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g factors of high spin states in ' ' Er and ' Yb and the nature of the neutron —", + quasiparticle
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The g factors of the I"=11 isomer in "Er and I =
2 isomers in "Er and "Yb were mea-13 + ~

sured using the technique of time-dependent perturbed angular distributions. The value obtained for
"Er, g =+0.0154(12l, indicates a predominant configuration of v[i]3/2 h9/p], „ for the

t

isomeric state. The results for "Er and ' Yb, g = —0.085(5) and g = —0. 116(12),respectively, are
explained in terms of Pauli blocking of the 3 core excitation component in the wave function of the

13 +
state.

I. INTRODUCTION

There has been extensive recent work in the region
around A = 150 aimed at elucidating the structure of nu-
clei at large angular momentum. For %&87 the yrast
states that have been studied so far appear to consist
mainly of proton and neutron quasiparticles coupled to
large angular momenta, while for N ~ 87 some of the an-
gular momentum also results from the collective rotation
of the deformed nucleus. The —", states observed in odd
neutron nuclei in this region can either be made up from
neutron i&3/2 orbitals, or by coupling either h9/2 or f7/z
neutron orbitals to the 3 excitation. Since the 3 excita-
tion in this region is thought to be primarily a proton ex-
citation, g-factor determinations of these odd neutron
states should be sensitive to the admixture of this 3 state
in the quasiparticle structure. As the number of h~~/q
protons in the valence shell increases, a strong diminution
of the amount of 3 admixture in the —", states should
be observed because of Pauli blocking.

In general, with the exception of a small region near Gd
where the 4f shell is half-filled, information on nuclear
moments of high spin states in the rare earth region is
sparse and difficult to obtain because of the paramagnetic
relaxation of the nuclear alignment by the unpaired 4f
electrons. The present measurements outside of this re-
gion have been made possible because of the very small g

factors of the particular neutron states studied. The relax-
ation rate, which is proportional to g, was sufficiently
long in these cases to allow observation of the Larmor os-
cillations. It is hoped that these Er nuclei can now be uti-
lized as probes with which to determine which host ma-
terials are most effective at preserving the nuclear align-
ment so that g-factor measurements can be extended to
other Er nuclei with larger g factors, as well as to other
rare earth nuclei.

II. EXPERIMENTAL METHOD

Heavy ion beams from the Brookhaven National Labo-
ratory Tandem Van de Graaff were used to populate the
isomers and implant them into a Pb foil backing. The
target-backing combination was attached to the cold
finger of a Joule- Thomson cooling device and placed in an
external magnetic flux density of 2.49(5) T pointing in the
vertical direction. Adjustment of the beam steering to
correct for deflection by the magnetic field was accom-
plished with the help of a scintillating focusing screen.
The temperature of the backing was measured with a
thermocouple. The uncertainty in the temperature due to
beam heating was estimated to be no larger than 2 deg.
Table I gives the target-beam combinations for each iso-
mer studied, and Fig. 1 shows the relevant decay schemes.
The beam was in all cases pulsed with a repetition period

TABLE I. Summary of relevant data for each isomer.

Nucleus

154Er

155Fr

Reaction

' 'Sb(' C1,4n)

' 'Sb( C1,3n)

'~sm(16O, 3n)

[MeV]

154

154

88

13+
2
13 +
2

tlg2
[ns]

40(3)

30(2)

45(3)

[keV]'

625,601,560,
542, 688

532

494

'Transitions used for obtaining R (t). See the text.
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FIG. 1. Partial decay schemes from isomers in "Er (Ref. 7)
and ' Er and ' Yb (Ref. 11).
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of 0.5 ps. Two 18% efficient Ge(Li) detectors were
placed at 135' to the beam direction in the horizontal
plane. The fast timing signals from the Ge(Li) detectors
were used to start a common time to amplitude converter
which was stopped by a signal from the beam pulsing sys-
tem. The time resolution of the system on a single
gamma-ray line was 5 ns. Each event consisted of a time
signal and one of the two Ge(Li) energy signals. The
spectra were stored directly into two 512+ 128 (energy X
time) matrices at a rate of 10 kHz. The photopeaks of in-
terest were corrected for underlying Compton back-
grounds by subtracting the appropriately normalized adja-
cent flat regions of the gamma spectra. The time spectra
of the two counters I(6,t) were then combined to form
the ratio

R(t)= I(+ 135',t)—I ( —13S',t)
I(+13S',t)+I( —135',t)

O. I 0—

0.0—

—O. I 0—

-0.20—
I

250
I

200
I I

I 50 I 00 0~ t (ns)

FIG. 2. R(t) for "Er at three different temperatures in an
external field of 8 = —2.49 T.
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quency is strongly temperature dependent, and second, the
time dependence of the oscillation amplitude exhibits in-
creased relaxation at the lower temperatures. Both of
these effects are expected for paramagnetic Er ions.

III. EXPERIMENTAL RESULTS

Figure 2 shows the time dependence of the ratio func-
tion, R (t), for ' Er at three different temperatures. A re-
versed field run at 297 K (not shown) shows the expected
phase reversal. ' Er was populated simultaneously with

Er by the ( C1,3n) reaction branch, and R (t) at 297 K
for this nucleus is shown in Fig. 3. Figure 4 shows R (t)
for ' Yb at 297 K and two opposite directions of the ap-
plied magnetic field. The data were fit with the function

3A2Gz(to)e ' sin(2coL t +P)R(t)= (2)
4+ ApG2(to )e

A. Magnetic g factors

The Larmor frequency, coL, is given by coL ——gpNB, ff/fi.
The externally applied field, Bo, is modified by the

297 K

0 I—

—0.0—
IX

where Az is the amplitude of the P2 Legendre polynomial
in the angular distribution due to the alignment from the
nuclear reaction. The attenuation coefficient, G2(to), ac-
counts for any loss of alignment during the slowing down

process, and e ' accounts for paramagnetic relaxation
of the alignment by the fluctuating paramagnetic fields.
The phase shift, P, takes into account the angular devia-
tion of the beam from 0' due to the magnetic field. Two
aspects of the data are evident. First, the Larmor fre-

[3-0 I—
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I 50

Bo =+2.5 T

I

50
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t(ns)

FIG. 3. R(t) for '"Er at T=297 K and 8 =+2.49 T.
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TABLE II. Summary of results for the I"=11 isomer in "Er.

O. l—

-O. l-

Temp.
[K]

292
292
147
88.5

[MHz]

14.2(14)'
12.2(14)
24.1(11)
38.0(11)

A2
—

1]

3(3)
2(4)
5(2)
9(2)

3262(tP)

0.21(7)
0.21(9)
0.19(2)
0.16(2)

'B =+2.49(5) T.
"B= —2.49(5) T.

B.= +2.5T

O. I—

B, = -2.5T (b) paramagnetic ion as a function of temperature, resulting
in an effective field at the nucleus that can be represented
by an expression of the form

0.0-
x

jeff =~o o + (3)
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FIG. 4. R (t) for "Yb at T =297 K with (a) B =+2.49 T
and (b) B = —2.49 T.

Figure 5 is a plot of the Larmor frequency as a function
of 1/T for ' Er. The shaded points, which extend the
data to 523 K, are taken from Ref. 1. The straight line is
a fit to coL, coo[a+——(LIT)], where coo gpNBO/fi. ——The fit
parameters obtained were Xcoo ——3.15(17)&(10 MHz K
and acoo ——2.4(12) MHz. The data are well fit by a
straight line throughout the experimental temperature
range, an indication that the system is a good paramagnet,
with the Er impurity in a unique charge state. We assume
for the Er impurity ion a charge state of + 3, and use
the calculations of Ref. 2, which give X= 1750 with an er-
ror of 5%. We find g(' Er) =+0.0152(12) and
a=0. 13(6). The same values were also used to extract the

g factor of ' Er.
In the case of ' Yb, the Larmor frequency was found

to be independent of temperature, an indication that the
Yb impurity ion was in the Yb+ ionic state, in which
case there is no paramagnetic enhancement of the applied
field. That Yb ions exist in the + 2 ionization state in
metals is well known from previous Mossbauer effect
measurements. Table II summarizes the data for ' Er
and Table III lists the g factors measured for the I = —",

states in ' Er, ' Yb, and for completeness, ' Gd.

20
3

B. Paramagnetic relaxation

The measured values of the relaxation constants, A, z, for
' "Er are listed in Table II. The relaxation constant is re-
lated to the g factor and to the internal field, 8;„„at
T =0 through the relation

10

TABLE III. g factors of I"=
2 states.

0
0

I I I I I I I I I I I I I

5 lo
I/T (IO s K ')

FIG. 5. coL vs 1/T for ' ErPb. The shaded points are from
the present work. The open circles are from Ref. 1.

Nucleus

1476d
155Er
157Yb

'Reference 5.

64
68
70

—0.037(11)'
—0.085(5)
—0.116(12)

0.41(17)
0.24(10)
0.13(6)



172 RAFAILOVICH, KISTNER, SUNYAR, VAJDA, AND SPROUSE 30

by

G, (t) =G, (to)e

A,z (2——~, /fP)g @NB;„, , (4b)

higher p(Ez) and consequently faster fluctuation time, r„
would allow longer relaxation times, and could appreci-
ably extend the number of different isomeric states in the
erbium isotopes that could be measured.

where v, is the spin flip correlation time of the paramag-
netic ion.

A plot of A,2 vs 1/T for ' Er(11 ) is shown in Fig. 6,
along with the 3262(to) data for the same nucleus. The
appropriate precession frequency in Eq. (4a) is not the
average frequency, co&, but rather the instantaneous fre-
quency, coo, in the fluctuating internal field 8;„,. Since
this frequency and the nuclear quantities are independent
of temperature, the linear variation of A2 with 1/T im-
plies that r, is proportional to 1/T. In metals, w, can be
related to the density of states at the Fermi level, p(Ef),
by the expression

~, =[4m./Rip(Eg)J i
kT]

Using the measured g factor for ' Er, we can deduce
this parameter for Er in Pb as

~
p(Ef )J

~

=0.023(3). This
value is very similar to that determined for Gd in Pb.
The observed relaxation time, v;,',„, for nuclear alignment
of Er in Pb at temperature T can be related to the nuclear

g factor by the expression

T [K]
+relax ns . (6)

345og

It is clear that for proton states with g factors of order
1, the nuclear alignment will be relaxed at room tempera-
ture in times of the order of 100 ps, while for neutron
states with g factors less than 0.1, the alignment can sur-
vive for 10 ns or more. A host material with somewhat

I I I I I I I I I I
I I

i o —«)

IV. DISCUSSION

A. ' Er

Figure 1 shows the decay of the 11 isomer in 4Er.
Gamma-ray spectroscopy measurements alone require an
I assignment of 10 or 11 for this isomer. On the
basis of systematics with the neighboring % =86 nuclei,
11 is preferred. In this region various combinations of
the f7/2, h9/g and l /3/p neutron orbitals and the 3 octu-
pole phonon are possible. The effective g factors of these
states are listed in Table IV. The i/3/2 value was obtained
from the average of all the measurements listed in Ref. 9.
The actual experimental uncertainty in each case is no
larger than 10%, but as is shown in Ref. 10 for a given
nuclear core, polarization effects can spread the i&3/2 g
factor from 0.14 to 0.17. Since the magnitudes of these
core effects are unknown in this region, a conservative er-

ror covering the whole range is given. The effective h9/Q

single particle value is not known experimentally and was

calculated using standard parameters g~(v)= —0.03(3)
and g, (v) =0.6(l)g, (free) from the Gd region.

Table V summarizes the possible configurations for the
isomer together with the calculated g factors. From this
table it can be seen that the small magnitude of the g fac-
tor requires a predominant configuration for the isomeric
level of v[i~3/2 /l9/2]N»-, where the antiparallel orien-

7

tation of the intrinsic spins of the two neutrons results in
a vanishingly small magnetic moment. Although the
difference between the experimental and calculated values
is within the uncertainties of the parameters used, there
may also be a contribution from small admixtures of sin-
gle particle states coupled to the 3 core excitation. The
effect of core admixtures on the lower-lying —", states in
the odd-N nuclei is discussed in the next subsection.

TABLE IV. Effective single particle g factors.

0.2 2—
(b)

V1 13/2

Orbital g factor

—0.39(2)'
—0.15(2)

Nucleus

143Nd
192, 195,196, 198,200, 205,206P1-

L/y

193, 195,197,199H

O

O. I 8—
CU

O. I 4—
II

I.

I I I I I I I I

lo
I I I

5
I/T (lo sK ')

FIG. 6. (a) A,2 vs 1/T for "ErPb; (b) the anisotropy extrapo-

lated to f =0, 2262(tp) vs 1/T.

Vh 9/2

3 core excitation
+ 0.18(4)'
+ 0.62(12)' 146~d

'Reference 9.
'This va1ue represents an average derived from the values listed
for the corresponding nuclei in Ref. 9. The error reflects uncer-
tainties in core-polarization effects discussed in Ref. 10.
'Calculated assuming gI(v) = —0.03(3), g, =0.6( 1)g, (free) from
Ref. 5.
Reference 5.
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TABLE V. Possible configurations for the negative parity
isomer in "Er. O.p

Gd Dy Er Yb
I [ I I

64 68
I I

72
I I

80
Configuration

v[1 13/2 ~ h 9/2 ]1 1

v[i13 /2, h 9/2]10

v[/13/2, f7/2] 10
[&-X v(f7/2 h9/2)8+]11

[3
—

Xv(h„, )'8+]11—
Experimental value

'Reference 1.

gca]c

—0.015(45)
—0.021(45)
—0.20(3)
+ 0.17(6)
+ 0.30(3)
+ 0.0152(15)
+ 0.017(3)'

+
~hJ

p
II

M

B. '55Er and '~7Yb

Figure 1 shows the decay schemes" of the —", isomers
in ' Er and ' Yb. In both cases only the two transitions
shown are observed and the assigned multipolarities are
based on angular distribution data, lifetime considera-
tions, and known conversion coefficients. An I = —,

2

assignment for the isomer is considered unlikely since, (a)
the sign and magnitude of the measured g factors for

Er, g = —0.085(5), and for ' Yb, g = —0.116(12),are
totally inconsistent with the calculated value of
g ( vh 9/2 ) = +0. 1 8(4); (b) the relative moments of inertia
of the N =87 nuclei' do not indicate that the cores are
sufficiently deformed as to affect the degeneracy of the
i 13/2 orbital and bring the —,(660) orbital to the Fermi
surface.

Due to the low enerp of the 3 core excitations in the
3 —150 region, the —, isomeric levels are expected to
be admixed with a (3 &&vf7/2) particle-core excitation
component. The amount of admixture is difficult to
determine from spectroscopic studies. The E I /E 3
branching ratio has not been measured for any of the
cases discussed in this work. A search in the present work
for the E3 crossover transition in ' Er yielded only an
upper limit of 1% of the E 1 intensity. Furthermore, even
if this branching ratio were known, the interpretation is
not straightforward and depends on some model depen-
dent phase factors. In contrast, g-factor measurements
are much more sensitive to small configuration admix-
tures.

The g factor of the —", level can be parametrized as

g( —' )=a g[3 &&vf7/2]+(I —a )g(vi13/2),

P2 I ] )

FIG. 7. Measured g factors of I =
2 states in the A —15013 +

region as a function of Z. The value for ' Gd is from Ref. 5.

where a is the amplitude of the corresponding term in the
wave function. Table III summarizes the values of a for
the X =83 nucleus, ' Gd and for the X =87 nuclei, ' Er
and ' Yb. These values were calculated by assuming the
single particle g factors listed in Table IV. Figure 7 is a
plot of measured g factors of the —", states as a function

of Z. From the figure one can see that as more proton
pairs are added to the Z =64 core the experimental g fac-
tor monotonically approaches the effective single particle
value for the vi13/2 orbital. This may plausibly be inter-
preted as being due to the Pauli blocking of the

7r[d3/2, h11/2] quasiparticle component in the 3 core ex-

citation. Theoretical calculations" have shown that the
amplitude of this component in the core excitation is
greater than 50%. Consequently, as more proton pairs
are added to the h11/2 subshell, fewer orbitals become
available for the core excitation, the energy of the 3 exci-

13 +
tation increases, and a decreased admixture into the —,

state results. An opposite effect is expected with the addi-
tion of more neutron pairs to the %=82 core, which
should lower the energy of the 3 level due to the
proton-neutron interaction. To determine these effects
more quantitatively, work is in progress on the g factor of

Dy which is only two protons away from ' Gd.
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