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Nuclear Moments and Moment Ratios
as Determined by Méssbauer Spectroscopy *

J. G. Stevens

University of North Carolina, Asheville, North Carolina 28804

and

8. D. Dunlap

Argonne National Laboratory, Argonne, Illinois 60439

Values are given for Méssbauer effect measurements of nuclear magnetic moments, spectroscopic
quadrupole moments, ratios of moments between low lying excited states and the ground state of the
same isotope, and ratios of moments between states of different isotopes. Adopted values for moments,
obtaincd by dircot selection of specific results or by an averaging process, are presented. The litera-

ture has been covered through December, 1974.
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1. Introduction

For general discussions of Mossbauer spectroscopy,
the reader is referred to a number of review articles in
[Go68].! For the present purposes, we will make only a
few introductory comments. .

Measurements of hyperfine interactions obtained by
Mossbauer spectroscopy differ from other methods in
that one obtains hyperfine energy differences between
the nuclear ground state and some excited siate, rather
than values for a single nuclear level. While ground state
moments are generally determined more accurately
by other methods, not many techniques arc widely
applicable to measurements of excited state moments.
Therefore, the application of the Mossbauer effect to
the measurement of nuclear moments has been wide-
spread.

£

' Symbols in brackets indi literature
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If a magnetic hyperfine field Hy is present at the
nucleus, then one measures in a Méssbauer spectrum a
set of energy value differences given by

AEG(I5,1:) = — ghund FHne + gnpend :H g

BN ., '
= — gnpinH e STNIZ —1.|, (1)

I I,
= ,MILNHM [Ruf,; —‘T],

where I* and [ are the excited and ground state nuclear
spins, I,* and I, are components of I* and I in the direc-
tion of the hyperfine field, py is the nuclear magneton,
gn* and gy are the nuclear gyromagnetic ratios in the
excited and ground states, and R, is the ratio of nuclear
magnetic moments

Ryt BT ®
©w gnl )
Depending on the selection rules governing the nuclear
transitions between the (21, + 1) excited state and
(21, + 1) ground state levels, one measures a number
of such energies, each appearing as an absorption line
in the resonance spectrum. A specific example is given
in figure 1 where the magnetic hyperfine splitting is
shown for a case having I = 1/2 and I* = 3/2 applicable,
for example, to the Méssbauer resonance in 5Fe or
1195n. Dipole selection rules allow six possible transi-
tions with the energies shown in the figure. One sees
here, or from eq (1), that the relative line positions de-
pend only on the ratio R,. This quantity is thus obtained
with no external assumptions, and in most cases it is
the basic nuclear magnetic moment information pro-
vided by the experiment. The ground state moment, if
known from other measurements, can then be combined
with this ratio to obtain the excited state moment.

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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The absolute line positions, rather than the relative
positions, depend on the product of the moments and
the hyperfine field. If Hy;is known from other measure-
ments or by calculation, then these positions can be
used to determine the moment values. This approach
has been used especially for even-even nuclei where
1,=10. Since in this case the ground state moment is
zero, one measures only the excited state splitting, and
no moment ratio. Some discussion of Hy, is thus neces-
sary in order to obtain the excited state moment.

If an electric field gradient is present at the nucleus,
then electric quadrupole hyperfine splitting may occur.
In a manner similar to the above, a measurement of the

quadrupole resonance spectrum can provide the ratio

of spectroscopic quadrupole moments Rg = Q*/Q. This
is illustrated in figure 2 for a case where I =5/2 and
I* = 17/2 as, for example, in 'S or 3'Eu. If information
concerning the electric field gradient tensor is available,
the absolute line positions provide the quadrupole
moments directly. Most often this latter approach relies
on calculations of the field gradient, which in some cases
can be done with reasonable reliability. However,
it is important to realize that large ‘‘Sternheimer cor-
rections’” may -be necessary due to a shielding of the
field gradient at the nucleus by the local electrons (see
[St76a]). In many cases, the magnitude of this shielding
is not well known, and this may cause a large error in the
derived quadrupole moment.

Moment ratios and moments obtained as described
above are listed in table 1, covering all the available

J. G. STEVENS AND B. D. DUNLAP-

measurements through December 1974. We emphasize
that we consider ratios of moments measured by the
Méssbauer technique to be the most fundamental experi-
mental. quantities since they are obtained without the
need of other data. In general, however, we have also
given ground state moments obtained from other works
and used the listed ratios to obtain excited state
moments.

Frequently in the literature measurements o1 hyper-
fine energies have been obtained using two . different
isotopes in the same compound. If the ratio of these
energies is calculaied, the hyperfine field or electric
field gradient cancels and one obtains a ratio of the
nuclear moments of those isotopes. This' may then be
combined with a measured value for one of the moments .
to obtain the other. Ratios obtained in this way are listed
in table 2. These are also cross-referenced to an entry in
table 1 where the ratio is used to obtain one
of the moments. _

Table 1 also indicates adopted values for the ratios
and moments. When one measurement appears to be
substantially more reliable than other published results
due to superior data or analysis, that value has been
chosen as the adopted value. In the majority of cases,
several measurements of comparable quality exist and
an averaging procedure over selected values has been
used. Again here, the choice of which values to include
in averaging is based on quality of data and of analysis.
The final adopted values are summarized for con-
venience in table 3.

3
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FIGURE 1. Magnetic hyperfine splitting and resonance line positions for I* =3/2 —
I=1/2 transition. In the splitting diagram, the energy level ordering
presumes positive values of u and p*.
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/ +3
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AEQ(+E, £3) = e2qQ[iRq - 1]

FiGURE 2. Electric quadrupole hyperfine splitting and resonance line positions for /* =12—>1=5/2
transition. The principal component of the electric field gradient tensor is ¥,,= eq, and
axial symmetry is assumed. In the splitting diagram, the energy level ordering presumes

positive values of Q and Q*.

2. Error Analysis and Averaging Procedure

Uncertainties, given in parentheses beside the data
values, show estimated deviation for the indicated num-
ber of trailing significant figures. Thus, 1.065(40) = 1.065
+0.040. For ratios of moments, uncertainties quoted
are those of the original reference. If no value was given
there, then none appears here. Moment values X, are
generally obtained by combining a measured ratio R
with a measured value for another moment X», i.e.,
X1= RX,. Uncertainties AX; are then determined by

SA”X_E. 2* AR 2+ _é“X_?_ 2
& -G (&)
where AR and AX; are measured uncertainties. If no
value is available for either AR or AX,, then none is given
for AX,. In cases where the moment is not obtained by
a ratio, the stated uncertainty is that of the original
reference. Averaging has been performed by weighting

the measured quantities by the inverse square of the
€rror:

(3)

X= (Z0i2X))/(Sa:7?) )

where o;= AX;. The probable error AX assigned to
the average, has been calculated both according to

(AX)2 = [Zo:2] -1, ®)

and

(AX)? =[S0 2(Xi — X)2] | [(N — 1)Z0:72], )

where N is the number of measurements used. The

tabulated value for AX is the larger of the two. If a value

was used in averaging which had no indicated error,
then for these purposes it was assigned an error equal
to =5 in the reported last significant digit.

R, A numerical entry indicates a value. for the ratio
of the magnetic moment of the excited state in
question to that of the ground state for the same
isotope. In some cases, the derived excited state
moment and the assumed ground state moment
were given, but not the actual ratio. In those
cases (marked by footnote d), the ratio has been
derived from the excited and ground state mo-
ments and is entered here as the experimental

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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result. References to ratios of moments between
different isotopes of the excited state in some level
other than the ground state are indicated in this
column by a number preceded by an r (e.g., r33),
and all such measured values are listed separately
in table 2 under this code number. When listed,
moment ratios are to be considered the primary
experimental data, with other quantities being
derived results.

All magnetic moments are in units ot nuclear magne-
tons (uy=>5.050824(20) X 10-27 JT-1). Ground state
moments are usually obtained by some method
other than Méssbauer spectroscopy, but are listed
for completeness. This is not intended to be a com-
plete listing of ground state moments, and we only
include those here which are used in combination
with a measured ratio. All values have been
corrected for diamagnetic shielding using Kopfer-
mann’s calculations (H. Kopfermann Nuclear
Moments (translated by E. E. Schneider), Academic
Press Inc., New York, 1958). A 5 percent un-
certainty was assumed for the diamagnetic shield-

" ing correction. When a value for R, is listed, the

moment has been obtained by combining that ratio
with the ground state moment listed in the table.
In many cases, the resultant moment differs
somewhat from that of the original reference due
to the use of a more recent ground state value or
our use of the diamagnetic correction. Moments
obtained from ratios other than that of the ground

J. Phys. Chem, Ref. Data, Vol. 5, No. 4,1976

to excited state are arrived at by combining the
numerical ratio values listed in table 2 with either
a ground state moment from this table, or another
adopted value from table 3.

A numerical entry indicates a value for the ratio of
the spectroscopic quadrupole moment in the
excited state to that of the ground state in the same
isotope. Conventions and notation are the same as
for R .

All quadrupole moments are in units of barns

(1 barn =102 m?). In all cases, the value listed
is the spectroscopic quadrupole moment rather
than the intrinsic moment. Unless noted by footnote

(), values are given after correction for the Stern-
heimer effect. Conventions, notations and pro-
visions are the same as for u.

References

References to measurements obtained by techniques
other than Modssbauer spectroscopy are enclosed in
parentheses. Example: (Sc70). If more than one refer-
ence is enclosed in parentheses, then the quoted value
is a weighted average over all those references. Example:
(Ku61, Fe63).

If the same quantity is reported more than once by

the same group of authors, all references are given,
but the tabulated value is taken as the latest one.

Example: Do61, Lo62.



MOSSBAUER MEASUREMENTS OF NUCLEAR MOMENTS 1097
Table 1. Nuclear moment data from Mbéssbauer spectroscopy
Isotope  Energy  Spin Ru i RQ - Q " Reference
ke 0 1/2 +0.090604 (9) | (5c70)
14.4 32 -0,19° Be60a
1,697 -0.153(5) Ha60a
21,694 200 0.1535(18) Ki60
+0.10025%"  Abs1
+0,49 Bubl
0.32 (6) Gab2
>0 Kab2
0.18° De61, Lab2
-1.715(4)°  -0.1554 (4) ‘ Pr62
+0,209 Web 1, Web2
1.69° 0.153 Ché3
40,15 Ei63
40,23 (5)9 Fré3
1.69(14) 0.153(13) Nié3
+0,28% 5t63
-1.724(10)  -0.1562 (9) Gr64a
0,349 Oné4
0.277° Shé4
-1.715@2)%  -0.1554(2) Kob5
1.7135(15)7  0.15525(14) Peb5
1.715@3)°%  0.1554(3) Cr67
-1.712(13)  -0.1551(12) , Ei67
+0,18%" Job67, Job8
L7114)°  0.1550 4) o Keb7
+0,20° Nob67
0.25° Wi67
0.17520°  Ha68
+0.283(35)°  Aré8, Mu68a
0.24 (4)° Ra68
1.7142(33)% . 0.15531(30) 5068
1.701(8) Ze68

0.1541(7)

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976



- 1098 J. G. STEVENS AND B. D.. DUNLAP

Table 1., Nuclear moment data from Mossbauer spectroscopy--continued.

Isotope  Energy  Spin Rﬂ : u RQ Q Reference
ke 4.4 30 ' +0.21@3)%%  Ché9, Ché%b
-1.7154)%  -0.1554 (4) F069
, +0.213)%9  1né4, In69
1.7128(13)%  0.15519(12) La70

0.22 6)° Ra70
0.203*%  Ro70, Ro70a
1.714(5%  0.1553(5) Sw70
' 0.16(A%?  Ba71
0.182)"°  Fr70, Fr71
+0.213(5)"%  Mc71, Mc71a

0.19° 5e71
-1.7145(57 -0,15534 (5) Y 74
0.249 Va72

0.16 (3)° Ha73
+0.203)%9 173

0.20° Sp74
“1.71424)°  -0.155%2 @) +0.209(5)°
1%.5 52 -10.801°  -0.98(107 | " He®
vt o 3/2 | -0.7498 (1) - (Dréd)
£0.162(15)  (Chés)
67.4 572 -0.6420) +0.48(15) Webla
' -0.577(25% +0.433(19) Er68
-0.53(82)  +0.422 61) Sp68, Tr68
-0.637(42) +0.478(31) | Er69
< 0 Er69a
-0,640(8)"  +0.480(6) -1:21(13)° -0.209° - Go7l
-0.642(10)°  +0.481 (7) 0.3(9) 0.05(15)  Lob8, Lob8a,
-0.637(11° +0.478(7)° o Lo68b, Lo71
77 0 5/2 +0.8755 (3) (Sp67,Spb7a, We53)
N 93.3 12 +0.66(3°  +0.58(3) ' Pe73, Pe73a

Kr 0 9/2 A -0.9703 (2) (Bré8)
: +0.253(7)"  (Kub1,Fab3)

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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Table 1. Nuclear moment data from Mussbauer spectroscopy--continued,

Reference

-0.062 (209" Ba724

lsotope  Eneray  Spin R” u RQ 7 Q
83, 9.4 7/2 1.702)° +0.430(13)°"Y  Rué6
+0,9712)° -0.943(2)° Ca69
0.50" Kré69
1.03(6) -0.99(8) Gré69
P1e 0 9/2 +5,6807 (14) Wa52)
+0,34(17)°  (Ke53)
M0.5  7/2 +0.64016°  +3.6(8) sh73
"R 0 5/2 -0.626 (13) (Mab5, Gi73a)
A 0.23°  Ba72q, G4
89.3 3/2  0.455(10) 0,284 (8)° >0,15% Kib4a, Ki66
-0.30(3) Ki66
0.36(7)° Ba72a
0.456 (2)° -0,285(6)° > 0.23 Gi73, Gi74
, -0.285(5° Gi73a
We o /2. -1.0461(3) (Pr'50)
23.8 32 0.75(6) +0.78(6) Ha60
0.80(3)° 0.83(3) Bo6 1
-0.648025°  +0.68(4) Ki61
_0.72(3° +0,75(3) Deb0, Bré2
-0,08%" Bo62
0.05%" Cobic
-0,68 +0,71 Heé4
0.67 (1) Gob5, Gob5a
0.685 (15) Bobs
0.652 0.68 Kub6
0.70(2) 0.73(2) Jab7
-0.06 %Y Rub7c
0,64 (1) +0,67 (1) Wi68
| 20,122 De70a
0.658 (3" 0.688(3) Bo71, Bo71a
-0,6462 (6) +0.676 (7) No71, Ba72

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976



J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976

1100 J. G. STEVENS AND B. D. DUNLAP
Table 1. Nuclear moment data from Mossbauer spectroscopy--continued,
lsotope  Energy Spin Ru u RQ Q Reference
9%, 238 32 2 O £0.02(5) M2, Ba73
-0.615(9)° +0.643(9) Br73, Wi73
=0.6045(15)%  +0.6324 (15) Cr73, Cr73a
060517  +0.633(18)° ~0.065 (5"
89.5 11/2 1.40(8) T Gu72
' r3 -0.142) Be72 _
2lg, o 5/2 +3,3591 (6) (Co50, Pr51)
-0.28(6)"9"Y  Ru67c
72 7 1.38(2) ~0.39(8)°  Sné6, Rubba
1.36 (2) -0.38(8)" Rué7
+ 0,700 (9) +2.35 (3) Ru67, Rué7b -
0.7489%  2.51(3) Ru67a
| ’ 1.32(2) -0.37(8)" S$+70a
0.729 (6 2.452)%° 170, 1r70a
1.3 (1)° -0.38(8)%Y  st70
+0.735(9)° v2.473°
2% o 1/2 -0.88716 (25) (We53)
35.5 3/2 +1,928 -0.167%"  she3
0.203)%9Y  vie3
; ré -0,24%" Pa67
-0.84(9)° +0.75(8) ul67
067823 10.60(2) Hub4, Fré5, Fré8
>0 Kué9
<0? Ch74
| -0.69(6)° +0.61(5)° -0.200 23)>"
127, 0 5/2 +2.8091 (4) (Pod8, Zid9,Sh51,
. Wa51, Ya51)
~0.79(10)° 6159
57.6 772 . -0.896 2)° —0.71(9%Y  Pebda
0.905(16) 2.54 (4)°. Wo72a
29, 7/2 | +2.6174(8) (Wa5T)
-0.55(7)" (Li53)
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Table 1. Nuclear moment data from Mossbauer spectroscopy--continued. )
i;)i'ope Energy  Spin R“ u RQ Q Reference )
29 978 52 +1.08519° +2.84(5) Deb4

- +1.23(2) -0.68(9)" De63, Ha64
+1,234(3)° -0.68(9)" Pab5
1.0687(11)°  +2,797(3)° De70
‘ 1.2385(11)° 0.68(9)°  Ro72
1.239(7) 0.68(9)" Ba74
41.2380(15)° -0.68(6)°
2% o 1/2 -0.77682 (23) (Bré8)
39.6 3/2 w5 -0.41 (4)° Pebd
-0.87(39) +0.68(30) ' Cab8
-0.75(12)° +0.,58(9)° Va74
133¢, 0 7/2 +2,5786 (8) (Wh73)
-0.0030(7)  (St71,Ry72)
81.0 5/2 +1.335(8)° +3,443(21)° Ca68, Cab8a
1.3 (3) 3.51(8) Ge72
e 5/2 +4.1622) (Le70a)
-0.059 (4)" (Bl64)
us2 72 +0.670)° +2.80("%) < 0.3v Be71a
+0,67(4)° +2,80(18) Ka71, Ka71a
+0,750(45)%  +3.12(18) Gr73
10.69(2) +2.87(9)°
Mod o 7/2 ~0.654 (4) (Smb5)
72.5 5/2 +0,489(4) - 0.320(3) Kaé8, Ka70b
U 0 7/2 +2,62 (6) (B164, Reb6)
+0.7121)°  (Bub3, Ret6)
9.0 52 1.3753)° 3.60(8) 0.8(4) 0.6(3) Ba70, No71a
1.371(3)° 3.60(8) Pa7la
, 1.3732)° 3.60(5)°
W o 7/2 ~0.813(1) (Wob6)
| -0.18(3)"  (Ro69)
12201 5/2 +0,551 (31)°'°'_ - 0,448 (25)° +1.7 (7 -0.31(12*""  Pa70q, Pa71
40 0 7/2 -0,670(6) +0,058(6)"  (Wobb)

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976



1102 J. G. STEVENS AND B. D. DUNLAP
Table 1. Nuclear moment data from Mossbaver spectroscopy--continued,
Isotope  Energy Spin Ru u RQ Q Reference
W 0 7/2 <006 Nob67a
0.060(155 19V Ei71
25 52 +0.8° -0.55 | Gro4
+0,93(1) -0.623(9) 0.40(6)%"  Of65b,Nob7a,0f67
+0,929(1)° -0.6236)°  g.3pnee 0.50(M%¥Y g7
192 1218 2 0.84(5)9 At67
B4 819 2 0.78 (4)° -1.3(5) Wh69
131, 0 5/2 +3,4649 (23) (Evé5, Ki70)
+1.14(5)%Y  (Mub5,Wi65,Gu68)
21.6 7/2 +0,739(7) +2,561(24) Bab3
| 0.74 (4) 2.57(15  1.3(5) 1.56) No63a
0.74 (4) 2,57(15) Cob4
+0,742 (1) +2.571(5) Kib4
1.64(7) 1.87(11)°.  Not8
0.7465 (6)° 2.5865(26)° +1,28 4)° +1.46 (8)° $t68,Cré9,5169,
Cr72,Cr73a
1.30(5° 1.48(9)° Ka69, Ka70
1.30(4)° 1.48(8)" Du70
1.34(3)° 1.53(8)" Ch72, Ch74a
+1.31219)° +1.50 (7)°"
153, 0 5/2 +1.5294 (7) (Evé5, Ki70)
+2,90(12)"  (Mub5, Wib5,Gu68)
83.4 7/2 +1.18(4) +1.80(6) Ri69
97.4  5/2 +2,10(15) +3,21(23) At66b
' 2.50(25) Debéa
103.2 372 +1.33(5) +2.04(7) At64
1.92) Debba
+1,254) +1.916) Ri6Y
1.33% (7)° 2,043(11)  0.520(3) 1.516)" Ar69, Ar73
1.33% 4)% 2.043 (8) Cr72, Cr73a
| +1.3% (3" 2.043(5)°
19564 0 3/2 - 0,2584 (5) A.59(16)  (Uné9)

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976
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Table 1, Nuclear moment data from Mossbauer spectroscopy--continued.,
lsotope  Energy  Spin Ru u RQ Q Reference
1550 8.5 572 -3.505) +0.90(13) Debb
+2,09 20)° -0.54(5) 0.20(10) 0.31(16)Y BI68, Bl68a
+2.,27(7) -0.587(17)  0.346(12)° 0.54 (6)" Tob8
+2,03(2) -0.5254)  0.12()° 0.187(16)°  Bab%a
+2.17(22) +3.4(5)" Bab9
0.12 (2)° 0.19 4y’ Ka72a
2.058 (13)° 0.532(4)  0,087(6)° 0.13 (16)Y A3, Ar74
2,005 (28)0 - 0.518(7) 0,35 (6>a 0.55 (‘7)U Bo74
+2,04920°  -0.529(5°  0.14(5)° 0.22 (&)
105.3 32 [-0.51061%" Trouzel®  o0.00)° 1.40Q1%Y  BI6S, Bl6Ba
[ﬂ .50 (6) } [—0.39 (6}
-0.55(5) h +0,142(13) h 1.00(3)? 1.56 (26 Ar73, Ar74
[*2"“ (5)] [—o.swnsJ 0.99(3)" 1.57(16)™"
Yoq 889 2 | 0.792 (14)% Peb8
r6 1.21 (13)" 5167
6 1.89(23)" To68
r8 +0,773(8)° 6 -2.40(24)%Y A4
+0.788(7)°
¥ed o 3/2 -0.3388(%) (BabSb)
' r7 2.0026)"°  pess
64.0 5/ 1.78(4)° 3.6 (5)" Pr68
+ 1.515(7) -0,5133(26) ) Go72
' 1.80(3)° 3.6 (5)° Ar74
1.792)° 3.6 (57
8y 79.5 2 0.77 4)° Fi67
0 9 1.30(14)" St67
Gd 753 2 r10 1.34(14)" St67
Yo o 3/2 +2.008 (4) (Bab5)
58.0 5/ T[o0.805T [+1.60010) Atéba
. [1 15 (5)] +2.,29 (m)]
0n, .8 2 (1 0.9 (8) Cot4
0,74 (8)*° Cob5
r11 0.78(5)° Of65
0.77(4P
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Table 1. Nuclear moment data from Mossbaver spectroscopy--continued.
Isotope  Energy Spin Ru u RQ Q Reference
¥lhy 0 5/2 -0.479 (5) (Fe74)
+2.35(16) (E157, Ebb7)
25.6 52 -1.1427°  40.5403) Ba]
1.30 3,06° St63a
-1.2(1) +0,57 (5) 1.20(5) 2,82 (23) Bab4, Babda
21,2102 +0.580(11)  0.98(3) - 2.30(16) Nob5
-1.2(1) +0.57 (5) 0.85(10) 2.00(14) Lubb
-1.18(3) +0,565(16)  1.03(6) 2.42 (22) Of66
-1.212) +0,580(11) +1,01(3) +2.,37(18) Bob7
1.22 (3) +0,584(15) -~ 1.00(3) 2.35(17) Cré8
-1.2414)° +0.594(6)  0.95(10) 2.2(3) Of65a, Kh70
-1.243(10%  +0,595(8) +1.007(10) +2.37(16) Be71
-1.235 (2)° + 0,592 (6) 0,9995 (2)0 2.35(16) Co71
-1.233(6)° +0.591(7) -~ 0.995(9) 2.34 (16) Go7la
1.241 (4)° 0.594(6) No71a
- 1.2365(10)° 0.592(6)  1.0015(10)° 2,35(16) Bo74a
1.2368(8) © +0.5926)° +0.9996(4)° +2.34(16)°
43.8 7/2  +0.293(10) -0.140(5)  0.21(5) 0.49 (12) Sy71, Sy73
74.6 3/2 3.5 ~1.7 Ské1
+0.84 (5) -0.402 (24) .+ 0.48 (4) +1.13(12) Bob7
+0.852 (12)° -0.408(7) . +0.60(5)% +1.41(15) He67, He68
+0,840 (24)° -0,402(12) +0,56 (4)” ©+1.32(13) Cré68
+0.828(15)° -0.39%(7)  0.58(4)° 1.36 (10) Kh68
+0.8000)°  -0.4036)° +0.577(25)° +1.36m)P
1625, 80.7 2 +0.74 (8)° He67a, Hes8
184, 734 2 r12 +0,683)°  r13 -1.95(21) Mubbo, Mu68
+0,71 (5)%9 Ol68
0.69 (3)°
% o 7/2 +4.12 (4) (Ha72)
94.7 9/2  0.99(4) 4,08 (16) Ge72
e 015 2 r14 0.694(15) Mub8
88, 806 2 ~ 0,59 Ki62
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Table 1. Nuclear moment data from Mbssbauer speciroscopy--continued,
Isotope Enérgy  Spin Ru. U RQ Q Reference
166e,  g06 2 +0,61(3)%9 -1.60(16)%9"Y  Cosdb
r15 0.624 (15)° Dob4
-1.56)%9Y  Hub5q
0.640 (16)9 | Mu68
0.629 (10)° -1.59(15)°"°
188, 79.8 2 0.66 (49 St67
r16 0.655(14)° Mu66b, Mu68
0.65 (13)°
70, 703 2 r17 0.630(13) 18 1.67(30) Wib8a, Wib9
1m0 12 -0.2310(15) (Gi67)
8.4 3/2 -1.1 (% Hué3
-2.33(4)% +0,538(10) -1.09(5°%" Ka63
-3.2(7) +0.75(15) No63
-2.17(10)° +0,501 (23) -1.3()*° Coba
~2.400%%  +0.554(17) -1.5%¢ Kio4
-2.22(7)° +0,513(16) Cob8
~2.31¢4)° +0.53 (10° -1.218°
V0, g4.3 2 -2,14Y (E160)
0.668 (10) ¢ Hu65
0.66 (4) ¥ Ecé7a
0.670(12) 9 Mub8
0.669 (8)°
7vb o 1/2 +0.,49188 (20) (CI172)
66.7 32 . ‘ r19 -1.56%Y Kab5
0.7166>¢  0.3%20(3) r19 1,61 Gusé
0.706 (5)° 0.3475 (22) , Heb6
‘ ' r19 -1.61%" PI71
0.710(5)° 0.349(2) ~1.59(3) P
75.9 5/2 r 20 -2.24%" Kabé
2,055 (10) 1.011(5) He67, He70
r21 -2.18%" PI7Z1
-2.21 )0
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1106
Table 1. " Nuclear moment data from Méssbauer spectroscopy--continued,
Isotope  Energy Spin R“ u RQ Q Reference
72, 787 2 0.670(20)¢ Mubb
r22 -2,16%Y Feb7
r23 0.663 (13) Mu68
0.664 (8)° Mué8
r22 -2,18%" PI71
~2.17@)>
7y 76.5 2 r24 -2.22" Ec67c, Ec67
0.676(30) 9 Ecé7a
r25 0,673 (12) Mubé Mubbe
0.670 (6)"¢ Mu68
0.676 (8)79 r24 -2,14%Y Ho71
r24 -2,14%Y PI71
0.672(5)° 2,144
b g2.1 2 1. 0.76 (4 26 -2.24° Ec67
Ec67b, Ec67a
761¢ 8.4 2 -2.08" (Ho61)
1784 03.2 2 27 -1.89%Y Ges8
r27 -2,00%" Sn68
~1.94(6)"
180 o3.3 2 r28 -2.02°%" Geb6, GetB
r28 -1.98%" $né8
r29 -1.91%Y Sné8
r28 ~1.98%" Ch70
r29 -1.88%Y Ch70
r29 -1.85%Y Bo73
r29 ~1.84%Y Zi73
r30 Ko71
2P
181, 0 7/2 +2,35(1) (Er73)
+3.9@4)" (Mu57)
6.2 92 +2.19(6)7  +5.16(15) +'o.74 (30) +2,93)" Sab8
' +2,25(4)%  +5,29(10) Ka70a
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Table 1. Nuclear moment data from Mossbaver spectroscopy--continued.

1107

.Isofope Energy . Spin Ru - u RQ Q Reference
18l 6.2 9/2 +1.13300°  +4.4(5)%Y Sa72,Ka72,Ka73
2.230)°  +5.240°
180y 030 2 31 -1.87%" He72
r3l -1,78%"" Zi73
1@
182, 100.1 2 -1.81" (Hab1)
0.47 (5)%® Ché5
0.532(18) ¢ Pe68b
0,44 (4) %9 Fr67, Fr69
63 | 0.512 25)°
W 46.5 3/2 r32 -1.5 Shéé
-0.1(1)° | Ag67
99.1 5/2 r33 0.90(5)° r34 -1.70%Y Ag67
0.930(43) *9 Pe68a
r 34 -1.56 %" Ge74
o 0.92(3)° -1.63(7) b"f'
woo111.2 2 r35 > 1.3 Ph62
0.50(6)™® Ché5
0.59(2) ¢ r35 ~1.70% Pe7, Peb8a,
Pe6Sb
r35 -1.68%" Ché9%a
r35 -1.75% Ob71
r35 -1.73% Ge74
r3. 0.57 (3)° Peb8a, Pet8b
0.578 (17)'° -1.72(3) byu
18y 2.5 2 0.68(6)%® Ché5
r37 0.60(3)% Pe67, Peb8a
. Pe68b
0.624 (22) a,9 r38 ~1.60 Peé7, Peb8a
' Pe6Sh
‘ r38 -1.64%Y Ché9a
r38 -1.64%Y Ob71
-1.73%Y Ge74
0.62117)° -1.65(3)
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Table 1. Nuclear moment data from Mossbaver spectroscopy--continued,
Isotope  Energy Spin R“. u RQ Q Reference
186 137.2 2 0.64(3)*° Ché5
0.562 (16) 9 -1.50(10)" Wa70, Wa72
| 0.58 (3)°
1885 1550 2 0.62 (5)%° Ché5
r39 0.63 (4)° r40 -1.36 (9)" Wa70, Wa72
0.63(3)°
05 0 3/2 +0.6565(3) (5c68)
' 0.8(2)" (Mu57)
r41 0.94 (7 Wa72
3.3 /2 0.34(4) 0.23(3) Wab9
69.6 5/2  1.508(15)° 0.990(10) Peb8c
1.47(3) 0.965 (20) Gré9a
1.488 (22)° 0.977 (14) -0.735(12) -0.6(2)" ~ Kué8, Wa72
1,502 (12)° 0.986 (8)°
s 1870 2 (2 -lazan’ Wan
Yl o 32 + 0.1453(6) (Na68)
+0.78(20)° (Bu73)
82.4 12 43.71(3)° +0, 540(5) Wab7a, Wab8
43,55 (17)° +0. 515(25) Owb9
129.5 5/2 3.00(58)° Dab68
+3.8@)%° +0,55(5)° Ow69
193, 0 3/2 +0.1583(6) (Nab8)
+0.70(18)" (Bu73)
73.1 12 3.001) 0.47 At67a
2.958(6)° 0.4683 (20)° Wab7, Wab7a
| Wab8
3,015 (13) 0.4772 (27) Pe69
% o 12 +0.6060 (3) (Pr51)
98.8 3 -0.8(1) Be65
' -0.65(15) At66
1.0@%Y -0.6106° Agb7a
-0.60(15) Bué7
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Table 1. Nuclear moment data from Mossbaver spectroscopy--continued.
lsotope  Energy  Spin R“’ o R Q Q Reference —
1950 129.8 52 1.35(30)° 0.82(2)° Wa71
0.88(11) %9 Wo72
0.90(8) "9 Ru71, Ru74
0.854(19)°
Yao 0 3/2 +0.1448(7) (Dab7)
77.3 1/2 +0,37 (4) Gré4b
2,89 (3) % 0.419(5) Cob8a
2.86428)% 04154 Ro63, Se65, Pab7a
Bu68, Thé8, Pa70
2.8752)° 0.416 (3)° |
TS 2 -2.89(4)" (Fo71)
230y 45,2 r4d -2.86(15%"  Mo72, Mo74
rd5 r44 -3.2726)%"  Me72, Me74
-2.96 (18) ™
28, 4, ’ -3.0 Ru69
r4é -3.212D%Y  Mo72, Mo74
rd7 rd6 -3.2729"Y  Me72, Me74
: b,u
LEZ(NT 5/2 +2.5(3) "3 Ban” (Hub0, E165,Le70)
' +410) Du69
59,5 5/2 40,537 (5)° +1,34 (12) +0,99(1°  +4.1(7)Y  5168q, Pi68
+0.533(5)° +1.33(12) +1,0(1) +4,1Y Du68a, Du68
w0.535@° +1.3402)P
am 0 5/2 +4,9" (Ma56)
84.0 5/2 +0,962(15) +4.7" Me73

aVa]ue selected to be

included in averaging procedure.

bAverage of selected values, used as adopted value for the ratio or moment,

®Yalue selected as adopted value.

d

quoted in the reference.

€0btained from a measurement of the angular distribution of resonant scattering.

M&round state moment determined by Mdssbauer spectroscopy.

Moment ratio calculated from the excited state and the around state moments or appropriate splittings

IMoment derived assuming a known magnetic hyperfine field or electric field gradient which was

obtained from other measurements or by calculation.

h

Data inadequate to decide between two possibilities.

uUncorrected for the Sternheimer effect.
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Explanation of Table 2

Number ]

The number cross-references an entry in table 1.
There the ratio value is combined with an adopted value
for one of the moments to calculate the other moment.

Ratio

Moments are specified by the isotope and energy
of the level in question. Thus Q(*Fe, 14.4) is the
quadrupole moment of the 14.4 keV level in 5Fe.

J. G. STEVENS AND B. D. DUNLAP

Explanation of Table 3

Values for ratios and moments obtained either by
direct selection or averaging are summarized from table
1. Notations and conventions are the same as in table 1.
A listed R, or Rq indicates the ratio of the moment for
the indicated state to that of the ground state of the same
isotope. Only results determined by Méssbauer spectro-
scopy are listed. Quadrupole moments marked with
superscripts are uncorrected for Sternheimer cor-
rections.

Table 2, Miscellaneous nuclear moment ratios from Mdssbauer spectroscopy
Number ‘ Ratio Value Referenc;e
T (R, 89.4)/Q(" Fe, 14.4) 1,70 (4) Ba72a
r2 ("%, 23.83)/0("sb, 0) 0.22(7) M2
'3 Q(""%sn, 89.5,/Q(117sn, 23.8) 2.2(2) Be72
” | a(re, 35.5/a(%1, 0) 0.30 Pab7
‘5 a(?%e, 39.58,/0(1% xe, 0) 3.45(9) Pe4
r6 ("™ cd, 88.98)/Q (G4, 0) 0.76 (3) st67
1.19(8) Tob8
-1.51Q) Ar74
r7 a("*%c4, 0/ cd, 0) 0.78(6) Pr68
'8 (%64, 87,5/ 64, 0) -2.99(3) Ar74
‘9 "84, 79.51/Q(" 64, 0) 0.82 2) 5167
F10 ("%, 75,3064, 0) 0.842) 5167
o 1 "%y, 86.79)/u(" 'y, 0) 2.02) Cod
1.62(10) 0Of65
r 12 u("®*py, 73.39)/u( Iy, 0) -1.42 6) Mu6ba, Mub8
F13 a4y, 73.39),/0( by, 0) -0.83(7) Mubba, Mub8
r14 u(®4Er, 91.5)/("r, 80.56) 1.103(15) © Mub7, Mub8
r15 '#(lééFr, 80.56)/u (’Er, 0) 1.94(5) Dot
16 u("er, 80.6)/u("Ber, 79.8) 0.960(13) Mus8
17 %, 79.3)u(%r, 80.56) 1.002 (13) Wib8a, Wik9
18 a"%r, 79.3,/Q("%:, 80.56) 1.05(16) Wi68a, Wi69
r19 QM7 Mvb, 66.74)/Q( 7O, 84 .26) 0.73 Ka65
0.75 Gubs
| 0.752 (16) PI71
+20 o al b, 75.89/Q0 7k, 6. 74) 1.41(5) Ka66
r21 a7 b, 75.89)/Q( O, 84 .26) 1,020 27) PIZI
r22 a("yb, 78.67)/Q( Oyb, 84 .26) 1.012) Ec67
1.020(12) PI71
r23 u(72vb, 78.67)/u(' 7O, 84.26) 0.991 (15) M8
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Table 2.  Miscellaneous nuclear moment ratios from M'o'ssbaper spectroscopy-—continued ,
Number Ratio Value Reference
c24 (" b, 76.5)/Q( 7O, 84 .26) 1.042) Ec67c, Ec67
1.001 (21) He71
1.000(19) PI71
170 | 174
r25 u(’ 7TYb, 84.26)/u( " (Yh,76,5) 0.994 (13) Mubbe, Mu68
r26 a(78vb, 82.1)/Q"%yb, 84.26) 1.045 (20) Ecb7
r27 a7, 88.36)/Q" 8, 93.17) 1.10Q) Get8
1.040(8) Sn68
176 180
r28 Q(®hr, 88.36)/Q( W, 93.33) 1.032) Geb6, Geb8
| 1.053(15) Sné8
| 1.05@2) _Ch70
r29 Q('7®ht, 93.17)/Q(* %%, 93.33) 1.014(13) Sn68
| 1.03(2) Ch70
1.05(3) Bo73
1,052 21) Zi73
£30 2%t 93.33)/u( B, 93.17) 0.96@) Ko71
¢31 ("% 103/a('%w, 100 1) 1.03(4) He72
0.983 (22) Zi73
183 182
32 Q' *w, 46.48)/Q(' W, 100.1) 0.83(14) Shéé
r33 u(]83W, 99. 1)/u(]82w, 100.1) 1.75(5) Agb7
r34 a"®w, 99.1/2("W, 100.1) 0.94 (4) Agb7
' 0.86 (6) Ge73
¢35 a"®*w, 111.2)/('%w, 100.1) 0.75 Ph62
0.938(15) Pe67,Peb8a, Pe68b
0.930(16) Ché%a
0.965(8) Ob71
‘ 0.955(3) Ge73
184 182
r36 p( W, 111.2)/u(" "W, 100.1) 1.11Q2) Pe68a, Pe68b
r37 u("®w, 122,51, 100.1) 1.18(3) Pe67, Pe68a, Peb8b
r38 a"®w, 122.5,/Q(%w, 100.1) 0.882 (17) Pe67, Pe68a, Peb8h
' 0.908 (24) Ch69a
0.906 (18) Ob71
188 186
r39 u(". Os, 155.03)/(u(" " Os, 137.16) 1.08(5) Wa70
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J. G.'STEVENS AND B. D. DUNLAP

Table 2. Miscellaneous nuclear moment ratios from Massbauer spectroscopy--continued,

Number Ratio Value Reference
r40 Q('®0s, 155.03)/a('%0s, 137.16) +0.909(17) Wa70, Wa72
r4] a("®os, 0)/a(1®80s, 155.09) ~0.586 (1) Wa72
r42 a0, 187,/ 0s, 155.03) + 0.863(51) Wa2
r43 o', 00 %k, 0) 1.03(3) Wab67, Wab8a
44 a®y, 135/, 45.3) 0.99(5) Mo72, Mo74

| 1.13(9) Me72, Me74

r45 uC®u, 43.5,/,C%0, 45.3) 0.98(6) Me72, Me74
r46 38y, 44.7) /0%y, 45.3) 11O Mo72, Mo74
1.13(10) Me72, Me74

rd7 u(2 38u, 44.7)/u(2 34u, 45,3) 0,94 (9) Me72, Me74
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' MOSSBAUER MEASUREMENTS OF NUCLEAR MOMENTS 1113

Isotope Energy Spin R‘u U a
e 14.4 3/2 -1.7142 (4) -0,15532 (4) +0.209 (5)
oINi 67.4 5/2 -0.637(1) +0.478(7) -1.21(13) -0.20 (3)
57 93,3 12 +0.66(3) +0.58(3)
83 5.4 7/2 +0.,971 2) -0.943(2) 1.70(2) +0,430 (3"
R 89,3 3/2 0.456 (2) -0,285(5) +2.88(4) 0.3 (7"
P1e 140.5 72 +0.64(16) +3.6(8)
%, 23.8 32 -0.605(17) +0.633(18) -0.065 (5"
89.0 11/2 1.40(8) -0. 141"
1215, 0 52 -0.28(6)
37.2 7/2 0.735(9) +2.473) 1.34(1) -0.38(8)"
125, 35.5 3/2 -0.69 (6) +0.61(5) - 0.200(23)"
127, 57.6 72 0.905(16) 2.54 (4) -0.8% (2) ~0.71(9°
129, 27.8 5/2 1.0687 (11) +2.797(3) +1.2380(15 -0 68(6)
129 e 39.6 3/2 -0.75(12) +0.58(9) -0.41(4)
133¢, 81.0 5/2 +1.335(3) +3.44321)
141Pr 145.2 7/2 +0.69(2) +2.87(9)
M54 72.5 5/2 +0.489 (4) -0.320 (3)
"o 91.0 5/ 1.373(2) 3.60(5) 0.8(4) 0.6(3)"
YW 122.1 52 +0.551(31) ~0,448 (25) +1.7(7) -0.31012)
45m 0 7/2 0.060(15°
22.5 52 +0.929(N ~0.623(6) 8.3(21) 0.50(1"
525m 121.8 2 0.84 (5)
134 81.9 2 0.78 (4) -1.3(5)
157, 21.6 7/2 0.7465 (6) 2.5865 (26) 1.3209) +1.50)
153, 83.4 72 +1.18(4) +1.80(6)
97.4 5/2 +2.10(15) +3,21(23)
103.2 32 +1.3%(3) 2,043 (5) ©0.520(3) 1.51(6)"
15564 86.5 52 +2.049(20) -0.529 (5) 0.14 (5) 0228V
105.3 3/2 -0.55(5) or +0.14(4) or 0.90(3) 1.57(16)"
+1.80(18) -0.47(7) '
%64 88.9 2 0.778 (7) -2 40 (24)

J. Phys. Chem. Ref. Data, Vol. 5, No. 4, 1976



1114 J. G. STEVENS AND B. D. DUNLAP
Table 3. Summary of adopted values--continued.
klsofope v Energy Spin Rﬂ u RQ Q
154 0 3/2 , 2.00(26)"
64.0 52 +1.515(7) 0.5133 (26) 1.792) 3.6 (5"
13854 79.5 2 0.77 (4) 1.30(14)
18064 75.3 2 1.34(14)
1990, 58.0 5/ 0.80(5) or +1.60(10) or
1.15(5) +2.29(10)
1605, 86.8 2 0.77(4)
181p,, 25.6 5/2 -1.238(18) +0.592 (6) +0.999% @) +2.34(16)
43.8 72 +0.293(10) -0.140(5) 0.21(5) 0.49(12)
74.6 3/2 +0.840(7) - 0,403 (6) +0.59(3) +1.36(11)
162, 80.7 2 | +0.74(8) |
1845, 73.4 2 0.69(3) -1.95@1)
165Ho 04,7 9/2 - 0.99(4) 4,08 (16)
164, 91.5 2 0.694 (15)
166, 80.6 2 0.629 (10) -1.59(15)
168, 79.8 0.65 (13)
170, 793 0.630(13) -1.67(30)"
199 8.4 3/2 -2.3104) +0.534 (10) -1.21(8)
170y, 84.3 2 0.669 (8)
7y, 66.7 3/2 0.710(5) 0.349 (2) -1.59(3)"
75.9 5/2 2,055 (10) 1.011(5) -2.21(4)"
1724, 78.7 2 0.664 (8) -2.174)"
74 76.5 2 0.672 (5) -2.14 (4
176y, 82.1 2 0.76 (4) -2.24°
176 3¢ 88.4 2 -2.08"
1784¢ 93.2 2 _1.94 (4
180, 93.3 2 -1.92 2
181, 6.2 92  +2.28(3) +5.24 (7) +1.133(10)  +4.4(5"
180y 103.0 2 -1.82(4)"
182y, 100.1 0.512 (25)
183y 4.5 3/2 -0.1(1) -1.5
99.1 5/2 0.92(3) -1.63(7)"
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Table 3. Summary of adopted values--continued.

lofope  Energy  Spin R, L Ry Q
184, 11,2 2 0.58(2) 1,723V
180y 122.5 2 0.62(2) -1.65(3)"
18654 137.2 2 0.58(3) ~1.50(10""
1880 155,0 2 0.63(3) -1.36(9)"
18905 0 3/2 0.94(7)"

3%.3 1/2 0.34 (4) 0.23(3)

69.6 57 1.502 (12) 0.986 (8) -0.735(12) -0.62"
1900 187.0 2 a7
v, 0 3/2 +0.78(20

2.4 IR +3.71(9) +0.540 (5)

129.5 5/2 +3.8(3) +0.55(5)
93 73 12 2.958 (6) 0.4683(20)
1955, 08.8 3/ ~1.01(®) ~0.61(5)

129.8 52 1.35(30) 0.854(19)
197 po 77.3 12 2.875(22) 0.416 (3) ‘
236, 45.2 ~2.95.(14)"
238 44.9 -3.23(17)Y
?7Np 0 5/2 +4.1(7\

59.5 5/2 +0.535(4) +1.34(12) 0.99(1) +4.1(7)Y
243\ m 84.0 52 £0.962(15  +4.7Y

Yncorrected for the Sternheimer effect.
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