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The Mossbauer effect was employed to measure hyperfine splittings of the 90-keV transition in Ru®. A
fully resolved magnetic hyperfine pattern was obtained with an absorber consisting of a solid solution of 2.3
at.% enriched ruthenium in metallic iron. Partially resolved quadrupole hyperfine spectra were obtained
with absorbers of Ru(CsHs)z and RuOs. A single line source of Rh® in metallic ruthenium was used for
these measurements. From these spectra the following information was deduced. The ratio of the magnetic
g factors of the 90-keV level to that of the ground state, g1/g0=0.75940.016. The 90-keV transition is a
mixture of dipole and quadrupole (M1 and E2) radiation with a mixing ratio E2/M1=§2=2.7+0.6. By
using the known spin and magnetic moment of the ground state, we infer that the spin of the 90-keV level
is 4, that g1=0.192-0.05, and that the field at the nucleus of the ruthenium atom in the iron environment
is 500 kG. The ratio of the quadrupole moment of the excited state to that of the ground state, |Q:1/Qo| >3,
and |Q:|>0.15 b. With the use of a 30-kG superconducting solenoid the relative sign of the magnetic field
at the ruthenium nucleus in the iron absorber was shown to be negative and an absolute measurement of
the nuclear g factors was made with the result that g =0.2040.02. A measurement of the absorption
spectrum of ferromagnetic GdRu. gave the result that the magnetic field at the ruthenium nucleus
in this compound is <10 kG. Hyperfine measurements were made with the ruthenium-iron absorber
magnetically polarized both parallel and perpendicular to the direction of the resonant radiation. Under
these conditions it was possible to observe, for the first time, the interference between two multipole com-
ponents for the individual hyperfine components of a radiative transition. From these measurements the
sign of the conventional mixing parameter § was determined to be negative, and an upper limit of 309, could
be placed on the time-reversal-odd component of the gamma-decay matrix element. The properties of the
90-keV level, which are not compatible with a simple shell-model description, are compared with the pre-
dictions of a core-excitation description. If the latter description is correct, then these results give evidence
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that the magnitude of the time-average quadrupole moment associated with the 2+ core is >0.29 b.

I. INTRODUCTION

HE observation of recoilless resonance absorption
employing the 90-keV transition in Ru®® has
previously been reported.! The 90-keV first-excited
state of Ru® has a half-life? of 2.0X10-% sec and is
populated in the electron capture decay of 16-day Rh®.
The ground state of Ru® has a spin® of § and a magnetic
moment? of —0.632£0.15 nm. The spin of the 90-keV
level and the multipole character of its radiative decay,
however, cannot be unambiguously determined from
previously published data. Temmer and Heydenburg®
have found an enhanced E2 transition rate to the 90-keV
level in Coulomb excitation measurements and suggest
that the spin of this level is probably 3 or § because of
the lack of feeding from the long-lived Tc% isotope.
The present paper reports on measurements, em-
ploying the Méssbauer effect, of the hyperfine splitting
of the 90-keV gamma transition in Ru®. A fully re-
solved magnetic hyperfine pattern was obtained with
an absorber of enriched ruthenium dissolved in iron.
The largest quadrupole splittings were observed with
absorbers of ruthenocene and ruthenium dioxide and

1 Work performed under the auspices of the U. S. Atomic
Energy Commission.
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were only partially resolved. These measurements pro-
vide a direct determination of the spin of the 90-keV
level, the multipole composition of the radiative tran-
sition, the ratio of the magnetic dipole moments, and a
lower limit of the ratio of the electric quadrupole
moment of the 90-keV level to that of the ground state.
From an estimated upper limit of the electric field
gradient at the ruthenium nuclei in the above com-
pounds, alower limit for the electric quadrupole moment
of the excited state was obtained. With the help of a
30-kG superconducting solenoid the absolute values of
the nuclear magnetic moments as well as the relative
sign of the magnetic field at the ruthenium nucleus in
the iron lattice were determined.

Of particular interest is the multipole character of
the 90-keV gamma ray, which was found to be a mixture
of comparable parts of dipole and quadrupole (M1 and
E2) radiation. It was possible for the first time by em-
ploying the Mossbauer effect to observe the inter-
ference terms for the individual Zeeman components
of a mixed transition. From these measurements the
relative phase between the M1 and E2 components was
determined, and a preliminary limit of time-reversal
invariance for the nuclear radiative process was deduced.
The results of the nuclear-moment measurements are
compared with the predictions of a core-excitation
description of the 90-keV level. A collective character
for this level is suggested by the relative M1 and E2
transition rates for the 90-keV gamma ray.

Two independent determinations of the magnetic g
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factor of the 90-keV level,®” which employed the pre-
cession of an angular correlation in an applied magnetic
field, have been reported since preliminary results of
the present work have appeared.® These two measure-
ments, however, are in considerable disagreement
with one another. The present results resolve this
disagreement.

II. EXPERIMENTAL APPARATUS
AND PROCEDURE

The recoil-free resonance velocity spectra were
measured by the conventional gamma-ray transmission
method. The continuous velocity sweeping and multi-
channel-analyzer data storage technique was used in a
manner similar to that described in an earlier paper.’
The electro-mechanical transducer and velocity pickup
in this case consisted of a pair of modified loud speakers
mechanically coupled together. The impregnated cloth
suspensions of the voice coils were replaced by beryl-
lium-copper leaf springs. This device was driven by a
sine-wave signal of ~40 cps which was applied to one
of the voice coils. Velocity to pulse-height conversion
was achieved by driving the pulse-height sensing circuit
of a 400-channel pulse-height analyzer with the ampli-
fied signal derived from the second voice coil. For
moderate amplitudes this signal is directly proportional
to the instantaneous velocity. A 3-mm-thick X13-in.-
diameter beryllium window NalI(Tl) scintillation coun-
ter was used to detect the 90-keV gamma rays. These
counts were stored in one half of the multichannel
analyzer. Random counts from an auxiliary source and
counter were stored simultaneously in the second half
of the analyzer. The resonant spectrum was then both
normalized for the nonuniform time distribution of the
sine-wave motion and corrected for the dead time effects
of the multichannel analyzer, by dividing it, channel
for channel, by the nonresonant spectrum stored in the
second half.

Both source and absorber for all of the following
hyperfine spectrum measurements were maintained at
liquid-helium temperature. The arrangement of the
helium cryostat is shown in Fig. 1. The motion was
transmitted to the bottom of an evacuated tube in the
helium Dewar by means of a length of }-in.-diameter
thin-walled stainless steel tubing. The vacuum seal
between the drive tube and the inner volume of the
helium Dewar was made by means of a pair of very
flexible metal bellows placed in opposition so that the
forces due to atmospheric pressure were cancelled out.

6 E. Matthias, S. S. Rosenblum, and D. A. Shirley, Phys. Rev.
139, B532 (1965).

7E. Bodenstedt, C. Gunther, J. Radeloff, W. Engels, W.
Delang, M. Forker, and H. Luig, Phys. Letters 15, 296 (1965).
The sign of the g factor reported in this paper was reversed
(making it negative) in a subsequent erratum, Phys. Letters 15,
296 (1965).

8. C. Kistner and R. Segnan, Bull. Am. Phys. Soc. 9, 396
(1964).

9 Q. C. Kistner, A. W. Sunyar, and J. B. Swan, Phys. Rev. 123,
179 (1961).
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F16. 1. Arrangement of the Méssbauer transducer and liquid-
helium cryostat. A, to vacuum pump or exchange gas. B, beryllium
copper leaf support springs. C, loudspeaker magnets. D, driving
voice coil. E, velocity pickup voice coil. F, }-in.-diameter thin-
walled stainless steel drive tube. G, $-in.-diameter absorber sup-
port tube. H, l-in.-diameter vacuum jacket. I, liquid-He fill.
J, liquid-N, fill. K, liquid-He reservoir. L, liquid-N, reservoir.
M, thin brass leaf guide spring. N, vent holes. O, source. P, ab-
sorber. Q, position of superconducting solenoid. R, thin gamma-ray
exit windows. S, gamma-ray detector.
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Thermal contact of the source and absorber with the
liquid helium was made by introducing a small amount
of helium gas into the evacuated volume. Beryllium
windows were located at the bottom of the Dewar to
provide an exit for the gamma rays. The system was
velocity calibrated from a measurement of the well-
known!® absorption lines of Fe’” in an iron foil. A single
line source of Co%” in copper was used for this purpose.

III. SOURCE PREPARATION

The sources for these measurements consisted of
16-day Rh% contained in a host lattice of ruthenium
metal. They were prepared by (p,n) reaction on metallic
ruthenium with 10-MeV protons at the Brookhaven
cyclotron. Sources were made both from natural
ruthenium and from ruthenium enriched in Ru®. The
latter had the advantage of being freer of contaminating
activities though the former were quite usable for the
limited period between 2 weeks to 4 weeks after
bombardment.

The velocity absorption spectra obtained with these
sources and an absorber of 100 mg/cm? of natural
ruthenium metal powder exhibited a single resonance
line having a full width at half-maximum of 0.24
mmy/sec. This width is 1.6 times that expected from the
known lifetime. Part of this broadening can be at-
tributed to self absorption in the ruthenium metal
sources. Annealing of this source at 1000°C for 1 h gave
no improvement in the width of the resonance line
observed. The recoil-free fraction of the ruthenium
metal sources was estimated to be approximately 149,
at 4.2°K from measurements with different absorber
thicknesses at both 4.2° and 77 °K. This corresponds to a
Debye temperature of ~380°K.

1IV. ZEEMAN HYPERFINE SPECTRA
(A) Unpolarized Absorbers

Three ferromagnetic ruthenium absorbers, Rug 3Coo 7,
GdRu,, and Rug.e23Feo.977 were examined for magnetic
hyperfine splittings. Only the last of these gave a
resolvable hyperfine splitting.

The Ruo.3Co0.7 absorber was prepared with natural
ruthenium and therefore required the relatively large
percentage of ruthenium in order to make the recoilless
resonance absorption sufficiently large. Ruthenium and
cobalt are reportedly completely soluble in one another;
the Curie temperature of the mixture decreases with
increasing ruthenium concentration passing through
0°C at 33 at.9,.12 The Mossbauer absorption spectrum
showed a single, considerably broadened resonance
having a full width at half-maximum of ~0.96 mm/sec,
or approximately six natural linewidths.

DR, S. Preston, S. S. Hanna, and J. Heberle, Phys. Rev. 128,
2207 (1962).

11 These materials were kindly prepared for us by J. H. Wernick
of Bell Telephone Laboratories, Murray Hill, New Jersey.

12 Max Hansen, Constitution of Binary Alloys (McGraw-Hill
Book Company, Inc., New York, 1958), p. 496.
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GdRu, is a cubic laves phase compound which is
reported to have a ferromagnetic Curie point of 84°K.13
The Mossbauer absorption spectrum of this material
showed a single resonance which had a width of 0.26
mm/sec, comparable to that obtained with ruthenium
metal.

The Rug,02sFeo.977 absorber was prepared with en-
riched ruthenium so as to keep the concentration of
ruthenium required as low as possible. A limited solu-
bility of ruthenium in iron has been observed. At 2.3
at.% ruthenium the o phase is stable up to 850°C and
the Curie point is at 750°C.** The alloy was made by
melting 85 mg of ruthenium metal enriched to 869, in
Ru® together with 2 grams of iron. The resulting button
was pressed flat to form a disk with a Ru®® area density
of 58 mg/cm? Finally, the sample was annealed in
vacuum at 800°C for 4 hours. X-ray examination of
this absorber showed little or no preferred orientation
either before or after annealing. The annealing, however,
did result in a considerable improvement in the resolu-
tion of the x-ray diffraction pattern.

A well-resolved magnetic hyperfine pattern was ob-
tained with this absorber. The spectrum shown in
Fig. 2(a) was recorded in 230 hours of continuous run-
ning time. The pattern consists of 18 nearly equally
spaced lines spread over a velocity range of 5.6 mm/sec.
The positions of the lines are symmetric with respect to
the center of the pattern within the accuracy of the
measurement thereby excluding the presence of any
significant amount of quadrupole interaction. There is a
very small shift of the center of the pattern relative to
zero velocity (isomeric chemical shift) of —0.024
mm/sec. A spectrum obtained with this absorber before
annealing exhibited a small broad background resonance
near the central portion of the pattern.

In order to interpret the spectrum, a visual com-
parison was made with theoretical graphs showing the
relative line positions of the hyperfine pattern versus
the ratio of the gyromagnetic ratio of the excited state
to that of the ground state, gi1/go. Because of the un-
certainties in both the spin of the excited state and the
multipolarity of the 90-keV radiation the possibilities
of 3-3,2-5 2.5 and Z-§ transitions with both dipole and
quadrupole radiation, when allowed, were considered.
In the limit of a thin, nonoriented absorber, a good ap-
proximation in this case, the relative intensities of the
components are given by the squares of the Clebsch-
Gordan coefficients connecting the magnetic sublevels.
Furthermore, when the absorber is unpolarized the
interference terms (cross terms) for a mixture of multi-
poles average to zero and the intensities for the mixture
are simply the sum of the intensities for the individual
multipoles. A unique fit was found to the graph for a
2.2 transition with a dipole-qudarupole (M1—E2)

1B R. M. Bozorth, B. T. Matthias, H. Suhl, E. Corenzwit, and
D. D. Davis, Phys. Rev. 115, 1595 (1959).

1 Max Hansen, Constitution of Binary Alloys (McGraw-Hill
Book Company, Inc., New York, 1958), p. 704.



144 RECOIL-FREE ABSORPTION HYPERFINE SPECTRA 1025
T 1 L I IR A S L B
LINE NO.1 23 4567 8910111213 14151617 18
am -2-2-2 -1 -1 -1-1 O 0 O O +l + + ++2+42+2
T T
ene [[T] 1T [TT [T
MI l IR T ]
F16. 2. Recoil—fre? resrﬁxance
absorption spectra for the 90- - AV 4|
keV trarflsit}ilon in Ru®® w}th 3 985 - Wi "”.’ '\V‘# * ' W #N“:M‘
source of Rh¥ in Ru metal an w v 44 4 )
an absorber of 2.3-at.% ru- 5 980 ’p’%o“ o ¥ ’,:‘”#”* Jﬂ“ 0““3“*“«’ “b“* 3 Wy -
thenium dissolved in metallic o » * 4 kA (a)
iron. (a) Spectrum obtained 975 - _
with unpolarized absorber. The E L | I S IR SR N | I IR B T |
theoretical di(pol;a (Ig 1) and 8 — . —
quadrupole (£2) absorption | W
strengths, and the change in © 985 " A #MM%+ w&&#m 7
magnetic quantum number, w. # \ F)
Am, are indicated for each ab- > 980 b * -
sorption line. The “line Nos.” = 4 [} ) P
assigned here correspond to j | W 4 ¢ ] ##
those of Table I. (b) Spectrum m 975 t ** #{# 7]
obtained with absorber mag- o 44 # a# (b)
netized parallel to incident 970+ t ¢ # —
gamma rays. (c) Spectrum ob- ¢
tained with absorber mag- L1 TN S ST T T [ T N N N T
netized perpendicular to inci- N ++# 4
dent gamma rays. $ $ 4 4 #
995 é m s $ { ]
! A A N W&# ;&Wﬁ
990 W (c) 7]
985 1 | | L 1 1 | i | L ] L ] 1 | =
-4 -3. -2 -1 o | 2 3 4

mixture.!> The graph for this case is shown in Fig. 3
where the fit to the experimental data is indicated by the
horizontal line. It is fortuitous that the ratio of g factors
falls at almost the exact value where all of the hyperfine
lines are spaced at equal intervals. The theoretical
absorption strengths of each of the components for
dipole and quadrupole radiation are indicated in Fig.
2(a) for comparison with the experimental spectrum.
The splitting parameters deduced from this spectrum
are goH = (1.326£0.020) mm/sec [ (95.8+1.5) Mc/sec]]
and g1H = (1.007-£0.018) mm/sec [ (72.841.3) Mc/sec]
for the ground state!'S and first-excited state, respec-
tively. The resulting ratio of g factors is g1/go=0.759
=+0.016. With the known value? for 2 of (—0.6324-0.15)
nm, the field at the ruthenium nuclei in the iron absorber
is deduced as (5004120) kG.

15 The Mossbauer absorption spectrum does not determine
whether a radiative transition is electric or magnetic. The quadru-
pole component, however, has been identified as electric quadru-
pole (£2) by Coulomb excitation experiments (Ref. 5). This re-
quires that the dipole component be magnetic dipole (4/1). The
M1-E2 assignment is also required by the systematics of multipole
transitions rates.

16 The £ spin has been assigned to the 90-keV level based on the
previous spin assignment of § for the ground state (Ref. 3). The
value of goH deduced in the present experiment has been subse-
quently confirmed by J. I. Budnick, R. E. Gegenwarth, and J. H.
Wernick, Bull. Am. Phys. Soc. 10, 444 (1965), with nuclear
magnetic resonance measurements, who report a maxima of the
hyperfine field distribution at Ru? nuclei in a 2.5%, solution of
ruthenium in iron of (964=1) Mc/sec. This close agreement is good
confirmation of the ground-state spin assignment for Ru®.

RELATIVE VELOCITY (mm/sec)

The determination of the relative dipole and quad-
rupole contributions to the transition was greatly facili-
tated by making use of another fortunate feature of the
hyperfine spectrum, namely, that the six Am=-42
components, which have no dipole contribution, are
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F1c. 3. Plot of relative position of magnetic hyperfine absorption
lines as a function of the ratio of the magnetic g factor of the ex-
cited state to that of the ground state. This plot is for the case of a
quadrupole (broken and solid lines) or dipole (solid lines only)
transition between levels of spin § and §. The horizontal line indi-
cates the fit to the experimental spectrum. The magnetic quantum
numbers for each line may be obtained from Table I numbering
the lines consecutively from left to right at g,/go=0.76.
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Fi1G. 4. Comparison of experimental Zeeman spectrum for un-
polarized absorber to calculated curves for different values of the
E2/M1 mixing ratio: (a) =« ; (b) 8=2.50; (c), $=1.25. Curve
b is normalized to area. The positive- and negative-velocity halves
o{) the g{perimental spectrum have been added together folding
about .

located at the ends of the spectrum. (The change in the
magnetic quantum number, Am, corresponding to
each absorption line is shown in Fig. 2(a).) The admix-
ture could be simply determined from the ratio of the
area under the six outer lines to the area under the
remaining 12 central lines. For this analysis, a plot of the
area ratio versus the E2/M1 mixing ratio 6 was obtained
from a set of synthesized hyperfine spectra. These
were computed from the experimental splitting pa-
rameters using Lorentz-shaped lines which had a width
of 0.24 mm/sec. This width is compatible with the
experimental spectrum near zero velocity where the
the broadening due to finite velocity resolution is
negligible. The thin-absorber approximation could be
made in this case. The resulting value for & is 2.74-0.6.
In Fig. 4 the synthesized spectra for the cases of 8= o
(pure E2), 2.50, and 1.25 are compared with the experi-
mental data. In this plot the positive- and negative-
velocity halves of the experimental spectrum have been
added together folding about the center of symmetry at
—0.024mm/sec,in order to improve the statistical accur-
acy of the points and allow a more detailed comparison.

The magnetic quantum numbers, the Clebsch-Gordan
coefficients (both for dipole and quadrupole com-
ponents), and the resonance velocities for each of the
hyperfine lines are listed in Table I for convenient
reference.

(B) Magnetized Absorber

The interference between the dipole and quadrupole
components of the radiation may be observed when the
ruthenium iron absorber is magnetically polarized. The
details of the interference will depend upon the relative
phase angle between the two multipole amplitudes. The
relative absorption strengths (which are the same as the
corresponding emission intensities) for given Am
=myi—mo hyperfine transitions in the magnetically
aligned absorber are given by the following expressions'’:

17 H. Frauenfelder, D. E. Nagle, R. D. Taylor, D. R. F. Cochran,
and W. M. Visscher, Phys. Rev. 126, 1065 (1962) and more re-
cently, J. T. Dehn, J. G. Marzolf, and J. F. Salmon, Phys. Rev.

135, B1307 (1964). The form given here is from J. Weneser
(unpublished).
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I(6) Ammo=2 sin20| C(J 117 o; m1,0,m0) |2
+ (15/8) sin220| C (J12J o; m1,0,m0) |28,

I1(0) ames1=3(14cos%0) | C(J11J o; m1, F1, mo)
F1(4/15)cos o (cos?-+cos26)
X C(J11Jo; my, F1, mo)
XC(J:[ZJ(), mai, :Fl, mo)
=+ (5/4) (cos?6+cos?26)
X [C(]12J0; m, F1, mq) l252,

1(0) am—y2= (5/4) (sin?0+% sin0)
X [C(]12J0, ml, :FZ, mo) l262.

C(JilJo; m1, —Am, mo) and C(J12Jo; m1, — Am, mq)
are the Clebsch-Gordan coefficients for the dipole and
quadrupole components, respectively. Jy, #1 and Jo, #0
denote the spin and magnetic quantum number for the
excited state and ground state, respectively. 8 is the
angle between the incident gamma ray and the direction
of magnetization and ¢ is the relative phase angle be-
tween the dipole and quadrupole amplitudes. If the
electromagnetic interaction with the nucleus is invariant
with respect to time reversal, ¢ must be either 0° or
180°.1% Note that an interference term is present only
for the Am= -1 components.

Absorption spectra were obtained with the Ru-Fe
absorber magnetized both parallel and perpendicular to

TaBLE I. Recoil-free hyperfine spectrum information for the
90-keV transition in Ru®. Column 1, line Nos. corresponding to
those of Fig. 2(a). Column 2, resonance velocities for a ruthenium
metal source and Ruo.e2sFeo.or7 absorber. Column 3, magnetic
quantum numbers m; and mo for the excited and ground
states, respectively. Column 4, Am=m;—mo. Columns 5 and 6,
Clebsch-Gordan coefficients for dipole and quadrupole radiation,
respectively.®

Line Position C(J11Jg; C(J12J¢;
No. (mm/sec) o, m1  Am  my, —Am, mo) m1, —Am, mo)

1 —2.84 5 3 =2 0 0.756
2 —2.52 3 -3 -2 0 0.676
3 =220 -3 =2 0 0.414
4 —1.83 503 —1 1.000 0.655
5 —1.51 3 3 -1 0.775 —0.169
6 —1.19 -1 -1 0.548 —0.598
7 -08711 —i, -3 -1 0.316 —0.621
8 —0.503 3, 3 0 —0.632 —0.717
9 —0.184 5 % 0 —0.775 —0.293
10 0.136 —%, —3% 0 —0.775 0.293
11 0.455 —3%, —3 0 —0.632 0.717
12 083 3 3 1 0.316 0.621
13 1.14 -3 3 1 0.548 0.598
14 1.46 -3 —3 1 0.775 0.169
15 1.78 —5, —32 1 1.000 —0.655
16 2.15 -1, 3 2 0 —0.414
17 2.47 -3, 31 2 0 —0.676
18 2.79 —5 —3 2 0 —0.756

a From A. H. Wapstra, G. J. Nijgh, and R. Van Lieshout, Nuclear
Spect)roscopy Tables (North-Holland Publishing Company, Amsterdam,
1959), p. 124,

18 S, P. Lloyd, Phys. Rev. 81, 161 (1951).
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the direction of the incident vy rays. The simplest hyper-
fine pattern is obtained when the absorber is magnetized
along the direction of the incident gamma rays. In this
direction all but the Am=41 components vanish. This
requires magnetization of the absorber along the diffi-
cult direction of magnetization, i.e., perpendicular to
the plane of the disk. The applied field must be suf-
ficiently large to overcome the demagnetizing field
induced in the sample which for pure iron can be as
large as ~22 kG. This was conveniently accomplished
with a superconducting solenoid which provided an
axial field of some 30 kG at the center of a one-inch-
diameter bore. The spectrum shown in Fig. 2(b) was
obtained with the source located on the axis of the
solenoid in a fringe field of ~5 kG and the absorber
located near the center of the solenoid in a field of 29 kG.
The complete absence of the Am=42, 0 lines indicates
essentially complete polarization of the absorber. Mag-
netization of the absorber in the transverse direction,
i.e., in the plane of the absorber disk, was achieved
with the use of a small permanent magnet. The spec-
trum obtained in this case is shown in Fig. 2(c).

Theoretical absorption spectra were calculated with
the above expressions for comparison with the experi-
mental spectra. The splitting parameters and mixing
ratio determined in the previous sections were used.
For these spectra a more exact calculation was made
which took into account the finite absorber thickness.
This was necessary because the effective cross sections
for some of the lines in the polarized absorber are many
times enhanced over those of the nonpolarized absorber,
thereby making the approximation of a thin absorber no
longer applicable.

The calculated spectra are compared to the experi-
mental spectra in Figs. 5(a) and 5(b), for parallel and
perpendicular polarization, respectively. As before, the
positive, and negative-velocity halves of the spectra
have been added together folding about the center of
symmetry. Consider the case of parallel polarization,
i.e.,, 0=0. The difference in the spectrum for the two
possible choices of ¢ is very pronounced. The fit of the
experimental spectrum to the curve calculated for
cosp=—1.00is excellent and clearly establishes that the
relative phase of the dipole and quadrupole components
is such that the sign of the conventional mixing pa-
rameter § is negative.!? It should be noted that lines
No. 4 and 15, which are the strongest lines in the un-
polarized spectrum, are nearly completely extinguished
by the interference. The dipole and quadrupole ampli-
tudes for these components are opposite in phase and
nearly equal in magnitude at §=0°. The intensities of
these lines are therefore sensitive to the exact value of
cos ¢. The curves calculated with cos ¢=—0.90 and
—0.95 are shown in Fig. 5(a) in the region of the line
of interest. The present experimental data are con-

19 The sign convention is that adopted by L. C. Biedenharn
and M. E. Rose, Rev. Mod. Phys. 25, 729 (1953), where the sign
of & applies to a gamma-gamma angular correlation where the
mixed transition is the second step in the cascade.
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F1c. 5. Comparison of experimental Zeeman spectra to calcu-
lated curves for absorber magnetized (a) parallel and (b) perpen-
dicular to incident gamma rays. ¢ is the relative phase angle be-
tween the dipole and quadrupole components of the radiation.
The positive- and negative-velocity halves of the experimental
spectrum have been added together folding about ¢.

sistent with cosp<—0.95. The experimental spectrum
for the case of perpendicular polarization shows some
deviation from the calculated spectrum which can be
accounted for by incomplete polarization of the ab-
sorber in the =m/2 direction. The essential features
of the dipole-quadrupole interference, however, are well
displayed. The interference terms for the Am=+1
components have changed sign, and the lines which are
extinguished at §=0 are now strongest.

It is of interest to determine the sign of the magnetic
field which exists at the nuclei of the ruthenium atoms
contained in the iron host lattice relative to the di-
rection of the externally applied field. Analysis of the
spectrum obtained with the absorber located in the
longitudinal magnetic field of 29 kG showed no change
in the magnetic field at the nucleus to within +0.6%,
or 43 kG based on an effective field of 500 kG. Most
of the cancellation of the applied field can be accounted
for by the demagnetizing field which for pure iron would
amount to approximately 22 kG over most of the volume
of the absorber. In order to determine the sign of the
field unambiguously, an experiment was performed
which made use of the sense of circular polarization
(helicity) of the gamma rays emitted along the di-
rection of an applied magnetic field by the Am=+1
transitions. The hyperfine spectrum was measured with
both source and absorber located in the central field of
the solenoid. Analysis of this spectrum, which is similar
to that of Fig. 2(b), showed an éucrease in the separation
between the two triplets of lines (actually 4 lines of
which one is nearly extinguished) by a measureable
amount, Av. The sign of this change in “separation” is
related to the sign of the field in the following way:
The “triplet”of lines lying on the negative-velocity half
of the absorption spectrum of Fig. 2(b) all represent
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Am=—1 transitions. Likewise, the corresponding
“triplet” on the positive-velcoity half of the spectrum
all represent Am=-1 transitions. It is reasonable to
assume that the magnetic field at the nuclei in the
ruthenium metal source has the same sense as the ap-
plied field. The recoil-free spectrum emitted by the
source in a direction parallel to the applied magnetic
field is a compressed version of the spectrum in Fig. 2(b)
which can be approximated by a closely spaced doublet;
the negative-velocity member of the doublet consists
of gamma rays circularly polarized antiparallel to the
direction of the field and the positive-velocity member
consists of gamma rays circularly polarized parallel to
the direction of the field. If the field at the ruthenium
nuclei in the absorber is parallel to the applied
field, then the gamma rays circularly polarized anti-
parallel can be absorbed only by the Am=—1 tran-
sitions and those circularly polarized parallel can be
absorbed only by the Am=-1 transitions. The net
effect is that the separation of the two “triplets” in the
absorption spectrum will be decreased. If the field is
directed opposite to the applied field, the above argu-
ment is reversed and the separation of the “triplets”
will be increased by the same amount. The experiment
therefore shows that the field is negative.

The above analysis provides us with a technique for
measuring the magnitude of the otherwise unresolved
splitting of the single line source in the externally ap-
plied magnetic field. For splittings sufficiently small
compared to the linewidth, Av is equivalent to the
spacing between the centroids of the two groups of lines
of opposite helicity emitted by the source along the
direction of the applied magnetic field. This splitting
parameter is readily related to the products of the
magnetic g factors and the applied field. For a difference
in field at the two source positions of (26.3241.0) kG,
Av was measured as (0.12520.011) mm/sec. The
resulting value of g; is 0.204-0.02.2°

It should be noted that by the above analysis the
fringe field of 5 kG present at the source for the spec-
trum of Fig. 2(b) accounts for the remainder of the
apparent complete cancellation of the applied field at
the absorber nuclei not accounted for by the demag-
netizing field.

QUADRUPOLE HYPERFINE SPLITTINGS

A search was made for a ruthenium compound which
gave a resolved quadrupole hyperfine spectrum. The
largest nuclear quadrupole interaction was found in
ruthenocene, Ru(CzHj;)s. This, however, was still
insufficient for complete resolution of all six lines. The
Mossbauer spectrum for this compound has two slightly
broadened lines of approximately equal intensity sepa-
rated by (0.46£0.04) mm/sec or (3323) Mc. A similar

2 A possible correction due to paramagnetic shielding effects
has been neglected. According to Matthias e/ al. (see Ref. 6)
these corrections are expected to be no larger than a few percent
in metals.
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Fi1c. 6. Recoil-free resonance absorption spectra for the 90-keV
transition in Ru?®® with a source of Rh% in Ru metal and absorbers
of 97 mg/cm? ruthenium metal powder, 1800 mg/cm? Ru(CsHs),
and 750 mg/cm? RuOQs,.

spectrum exhibiting approximately the same splitting
but with a poorer peak-to-valley ratio was found with
RuO,. The spectra for these two compounds are shown
in Fig. 6 together with the single line spectrum of
metallic ruthenium. The slightly greater intensity of the
line near zero velocity in the RuO, spectrum is probably
due to the presence of some metallic ruthenium im-
purity. An examination of several samples, of RuO,
showed varying degrees of line broadening. X-ray
analysis of these samples showed that the broadening of
the Mdssbauer lines was correlated with poor definition
of the x-ray diffraction pattern and could therefore be
attributed to poor crystalization of the sample. This
doublet is characteristic when the quadrupole splittings
of the excited § state dominates; each member of the
doublet consists of an unresolved triplet. From a com-
parison of the experimental spectrum for Ru(CsHs)s
with a series of synthesized spectra, computed with the
previously determined parameters, a lower limit was
established for the ratio of the quadrupole moment of the
excited state to that of the ground state, |Q1/Qo] >3.

A reliable calculation of the electric field gradient
(EFG) existing at the nuclei of atoms in compounds is
in general very difficult. A useful upper limit, however,
may be obtained. For the case of RuO, the maximum
EFG that may be expected is that due to the four 44
valence electrons on the Ru*t ion. Cubic and lower
symmetry crystal fields split the 4d shell levels and
affect their occupancy in a predictable way.?® The
maximum EFG of the resulting configuration is given

A F. A. Cotton and G. Wilkinson, 4dvanced Inorganic Chemistry
(Interscience Publishers, Inc., New York, 1962). RuQ; has an
octahedral structure which results in a #5,* electron configuration.
Three of the 4d electrons will fill the three 7o, orbitals with their
spins parallel, forming a system which has cubic symmetry and
zero EFG. The fourth electron will occupy the lowest lying orbital
(zx or yz) with opposite spin and contribute the EFG given in the
text.
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by
g=—(2/1){r *)a,

where the free-ion value (#—2)s~7.1 atomic units (a.u.)
may be obtained by extrapolation from the Hartree-
Fock calculations of Freeman and Watson.? The quad-
rupole splitting of the £ state may be simply expressed as

Ae= %62QQ1 .

A lower limit of 0.15 b is then obtained for |Q:] from
the observed splitting of the § state in RuO,.

Ruthenocene is a covalent compound which has
a crystal structure fairly similar to that of ferro-
cene.? The EFG at the nucleus of the iron atom in
ferrocene has been considered by Erickson?® who esti-
mates the contributions from the 3d electrons to be
~—40.6(4/7)(r *)33. A similar distribution of the 4d
electrons in ruthenocene would therefore give an EFG
which is approximately the same as the maximum
estimate made for RuO, above, but of opposite sign.
The magnitude of the experimental quadrupole split-
tings for the two compounds are observed to be nearly
equal.

The isomeric chemical shifts for Ru(CzHs), and
RuO, relative to the ruthenium metal source are
(—0.760.04) mm/sec and (—0.242£0.05) mm/sec,
respectively. These relatively large shifts are readily
apparent in Fig. 6. Similarly large isomeric chemical
shifts, both positive and negative, were observed in
most of the nonmetallic compounds examined. These
data will not be further elaborated upon in the present

paper.
CONCLUSIONS AND DISCUSSION

The measurements of the magnetic hyperfine split-
tings of the 90-keV ground-state transition in Ru®® show
conclusively that this transition proceeds between levels
of spin § and §, and that it consists of a mixture of
dipolar (M1) and quadrupolar (E2) components which
are “out of phase” relative to one another. On the basis
of the previous spin assignment of § for the Ru® ground
state, the spin of the 90-keV state is therefore established
as 2. The E2/M1 mixing ratio 8 was determined to be
2.740.6,2" where the sign of the conventional mixing

2 Contributions due to the lattice are expected to be small
compared to this upper estimate and have therefore been neglected.
Covalent effects will lower (r3)4q from the free-ion value. The
free-ion Sternheimer antishielding factor R [R. M. Sternheimer,
Phys. Rev. 84, 244 (1951), 95, 736 (1954); 105, 158 (1957)]
may affect this estimate by 4209,

% For a discussion of the EFG due to & valence electrons see
R. L. Ingalls, Phys. Rev. 133, A787 (1964).

# A. J. Freeman and R. E. Watson in Magnetism, edited by
Su];lg—}{ado (Academic Press Inc., New York, 1965), Vol. IIA,
p. .

% G. L. Hardgrove, D. H. Tempelton, University of California
Radiation Laboratory Report 8141, 1957 (unpublished).

26 N. E. Erickson, thesis, University of Washington, 1964
(unpublished).

27 This value is in good agreement with a recent measurement
by P. Connors and A. Schwarzschild (to be published) of the rela-
tive l-subshell internal conversion coefficients. The conversion
electron spectrum confirms the M1-E2 assignment.
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parameter § is negative.!® The partial M1 and E2 tran-
sition rates deduced from this mixing ratio and the
lifetime of the 90-keV level are ~2X 10~ and 50 times?
the Weisskopf single-particle estimate, respectively.

The ratio of the magnetic g factor of the 90-keV state
to that of the ground state as deduced from the mag-
netic hyperfine splittings is g1/g0=0.7594-0.016. This
ratio, when taken together with the known value of the
ground-state magnetic moment of (—0.634-0.15)nm.,*
gives a magnetic moment for the 90-keV state, w1
=(—0.2940.07) nm or a g factor, g3=—0.1940.05.
Measurements of the splitting of a single line source
in an externally applied field gives gi=—0.20-0.02
which is in good agreement with the above value (a
possible paramagnetic shielding correction® is expected
to be small compared to the assigned error). These
results are to be compared with the conflicting de-
terminations of g; recently made by the method of
precessed angular correlations: There is excellent agree-
ment with the value gy=—0.18940.004 reported by
Matthias et al.,® but there is definite disagreement
with the value g;=—0.2614-0.008 reported by Boden-
stedt et al.”

The analysis of partially resolved quadrupole hyper-
fine spectra yields a lower limit for the ratio of the quad-
rupole moment of the excited state to that of the ground
state [Q1/Qo| >3 and a lower limit for [Q;| of 0.15 b.

These results lead to some interesting implications
concerning the character of the 90-keV excitation. Ru?®
is an even-odd nucleus with 55 neutrons. The ground-
state spin and magnetic moment are consistent with a
ds;2 neutron orbital. The spin and magnetic moment of
the 90-keV level, however, is not readily explained by
any of the available single-particle states. The ds,
orbital is not expected to be found at so low an exci-
tation energy and, furthermore, has the opposite sign
magnetic moment. The M1 rate is remarkably retarded
whereas the enhancement of the E2 rate is comparable
to the enhancements of the lowest 24 to 04 transitions
in the neighboring even-even ruthenium isotopes. These
facts suggests that the 90-keV state may be described
by a core excitation model such as discussed by Lawson
and Uretsky?® and de-Shalit.?® The 90-keV level would
then be one member of a multiplet of five levels formed
by the coupling of the §+ ground-state orbital to a 2+
excited core. Definite predictions relating the nuclear
moments may be made using the relations given by
de-Shalit.?® The g factor of the § state is given by

g1=(13/15)go+ (2/15)g..

Here g. is the gyromagnetic ratio for the core which may
be approximated by Z/4 or =0.5. With the above value
for the ground-state magnetic moment,® the model
gives g1=—0.15 or g1/g¢=0.60 which is in reasonable
agreement with experiment. The above relation (for

28 R. D. Lawson and J. L. Uretsky, Phys. Rev. 108, 1300 (1957).
29 A. de-Shalit, Phys. Rev. 122, 1530 (1961).
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this particular case) is relatively insensitive to the
exact value of g..

Similarly, the quadrupole moment of the § state is
given by this model as?®

Q1=—(2/25)Q0—3Q.,

where Q. is the static quadrupole moment of the 2+
core. If the 2+ excitation is taken to be a pure quad-
rupole oscillation of a spherical core which produces no
time-average quadrupole moment, then

QI/Q0= —2/25-

The experimental results, however, are |Q1/Qo] >3 and
|Q1]>0.15 b, which when inserted into the above ex-
pression give | Q.| >0.29 b. If the hypothesis of a 2+
vibrational excitation of the core is correct, then these
results show that there is an appreciable static quad-
rupole moment associated with this excitation.®® A
more quantitative determination of these quadrupole
moments would be of considerable interest.

Unfortunately little has been learned about the
properties of other levels in Ru®® from radioactive decay
studies. It would be interesting to learn more about this
nucleus through Coulomb excitation experiments in
order to test further the hypothesis of a core excitation
multiplet. It would be especially interesting if it were
feasible to measure the reorientation effect in Coulomb
excitation® for some of the levels in the multiplet.

The magnitude of the magnetic field at the ruthenium
nuclei in the iron host lattice based on the known
ground-state moment* is 5004120 kG. If the more
accurate measurement of the 90-keV state g factor of
Matthias et al.b is used the result is (5004=10)kG. The
sign of this field was shown to be negative relative to an
externally applied field. These results are consistent
with the investigation of the systematics of hyperfine
fields in an iron host lattice reported by Shirley and
Westenbarger.3!

An upper limit of 10 kG is established for the field
at the ruthenium nucleus in the ferromagnetic laves
phase compound GdRu,, from the width of the reso-
nance observed. Jaccarino® has suggested that the small
magnitude of this field is consistent with observations of
small Knight shifts in laves phase compounds of 4d

® J. deBoer, R. G. Stokstad, G. D. Symons, and A. Winther,
Phys. Rev. Letters 14, 564 (1965), have recently found evidence
for a quadrupole deformation of the first 24 state in the vibra-
tional nucleus Cd". These authors have deduced a quadrupole
moment of (—0.702£0.21) b for this state from a measurement
of the reorientation effect in Coulomb excitation. P. H. Stelson,
W. T. Milner, J. L. C. Ford, Jr.,, F. K. McGowan, and R. L.
Robinson, Bull. Am. Phys. Soc. 10, 427 (1965) and P. H. Stelson,
Proceedings of Brookhaven Summer Study Group (on Physics of
the Emperor Tandem Van de Graaff Region), 1965 (unpublished),
confirm the Coulomb reorientation measurements of J. deBoer
et al. on Cd' and in addition report similar observations for the
first 2+ levels in Cd"? and Cd!¢ as well as the -4 and $-+ levels
in Agl7 and Ag®. These latter levels in the odd-4 silver isotopes
have been considered by de-Shalit (Ref. 29) as examples of 24
core excitation doublets built on the spin-} ground states.

3 P, A. Shirley and G. A. Westenbarger, Phys. Rev. 138, A170

(1965).
# Y, Jaccarino (private communication).
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transition elements with rare earths. Both of these
observations indicate that the conduction-electron wave
functions which have a significant amplitude at the
ruthenium sites have a small amplitude at the rare-
earth sites and vice versa.

The fact that the 90-keV transition consists of com-
parable parts of M1 and E2 multipoles makes it es-
pecially suitable for investigating the possible violation
of time-reversal invariance of the electromagnetic
interaction recently suggested by Bernstein, Feinberg
and Lee.® These authors have suggested that nuclear
gamma decay matrix elements may contain an ad-
mixture of 7 noninvariant amplitude which is of the
order of 1072 to 1073 .The fraction F of the Hamiltonian
which is 7" noninvariant is proportional to the sine of
the relative phase angle ¢ between the M1 and E2
amplitudes. In the present experiment we have shown
that cosp<—0.95. This corresponds to #<0.30. If the
limit on cos¢ were lowered to —0.99, the upper limit
on F would only be reduced to 0.15. In order to lower
this limit to the region of interest, it is clearly necessary
to make a measurement which determines sing di-
rectly. Henley and Jacobsohn® have discussed in detail
the possible ways of making a measurement which is
proportional to sing. These measurements require the
selection of various degrees of polarization of the initial
and final states and the gamma ray of the mixed tran-
sition. This is generally accomplished by multiple coinci-
dence measurements of 8 rays and vy rays which are in
cascade with the mixed transition.?® By employing the
Méssbauer effect with individually polarized source and
absorber it is possible to make such a measurement with
a singles counting experiment. The resulting increase in
couuting rate allows a corresponding increase in the
ultimate accuracy that may be achieved. Such an ex-
periment is presently in progress and will be reported on
at a later date.
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