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Nuclear Magnetic Resonance of Lu 175 
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The nuclear magnetic resonance of Lu175 has been discovered in LuBi2 and LuSb. The lutetium-to-
deuteron frequency ratios were found to be 0.73677=b0.00002 and 0.73732db0.00002 in the respective com­
pounds. The nuclear magnetic moment of Lu175 derived from these measurements is 2.230±0.011 nm. 

I. INTRODUCTION 

IN connection with an atomic beam study1 of Lu175, a 
search was made for the nuclear magnetic resonance 

of this nuclide. No resonances were found in lutetium 
solutions, presumably because of the rapid relaxation 
caused by the large nuclear cjuadrupole moment. For 
this reason it seemed necessary to work with a solid 
having cubic symmetry. An attempt was made to 
incorporate lutetium ions in NaCl, but no resonance 
was found probably because the NaCl did not dissolve 
sufficient LUCI3. The cubic compound LuN was pre­
pared, but no resonance was found because the prepara­
tion contained less than the stoichiometric amount of 
nitrogen. A series of unsuccessful attempts was made to 
prepare the cubic compound LuB6 which has been re­
ported by Neshpor and Samsonov.2 These preparations 
yielded mixtures of LUB4 and a phase identified as 
LuBi2 which had the same structure as the cubic com­
pound ZrBi2. La Placa, Binder, and Post3 have recently 
described this lutetium compound. The Lu175 nuclear 
resonance was found in a sample of LuBi2. 

The series of rare-earth antimonides prepared by 
Brixner4 and having the NaCl structure suggested that 
it might be possible to prepare LuSb for this work. The 
compound was prepared5 and the lutetium resonance 
was found in it. 

In order to get some idea of the frequency shifts in 
the borides and antimonides, ScBi2, LaB6, and LaSb 
were prepared and their nuclear resonances were 
measured. 

II. EXPERIMENTAL 

The lutetium, lanthanum, and scandium borides were 
prepared by heating compressed mixtures of boron and 
the appropiate oxide in a graphite furnace in vacuo for 
about 2 hr at about 1400 °C. Stoichiometric amounts 
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of boron and oxide were used for the hexaboride. 
Better yields of the dodecaborides were obtained by 
using about 50% more than the stoichiometric amount 
of boron. 

The antimonides were prepared by heating the 
stoichiometric amounts of the elements in a sealed, 
evacuated quartz tube. The temperature was held at 
about 700°C for J hr and then raised to 1000°C for 
about 2 hr. X-ray powder patterns were run on all 
samples using a 114.6-mm camera and Cu radiation. 
The lattice parameter of LuBi2 was found to be 7.46 A 
in agreement with Post's3 value of 7.464 A. The LuSb 
parameter was found to be 6.06 A. This compound has 
not been previously reported. Extrapolation of 
Brixner's4 parameters for TbSb, DySb, HoSb, ErSb, 
and TmSb suggests a value near 6.04 A for LuSb. The 
powder pattern of ScBi2 indicated a crystal structure 
similar to that of LuBi2 and a lattice parameter of 
7.39 A. This compound has not been reported before, 
but the lattice parameter seems reasonable when com­
pared with those of other dodecaborides. The LaB6 was 
identified by its lattice parameter of 4.15 A which 
agrees with that given by Post,6 4.153 A. The LaSb 
sample had the NaCl structure with a lattice para­
meter of 6.48A in agreement with the reported value4 of 
6.475A. 

A Varian Associates wide-line spectrometer was used 
in this study. Frequencies were measured with a 
Hewlett Packard HP524D frequency counter. 

The boride and antimonide samples weighed about 
2 g. They had an appreciable conductivity and for this 
reason were ground to fine powders. Some were em­
bedded in paraffin wax, but this procedure did not seem 
to be necessary. All measurements were made at room 
temperature. 

The resonances of the borides and antimonides were 
quite broad (about 5 to 10 gauss) and quite weak. It 
was necessary to use high rf power levels (1000-2000 
/xamp), wide modulations (4 to 8 gauss), and long time 
constants (10 to 25 sec). The resulting signal-to-noise 
ratio was of the order of 10 to 1. 

The resonance frequencies of the solid boride and 
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antimonide samples were compared in the same mag­
netic field with those in suitable solution samples. This 
was done by substitution. The resonances of the liquid 
samples were strong enough to be observed and meas­
ured on the oscilloscope. The resonances of the solid 
samples were recorded by slowly sweeping the magnetic 
field over a range of several times the linewidth. 
However, the long-time-constant filter used introduced 
a delay in response. The measurements were therefore 
made by sweeping the field back and forth over the 
resonance. This procedure introduced hysteresis effects; 
therefore, a simple average of the resonance frequencies 
obtained with the field current increasing and decreasing 
was subject to error from these effects. I t was necessary 
to establish a reproducible hysteresis loop. Hence, the 
field current was always swept over a precisely defined 
range. The same range was cycled for the solid and 
liquid samples. Care was taken to use the same par t of 
the hysteresis loop when comparing the resonance fre­
quencies for the two types of samples in a single run. 
The frequency ratio for the two samples at resonance at 
a given magnet current was therefore determined 
separately for increasing and decreasing currents and 
finally the average of these two ratios was taken. 

III. RESULTS AND DISCUSSION 

The lutetium resonance frequencies were compared 
with the deuteron frequency in a 20% heavy water 
solution containing 0,5 1 MnS04. The measured fre­
quency ratios were: 

KLu175 in LuBi 2 )MD) = 0.73677±0.00002, 
HLu175 in LuSb)A(D) = 0.73732±0.00002. 

The limits quoted are the mean deviations of all 
measurements. 

In order to estimate the nuclear magnetic moment of 
Lu175, the possibility of environmental resonance fre­
quency shifts must be considered. Some of the borides 
are reported7 to be metallic conductors. Since the LuB i 2 

sample had an appreciable conductivity, there is thus 
the possibility of a Knight shift of its resonance. Another 
source of frequency shifts is the second-order nuclear-
quadrupole effect due to impurities. Such shifts have 
been reported by Oliver8 for antimony in GaSb where 
they are of the order of 1 in 104. The shifts might be 
appreciably larger in the lutetium compounds because 
of the large quadrupole moment of Lu175, which was 
reported1 to be 5.68X10-24 cm2. Finally, there are the 
chemical shifts due to shielding effects, which can be 
quite large for elements of higher atomic weight. 

The lanthanide antimonides studied by Brixner4 are 
reported to be semiconductors and should not have an 
appreciable Knight shift. A similar behavior may be 
anticipated for LuSb. Since the lutetium resonance in 
LuBi2 is shifted to lower frequencies by 0.07% from 
that in LuSb, it may be concluded that a Knight shift, 

7 G. V. Samsonov, Uspekhi Khim. 28, 189 (1959). 
8 D. J. Oliver, J. Phys. Chem. Solids 11, 257 (1959). 

TABLE I. 

Ho Number of 
v(Ln)/v(D) (gauss) measurements 

0.736740±0.000016 8600 2 
0.736783±0.000013 12 400 4 

if present in LuBi2, is probably not larger than this 
amount. 

The frequency shift caused by impurities, through 
the second-order nuclear-quadrupole interaction, is 
negative and proportional to (eqQ)2/fxH0, where eqQ is 
the quadrupolar interaction of the nucleus in question 
with the impurity and JJLHO is the magnetic interaction 
of the nucleus with the applied magnetic field in the 
absence of other interactions. The formulas have been 
given by Bloembergen and Rowland.9 In the ratio of 
the frequencies of a solid and a liquid sample, the liquid 
frequency is not affected by quadrupolar interactions 
so that the ratio is shifted by an amount proportional 
to (eqQ)2/'({jiHo)2. Thus the measured frequency ratio 
Rm may be written as Rm—RoJfbHo~2, where Ro is the 
frequency ratio in the absence of quadrupolar shifts 
and b is a constant representing these shifts. 

The LuBi2 resonance frequencies were measured 
relative to those of the deuteron at two different fields 
with the results given in Table I. 

These measurements permit the solution of above 
equation for the unshifted frequency ratio, Ro, yielding 
Ro=0.736823. The shifts are barely significant statistic­
ally, but they do indicate that if a second-order quadru­
polar shift is present in LuBi2, it does not exceed about 
0.01% in these measurements. 

While the Knight shift and the quadrupolar shift do 
not seem to be significant in the compounds studied 
here, the chemical shift is a general phenomenon in 
nuclear magnetic resonance. Ramsey10 has shown that 
the chemical shift results from two opposing effects: a 
diamagnetic shielding arising from induced electron 
circulation and a paramagnetic shielding arising from 
admixture of excited states with the ground state. 
Dickinson11 has calculated a number of diamagnetic 
shielding corrections and found that they increase with 
increasing atomic number, reaching about 1% for the 
heaviest elements. These calculations show that the 
addition or subtraction of one electron from an atom 
changes the shielding factor by less than 1%, since it is 
determined mainly by the inner electrons. Thus while 
the chemical shift due to diamagnetic shielding may be 
as large as 1%, the resonance frequencies of an element 
in various compounds should not differ by more than 
about 0.01% because of such shielding. The diamagnetic 
shielding correction calculated for the free atom may 
thus be applied to compounds of the same element. 
Since the accuracy of the calculated correction is about 

9 N. Bloembergen and T. J. Rowland, Acta Met. 2, 731 (1953). 
10 N. F. Ramsey, Molecular Beams (Clarendon Press, Oxford, 
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5%, the corrected nuclear moment may have a corre­
sponding error of up to 0.05%. 

The paramagnetic corrections have not generally been 
calculated for lack of knowledge of the excited states 
involved, although they are probably smaller than the 
diamagnetic corrections (see for example Dickinson12), 
unless there are low-lying states as in cobalt. For free 
atoms and ions with spherical symmetry the para­
magnetic corrections should be zero. Since the para­
magnetic effects involve the outer electrons they should 
be fairly sensitive to the chemical environment. This is 
probably the reason for the chemical shifts in the heavier 
elements which, in those cases investigated, range up 
to about 0.2%, aside from cobalt. 

The effect of chemical shifts in the lutetium com­
pounds is not easily estimated because of the difficulty 
of finding compounds with observable resonances. To 
obtain some indication of the chemical shifts to be 
expected, resonances were measured in related com­
pounds where it was possible to use ionic solutions for 
comparisons. For this purpose ScBi2 and LaSb were 
used because they have structures similar to those of 
the corresponding lutetium compounds. I t was not 
possible to prepare LaBi2. LaB6 could be prepared and 
was used, although the crystal structure reported for it 
by Post et al.Q is different from that of LuBi2. 

The frequency of the cation resonance in each of 
these compounds was compared with that of the cation 
in an aqueous solution. The following results were 
obtained: 

KSc45 in ScCl3, aq)/KSc45 in ScBi2) 

= 1.00090dz0.0000S, 

*(La139 in La(N03)3 , aq)/»(Xa139 in LaB6) 

= 1.000137±0.000007, 

KLa139 in LaSb)/*>(La139 in La(N03)3 , aq) 
= 1.00156± 0.00006. 

12 W. C. Dickinson, Phys. Rev. 81, 717 (1951). 
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None of the above shifts exceeds 0.2%, while the 
shift between the two lutetium compounds reported 
above is 0.07%. Thus it seems unlikely that there are 
unusually large paramagnetic effects in the lutetium 
compounds 

If Dickinson's11 diamagnetic correction, 0.820%, is 
applied to the lutetium resonances, the largest remain­
ing uncertainty13 in the calculation of the nuclear 
moment is the paramagnetic effect. This effect may be 
at least as large as the observed shifts, and if it is 
assumed to be smaller than the diamagnetic effect, then 
a reasonable limit of error for the calculated nuclear 
moment would be 0 .5%. 

The lutetium nuclear magnetic moment may be 
calculated from the average of the two lutetium-to-
deuteron ratios given above together with Wimett's14 

value for the ratio of the deuteron and proton moments, 
0.307012192; Sommer, Thomas, and Hippie's15 un­
corrected value for the proton moment, 2.79268 nm; 
and Dickinson's11 diamagnetic shielding correction, 
0.820%. The resulting corrected value for the Lu175 

nuclear magnetic moment is 2.230 ±0.011 nm. This 
result verifies the less accurate value + (2.17±0.19) nm 
obtained from the atomic-beam magnetic-resonance 
study1 of the electronic ground state of Lu175. 
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