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Nuclear Spins and Moments of the 86.5- and 105.3-keV States in Gd"'f
H. BL7/MEERG, * B. PEEssoN&t AN7I M. BENT

California institute of Technology, Pasadena, California
(Received 2 January 1968)

The recoilless nuclear resonance absorption of the y rays from the 86.5- and 105.3-keV states in Gd"5 has
been studied to determine the spins, the quadrupole moments, and magnetic moments of these states. The
following quantities were determined: f(105.3)=-,', iQ(86.5)/Q(0)i=0. 20+0.10, 0.80(Q(105.3)/Q(0)
& 1.00, p(86.5) = —0.53+0.05pz, and p(105.3)=0.13&0.04'& or —0.38&0.06@~. The results imply
strong bandmixing in the 86.5-keV state and I(86.5) = —,'.

INTRODUCTION

~ 'HK lower energy states of the nucleus Gd"' have
been the object of numerous experiments of

various kinds, ' " and it is well established that the
nucleus is strongly deformed in the ground state
(I = 33 ). The lowest states of positive parity (86.5 and
105.3 keV) have not, however, been convincingly
assigned as rotational bandheads; neither have the
spins of these states been established with certainty.
Harmatz et ai. ' proposed, on the basis of conversion
electron measurements, the Nilsson configurations

i
651 3)7 3/2 and

i
642 g)7=5/2 for 86.5 and 105.3 keV

levels. Unique assignment of the spins cannot be made
from the p-ray transition probabilities4 or the branching
ratios, ' but most authors have preferred the assignment
of Harmatz et ut. The assumption of the spin ~ for the
105.3 keV state was in disagreement, however, with the
angular correlation experiment of Subba Rao. A
measurement' of the g factor of the 86.5 keV state
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using the spin rotation technique has been interpreted
assuming the state to be the configuration

i
651 —,')7=3/3

with a small admixture of the configuration i660 —',)
caused by Coriolis coupling, but the assignment

i
642 3)7 3/3 could not be excluded. Several RIossbauer

experiments' "on the 86.5 keV transition have recently
been reported. The primary data from these experi-
ments cannot be consistently interpreted and the
spins —,', ~, and 2 have all been suggested. Extensive
bandmixing involving several Nilsson configurations was
very recently proposed'~" for the 86.5 and 105.3 keV
states.

In the present paper we report on Mossbauer experi-
ments in which the quadrupole and magnetic hyper6ne
interactions of the 86.5 and 105.3 keV states have been
studied. The values derived for the quadrupole and
magnetic moments indicate a very strong bandmixing
in the 86.5 keV state and provide strong evidence for
spins ~ and 2 for the 86.5 and 105.3 keV states. The
lowest excited state (60 keV) has also been studied, but
due to its short lifetime the hyper6ne interactions could
not be measured.

EXPERIMENT

The nuclear hyperfine interactions have been studied
in Mossbauer absorption experiments. Because the
recoil-free fractions are small, source and absorbers have
in most cases been kept at a temperature of 4.2 K to
obtain as large an eBect as possible. The source was
Eu'" in a host matrix of Sm~03. The most accurate
results for the quadrupole moments have been obtained
from the hyper6ne splitting in the source. Absorbers of
(Gdp, pgYp. gp)A13 and GdA13 were used for these measure-
ments since they provide rather narrow absorption lines
and, for practical purposes, approximate unsplit ab-
sorbers. The magnetic hyper6ne interactions in GdFe2,
used as an absorber, provided the most accurate de-
termination of the magnetic moments.

A constant acceleration velocity drive was used;
the apparatus and its performance has been described
previously. ' A Ge(Li) detector with thin windows was
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used to detect the p rays. The resolution of about 3 keV
ensured. a negligib1y smal1 background in the analyzer
window when set on the 86.5 and 105.3 keV peaks.

The 10-mCi source was prepared from carrier-free
Eu'" C13 in HC1 solution by adding SmC13 as carrier
and precipitating with oxalic acid. The precipitated
oxalate was converted into oxide by heating in oxygen
at 800-900'C to get the cubic C-type Sm203 structure.
In this oxide the samarium ions are situated in two non-
equivalent lattice sites. One type of site has C2 sym-
metry and is populated by 43. of the samarium ions; the
other type of site has C&; symmetry. Random distribu-
tion of the europium impurity over the samarium
sites cannot be assumed. a priori because of dissimilarity
of the europium and samarium ions.

The intermetallic compound YA12 has cubic sym-
metry at the V site and is nonmagnetic. Because of its
nearly identical properties, Gd. substitutes easily for
Y in this compound and. with suQiciently small Gd
concentration the ternary compound (GdY)Ala retains
the nonmagnetic properties of YA12 at 4.2'K. Such a
ternary compound, therefore, provides a single absorp-
tion line. In the present experiment (Gdo.pgYp. ss)Ale
)hereafter denoted by (GdY)Alt) has been used. The
compound. was prepared by heating a pellet of Gne
powders in the stochiometric composition in an evac-
uated quartz tube. The temperature was gradually
raised to 1000 C to allow for a few days of dMusion and
slow reaction; thereafter the pellet was melted in argon
using the levitational melting technique. It was finally
annealed in vacuum at 800 C for several days.

The intermetallic compounds GdFe~ and GdA12 have
cubic point symmetry at the Gd site. The internal Gelds
at the Gd nucleus have been measured by NMR" to be
430 and —163 kG, respectively, at 4.2'K. The GdFe2
lattice provides the largest known internal field at the
Gd nucleus; thus this compound is the best available
for the study of the magnetic hyperGne interactions.
The internal Geld in GdA1~ is rather small;, therefore this
compound may, in some cases, replace a true single
line absorber. The GdFe2 was prepared by pressing the
stochiometric amount of high-purity gadolinium metal
into a cavity in a pellet of ultrapure iron. By the use of
a high-frequency Geld, the pellet was levitated on a
watercooled silver boat and melted in an argon atmo-
sphere. The material was kept liquid for some time
to homogenize it. Finally, the material was kept at
810'C in an evacuated quartz tube for 14 days to form
a pure phase of GdFe2."The compound GdA12 was
prepared in a similar way, but the Gnal annealing was
not necessary.

Upper limits for impurity phases present in the inter-
metallic compound has been determined. to be (5%
from x-ray diGraction patterns. The absorbers for the

SR. E. Gegenwarth, J. X. Budnick, S. Skalski, and J. H.
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(1964).
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FIG. 1. Velocity spectra for the 86.5 keV transition in Gd'~5
obtained at 4.2'K with a Sm203 source matrix and absorbers of
Gdo. os Yo.os Alp(8 mg Gd 5 /cm ) and GdAlg (14 mg Gd 55/cm )
The curves of Figs. 1 and 2 result from one of many equally likely
6ts obtained by 6tting the pairs of velocity spectra for the 86.5
and 105.3 keV transitions in a single least-squares procedure. The
relative contributions from the two types of lattice sites assumed
in this 6t were those that gave the smallest linewidth for the
components of the 86.5 keV spectrum and also accounted for the
difference in the average electric 6eld gradients observed in the
86,5 and 105.3 keV spectra. With I=-', and the two sites contribut-
ing in equal amounts for the 86.5 keV state, and I=-,', Q(105.5)/
Q(0) =0.95, and the two sites contributing in the ratio 3:1 for
the 105.3 keV state, and q=0 the following quantities were de-
termined: eQ(0) V„=1.54&0.06, 2.31+0.04 peV; Q(86.5)/Q(0),=0.25+0.02; and the widths of the component Lorentzians in
the 86.5 keV spectra 1.46+0.05 for (GdY)A12, 1.61&0.05 for
GdAl2, ' and in the 105.3 keV spectra 1.04+0.13 for (GdY)Alg,
1.21&0.07 for GdAIt {widths in mm/sec). The magnetic interac-
tion in the GdA12 absorbers was taken into account with H;n~= —163 kG and the values of the magnetic moments given in the
text. For this fit x'=1.09 and Dg2=0.07.

Mossbauer experiments were made from Gnely crushed.
material dispersed in wax.

ANALYSlS AND RESULTS

Quadrttpole Interaction

Velocity spectra for the 86.5 keV transition in Gd, '"
obtained with absorbers of (GdY)Alt and GdA1~ are
shown in Fig. 1. The spectra are symmetric and show
two absorption dips separated about 2.8 mm/sec. This
structure is attributed to quadrupole interaction in the
source for reasons that follow.

Identical spectra were observed with (GdY)A1~ ab-
sorbers at about 1.5, 4.2, and 77 K, which indicates
that magnetic ordering of the absorber material does
not occur in this temperature range. The data obtained
at the highest temperature, however, did not allow
detailed examination because of poor statistics. Spectra
observed with absorbers of GdAs and GdA12 at 4.20K
are similar to the spectra obtained with the (GdY)Alq
absorber. The poorer resolution of the two absorption
dips is probably caused by magnetic interaction in these
materials. In fact, the spectra measured with absorbers
of (GdY)Ala and GdA1~ (Fig. 1) can be consistently
interpreted only if the internal Geld is much sma11er
in (GdY) Al~ than in GdAls. We therefore conclude that
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FIG. 2. Velocity spectra for the 105.3 keV transition in Gd"~
obtained at 4.2'K with a Sm203 source matrix and absorbers of
Gdp. pfiYp. psAlg(16 mg Gd1~~/cm ) and GdA12 (33 mg Gd"5/cm').
The solid curves represent the 6t to the experimental points de-
scribed in the caption to Fig. 1. In this 6t the ratio Q(105.3)/Q(0)
was constrained to equal 0.95, since only ratios &1.00 are expected
(see text). The dashed curve is the result of a similar 6t with the
constraint on the ratio of the quadrupole moments relaxed, yield-
ing Q(105.3)/Q(0) =1.16+0.04.
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the spectrum observed with this absorber —its gross
structure, at least—is caused by interactions in the
soUl ce.

Mossbauer spectra obtained with 61203 and

(Gdo. o4Yo.oo)sOs absorbers indicate that the absorption
spectra of these materials are very similar to the emis-

sion spectrum of the source. This is expected if the
hyper6ne splittings in these Inaterials are caused by
quadrupole interaction. The reason is that the trivalent,

gadolinium ion has a half-6lled 4f shell, so the free ion

is spherically symmetric (sS7~s). Therefore, the polari-

zation of the Gd ion by the lattice is the sole origin of
the electric 6eld gradient at the Gd nucleus. Since the
lattice parameters of the investigated sesqui-oxides are

nearly equal, the electric 6eld gradients in these com-

pounds should give similar quadrupole splittings. Also,

the temperature dependence" of the quadrupole inter-

action shouM be small, as observed, since it is caused

only by the lattice expansion. Signi6cant population of

electronic con6gurations other than the ground state
are not expected. "

Furthermore, the quadrupole splitting of the ground

state of Gd'55 in these oxides can be estimated from the

lattice contribution to the splitting of Tm"' in Tm~03. 22

ith the known quadrupole moments" of the states
involved, neglecting the small differences of the lattice
constants and their temperature dependence, the esti-

mate is 2.1 mm/sec. This value agrees as well as expected
with the observed separation of the two absorption
dips in Fig. 1. The presence of magnetic interaction of
signihcant magnitude, as has been found for Dy203,"
would have been revealed by an asymmetric spectrum.
It should be noted that the Dy203 is a unique case"
and that magnetic interaction should not be expected
generally in the rare-earth sesqui-oxides.

The observed two-dip quadrupole spectrum (cf.
Fig. 1) immediately suggests that the quadrupole mo-
ment of the 86.5 keV state, Q(86.5), is much smaller
than that of the ground state, Q(0). A precise evaluation
of the ratio Q(86.5)/Q(0), however, depends on the
spin of the 86.5 keV state and on the relative number of
y rays emitted without recoil by the Gd nuclei in the
two types of lattice sites in Sm203. The experimental
data (Fig. 1) have been least-square fitted to super-
positions of Lorentzian curves of equal width. %e have
tried to obtain 6ts for various combinations of the
relevant parameters in order to determine the maximum
aild Inilllniiiill valiies possible fol' tlie i'atio Q(86.5)/Q(0).
Such parameters are the widths of the Lorentzians, the
relative contributions of recoil-free y rays from the two
sites, the ground-state splittings and isomeric shifts
for the two sites, and the asymmetry of the Geld
gradient. For a large number of 6ts we cannot give
preference for any single one, judging by the quality of
the 6t and the width of the Lorentzians. Both I= ~3 and
I=-', give 1.16&Xs&1.28(~Xs=0.14) and the width
1.65&0.1 mm/sec. From the half-life 6.4 nsec' a width
=0.51 mm/sec is expected, which indicates that the
nuclear hyperhne interactions have not been accounted
for completely. The result for the ratio of the quadrupole
moments is

~
Q(86.5)/Q(0)

~

=0.20+0.10. Our experi-
mental data agree essentially with that of Stevens
et ul. ' but disagree with the results of the experiments of
Balabanov ei, al."and Tomblin et ul."

Velocity spectra for the 105.3 keV transition in Gd"
observed with absorbers of (GdY)A4 and GdAls are
shown in Fig. 2. Because of strong photoabsorption,
the effect obtained with the (GdY)A4 absorber is small
and the measured spectrum su6ers from poor statistics.
A larger effect was obtained with the absorber of GdA12.
The magnetic interaction in this material complicates
the analysis. However, accurate correction for the mag-
netic splitting in the absorber can be performed. Also,
the magnetic splitting is rather small and its e6ect on
the spectrum, shown in Fig. 2, is to broaden the com-
ponent lines.

Qualitatively, the appearance of the spectra (cf. Fig.
2) for the quadrupole interaction of the 105.3 keV state
is as one would expect for a ~3+ —+ 2 transition, if the
quadrupole moment of the excited state is nearly equal
to the quadrupole moment of the ground state. The
spectra cannot be 6tted under the assumption of spin

'48. Ofer, B. Khurgin, M. Rakavy, and I. Nowik, Phys.
Letters D, 205 (1964).

ro I. Nowise, Phys. Letters 15, 219 (1965).
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~~ for the excited state. Therefore, we conclude that the
spin of the 105.3 keV state is —,'.

In analogy with the procedure for the 86.5 keV
transition, we have determined the maximum and. mini-
mum values of the ratio Q(105.5)/Q(0) that are con-
sistent with the experimental spectra in Fig. 2. Again,
many equally likely fits (1.01&X'&1.22, bX'=0.10)
were obtained for various combinations of parameter
values. For the ratio of the quadrupole moments, the
absolute limits 0.80&Q(105.3)/Q(0) &1.20 were found.
Widths of the component Lorentzians in the range
0.64-1.23 mm/sec for GdYAls and in the range 1.16-1.55
mm/sec for GdAls were obtained in these its, whereas
one would expect widths & 21"=2.3 mm/sec. '

The Mossbauer effect in the 60.0 keV transition has
been studied at 4.2oK with absorbers of Gdsos (S and
12 mg Gd"'/cm'). Widths of about 30 mm/sec were
observed in these measurements, consistent with the
electronically measured'lifetime (Tt~s=0.24+0.06 nsec,
21'=19+5 mm/sec). Because of the short lifetime,
hyperGne interactions have little eGect on the width.
In disagreement with these results, a much smaller
value for the wid. th (1.4+0.4 mm/sec) has been
reported by Balabanov e$ zl.»

Anomalies in the Quadrupole Spectra

The quadrupole hyperGne splitting of the ground
state in Gd'" in a host matrix of Sm203 can be deter-
mined both from the data for the 86.5 keV transition
and from that for the 105.3 keV transition. With the
assumption that the ratio of the recoil-free fractions for
the two types of lattice sites is the same for both tran-
sitions, it is found that the splittings derived from the
two sets of data differ by about 20%. Imposing the
constraint Q(105.3/Q(0) &1.00 (cf. Discussion) increases
this discrepancy to 40%. The discrepancy is removed if
constraint on the recoil-free fractions is relaxed, DitI'erent
Debye temperatures for the two sites can then lead to
unequal relative contributions from the two sites at the
two energies. Reasonably good Gts are then obtained
with the constraint Q(105.3)/Q(0)&1, although the
quahty of the ftt still favors Q(105.3)/Q(0) )1.

The experimental spectra cannot be explained only
in terms of superposition of emission spectra from two
nonequivalent sites. The following three points need
to be considered. (i) The widths (&1.40 mm/sec; 10%
thickness broadening is assumed) of the component
Lorentzians of the spectra obtained for the 105.3 keV
transition are signiGcantly smaller than 2I'= 2.43+0.06
mm/sec. The value for the natural width I' has been
calculated from lifetimes measured with electronic
methods. ' ' It seems unlikely that this value is impaired
by any serious error. (ii) The widths (1.50&0.10
mm/sec, assuming 10% thickness broadening) of the
component Lorentzians of the spectra obtained for the
86.5 keV transition are considerably larger than
expected. Lifetime measurements" give 2I'= 0.5i
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I'IG. 3. Velocity spectra for the 86.5 keV transition in Gd"5
obtained at 4.2'K with a Sm208 source matrix and a Gdpe2
absorber (14 mg Gd"'/cm') magnetized in the direction of the
y-ray beam (lower diagram) and demagnetized (upper diagram).
The curves are synthetized spectra corresponding to a fit to the
data under one of the many possible assumptions for the line
structure of the source Pin the fit shown eQ(0)U„=1.88 peV,
Q(86.5)/Q(0) =0.21$. With the NMR value from Ref. 18 for the
magnetic splitting of the ground state {gg, '"p~Pfntc/8~=0. 794
mm/sec) the following quantities were determined: p, (86.5)
=0.520&0.05 pg, the width of the component Lorentzians
=1.97+0.04 mm/sec, the center shift= —0.41+0.01 mm/sec,
and x'=1.73, where bx'=0. 10. The values of these quantities
are insensitive to the particular choice of line structure for the
source, provided it fits the source spectrum well. This is demon-
strated by the diagram at the top of the figure, where the relative
positions of the lines of the emission spectrum and the observed
spectrum are shown. The line positions —the scale is arbitrary-
and intensities apply for the case of a nonmagnetized absorber.
With it magnetized in the direction of the y-ray beam the dashed
lines are not observed. It is evident from a comparison of the
separation of the individual lines with 2F that only the gross
structure of the spectrum can be observed, i.e., five (demagnetized)
or three (aligned) absorption dips. Their relative positions and
intensities depend on the gross structure of the source spectrum,
but only very slightly on its detailed line structure.

"S.M. Harris, Phys. Rev. 124, 1178 (1961); 163, 280 (1967);
J. G. Dash and R. H. Nussbaum, Phys. Rev. Letters 16, 567
(1966).I %'. Trifthiuser and P. P. Craig, Phys. Rev. 162, 274 (1967).

mm/sec. It is emphasized that the same source and the
same absorber material has been used for the measure-
ments referred to here and in (i). (iii) The average
electric Geld gradient observed with the 86.5 keV
transition is smaller than the electric Geld gradient
observed with the 105.3 keV transition.

As possible explanations for these discrepancies one
might suggest sects of local disturbances of the sur-
roundings of the decayed europium nucleus. These
disturbances must then last a few nanoseconds. A
time-dependent Debye-Wailer factor caused by local-
mode excitation, or large hyperGne Gelds caused by
disturbances of the electron shell, would modify the
Lorentzian line shape by reducing the intensity in the
wings and narrowing the width. ""Such effects would
explain (i), the narrow width observed for the 10S.3
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Slow recovery of the electric Geld gradient at the
gadolinium nucleus to the stationary value could be the
cause for (ii), the broadening of the 86.5 keV line, as
well as for (iii), the differences in the Geld gradients. A
distribution of 6eM gradients would broaden the side
peaks of the 105.3 keV spectra, without aRecting the
center peak. The symmetry of the spectra shows that
no long-lived charge states'" but the stationary ones
are observed. , since, otherwise, the accompanying isomer
shifts would have been revealed by asymmetric hyper-
Gne spectra.

Magnetic Interaction
FIG. 4. Velocity spectra for the 105.3 keV transition in Gd"'

obtained at 4.2'K with a Sm203 source matrix and a GdFe2
absorber (84 mg Gd'~~/cm') magnetized in the direction of the
y-ray beam (lower diagram) and demagnetized (upper diagram).
The curves are synthetized spectra corresponding to a fit to the
data under one of the many possible assumptions for the line
structure of the source LeQ(0) t/'„= 2.22 peV, Qt'105.3)/Q t,'0) = 1.00$.
With the NMR value from Ref. 18 for the magnetic splitting of the
ground state (gs, , u6pNH;~tc/Z„=O 652 mm/. sec) there are two
sets of parameters that 6t the data. The corresponding calculated
spectra are shown as solid and dashed curves, and the following
parameters were determined from the 6ts: 116(105.3) =0.128&0.009,—0.386+0.016 p~, the width of the component I orentzians
=1.63~0.13, 2.12+0.14 mm/sec, the center shift= —0.63+0.03,—0.63&0.03 mm/sec, and y'=1.47, 1.65 where, Ax'=0. 10. The
values of these quantities are rather insensitive to the particular
line structure chosen to 6t the source spectrum. The line structure
assumed for the given Gt is indicated at the top of the figure; the
dashed lines are not observed when the absorber is magnetized
parallel to the p ray-beam.

keV state. Also, the oner details of the spectra in Figs. 2
and 4 would. be better 6tted with the more trianglelike
peak shape.

As another consequence of the suggested time de-
pendence of the surroundings, the observed fraction of
p rays emitted without recoil should be dependent on the
elapsed time between the P decay and the formation of
the state in question and also on the lifetime of the
state. Due to the short lifetime of the 60.0 keV state, no
recoil-free emission in this state should be observed when
it is fed directly by the P decay. However, this state is
populated to 30/o by a y transition from the long-lived
86.5 keV state, so the time spent in the 86.5 keV state
allows stabilization of the surroundings. Recoil-free
emission in the 60.0 keV state is therefore observed.
The observed fraction of p rays emitted without recoil
from the three states investigated are all smaller than
expected for a Debye temperature of Sm203 in the range
200-250 K."Also, the energy dependence of the frac-
tion of photon emitted without recoil is quite abnormal.
The e6ect observed for the 60.0 and 105.3 keV tran-
sitions are much smaller than expected. for these energies
from the observed recoil-free fraction for the 86.5 keV
transition and. a regular energy depend. ence of the
Debye-Wailer factor. These observations support the
suggestion of a time-dependent surrounding.

"F.W. Stanch, Z. Physik 166, 6 (1962).

The magnetic hyperfine interactions at 4.2'K in
GdFe~ have been studied, using this ferrimagnetic
material as absorber. Velocity spectra (Figs. 3 and 4)
have been measured with the absorber demagnetized as
well as with it magnetized in the direction parallel to
the p-ray beam. In the latter case a superconducting
solenoid was used to align the absorber. The magnetic
interaction has considerable eGect on the spectra ob-
served for the 86.5 keV transition (cf. Figs. 1 and 3) and
the shapes of the spectra are much diBerent for the
two 6eld con6gurations. Accurate determination of the
magnetic moment of the 86.5 keV state should therefore
be possible. The magnetic interactions aGects the spectra
for the 105.3 keV transition less extensively (cf. Figs.
2 and 4).

The velocity spectra correspond to foldings of a
quadrupole emission spectrum and a magnetic absorp-
tion spectrum. For the least-squares analysis of the
data, the measured spectra were assumed to be super-
positions of Lorentzians of equal width. The spins were
assumed ~ and ~ for the 86.5 and 105.3 keV states,
respectively (cf Discus. sion). Since a unique determi-
nation of the line structure of the emission spectrum was
not possible, various possible line structures were tried.
These were the results of numerous Gts to the quadru-
pole spectrum of the source. Fortunately, the values de-
termined. for the magnetic moment of the excited state
proved. to be quite insensitive to the particular as-
sumption of the line structure of the emission spectrum,
On the other hand, there was strong correlation among
the parameters'determining the magnetic hyperhne
spectrum. For the determination of the magnetic mo-
ments of the excited. states we have therefore used the
NMR value "430 ko, for the internal G.eld and the
value —0.254&0.003pN for the magnetic moment
(icrss) of the ground state. The latter value was evalu-
ated from the ground-state magnetic moment" of
Gd'", Iutsr

——0.337+0.003pN, and the ratio icts5/jIlts7

=0.753+0.005, measured with ENDOR technique. '

"J.P. Hurrell, Brit. J. AppL Phys. 16, 755 (1965).
"E. L. Boyd and R. J. Gambino, Phys. Rev. Letters 12,

20 (1964).
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TAsl.z I. Results from Mossbauer experiments in Gd'".

8 (keV) I
86.5

Q(E)/Q(0) =R

+0.20+0.10—0.20&0.10

t Ã)'(s)
—0.53&0.05 1.65&0.10

(eQ(0)V„(, (10 'eV) Width'W (mm/sec) 2I"s (mm/sec)

1.8+O.i 0.514+0.0071.5+O.i

105.3 0.80&8.&1.00 0.13+0.04—0.38+0.06 2.2+0.2 0.64&8 +
0.10&1.55 2.43 +0.06

a Evaluated using the NMR value (430 kc) of the internal field in GdFeg
(Ref. l.8).

b Derived assuming one unique value of the electric field gradient.

e Not corrected for thickness broadening.
d Calculated using electronically measured lifetimes (Refs. 2 and 3).

As the result of the experiments, we give the following
values for the magnetic moments:

tr(86.5)= —0.53&0.05psr,

tr(105.3)=+0.13&0.04 or —0.38+0.06prr.

The errors given are conservative estimates, about equal
to four times the spread in the values of the individual
determinations. The spread was about equal to the
standard deviations obtained for the Gts. Perfect 6ts
were not obtained; hence the increased values of the
errors. The internal Gelds measured with the NMR
technique might differ from those encountered in y-
resonance experiments. "%e therefore give the following
relations:

p(86.5)=—0 53+0 8'/X 10 st tnt(kG) —430$,

tr(105.3)= 0 13—0 73X10 s/B; «(kG) —430],
or

-0.38+1.37X 10 s(H; t(kG) —430j,

which may serve for reevaluation of the magnetic mo-
ments if it proves that signihcantly modi6ed internal
fields are measured with the NMR technique.

/Pote added sn proof. The application of a magnetic
field to GdFe2, e.g., in alignment of the GdFe2 absorber
with the superconducting coil, induces a magnetic Geld
of signiGcant magnitude at the Gd nucleus. This effect,
which will be the subject of a forthcoming paper, has
been considered in the determination of the magnetic
moments. )

Our results from the study of the magnetic inter-
action of the 86.5 keV state is in disagreement with the
results of Delyagin et al."On the other hand, the experi-
mental data of Tomblin et ul." seem to be consistent
with ours, since with the assumption of spin ~ for the
86.5 keV state we would deduce a value of the magnetic
moment in good agreement with their value.

Isomer Shifts

The velocity spectra measured in the present work
are symmetric around a velocity that is only slightly
different from zero ((0.1 mm/sec), with the exception
of the spectra obtained with Gd metal and GdFe2
absorbers. In the latter case center shifts of —0.41+0.02
and —0.63&0.03 mm/sec were found for the 86.5 and

"R.L. Mossbauer (private communication).

105.3 keV transitions, respectively. A unique interpre-
tation of these centershifts in terms of isomer shifts is
not possible without knowledge of the relative intensities
of the y rays emitted without recoil from the two sites
in the Sm203 source matrix.

A summary of the properties of the 86.5 and 105.3
keV states in Gd'" measured and deduced in the present
work is given in Table I.

DISCUSSIom

There are the following possibilities for the explana-
tion of the small quadrupole moment of the 86.5 keV
state:

(1) The spin of the state is rsand the quadrupole
moment vanishes as tentatively suggested by Stevens
er, al. ' This contradicts, however, observation of an
anisotropy in the angular-correlation experiments of
Hrynkiewitz et al. ~

(2) The state has much smaller deformation than
the ground state. This possibility is excluded, since it
implies" an isomeric shift 10—100 times larger than
consistent with our observations.

(3) The state is a spin- —,'rotational state of K=ss+
pure rotational band. The ratio Q(86.5)/Q(0) = —5/14
is then expected, but no K=&+ bandhead has been
observed.

(4) The state is mixed. With this assumption we
can explain the experimental result. The quadrupole
moment is then given by

Q(865) =Q. Z; (')
X$3Z'(s) —I(I+1)/(I+1)(2I+3)),

where cx(s) are the amplitudes of the various Nilsson
configurations with E quantum number K(i)(I, and
Qp is the intrinsic quadrupole moment. The regularity
of the rotational band built on the ground state indi-
cates that it is a very pure Nilsson state with E= 2',
hence, Q(0) = sQs.

"This conclusion is based on a comparison of the center shift
(—0.4+0.1 mm /sec) measured with Gd-meta1 absorber and the
isomer shift (0.26+0.09 mm/sec) for the 0+—2+ in Qd»6. The
latter has been measured by D. Yeboah-Amankwah and L.
Grodzins, Bull. Am. Phys. Soc. 12, 580 (1967), with the same
source and absorber matrices as used in the present experiment.
Thus, the change in deformation is almost as small as deformation
changes caused by centrifugal stretching.
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The following constraints are imposed on the ampli-
tudes c~ by the experimental result. If

I= s, then
I pt/s —ps/s I

=0.20+0.10,
where

Pzr =P; czz'(i)

It is very unlikely, however, that both the 105.3 and the
86.5 keU states can have spin —'„because of the small
energy separation. Alternatively, if I= ~, the amplitudes
must obey the relation I4pt/s+ps/2 Sps/sI =0.5+0.3.
Indeed, this is the only acceptable way the present
experimental results can be accounted for.

The magnetic moment of the 86.5 keV state deter-
mined in the present experiment, p(86.5)= —0.53&0.05
p~ is in disagreement with the value —0.94&0.07
obtained from the g factor (—0.376+0.026) measured
by Hrynkiewicz et al. ' Magnetic moments =—0.31
and =0.35pN are expected for the pure Nilsson states

I
642 '")z s/s and

I
651 '")z=s/s. These values have been

calculated using the wave functions of Rassey" with
deformation" P=0.31, the effective g factor" gzt=0.32,
and an effective value of the intrinsic g factor of the
odd neutron equal to 0.6 times the free-neutron value.
The measured magnetic moment deviates from either
of the values expected for the pure Nilsson states, and
the strong bandmixing implied by the small quadrupole
moment is also required for the explanation of the
magnetic moment. In fact, both the quadrupole and the
magnetic moments are consistent with the wave function

~tz=»s=o47I642 '/s&z=»s+088I651 '/s&z=s/s

for the 86.5 keV state, although several other states are
expected to contribute to Ps/s.

The spin ~ for the 105.3 keV state has been de-
termined from the appearance of the quadrupole spec-
trum. This spin value has already been concluded,
however erroneously, "as the result of the 7-y angular-

"A. J. Rassey, Phys. Rev. 109, 949 (1958).
'4 B. Klbek, thesis, University of Copenhagen, 1963 (un-

published)."F.Boehm, G. Goldring, G. B.Hagemann, G. D. Symons, and
A. Tveter, Phys. Letters 22, 627 (1966l.

"The experiment of Subba Rao was repeated in our laboratory
using a Ge(Li) detector for the detection of the 60.0 keV y rays.
We determined the angular-correlation coefFicient 32=0.025
&0.03. This value disagrees with that of Subba Rao, A2 ——0.155
&0.016. Furthermore, in his work, the incorrect sign of the mixing
ratio 8 of the 60.0 keV transition has been used. With the correct
sign of 8 a nearly isotropic angular correlation is expected; the
spin of the 105.3 keV state being ~~ or -', . A y~ angular-correlation
experiment is, therefore, not suited for the determination of the
spin of the 105.3 keV state.

correlation experiments of Subba lao. ' The quadrupole
moment of the 105.3 keV state cannot be signi6cantly
larger than that of the ground state, since both states
have spin 2 and the ground state is a very pure Nilsson
state. We can therefore reduce the experimental upper
limit of the measured ratio of the quadrupole moments,
i.e., 0.80(Q(105.3)/Q(0) &1.00. The presently de-
termined ratio Q(105.3)/Q(0), which implies pt/s(I= )
&0.10, is not suQi. ciently accurate to allow one to
determine whether the 105.3 keV state is a reasonably
pure I

651 -', )z=s/s Nilsson state or whether other states
are admixed in signiicant amounts. On the other hand,
the experimental values of the magnetic moment diGer
from the magnetic moment (—0.15pz/) expected for a
pure

I
651 s&z s/s state, indicating mixing in the 105.3

keV state also.
Similar conclusions regarding the mixing of the 86.5

and 105.3 keV states have recently been reached by
Kormicki et al."and Bunker et al."on the basis of the
level scheme and by Jaskola ez al." from studies of
(d,p) and (d, t) reactions. These authors have suggested
contributions from the Nilsson states

I
642 s&, I

651 ss&,

I
660 s&, I402 ss&, and I400 s). The assignments ProPosed

for the level at 118 keV in these papers'~" are all
diBerent, as are the suggested'4" positions of the

I
660 s &z t/s state. The 6t to the level scheme proposed

by Bunker et al. '5 gives amplitudes of the states mixing
in the 86.5 keV level that are inconsistent with the
measured nuclear moments. In particular, the ratio
Q(86.5)/Q(0) =0.83 is calculated for these amplitudes,
while the experimental value is +(0.20&0.10).

With the experimental information available at
present, it is not possible to uniquely determine such a
complex mixing in the 86.5 keV states and other as yet
unassigned states. The spin of the 118 keV level, for
example, would be a valuable additional piece of data
that should be obtainable from an angular-correlation
experiment.
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