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Magnetic Moment of the 93-keV State of "Zn by the Nuclear Zeeman Effect*

G. J. Perlow, L. E. Campbell, ~ L. E. Conroy, ~ and W. Potzel
Argonne National Laboratory, Argonne, Illinois 60439

(Receiv'ed 6 December 1972)

Mossbauer measurements of the 93.26-keV transition in 'Zn are reported for sources of '"Ga in ZnO

single crystals and ZnO powder as absorber. An external magnetic field of a few hundred oersteds is

applied and the value of the magnetic moment of the (1/2) first excited state is determined by a
quasinull method. We obtain p, K1/2) ]=+(0.58+0.03)p,„.The electric field gradient is determined to
be positive.

We report measurements of the Mossbauer effect
of the 93.26-keV y ray of 67Zn emitted from a sin-
gle crystal of ZnO. We have measured the magnet-
ic moment of the —,

' first excited state by the nu-
clear Zeeman effect in an external field of a few
hundred oersteds. The magnetic moment is ob-
tained by a quasinull method to a 5% despite a variety
of larger uncertainties in the experimental param-
eters. In addition, we obtain the sign of the quad-
rupole coupling of the —,

' ground state and some in-
formation on the siting of the Qa, whose Va-h de-
cay by electron capture leads to the excited 'Zn.
An earlier set of observations reported~ from this
laboratory will be referred to as DP.

The 2 first excited state has a mean life of 13.6
p.sec. The transition is therefore notable mainly
for its narrow linewidth. The minimum observable
value, expressed as a Doppler shift, is 2I'0=0. 31
Pm/sec ', In the. se units, one nuclear magneton is
0. 01013 LLI, m sec ' Oe '. Thus 100 Oe is adequate
for the observation of magnetic splitting.

The drive was the stack of ten quartz crystals
mentioned in DP. Typically it was operated at 200
Hz with 370 V, , across each 6-mm-thick X-cut
crystal. The absorber was substantially the same
as in DP —a compressed and sintered pellet of ZnO,
2. 1 g/cm thick, enriched to 69. 6%%uo in 6~Zn. It
had been annealed for 24 h at 700' C in an oxygen
atmosphere and slowly cooled. The sources were
made by cyclotron bombardment of single crystals
of ZnO of natural isotopic abundance. The crystals
were 1-cm disks, 0. 5 mm thick, with the hexagonal
symmetry axis (c axis) perpendicular to the faces.
The magnetic moment measurements were made
with the field parallel to the c axis, which was also
parallel to the direction of observation of the y ra-
diation. The bombardments were about 20 p,Ah of
25-MeV n particles to produce ~oa directly via
~Zn(n, p) and indirectly as a, result of the 19-min
decay of 6'Ge produced by 84Zn(o. , n). The samples
after bombardment were deeply colored but became
a very pale yellow after being annealed at VOO C in
oxygen for 12 h and then cooled over the course of
6 h. The y rays were detected by a Ge(Li) detector.
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FIG. 1. Typical ZnO M5ssbauer spectrum in zero
magnetic field.

The detector's amplified signals passed first
through a linear gate (to limit the total counting
rate by selecting the spectral region of interest)
and then to a single-channel analyzer in the usual
way. Initial rates in the window were 3000-6000
counts/sec with a subtractable background of about
20/0. The velocity spectrum was recorded in a
general-purpose computer in time mode. About
2&&10 selected counts could be recorded during a
run whose typical duration was one week. The
source and absorber were maintained at 4. 2'K.

Figure 1 shows a typical velocity spectrum in the
absence of an applied magnetic field. The quadru-
pole splitting observed in DP is present, but the
line intensities (I:2:I:3:2:0:0)are appropriate to
E2 emission along the symmetry axis from a nor-
mal Zn site and absorption by a polycrystalline ab-
sorber. The velocity range scanned does not ex-
tend to the two outermost line positions. ' The
transition with I ~m l

= 2, which should lead to no
radiation along the c axis, shows itself as a vesti-
gial dip at =+12 p, m/sec. Its faint presence prob-
ably results from radiation damage that could not
be annealed out after the bombardment. The ob-
served sequence of intensities shows that the quad-
rupole coupling is positive. Since the quadrupole
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FIG. 2. Effect of an external ma nem magnetic field along the
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FIG. 3. Mossbauer Spectrum of VZnO in an external
magnetic field of 2Q7 Oe.

of a laboratory electromagnet. By removing the
Alnico magnet and changing its remanent magneti-
zation, the field could be varied. The field was
measured at room temperature by indirect refer-
ence (via the probe) to more absolute instruments,
and a correction was determined for liquid-helium
temperature. We estimate the over-all accuracy of
the field determination to be within 3%.

When the asymmetry parameter is small, the
addition of a magnetic field along the symmetry
axis has the effect of splitting the three degenerate
quadrupole doublets of the ground-state multiplet
as if each were a separate nuclear species with its
magnetic moment proportional to I m. I. This is
seen in Fig. 2(a), which is plotted for an excited-
state magnetic moment equal to +0.6p,„and for
e~qQ& 0 in the ground state. The diagram shows
tha, t as a result of the selection rule hm = + 1,
which is appropriate when, in addition, the y ray
is observed along the symmetry axis, the transi-
tjons to Pyggng= + p seParate more raPjdly jn energy
as the field is increased than do those to m„~= + 2.

In Fig. 2(b), the expected spectrum correspond-
ing to Fig. 2(a) is plotted as a function of the mag-
netic field. The pairs of lines in this spectrum are
of two types —one in which the separation is propor-
tional to ga, d+ g,„„the sum of the ground-state and
excited-state g values, and one in which it is pro-
portional to I sg~,~-g,„,l. Each member of the lat-
ter has twice the intensity of each of the former.

If it should transpire that 3g„~-g„,=0 (i.e. , if
p,,„,=-,' p„~), the intense pairs would be unsplit; the
observation of this could be considered a null com-
parison of g„, and g~,„; and the result would be in-
dependent of most sources of inaccuracy. This
turns out to be approximately the case. Figure 3
shows a spectrum in an external field of 20V Oe.
At 0 and 5 ', pm /sec one sees the unsplit pairs,
while the four weaker lines of Fig. 2(b) are plainly
visible. A negative sign for the excited-state mo-
ment is immediately ruled out. At other values of
the magnetic field, we have observed the expected
crossover at about —2. 5 p.m /sec and also a broad-
ening of the intense pair. Prom perturbation the-
ory, one finds that the effect of asymmetry is to
decrease the splitting of the + —,

' doublet by the
amount 2g'A38/(A'-B'), where A=3e'4Q/40 and
B=-,' p.„d H. For H= 545 Oe —our strongest field-
and @=0.09, this correction is 0. 058 ym/sec,
while if q is as large as 0. 23 it is 0.42 pm/sec.
If we accept the smaller value of g, the two higher
field runs (339 and 545 Oe) give 1 p,„,--', g„d~
=0.05Vp~. In all of the five runs used in this in-
vestigation, the separation of the weak lines is con-
sistent only with p,„,& —,

'
p,„~. The absolute-value

bars can therefore be removed, andfrom the known

value p„d=+ 0. 8V6p.„we get p,,„,=+(0.58+0.03)p„,
where the error is taken as half the correction.

The nucleus 67Zn seems best represented by the
pairing model with Fermi energy lying between the
single-neutron f~&~ and p, ~a levels. Evidence for
this is the trend of spectroscopic factors measured
for the Zn isotopes and the fact that the transition
we have studied is interesting as a Mossbauer nu-

cleus primarily because it is retarded - 10 times
below the single-particle E2 estimate. On this
basis, the —,

' ground state and —,
' first excited state

are to be considered single-quasiparticle states.
The theoretical magnetic moment of such a state in
an odd-mass nucleus is that of the corresponding
particle state; hence the Schmidt value is as good
an expectation for one as the other. The moment
measured isI indeed not far from the Schmidt value
p(Schmidt) =+0.64pz for a p~~~ neutron.

The authors are indebted to J. Schiffer and D.
Kurath for a discussion on the nuclear model, and

to H. de %'aard for his efforts in the initial stages
of the problem.
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An N4 molecular ion is observed by ESR at 92 K in single-crystal rubidium azide (RbN, ) following

uv or yirradiation at 77 K and a 35-min anneal at 227 K, The ESR spectra are characteristic of an

unpaired electron interacting equally with four equivalent nitrogen nuclei. The spin-Hamiltonian

parameters are similar to those of the planar N4 defect in KN„however, the growth and annealing

behaviors of this defect differ in these two crystals. For both materials, trapped nitrogen atoms found

following irradiation anneal at about 150 K. In both, N4 ions are formed from thermal annealing at

approximately 200 K; however, the N, intermediate reported in KN, is not identified in RbN, . Slow

thermal decay of N4- defects in RbN3 occurs at temperatures as low as 227 K. From measurements of
the rate of decay at several temperatures an annealing activation energy of 0.47+-0.04 eV is determined,

which is approximately one-half that found for N4 ions in KN3.

I. INTRODUCTION

The alkali asides (NaN~, KN~, RbN3, and CsNq)
are known to be especially sensitive to decomposi-
tion by ultraviolet light and ionizing radiation.
Numerous investigations have been made by ESR
and by optical absorption of radiation™induced de-
fects stabilized in these materials, These include
ESR studies of the I" center, ' trapped nitrogen
atoms, and Nz molecular ions ' in trigonal-struc-
tured NaN3. For tetragonal KN3, trapped nitrogen
atoms, Na ions, '6 and N4 ionss' have been iden-
tified by spin resonance, RbN3 and CsN3, which
have crystal structures as does KN3, have not been
studied as extensively. Only the trapped nitrogen
atom has previously been investigated in x-irradi-
ated RbN3 (Ref. 8); and in CsNS, only the study of
an electron trapped at a calcium impurity cation
following uv irradiation at 77 K has been published.
Some work has been done to correlate ESR spectra
to optical- absorption bands. This includes optical
studies on the I" center in NaN3. ~0 Also, in a re-
cent investigation by Hogan et al.' on uv-irradiated
KN3, the thermal conversion of the 565-nm band to
the 580-, 700-, and 780-nm bands is correlated
with ESR observations of the conversion of N2 to
N4 defects. They interpret their results using a
planar N4 ion occupying a single azide-ion vacan-
cy. A planar model, in contrast to the originally

suggested linear model, has been proposed by
several investigators to explain the observed equal
hyperfine coupling to four nitrogen nuclei. o' '~2

Since KN3, RbN3, and CsN3 are alike structurally,
they might be expected to exhibit the same radia-
tion-induced species. The present work was de-
signed to further investigate irradiated RbN3., the
Nq molecular ion has been detected and its char-
acter in RbN, is described.

Several review articles have discussed the crys-
tal structures and properties of azides. Rubi-
dium azide has a body-centered tetragonal struc-
ture with the unit ceQ shown in Fig. 1. The linear
azide ion resides in two sites which are ejuivalent
for a 90' rotation about the c axis. The symmetry
axis of the azide ion for one site is directed along
the [110]direction, and for the other along [T10].
Lattice dimensions for alkali azides having this
structure increase as the cation radius increases;
these dimensions are given for KN3, RbN3, and
CsN3 in the caption to Fig. 1. In each of these
crystals the site size for the azide ion is approxi-
mately the same.

II. EXPERIMENTAL

Rubidium-azide single crystals were grown by
slow evaporation from saturated aqueous solution.
These crystals grow as clear square platelets with
the edges corresponding to the [110]and [110]


