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Measurements of nuclear magnetic moments and electric quadrupole moments of Lu isotopes
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Nuclear magnetic resonance measurements were performed on the ground st4fes,of 'Lu, "3 u,
173 u, and*""Lu and on the 23/2 isomeric staté’™_u. The radioactive isotopes were implanted into hcp Co
single crystals using the mass separator ISOLDE at CERN.*®bo, Y"Lu, 3u, 3Lu, and "Lu the
qguadrupole subresonance structure could be resolved well. With the magnetic hyperfine fields and the electric
field gradient of L& o(hcp) derived from the results ol "Lu, the magnetic moments and electric quadrupole
moments of Ly, Y u, 3u, and 1*Lu were determined. The nuclear moments of the high-spin isomer
7™My were determined with a resonance-offset techni86556-281@6)02109-7

PACS numbdss): 21.10.Ky, 27.70+q, 76.60.Jx, 76.88:y

I. INTRODUCTION termined, normally with deast-squaredit. This method is
an integral technigue, which means that, for the determina-

The nuclear magnetic moments of neutron-deficient Luion of theg factor or the magnetic moment, the distribution
isotopes have been the subject of several investigations amd hyperfine fields acting on the impurity nuclei has to be
speculationd1-4]. Krane et al. reported measurements of known. If all impurity nuclei are substituted onto regular
the magnetic moments of174.y [1], 7317174 2] |attice sites, the interpretation of the measufeghisotropies
and 1"™Lu [3]. As the regiorA ~ 170 is characterized by a is straightforward and unique. In reality, the impurity nuclei
stable prolate deformation witB ~ 0.25, it is expected that are often substituted onto the regular sites not with 100% but
the magnetic moments of the single-particle ground statewith a large fractionf. Then a “two-site model” may be
and the low-lying three-particle states of the odd isotopegpplied for the interpretation. Within this model it is as-
and the two-particle ground states and low-lying isomericsumed that the fraction of nucléiis subject to the full hy-
states of the even isotopes are well described by the Nilssgmerfine field, while the residual fraction of nuclei—1, is
model. This expectation seemed to be fulfilled on the wholesubject to a negligibly small hyperfine interaction. This is a
albeit with discrepancies observed between experimental anfloderately good approximation in many cases.
theoretical magnetic moments. Especially for the Bigh- In alloying or implanting Lu as dilute impurity in “stan-
spin isomer!’™Lu the experimental magnetic moment dif- dard” ferromagnetic hosts, such as Fe and Co, the Lu atoms
fered conspicuously from the value which was predictedare substituted onto regular lattice sites only with a small
from magnetic properties of the rotational band built up onfraction. The residual Lu atoms are substituted onto lattice
the 6~ level [5,6]. This led to the speculation that the addi- sites, at which the average hyperfine field is smaller than the
tivity of magnetic moments could be violated #™Lu [5].  substitutional hyperfine field, but significantly different from
A minor discrepancy was also apparent for the three-particleero. The exact location of Lu at these low-field sites is
23/2" state’™Lu [3,4]. unknown. This complicates the interpretationpfnisotro-

As the actual existence of an additivity violation of the pies considerably. Therefore, Kraseal. [1-3] used ZrFg
magnetic moments would have severe consequences for tlag a matrix, which had been found to be a good matrix for
understanding of the magnetism in nuclei in general, Drissthe neighboring Hf, which is chemically homologous to Zr
et al. [7] revisited the problem of’"Lu. They finally con-  (but not to Lu. They found, however, that Lu has a similarly
cluded that nuclear orientatiofNO) might be an improper bad substitution behavior in Zrgeas in Fe. This means that
technique for the determination of magnetic moments of Luthe distribution of the hyperfine field is unkown. Kraeteal.
isotopes. took into account this uncertainty by simultaneous measure-

In the “standard” low-temperature nuclear orientation ments of different isotopes and extracting only ratios of mag-
technique the radioactive isotope of interest is embedded intnetic moments. This is a good procedure if nuclear states
a ferromagnetic environment in which a large magnetic hywith the same spin and not too different magnetic moments
perfine field acts on the embedded “impurities.” At low are involved. If, however, the magnetic moments and the
temperatures the system becomes oriented which is accordecay properties of the two isotopes are very different, such
panied by an anisotropic angular distribution of the emitteda procedure fails, as the weighting of the different field com-
v rays. They anisotropy depends on the hyperfine splittingponents is then different.
frequencywy, , which is the product of thg factor and the Thus, among the different low-temperature nuclear-
hyperfine field, and on the temperatdre The y anisotropy  orientation methods, only a differential technique, such as
is measured as a function @f, from which v\, can be de- NMR-ON (nuclear magnetic resonance on oriented nuicdei
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expected to yield unambiguous results for the nuclear magperpendicular to the axis, if B, exceeds the perpendicular

netic moments. _ Ly anisotropy fieldB; = 13.4 kG. The angular dependence of
The first successful NMR-ON experiment offLu in Fé  yhq hynerfine interaction has been discussed in a recent paper
was reported by Herzogt al. [8]. In this experiment the  177] Here we want to confine ourselves to the two limiting

resonance widtl® was very broac[%v = 0.0584)]. Re-  c45es relevant for the measurements presented in this paper.
cently, the NMR-ON resonance df“"LuFe was detected (i) Bex || €, i-€., 6 = 0°, whered is the angle between the

[9]; actually a magnetic moment was obtained which is COM- - ctroni tizationd and the sinal tab axi
pletely different from the NO result, removing the discrep—e ectronic magne |za“|o° an e” single-crystat axis,
ancies concerning additivity violation. In thé’“"LuFe which we denote as "0 geometry; o -
NMR-ON experiment the resonance was also relatively ('.') Be L C. In this caseg = 90° (*90° geometry”) is
broad,I'/v = 0.0539), indicating that the broad distribution achieved fo'BeXt?f 134 kG. .

of the hyperfine field at substitutional sites is an inherent The energy 'elgenv:':llue's of the nuclegr spin system are
property of the Lire system. For precision measurements ofC"’lICLIIated by diagonalization of the Hamiltonian

magnetic moments a system with a smaller field distribution — (c) (Liy-1

would be desirable. Therefore, in the present work, hcp Co H=Hu+Ho + D(O)H D™ (0),
was used as a host matrix for Lu for the first time. We found
that the relative linewidths are smaller, and that, in addition,
the electric field gradient of Lu in hcp Co is so large that the
guadrupole splittings could be resolved uplte= 4. In this HGL — el
way, the magnetic moments and electric quadrupole mo- Q Q
ments for radioactive Lu isotopes could be determined si- ) ) .
multaneously. For the 2372 high-spin isomer”™Lu the whereD(6) is the normally used rotation matrix ang,q
quadrupole interaction could not be resolved; in this case, thand v5'Y) are the magnetic and electric interaction frequen-
qguadrupole splitting was determined with a resonance-offset/€s,

technique.

HM:_thaglza

312-1(1+1)

EIEE v

Simultaneously with our work the nuclear moments of Vmag= |9unBE/h|, v =e?q©Q/h,
radioactive Lu isotopes betwedn= 167 and 177 were mea-
sured via laser spectroscofiyS) by Georget al. [10]. vy =e?qQ/h. 2

Hereg andeQ are the nucleag factor and the spectroscopic
quadrupole moment, aretf® anded") are the “collinear”
A. Hyperfine interaction aspects of hcp Co electric field gradientaxialsymmetric with respect to the di-

The hyperfine interaction of radioactive isotopes at subf€ction ofBy) and the lattice field gradieriaxialsymmetric

stitutional lattice sites in ferromagnetic hcp Co consists of aVith respect to the axis), respectively.

magnetic-dipole and an electric-quadrupole contribution: The effective magnetic field" is given by

The magnetic hyperfine fielB, ¢ is parallel(antiparalle] to

the electronic magnetizatiok, the absolute magnitude de- B =By e+ Sgr(Bye) (1+ K)Bo, ®

pending(slightly) on the angle betweeN and the single- where for B, the “parallel” hyperfine field B, or the
crystalc axis. (i) Because of the hexagonal symmetry of hepuperpendicular” hyperfine fieldB; has to be takerK is a
Co(,L)an axially symmetric lattice electric field gradi€¢BFG)  parameter including Knight shift and diamagnetic shielding,
€q I eX'StSt' tge prmgpal a’é‘? of thethEFtG belr;gthglv'en by.g;eBo is the “effective” external magnetic field, and
single-crystak axis. Depending on the type of the impurity, B.) is the sian of B with 5 For th

an additional EF@d® may exist which is collinear with the fgf;(ec?if/)e’l’se;tgr%?nmggn:ii wallt ol drseoszzz atg ngfiz a?i:)r: :f_

magnetic hyperfine field. The principal axis system for thisf h ken i For 0°
type of EFG s given by the difection @, Such a "col- oo ave [0 D taken into account. For 0" geometry a good
linear” EFG may be the result of an unquenched orbital

Il. QUADRUPOLE INTERACTION WITH hcp Co

momentum, which, because of the spin-orbit interaction, By=0 for Bo<Bq
points into the direction oB . et - mdem
In the absence of an external magnetic fiBlg,, M and Bo=Bext— Bgem Or Bex™>Bem (4)

I§HF are parallel to the axis, which is thgonly one direc-

tion of spontaneous magnetization. By applying an externalvhere the “demagnetization” fiel®4e,, depends on the ra-
magnetic fieldB,,; nonparallel to the axis, the direction of tio of thickness to linear dimensions of the actually used
the magnetization can be turned away from thexis to- sample(A typical value for the samples used in this work is
wards the direction of the external magnetic field. The direcBgem, = 0.5 kG) For 90° geometry Eq94) can to a good
tion of the magnetization with respect By,; and thec axis  approximation be replaced by

is then fixed by the minimum condition for the free energy

which is the sum of magnetization energy and the crystal Bo=Bex—[Baen{ M, /M3, (5)
anisotropy energy. 1B, is applied perpendicular to the

axis, the direction of the magnetization and hence the direcwhereM, andM$* are the actual and the saturation magne-
tion of the hyperfine field can be forced parallelBg,;, i.e.,  tization, respectively. Here, the effective demagnetization
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field rises monotonicallyalmost linearly from 0 to Byenm

betweenBey = 0 (By = 0) andBey = B4 + Bgem (Bo = A(ﬁ):WW)—l:k;m ABK(ry vq, T)PK(€osd) Q.
B)- (15)
The angular dependence of the hyperfine figlith re-
spect to thec axis) may be written as The parameter8, are products of the normally used angular
‘ correlation coefficientt), andF, which depend on the spins
Bre(0) = BiY + BREPy(cos). (6)  and the multipolarities of the decay cascade. Phécosd)

) ) ) ) ) are Legendre polynomials} being the angle between the
The connection between the isotropic and anisotropic contriguantization axighere the direction of the external magnetic

butions B and B{§f" with the “parallel” and “perpen- field) and the direction of observation, aQj are solid angle

dicular” fields BLF and By is given by correction coefficients. ThB, describe the degree of orien-
. tation; they depend omy,, vo, andT. For hcp Co,vy >
BUS9 = 1/3(B|,.+ 2BLp), () |vgl, the dyegr(fe of origlntat?on is mainly fixe?d by thr/lwe ratio
(an) _ | nl B=hvy /kgT and nearly independent of; .
Bir = 2/3(Bie— Byp)- ®) Let us denote the subresonance corresponding to the en-
ergetically lowest sublevel transition as th€") resonance,
B. Quadrupole-interaction-resolved NMR-ON the next»®, ... i=1,...,2. Normally, ther® subreso-

nance has the largest subresonance amplitude; i.e., this reso-

In “0° geometry,” the energy levels are given b . . -
9 y 9y g y nance can normally be measured with the highest precision.

| ©. (L3M=1(1+1) The offset between/!) and the magnetic interaction fre-
Em= —hvpdn+hlvg’+vg ]m- (9 quency is given by
For NMR-ON, there exists a set ofl Zubresonances. With b= Vmag~ (1~ 2)Ave. (16)

the assumption that the=1 state lies lowest in energy, the _ _ "
center of the subresonance corresponding to rf transitions € resobnance amplitude for the subresonandeA’(9),
between statém) and|m+ 1) is given by IS given by

Vhms 1= Vhag= Avb(m+3), (10 AAV(9)=AAB Py(c0s9)Qz+ AsA BEPP4(cow>Q(4 :
1
I — (c) (L) _
Avg=3lvg trg V2121 - 1)], @D Wwhich can be calculated from the change of the orientation
whereA ), is the 0° subresonance separation. parametersAB{" | as outlined in detail in Ref12]. For a

In “90° geometry,” the energy levels must be calculated Precise theroretical prediction afA (V(9), the field strength
by diagonalization of Eq(1). Let us, for a simplified discus- ©f the rf field at the nuclear site has to be known, which
sion, first assume that the lattice quadrupole interaction i§ormally is not the case. In general, the amplitudes of the
small compared to the magnetic interaction, ilevg') | < higher subresonances decrease continuously iyits the
Vanag- Then, first-order perturbation theory yields that the ef.corresponding sublevel population probabilities decrease

: : : . i ~#, depending on the tempera-
fective lattice quadrupole interaction followsPg(cosf) de- with the Bc_)l_tzmann factoe ", dep g o P
d P ( ) ture T. Additionally, the subresonance amplitudes depend on

gﬁgdtﬁggeagi;)s" ?gal?o:ge:ag%lf between the magnetlzatlonthe ratioA,/A,. For the caséA,=0, e.g., for pureEl or
Y ' M1 transitions, the relative subresonance amplitudes are the

3m?—1(1+1) same ford = 0° and 90°. ForA,/A, # 0 the relative

“a1(2-1) (120 subresonance amplitudes are different #or= 0° and 90°.
(This is the basis for the so-called 0°-90° resonance dis-

The set of NMR-ON resonance frequencies is now given bylacement techniqugl?]; see also below.In the special

N N | . case of stretcheB?2 transitionsAA®)(90°) — 0 for T — 0;

Vmom+1= Vmag~ Avo(M+3), (13  i.e., ther™ resonance is unobservable fér= 90° at low
temperatures. For mixed-multipolarity transitions the relative

1
() _— (L)

En= —hvﬁ]ad“n-i-h

N o 1 0 subresonance amplitudes depend on the mixing @&tibhe
Avg=3 VE?)_EVE) fr2121=1)], (14 maximum sensitiv[i)ty for the getermination of t%e subreso-
nance separation and hence the quadrupole splitting is ob-
whereAvg is the 90° subresonance separation. tained at intermediate temperatures: At very low tempera-
The difference of theeffective quadrupole interaction tures the amplitude of the™) resonance is large; however,
frequency for@ = 0° and 90° is given bwﬂg—vézgv%); only a few subresonances can be observed. At higher tem-
this is the basis for the resonance-offset technique describggkratures more subresonances can be observed, the ampli-
in Sec. Il C. tudes becoming smaller because of the smallanisotropy.

In the NMR-ON method, the resonance absorption is de- For 90° geometry, and for the case that the condition
tected via the change of the angular distribution of the emit{ro|<vy is not fulfilled, the energy eigenvalues must be
ted radiation. The angular distributioh(<9) and the anisot- calculated by explicit diagonalization. Then, it is found that
ropy A(9) of y rays emitted in the decay of oriented nuclei the subresonance separation is no longer constant but de-
at the temperatur& are given by pends on the sublevel transition. To faciliate tleast-



1030 KONIG, HINFURTNER, HAGN, ZECH, AND EDER 54

squaresfit of measured 90° resonance spectra, this effect is Av= A Ve S(m+1) AV%) ' (26)
taken into account by diagonalizing the Hamiltonian and cal-
culating correction coefficients(") for the subresonande where the magnetic contribution to the offset is given by

Avg'=KVArg (18 Avpag=gunl (Blie—Bhe) +5g(Bye) (1+K)(BL—Bg)1/h,
(27)

which can be predicted with high precision, B&F and
Bi;= can be determined from quadrupole-interaction-resolved
spectroscopy as described in Sec. 1l B. HB@eand B, are
the external magnetic fields at which the measurements par-
allel and perpendicular to the axis are performed, which
may be chosen to be equal. Am{ 3) is of the order of for
C. Resonance-offset method high-spin states, the so-called “parallel-perpendicular reso-
With increasing spin, according to E@), the quadrupole nance offset” is so large that it can easily be measured. The
subresonance separation becomes smaller, and there existg@rdy uncertainty for the determination of the quadrupole mo-
critical spin valuel . above which the quadrupole substruc- ment is then given by théheoretical uncertainty of -+
ture cannot be resolved. The critical spin values depend og)- This uncertainty is mainly due to the dependence of the
several parameters, such as the ratio of the quadrupole splielative subresonance amplitudes on the rf power at the
ting to the magnetic splitting and the inhomogeneous linenuclear site, which is known only with limited accuracy.
width. For the case that the quadrupole splitting cannot b&lowever, as ifi+3) depends on the temperature at which
resolved, a broadenddnd possibly asymmet)idNMR-ON  the resonances are measured, a measurement of the reso-
resonance is expected. The resonance center is then given Bgnce centers as function of the temperature and as function
o o of the rf power may yield redundant information. Thus, in
v=wy—Avg(m+3), (200 comparison to the 0°-90° resonance displacement, which is
only a fraction of Avg, the “parallel-perpendicular reso-
nance offset” isy(m+3)A»{), i.e., much larger and, hence,

and
V= 0= KM9(1 = 3)Avg. (19

Within the framework of this descriptior () =K (Ma9)= 1
for Avl)=0 and|vg|<wy .

where (n+3) is given by

21 21 much easier to measure. In addition, it is also present/for
(M+5H=> (MO+HAAOD) / > AAD(9). transitions with A,=0, for which the 0°-90° resonance-
i=1 i=1 displacement method is not applicable.

(21)

Equation (20) shows that, for an independent determination lll. EXPERIMENTAL DETAILS

of vy andvg, two different measurements are necessary, for - All samples were prepared by mass-separator implanta-
which the functional dependence ofy andvq is different.  tion at ISOLDE/CERN. The hcp Co single-crystal disks were
In Ref.[12] it has been shown that{+ ;) may be slightly  prepared in the following way: Disks with a diameter of

different for 4 = 0° and 90°, wherej is the angle ofob-  ~ 10 mm and a thickness ef 0.2 mm were spark cut from
servationwith respect to the quantization axis. This is due toa bulk hcp Co single-crystal available commercially. The
the fact that orientation of thec axis was chosen to be parallel to the
0 0 0 plane of the disk. With Laue backscattering techniques an
AA™(0°)~AAB;'Qa+A4AB,'Qy, (22)  accuracy of< 1° was achieved for the alignment of tie

, , , axis. The further treatment consisted of many steps as de-
AAD(90°)~ — 3A,ABY'Q,+ 3A,ABY'Q,, (29 scribed in detail in Ref[13]: (i) mechanical polishing with
. ] 15-um, 9-um, and 3um “diamond disks,” (i) mechanical
which are different forA,/A,#0. polishing with 1xm, 0.5um, and 0.25«m diamond paste
The maximum difference of the resonance centersor (after each mechanical polishing step the crystal was cleaned

= 0° and 90° is, however, only a fraction Afv§), i.e., very  yltrasonically and polished chemicallyandiii) electropol-
small, which has the consequence that this method is limitefkhing (~ 6 min) in H3PO, (85%) with an abrasion rate of

to few selected systems which allow the determination of thec 0.1 xm/min. In this way it could be assured that the

resonance frequencies with extremely high precision. Ifgquality of the single-crystal structure was not deteriorated in
however, the resonance is measuredéfer 0° and 90°, i.e.,  the surface layer in which the radioactive isotopes are depos-
magnetization parallel and perpendicular to the single-crystated by the implantation. The Lu isotopes were obtained by

¢ axis, the resonance centers are given by the 8Ta(p,xnyp) spallation reaction at CERN. With the
i © (L=, 1 on-line mass separator ISOLDE the Lu isotopes were im-
vi=vy—[Avg’ +Avg J(Mm+3), (24)  planted into the hcp Co single-crystal disks with an implan-

tation voltage of 60 kV. The size of the implantation area
was restricted to a spot of 3 mm in diameter at the center
of the crystals. Typical implantation times were between 10
min (**3u) and 2 h ¢73u). In all cases the doses were less
Assuming that fn+ 3) is identical for 0° and 90°, the reso- than 104 cm™2.

nance offset is now given by The samples were soldered with In to the Cu coldfinger of

(m+3). (25

<

1
AV(C) EAV
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a 3He-*He-dilution refrigeratorOxford Instruments, model becomes important for large frequency modulation band-
TL-400) with top-loading facility. For the alignment of the widths, the latter being necessary if the linewidth is large. In
single-crystak axis with respect to the magnetic field in the the present work this effect has been taken into account by
measuring position of the cryostat, a typical accuracy ofnterpolation of the nonresonant background according to the
~ 1° was achieved. The samp|es were cooled to temperé[equency modulation bandwidth with respeCt to the fre-
turesT ~ 10 mK and measurements were performed forduency steps. However, in this way only static effects are
B || ¢ (“0° geometry”) andB, L ¢ (“90° geometry”). For compgnsated. There is, however, also a dynamic temperature
the caseB, | ¢ only a small external magnetic fieB,,, =  variation caused by the frequency—dependent eddy—cgrrent
0.5-1 kG was applied to ensure the soldered joint to bd'€ating, together with the large heat capacity of the Co single
normal conducting. For the cag L c the external mag- crystals(caused by the Scho-ttky anomaly of the specific heat
netic field was choseBg, = 20 kG; in this way, it was due to the magnetic interaction of stalBf€o in hep C9. To
assured that the magnetization could be forced parallel t§ompensate these effects to first order, the measurements at a

Bo. fixed frequency were performed with the following se-
The y rays were detected with two @¢) detectorsef-  duence: FM-on, FM-off, FM-off, FM-on. _ _
ficiency ~ 20%) and twop-type intrinsic Ge detector&f- (ii) At every frequency, the rf power was adjusted in such

ficiency ~ 40%) placed at 0°, 90°, 180°, and 270° with & Way that the average eddy-current heating remained con-
respect to the external magne,tic ﬁa’gxt- ’ stant in the whole frequency region. This was performed by

For the NMR-ON experiments, the radio frequency Wasmeasuring “power tr_:lbles” for the fre_quency regions of in-
applied either with a one-turn or a double-turn Helmholtz-terest with an iterative procedure: First, for the frequency

type rf coil, the “free” coil always being used to monitor the '€gion of interest, the temperature of the samples was mea-
rf power. The rf was supplied by a voltage-tuned rf generatopuréd as a function of the frequency of the applied rf field
(Rohde & Schwarz, type SMLUthe center frequency and with constantpower. Then, at several characteristic fre-
modulation bandwidth being continuously controlled by aduencies, the temperature of the samples was measured as
feedback system. In comparison to the normally used radifnction of the applied rf power. Next, a power table for this
frequency synthesizers it has the advantage of ultrabroad€9i0n was generated and the temperature as function of the
band frequency modulation, which was decisive for the meall€duency was measured again. This procedure was repeated
surements ort”™Lu. The modulation frequency was chosen iteratively, until a flat dependence of the temperature as func-
100 Hz; the frequency modulation bandwidth was varied belion of the frequency was obtained. In most cases, two or
tween+ 2 MHz and* 5 MHz. The center frequency was three iterations were sufficient. AIthpugh probably not nec-
varied in steps over the resonance region. Because of tHSSary, even with the rf-power adjustment, the NMR-ON

large quadrupole splitting, the frequency regions of interesfeasurements were performed with the FM sequence “on-

were anomalously large, which has an important implicatiorP-0ff-on.”

for the NMR-ON experiments: Because of the unmatched

coupling between the rf generator and the rf coils, the rf field IV. RESULTS
strength at the sample site depends on the frequency. This A. LuCo(hcp)
has the consequences tligtthe rf-induced NMR transition '
probability and(ii) the nonresonant rf eddy current heating There are two strong transitions in the decay of 6.7 d
depend on the frequency of the applied rf field. As a conse?/2* *"’Lu suitable for NMR-ON.

guence of this frequency dependence, resonance structures ) _

occur in the y-anisotropy spectrum, which are generally (i) 9/2"(321 keV—9/27(113 keV):
much broader than typical NMR-ON resonances with Fe, Ni,
or fcc Co as host matrices. Thus, withémall frequency
regions, the applied rf power normally does not vary too

E,=208 keV, 1,=11%, E1+M2, &(E2/M1)=<0.08;

strongly, and the absolute value of the rf power at the sample (i) 9/27(113 keV)—7/27(0 keV):
site can be chosen by the appropriate rf power of the rf

generator. If the width of the NMR-ON structure becomes E,=113 keV, 1,=6.6%,
comparable to the width of resonances of the rf system, spe-

cial care has to be taken to separate the NMR-ON signal E2+M1 6(E2IM1)~—4.

from the spurious resonances caused by the eddy-current

heating which is resonant with respect the rf system but non- The NMR-ON spectra measured in 0° geometrylat

resonant with respect to the nuclear spin system. Two differl7 mK are shown in Fig. 1113 ke\) and Fig. 2(208 keV),

ent approaches have been pursued in the present work i both cases foy = 0° (top) and & = 90° (bottom). The

overcome this experimental problem. strong suppression of the;, resonance ath = 90° for the
(i) Successive measurements with and without freqencyt13 keVy transition is due to the strortg2 character of this

modulation(FM). Here the idea is that the nonresonant eddy+transition. The solid lines are the resultsle&st-squaredits

current heating is monitored by measuring without FM.of five equidistant lines with Gaussian shape and linewidth

Thus, subtracting successive spectra measured with ardd The parameters arev;, Avg, I',AA®D(0°), and

without FM should yield the “true” resonance spectra. For AA®(90°),i=1,...,5. After correction for the external

systems with broad resonances and small resonance effectmgnetic field we adopt as final results

this procedure is not sufficient, because of the nonlinearity of

the frequency dependence of the eddy-current heating, which vm(YLuCo)=249.2817) MHz,
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; l . . Bl,.=—511.22.5 kG,

Ry A eq=—-1.707115x 10" Vicm?.

—500 7 B. %%LuCo(hcp)

In the decay of'®%Lu (I” = 7/2%, Ty, = 34.1 h the y
transitions with 191 keVI(, = 22%), 960 keV (, = 24%),
177 and 1450 keV (, = 9%) are sufficiently strong for

LuCo NMR-ON experiments. A 0° geometry NMR-ON spectrum
of the 960 keV transition measured wily,, = 1 kG is
illustrated in Fig. 3(top). Here two experiments with two
different implantations and different single crystals were per-
formed. They yielded slightly different results. The origin for
this difference could not be found. Therefore the errors
guoted below include this uncertainty. Taking into account
the data for the 191 and 1450 keV transitions and correcting
+ for the external magnetic field, the final results for the mag-

netic and electric quadrupole interaction frequencies are

AN(0°)

-1000

T
1

400

200

AN(90°)
o

-200

T
1

240 260 280 300 vy =255.17) MHz,
Frequency (MHz)
vo=—141.45.0) MHz.

FIG. 1. Quadrupole-interaction-resolvé®l) NMR-ON reso- . . - .
nance of the 113 keV transition 8f’Lu. Top: & = 0°, y emission 177Takmg into account the hyp_erflne splitting frequencies of
|| Bex- Bottom: ® = 90°, y emissionL Bey. The v, resonance is LuCo(hcp), the following ratios are deduced:

strongly suppressed far = 90° because of the dominaB® char- 16 177
acter of they transition. p(**Lu)/ (" Lu) = 1.0263),

vo(*LuC0) = —~ 139.9690) MHz. QUALW/Q(*Lu) = +1.0X4).

Taking w(Y77Lu) = 2.23911)u, and Q(77Lu) = 3.392) b The nuclear moments are
[14], the magnetic hyperfine field and the electric field gra- 16 _
dient are then found to be (L) =2.29713)pun,

Q(*%%Lu)=+3.4212) b.

T T T T
1500 N Additionally, a 90° geometry measurement was per-
1771uCo formed, with an external magnetic fieBl,, = 20 kG. The
1000 B2 208_keV ] resu!t is shown in the bottom part (_)f Fig. 3. Because of the
- Y relatively large quadrupole splittingvith respect to the mag-
& netic interaction the subresonances are not separated equi-
= 500f ] distantly and the correction factoks) andK™29 as defined
< by Egs.(18) and(19) have to be taken into account for the
0r . least-squaredit. These were obtained by an iterative proce-
dure, determination of,, andvq and subsequent calculation
of KO and K(Ma9) with which then a new set of,, and
oL ] v? could be determined. The final correction factors were
KW=1.079, K®@=1043, K®=1.011, K*=0.982,
_200k ] K®=0.955,K(®=0.931, andk (M) = 1,022,
g The results from the least-squares fit are
2 -s00fF ] o
Z vy’ (20 kG)=234.83) MHz,
-800} .
. | . . vg'=—-148.43.1) MHz.
=40 =60 =80 300 After correction for the external magnetic field, the final re-
Frequency (MHz) sult for the magnetic hyperfine splitting frequencies is
FIG. 2. QI-NMR-ON resonance of the 208 keV transition of V(M”=244.3(4) MHz.

7y, Top: & = 0°, y emission|| Bey,. Bottom. & = 90°, v . . . . '
emissionL B,y. In contrast to the 113 keV transitiditig. 1), the ~ The quadrupole interaction frequency is, within the experi-
v, resonance is much less suppressedor 90°. mental uncertainty, the same as in the 0° geometry. This
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FIG. 3. Change of they anisotropyA e of the 960 keV transi-
tion of *%%Lu [e=W(9=0°)/W(9=90°)—1]. Top: 0° geometry,
C || Bext> Bext = 1 kG. Bottom: 90° geometng L Bgy, Beyxt = 20
kG.

means that there is no evidence for the existence of a “col-

linear” EFG. The “perpendicular’ magnetic hyperfine field
is found to be

Bir=—489.42.6) kG,

which is ~ 4% smaller in magnitude th@LF.

C. LucCo(hcp)

There is one strong transition in the decay of"Lu
(E = 740 keV, 1, = 53%) the y anisotropy of which is

sufficiently large for NMR-ON. The resonance structure was
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shows the result for the 12 mK measurement vith, = 1

kG. The measurements showed that, as expected, there is no
temperature dependence of the hyperfine splitting frequen-
cies. The shift ofyy, with B, was found to be-0.4716)
MHz/kG, in good agreement with-0.50%2) MHz/kG, ex-
pected with the knowig factor and assuming = O for the
Knight shift parameter. The dependence of the quadrupole
interaction frequency on the external magnetic field is
dvg/dBey= —0.30(64) MHz/KG, i.e., zero within the sta-
tistical accuracy. On the other hand, as a functioB gf, the
best accuracy is obtained for thg resonance. Assuming
that the quadrupole interaction frequency is independent of
Bexi, the shift of v, should be the same as the shiftigj .

The result isdv,/dBgy= —0.40(4) MHz/kG, which is sig-
nificantly smaller than—0.50%2) MHz/kG. If we ascribe
this difference to a magnetic field dependence of the quad-
rupole interaction, we derivévg/dBe,= —0.47(19) MHz/

kG. Obvioulsy, there is actually @veak dependence of the
quadrupole interaction oB.,;, which, however, should not
be overinterpreted. Therefore, for the derivation of ratios of
quadrupole moments, we always take the quadrupole inter-
action frequencies measured By,; = 1 kG. As final results

for the magnetic and electric quadrupole interaction frequen-
cies we adopt

vy =256.63) MHz,
vo=—139.59) MHz.
The following ratios are deduced:
w(MLu)/ w(YLu) =1.029414),
QY Lu)/Q(*"Lu)=+0.9979).
The nuclear moments are
p(*Lu)=2.30812) uy,

Q(*"Lu)=+3.394) b.

measured in 0° geometry, first, for an external magnetic field

Bext = 1 kG; at three different temperaturds= 12, 22, and
43 mK. Additionally, forT = 12 mK, measurements were
performed for an external magnetic fiedd,; = 6 kG; Fig. 4

0.04 7

0.03

0.02

Ae

0.01

0.00

240 260 280

Frequency (MHz)

300

FIG. 4. QI-NMR-ON resonance for the 740 keV transition of

17 y. The linewidth is slightly larger than fo¥’ Lu (Figs. 1 and 2
189 u (Fig. 3), and *"™L_u (Fig. 6).

D. Y .uCo(hcp)

In the decay of 6.7 d’@du (I™ = 47) the following y
transitions have sufficiently largg anisotropiesE, = 91
keV, I, = 4.9%;E, = 181 keV,I, = 10.2%;E, = 810
keV, 1, = 15.3%;E, = 912 keV, |, = 14.2%; andE, =
1093 keV,l,, = 75.2%. Figure 5 shows the NMR-ON spec-
trum of the 1093 keV transition. The quadrupole subreso-
nance separatiod v was consistent for ally transitions,
with results—8.1235), —8.41(18), —8.8447), —8.3232),
and —8.3915) MeV, respectively. The final results are

vy =281.93) MHz,
vo=—156.61.9 MHz,
and the ratios
w(PAu) w(YLu)=1.2922),

Q(YLu)/Q(*Lu)=+1.122).
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FIG. 5. QI-NMR-ON resonance for the 1093 keV transition of 0.02 + ¢ 1 Buy 7
. L oot f * ++ .
The nuclear moments are 0.00 | 3
w(tu)=2.89315)uy, —0.01p ++ 7
1 | 1 1 1
Q(l72|_u):+3_7q6) b. 50 60 70 80 90 100

Frequency (MHz)

E. Y"3L.uCo(hcp)
FIG. 7. Unresolved NMR-ON spectra fdf ™Lu. Top: 0° ge-

Because of the relatively long half-life df3Lu (T, = ometry,c | Bex, Bexx = 1 kG. Bottom: 90° geometryg L By,
1.4 yr,I1™ = 7/2%), the sample was weak, with the implica- B, = 20 kG.
tion of long measurement times. The three strongestn-
sitions withE,, = 79 keV (I, = 7.5%, E, = 100keV (, =  They agree within the statistical error. As final results we
3.1%, andE, = 272 keV (I, = 12.599 had sufficiently  adopt the average
large y anisotropies for NMR-ON. Here, in addition to the

standard NMR-ON measurement technique, measurements vy=254.43) MHz,
were performed in which the rf power for each frequency
was adjusted so that the frequency dependence of the eddy- vo=—146.91.00 MHz.

current heating was compensated. A typical spectrum for the
272 keV transition is shown in Fig. 6. The results without For the nuclear moments we get
power adjustment are

vy =253.93) MHz, wu) w(YLu)=1.018514),

vo=—147.81.4 MHz, Q(*™3Lu)/Q(*Lu)=+1.051).
and with power adjustment, The nuclear moments are
vpm=254.33) MHz, w(Lu)=2.28012) uy,
vo=—145.91.4 MHz, Q(*™Lu)=+3.564) b.
‘ I I I F. Y"™_uCo(hcp)
0.02 - |173 8 ; ; 7 _ T
LuCo Because of the high spin df Lu (T, = 162 d,1™ =
23/27) it was not possible to resolve the quadrupole sub-
v  oo1F ] structure. Therefore the “parallel-perpendicular resonance-
< ' offset” method described in Sec. Il C was used to determine
the nuclear moments. NMR-ON measurements were per-
0.00 - 4 formed forBey || € (Bexy = 1 KG) andBgy L € (Bey = 20
t kG). Figure 7 shows the NMR-ON spectra of the 418 keV

. ' ' ' transition. Taking into account the results of all other transi-

=40 =60 =80 300 tions with sufficient intensity, the final results are
Frequency (MHz)

V(H)(Bextzl kG)=88.43) MHz,

FIG. 6. QI-NMR-ON resonance for the 272 keV transition of
173 . Y (Bey=20 kG)=68.12) MHz.
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TABLE I. Magnetic moments of Lu isotopes of this work stram yielded u=(2.20-2.2)uy [15], in relatively good
(NMR-ON), laser spectroscopiy.S) of Ref.[10], and Nuclear Ori-  agreement with the experimental values. The theoretical cal-
entation(NO). culations show also a very weak dependenceuobn the
atomic numbe, indicating that, betweeA=169 and 177,

Isotope 17 Ma[MN] X pu (RO, (9] the wave function of the 7/2[404] proton is very weakly
NMR-ON LS NO affected by additional neutron pairs.
19y 772 220713 2.295616) 1.0016) The ground state configuration éf2_u is believed to be

7y 712* 230912 2294516 2.0310° 1.0045) {77_7/2*[404] v1/27[521]}4~. For this configuration Ek-
172 4- 289315 2.894320) 2.2610° 1.0005) strom predicts 2.58y [15], and Krane et al. predict
173 712* 228012 2279916 2.349° 1.0005) 2.7_0/.LN [1], both values being slightly smaller tha_n our ex-
1am ) 4~ 149710° 1.4881) 2.3433° 1.0067) perimental valuep = 2.89315)#,\,.. As the theoretical .val-
177m 23/ 233713 2306516 27421 10136 ues depend strongly on the spin factor g5, for which

! 3 419 2742 %6 0s=0.69{"® has been taken, this difference should not be

3.3(3)¢ -
2.9317)" overmterpre_ted. _ _ _

The configuration of the 23/2 state!’™Lu is believed to
@This work. be {7 7/2"[404]v7/27[514]v9/2"[624]}23/2". Taking ex-
bReferenced 10]. perimental magnetic properties from neighboring nuclei with
‘Referencd1]. the respective single-particle configuration, the theoretical
YReferencd?]. magnetic moment of a multiparticle state witlparticles can
*Referencd9]. be calculated by
'Referencd3]. ]
9Referencd4]. I
hReferencd 14] (weighted average of Reff3] and[4]). =151 2, 9k KitOr/, (28)

The result for the magnetic hyperfine splitting in 0° geom-wheregKi andKi are theg factors and théK guantum num-

etry is ber for particlei, respectively. The collectivg factorgg in
v =79.22) MHz. Eqg. (28 may be ts\ken as an average on Fhe single_—particle
states,gr=(1/n)Z{gr . Taking the magnetic properties of
Thus the quadrupole offset of the 0°-geometry resonance ithe neighboring nuclei'’Hf(v7/27[514]), "*Hf(v9/2"
_ [624]), and the ground state df Lu(#7/2*[404]), the mag-
(m+1/2)Avg=—9.3224) MHz. netic moment of!’™Lu is expected to bg. = 2.406)uy
ee Ref[4]), which is in good agreement with the experi-
ental value. The existence of additivity-violating processes
and/or different Coriolis mixing as had been proposed to
m=6.86) MHz. explain the(wrong) magnetic moments from the NO mea-
surementgRefs.[3,4]) can thus be excluded.

Thus the quadrupole subresonance separation is found to be With the exception of'"Lu, the nuclear orientation re-
Avg=—1.27(12) MHz, yielding, as final result for the sults for the magnetic moments are in disagreement with the

Taking into account the measurement temperature, modéﬁ
calculations yield

quadrupole interaction frequency, NMR-ON results of this work and the LS results of Ref.
[10]. Thus it is once more confirmed that the interpretation of
vo=—21520) MHz. NO measurements is very problematic if the distribution of
hyperfine interaction parameters for the impurity nuclei is
For the nuclear moments we get unknwon. Here we would like to add that, in addition to the

NMR-ON experiments described in this paper, we have per-
formed NO measurements for all isotoppé&§]. For these NO
measurements the temperature was varied over a large scale
— between~ 6 and 60 mK — by heating the mixing cham-
ber of the dilution refrigerator. In all cases the effective mag-

w(Y™uy/ w(YLu)=1.0433),
Q(Y™Lu)/Q(YLu)=+1.5414).

and

netic hyperfine splitting/,(\}l“o) could be determined to an ac-
w(YTML)=2.33713) uy s curacy of ~ 3%. In most cases(\®) was significantly
smaller than the respective value from NMR-ON. The ratio
Q(Y"™Lu)=+5.25) b. p{(NO)/,(NMR-ON) \yas found to be 0.79), 0.903), 0.822),
0.664), 0.8712), and 1.0%4) for %%Uu, Lu, "y,
V. DISCUSSION Y3 u, Y"Lu, and ¥"™Lu, respectively{16]. Only if such a

ratio were constant for all isotopes would the concept of
Our results for the magnetic moments are listed in Tablaising an effectivédrenormalizedl magnetic hyperfine field be
I, together with values from the literature. applicable. The large scattering of the experimental values
The magnetic moments of th&"[Nn,\]=7/2"[404] for this ratio indicates that the distribution of Lu within the
ground states are almost constant betwien 169 and 177. hcp Co host lattice depends extremely strong on experimen-
Theoretical calculations of these magnetic moments by Ektal parameters, which are not under control. The NMR-ON
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TABLE Il. Quadrupole moments of Lu isotopes of this wgNMR-ON), laser spectroscopy.S) of Ref.
[10], and nuclear orientatio(NO).

Isotope " Q [b] Q (NMR-ON)/ 3(LS)
NMR-ON? Ls® NO Theory

189 u 712" 3.4212) 3.492) 3.38 0.983)

My 7/2* 3.394) 3.532) 3.45 0.962)

Y3 u 4~ 3.796) 3.803) 3.81 1.002)

73y 712 3.564) 3.542) 3.53 1.011)

77y 712* 3.392)¢ 3.393) 3.46

17y 23/2- 5.2(5) 5.745) 4.2367)° 5.77 0.919)

&This work.

bReferencd10].

‘Referencd 15].

dReferencd 14], taken for calibration of the EFG.

®Referencd 17].

method, however, yields results which are to a large degre®/ithin this model the ratio of quadrupole moments of the
independent on the details of the distribution of the hyperfine23/2~ isomeric state'’™Lu to the 7/2" ground state is —
interaction parameters. This can be seen from the ratiassuming that both states can be described by the same in-
puMRON)7, (15) which is given in column 6 of Table I. For trinsic quadrupole momer@, — expected to be

the isotopes for which the quadrupole interaction could be

resolved, the ratio is within the statistical error 1.0. For

L7y, for which the parallel-perpendicular resonance- Q(23/27)/Q(7/2)=1.668.

offset method had to be applied because of the high spin of

the isomer, the magnetic moment is by ()36 larger than

the LS value. The reason for this small discrepancy is probgr experimental value for this ratio is 1(84). Within the
ably due to the distribution of hyperfine fields in the vicinity o, nerimental uncertainty it is in good agreement with the
of the hyperfine field on undisturbed substitutional Iatt|cetheoretical value. Thus, according to our results, there is no

sites. In the resqlved spectrg this contribution appears vious difference in the nuclear deformations of the ground
background and is thus less important. It should be pOIntestate and the isomeric state. From NO measurement in a Lu
out, however, that despite this uncertainty due to the Iackin%in le crvstal. Oertebt al re. ortedQ(23/2 )/Q(7/2") =
knowledge of the hyperfine field distribution, the resulting1 2%(20) E/17] ’which indic.ate% the deformation of the iso-

uncertainty in the magnetic moment is only 1%. This is )
remarkable, if one bears in mind that, for NO measurementdNeric state to be smaller than that of the ground state. The
LS ratio of these quadrupole moments @(7™Lu)/

the unknown distribution of the hyperfine field introduces 177 i
uncertainties larger by one to two orders of magnitude. ~ Q(*''Lu) = 1.68%9) [10], from which Qy(23/2)

It is likely that the substitution behavior of Lu is similar /Qo(7/2") = 1.0105) can be deduced. This implies that the
for Fe and ZrFe as host lattices. Thus it is not astonishing deformation of’Lu in the isomeric state is very similar to
that the NO results for the magnetic moments differ stronglythe deformation in the ground state.
from those obtained by NMR-ON and LS, even for the cases Summarizing, the nuclear moments of the Lu isotopes
for which only ratios had been measured. The correct NQletermined with NMR-ON in hcp Co are in good agreement
value for ™_.u must thus be regarded as accidental. Probwith the respective laser spectroscopy results. The nuclear
ably, Lu is not the only case for which the NO techniquemoments can be well understood within the framework of
fails. Thus, special attention should be given to the fact thaNilsson model calculations. There is no evidence for the ex-
there are elements for which the determination of the magistence of additivity-violating contributions in the nuclear
netic hyperfine splitting — to deduce either the nuclear magmagnetic properties of Lu.
netic moment or the magnetic hyperfine field — by the NO
technique fails on principle.
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