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Magnetic moments of 76As and 77As

T. Ohtsubo, K. Mizushima, and S. Ohya
Department of Physics, Niigata University, 8050, Ikarashi-2, Niigata, 950-2181, Japan

S. Muto
National Laboratory for High Energy Physics, Tsukuba 350, Japan

~Received 26 May 1998!

The nuclear magnetic moments of the ground states of76As and77As were measured using nuclear magnetic
resonance on oriented nuclei~NMR-ON! by detectingg rays andb rays. The magnetic hyperfine splitting
frequencies of76AsFe and 77AsFe in a zero external magnetic field are 117.99~8! MHz and 225.58~8! MHz,
respectively. With the known hyperfine field ofBhf(

75AsFe)534.29(3) T the magnetic moments have been
determined asm(76As,22)5(2)0.9028(10)mN and m(77As,3/22)511.2946(13)mN . The effective spin-
lattice relaxation time for76AsFe has been measured to be 5.2~8! m and 11.2~16! m at the external magnetic
field of 0.2 T and 0.6 T, respectively. The observed magnetic moments are discussed in the framework of the
configuration mixing model.@S0556-2813~99!05602-2#

PACS number~s!: 21.10.Ky, 27.50.1e, 76.60.2k
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I. INTRODUCTION

Electromagnetic properties of nuclei play an instrumen
role in the critical evaluation of various nuclear models a
can thus significantly enhance our understanding of nuc
structure. Magnetic moments of the ground states are
ticularly sensitive to the single-particle, proton-neutron co
position of the corresponding levels. The description of
isotopes of arsenic is complicated because of the large n
ber of nucleons outside the closed neutron and proton sh
Z5N528. Outside the closed shells the shell model sta
2p3/2, 1f 5/2, 2p1/2, and 1g9/2 can be occupied by the 5 extr
protons and many extra neutrons of the arsenic nuclei.
perimental results of this region are important for testing
applicability of various nuclear models. The technique
nuclear magnetic resonance of oriented nuclei~NMR-ON! is
a powerful method in the study of nuclear magnetic mome
and hyperfine interactions of dilute impurities in ferroma
netic host metals. The magnetic moments of the gro
states of arsenic isotopes of71As(5/22), 72As(22) @1#, and
74As(22) @2# have been measured by the NMR-ON metho
Using the radio-frequency nuclear orientation method
magnetic moment of76As(22) was determined@3#. Those of
the lighter isotope nuclei of69,71As(5/22), 70As(41), and
72As(22) were measured in an atomic magnetic resona
experiment@4#. The magnetic moment of the stable nucle
75As(3/22) has been measured by conventional NMR@5#.
The deviation of these magnetic moments from the sim
shell model were explained by configuration mixing. Ho
ever, up to now, no measurement of the magnetic momen
77As(3/22) has been performed. Figure 1 shows the par
decay scheme of77As. Most of theb decays feed the groun
state of77Se andg transitions are very weak. A large asym
metry of the pure Gamow-Teller typeb transition is ex-
pected from the oriented77As. Therefore, in order to stud
the magnetic moment of77As, we observed NMR-ON spec
tra by detectingb rays. We also observed the NMR-O
spectra and the effective relaxation time of76AsFe. The
PRC 590556-2813/99/59~2!/669~4!/$15.00
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experimental values of the magnetic moments are comp
with values calculated with the shell model.

II. EXPERIMENTAL PROCEDURES

The samples of76AsFe and 77AsFe were prepared by
recoil implantation using 76Ge(a,p3n)76As and
76Ge(a,p2n)77As reactions. Targets of76Ge were made by
evaporating the enriched isotope~89%! onto thin Al foils.
Stacks of alternating targets and pure Fe foils (;1.5 mm)
were irradiated with 60-MeV and 50-MeVa beams
(;1.5 mA) for 20 h at the SF cyclotron at the Institute fo
Nuclear Study, University of Tokyo. After irradiation
samples were annealed at 500 °C for 30 m in vacuum.
activated part of the foils was soft soldered to the cop
cold finger of a3He/4He dilution refrigerator and cooled to
about 8 mK. The temperature was monitored using a56Co
source produced simultaneously in the Fe foil by irradiatio
In order to polarize the Fe foil, an external magnetic fieldB0
was applied to the sample. An inhomogeneity ofB0 at a
sample is smaller than 2%.

The radio frequency~rf! field was applied in the foil plane
and perpendicular toB0 . The rf was modulated at a rate o
300 Hz. Theb rays were detected with two Si detecto
mounted in the refrigerator placed at 0° and 180° with
spect toB0 . The g rays were detected with four pure Ge

FIG. 1. The partial decay scheme of77As.
669 ©1999 The American Physical Society
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detectors at 0°, 90°, 180°, and 270°. The details of the
paratus have been described in Ref.@6#.

III. RESULTS AND DISCUSSION

A. 77As

The angular distribution ofb rays from oriented nuclei is
given by

Wb~u!511B1A1cosu,

whereB1 is the orientation parameter andA1 is the angular
distribution coefficient@7#. A151.09 is expected if we as
sume that theb decays are pure Gamow-Teller transition
The ratio ofb-ray countsR, at 0° and 180° is described a

R5N~0°!/N~180°!5e~11B1A1!/~12B1A1!.

Here N is the b-ray counts ande is the geometrical asym
metry of the b-ray detection system. If the orientation
destroyed by the applied rf field, the resonance is detecte
the change of the ratioR. The sign of the hyperfine interac
tion of 77As in Fe ~the product of the nuclear magnetic m
ment and the hyperfine field! can be also deduced from th
sign of the change ofR.

The continuousb-ray spectra measured with the Si dete
tors were analyzed for several energy regions. Theb-ray
spectrum contains some contaminants from the activi
produced simultaneously by the recoil implantation. Fro
the analysis of theg-ray spectrum, the contamination in
volves b rays from 57Ni, 71As, and 72As, which the reso-
nance frequencies are already known@1,6#. More than 70%
of the spectrum was from77As.

At first, the NMR-ON search was performed with a wid
frequency modulation~FM! width of 2 MHz and a resonanc
was found at about 228 MHz. The effective relaxation tim
of 77AsFe for B050.6 T was estimated to beT185180(30) s
from the empirical relation of the relaxation time betwe
the isotope nuclei. The observed relaxation time of76AsFe
will be described later. For precise measurements an inte
of 300 s was taken between frequency steps to allow c
plete relaxation. The resonance spectra were measure
B050.2, 0.4, and 0.6 T as shown in Fig. 2. The solid curv
in Fig. 2 are the results of a least-squares fit assumin
resonance with a Gaussian shape. The resonance freque
n versusB0 are shown in Fig. 3. For a pure magnetic hyp
fine interaction, the resonance frequency is given by

n5ug„Bhf1~11K !B0…umN /h

and

dn/dB05sgn~Bhf!ug~11K !umN /h,

whereg is the nuclearg-factor,Bhf is the magnetic hyperfine
field, andK is the Knight shift factor. From least-squares fi
the following results were obtained:

n~77AsFe,B050!5225.58~8! MHz

and

dn/dB0~77AsFe!56.5~3! MHz/T.
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We neglected a possible hyperfine anomaly75D77 because
these states have similar configurations@8#. Using the known
value ofBhf(

75AsFe)5134.29(3) T@2#, the magnetic mo-
ment of 77As and Knight shift factorK were deduced as

m~77As,3/22!511.2946~13!mN ,

K~77AsFe!520.01~3!.

The positive sign of the magnetic moment of77As was de-
duced from the sign of theb asymmetry destruction on reso
nance and the sign of the hyperfine field.

The magnetic moment of77As is comparable with
the known magnetic moment of m(75As,3/22)
511.439475(65)mN @5#. Both values are smaller than th
Schmidt value of thep3/2 proton state of13.79mN . The

FIG. 2. NMR-ON resonances of77AsFe measured by detecting
the asymmetry ofb rays atB050.2, 0.4, and 0.6 T.

FIG. 3. NMR-ON resonance-frequency shift withB0 for
77AsFe.
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large deviation of the magnetic moment from the Schm
value may be explained by the core-polarization formula@9#
as well as the previous discussion on other isotopes@1,2,4#.
Outside the closedZ5N528 shells the shell model state
2p3/2, 1f 5/2, 2p1/2, and 1g9/2 are available to the 5 extr
protons and 14 or 16 neutrons of75,77As, respectively. With
the proton configurations of (2p3/2)

3(1 f 5/2)
2 or

(2p3/2)
3(1g9/2)

2 and the neutron configuration of (1g9/2)
n,

the calculated value is11.96mN or 11.54mN for 75As and
11.92mN or 11.50mN for 77As, respectively. Here, the pa
rameter set of the harmonic-oscillator potential withC540
MeV was used in the calculation. With the configuration
(2p3/2)

3(1g9/2)
2 the calculated values are closer to the e

perimental values than those with the (2p3/2)
3(1 f 5/2)

2 con-
figuration. It shows that the contribution ofg9/2 shell is im-
portant to the ground state of 3/22 arsenic isotopes. It is
interesting that the low-lying 9/21 levels are found in
75,77As.

In 75,77As there is another low-lying 3/22 state which
could be a three-quasi-particle state of (f 5/2)

33/22 or a pho-
non coupling state. The magnetic moment of the three-qu
particle state can be estimated to be11.00mN from the value
of the ground state of71As(5/22). This value is in good
agreement with that of the first 3/22 excited state~265 keV!
of 75As „10.98(19)mN… @5#. In case of77As, the energy of
the first 3/22 excited state~216 keV! is lower than that of
75As. Therefore the mixing configurations of such states m
be taken into account in more detailed calculation of77As.

B. 76As

The angular distribution ofg rays from the oriented nu
clei is given by

FIG. 4. NMR-ON resonances of76AsFe measured by detecting
the 559-keVg transition atB050.2, 0.4, and 0.6 T.
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Wg~u!511( BlAlUlQlPl~cosu!,

whereBl are the orientation parameters,Al the angular dis-
tribution coefficients,Ul the deorientation parameters,Ql

the solid angle correction factors, andPl is Legendre poly-
nomials @7#. The angular distributions of theg rays were
already measured by nuclear orientation@10#. The strong
559-keVg ray, having a large anisotropy, was used to det
resonances.

The resonance spectra forB050.2, 0.4, and 0.6 T are
shown in Fig. 4. An interval of 900 s was allowed betwe
each frequency step for full spin-lattice relaxation. The so
curves in figure are Gaussian line least squares fit. The r
nance frequenciesn versusB0 are shown in Fig. 5. From
least-squares fits, the following results were obtained:

n~76AsFe,B050!5117.99~8! MHz

and

FIG. 5. NMR-ON resonance-frequency shift withB0 for
76AsFe.

FIG. 6. The time-dependentg anisotropy of76AsFe at 8 mK
andB050.2 T and 0.6 T.
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dn

dB0
~76AsFe!53.5~2! MHz/T.

Taking the hyperfine field as before and again neglecting
possible hyperfine anomaly, the magnetic moment of76As
and Knight shift factorK were deduced as

um~76As,22!u50.9028~10!mN ,

K~76AsFe!50.02~3!.

The present value of the magnetic moment agrees w
that of 20.906(5)mN @5# measured by the radio-frequenc
nuclear orientation method@3#. The magnetic moments o
the 22 ground states of other As isotopes arem(72As)
522.1566(3)mN @5#, m(74As)521.597(3)mN @2#. The
nuclear spin values can be explained by a coupling of sin
proton state of71,73,75As and neutron states. The magne
moment of 71,73,75As is coupled to the magnetic moment
the last unpaired neutron to give the total moment. Us
empiricalg factors derived from neighboring even-odd 9/21

state (73Se) and odd-even 5/22 state (71,73,75As) nuclei @5#,
the calculated values for72As, 74As , and 76As were
21.82mN , 21.79mN, and 21.24mN , respectively. In an-
other case, using empiricalg factors derived from even-od
cl
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7/21 state (79Se) and odd-even 3/22 state (75As) nucleus@5#
the calculated value was21.03mN . Comparing the experi-
mental values with these calculated ones, the main confi
ration of ground states of72,76As are the (p5/22,n9/21)22

configuration and the (p3/22,n7/21)22 configuration, respec-
tively. The configuration of74As is probably a mixture of the
(p5/22,n9/21)22 and (p3/22,n7/21)22 configurations.

The effective relaxation times were also measured
B050.2 and 0.6 T by turning the frequency modulation~FM!
signal on and off at the center frequency. Figure 6 shows
time-dependentg anisotropy of76AsFe at B050.2 and 0.6
T. The solid curves in the figure are the results of a lea
squares fit assuming with a single exponential shape
exp(2t/T18). The effective relaxation timeT18 were measured
as 5.2~8! m and 11.2~16! m for B050.2 and 0.6 T, respec
tively.
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