — AL© 4 AW @) The IrCo samples were prepared at the mass separator
e Q‘ ¢ L ISOLDE at CERN. Hg precursor isotopes were implanted
Avg) = Avg) - %AV(Q), (8) with E = 60 keV into disk-shaped hcp-Co single crystals
(c.L) (e.L) (diameter~ 10 mm,; thickness~ 0.2 mm). Much atten-
Avg™ = 3w " /[2121 = 1)], ®)  tionwas paid to a high surface quality which was obtained
o . S ) :
V(Q ) _ 2q o/ (10) by a sophisticated procedure of mechanical, chemical, and

- _ o _ electropolishing steps [12]. Theaxis was oriented par-
Here eq'© is the “collinear” EFG which is axial sym- ajlel to the plane of the disks. Using #e-*He dilu-
metric with respect to the direction dfyr andeq™ is  tion refrigerator with a top-loading facility, the samples
the lattice EFG which is axial symmetric with respect towere cooled to temperatures near 10 mK. The radio fre-
the ¢ axis. For 90 geometry, if the quadrupole inter- quency was frequency modulated, with a band width be-
action due to the lattice EFG is small with respect to theween+0.05 and +1.0 MHz.

magnetic interactiomg) < vy, the quadrupole subreso-  QI-NMR-On spectra of!®dr9Co are shown in Fig. 1,
nance spectrum is still equidistant, and the quadrupole sulfer 0° geometry (top) and 90geometry (bottom). In both
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' ' ' ' of ®4r and *Ir in Fe and Ni (measured with conven-

e ” B _ tional NMR) may contain an unpredictable uncertainty,
ext J as has been shown recently for Au in Fe [13]. Thus we
apply the procedure with which the quadrupole splittings
of Au isotopes were interpreted correctly [14], as proven
W ] later by subsequent laser-spectroscopy measurements
] [15]. The quadrupole moments &/2* Au isotopes
| 191Au, 1°°Au, 1%°Au, and *°’Au show a nearly perfect lin-
4 ear dependence oA (see Fig. 2). The3/2* isotopes
187y, 189r, 19, and %3r have essentially the same nu-
clear structure. This is also supported by the known
nuclear magnetic moments which differ only weakly.
The measured rati@("®Ir)/Q(*%Ir) = 1.072(2) is in
excellent agreement with the linear extrapolation from
1 199y and 1%3r, according to which 1.074(10) is expected.
0.00 ek’ ' . In this way Q("¥1r) = +0.878(10) b is obtained which
L L L L. is used to deduce the quadrupole moments of the other
580 585 3590 3593 Ir isotopes. These are listed in column 5 of Table II.
Frequency (MHz) The intrinsic quadrupole moments deduced via Eq. (1)
are shown in Fig. 2. For the even isotopes with “nor-
FIG. 1. QI-NMR-ON resonance dfrCo™®in 0° (top) and  mal” ground state configuratio’k = I — 36|, and
90° geometry (bottom).

188y and'?Ir — Q, is slightly larger thanQ, of the odd

I™ = 3/2" isotopes, with the same decreasing trend as a
cases, the lowest 4 subresonances are well resolved. Tﬂﬁmtion of A.

ratio of the 0 to 90° subresonance separatimg/Avé For *84r and 8r9 @, cannot be obtained directly

differs strongly from —2, which would be expected pecause of the unknowki-quantum number. Fot®4r,
for a pure lattice EFG. It indicates the existence ofwe obtain Q) = +4.17(5) b for K =5 and Q, =

a relatively large collinear EFG. Consistent data With+10.4(1) b for K = 4. with the actual value due t&

?ésr:wllarly qg%lh precision were also obtained ffir, **1r, mixing in between. Thus a detailed knowledge of the
Lo @nd Hr. The results are compiled in Table I. For g6nq state wave function would be necessary to deduce
Ar™ only the »; resonance could be observed, howevery,  For the determination of the ground state spin of
both for ()’”georrletry and 90 geometry. Taking info 184y the magnetic hyperfine splitting in Fe was measured

accountAVQ/AVQ as known frqm the other |sotop¢s, 0 be 143.6(2) MHz. With(HC}?’”)/BgeF) — 0.7538(2), Vlll
the respective quadrupole splitting could be determine I
also with high precision. The °Ogeometry quadrupole 127-171(45) MHz, andAwvp = —4.249(32) MHz (see
splittings and ratios of quadrupole moments are listed inf@ble 1), we get, according to Eq. (13)= 4.95(6). This
columns 3 and 4 of Table II. proves unambiguously = 5. _ _
For the derivation of the absolute values of the Concerningthe deformation, more stringent conclusions
quadrupole moments the EFG ofCb has to be known. can be drawn for'®Ire. We obtainQy = +6.62(8) b
Here actually a problem arises as there is no unique linkor K = 0 and Qo = +7.36(9) b for K = 1, the actual
to ®Ur or %3r for which the quadrupole moments are value due tak mixing again in between, however, with a
known from muonic x-ray spectroscopy [9]. The link via lower limit, Qo('*°Ir¢) = +6.62(8) b. This is consider-
the quadrupole splitting of a radioactive isotope in Fe orably larger tharQ, of the isomeric state, for which, taking
Ni (measured with NMR-ON) to the quadrupole splitting K = I = 2, Qo('*Ir™) = +5.10(6) b is obtained.

0.05
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0.00 |

1861rc_0
0.05 .

c LB
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TABLE I. Measured resonance frequencies of Ir isotopes in hcp-Co.

Isotope I v| (MHz) Avd (MHz) vi (MHz) Avg (MHz) Avy/Avg
184y 50 127.171(45) —4.249(32)" 101.856(26) +0.968(16)° —4.39(8)
1849 5* 577.950(10) +4.470(17)° 592.540(10) —0.974(11) —4.59(6)
18§y m 2" 277.654(16) 238.123(62)
187y 3/2* 117.876(8) —24.719(28)¢ 85.950(909
189y 1- 257.229(23) —38.102(35)" 229.854(32) +8.750(80)° —4.35(5)
189y 3/2%* 100.136(16) —23.064(49)¢ 70.444(909 +5.353(79)¢ —4.31(6)

“Bext = 0 KG; ?Beyxy = 10 KG; ¢Bext = 18 KG; 9By = 20 kG.
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TABLE Il. Quadrupole moments of Ir isotopes. (The final
values forug were obtained from a simultaneolesst-squares
fit taking into accoumvg, vy, !, andwit of all isotopes.)

Isotope 17y} (MHz)  Q/Q("*Ir) 0 (b)
184 50 —126.31(43)  +2.742(11)  +2.407(29)
1899 5% +133.69(43)  —2.902(11)  —2.548(31)
18pm - —76.41(16)  +1.658(5) +1.456(17)
1879y 3/2%  —49.40(5) +1.072(2) +0.941(11)
188y 1~ —25.41(2) +0.5515(11)  +0.484(6)
189y 3/2%  —46.07(8) 1.0 +0.878(10)
194y 3/2% e e +0.816(9)
19y 4) +2.445(58)  +2.147(56)
193y 3/2% “e +0.751(9)

The deformation parametg, can be calculated using
the rotational-model relationship

_ABm (1 + 1)1+ 3)
Pr= S R3K —1U + )

0, (14)
with the results 8,(1%°Ir) = 4+0.17 and B,('%Ir¢) =
+0.22... + 0.25. Thus—despite the very small energy
difference between isomer and ground state<af5 keV
[8]—the deformation of'®r¢ is considerably larger than
the deformation of'®ir™ This is probably connected
with the specific properties of the1/27[541] proton
intruder state coming down from therhg,, orbital:

Because of the large negative energy dependence of théf]

71/27[541] single-particle energy with deformation, a

larger ground state deformation is favored. Concerning 7
the low-energy level scheme it has been reported thal
the best agreement between theoretical description and

W K=1
7F Ir 5% -
B K=0
6 Ir 17,27, 4 1
o) /
— o
o 5¢F ::‘\\‘ Ir 3/2% -
(@) TeAL T
4l ‘\A\'\* Au 3/2% ]
O-..
o
3r oL .
pke}
186 188 190 192 194 196 198
A
FIG. 2. Intrinsic quadrupole moments of Ir and Au isotopes.

The quadrupole moment dfar is taken from Ref. [16].

experiment has been obtained f8s = 0.15 [8]. The
large ground state deformation as observed here is,
however, not described properly. Thus, the new data
on the quadrupole moments should stimulate a new
theoretical approach. In this context it should be added
that the correct description df%r¢ would be a challenge

as it is to our knowledge the only one known isotope with
al — K = 4 anomalous ground state.
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