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60 . - . 
The nuclear ferromagnetic resonance of Co in Fe has been detected by 

~- .. 
observing the effect or a rf field on the angular distribution of the r-radiation 

·60 . ' 0 
emitted by polarized. Co nuclei at temperatures of about 0.03 K. At resonance, 

I 

' I 

· rf induced transitions partially randomize the.~oltzmann distribution, which is 

set up by the low: temperature and the large hyperfine field .for Co in Fe, in the 

60 . . . 
Co ground state. ·This h~s;a destructive effect on the -angular distribution of 

I. 

the emitted y .. rays, which i::- ,Qan..~ :.be !.•.: dete~ted· by observi~g the ~ounting rate 

at a specific angle as a function of frequency •. _(.:;:.·::.-. The enhancement of the 

1 rf amplitude in a ferromagnet. was necessary-to keep .the rf power at a suffic-

iently low level in order to avoid a' rapid warm up_ of the sample. 

This experiment was part of a more general program of our group in which 
. 

we are exploring the possibilities of pe:r'forming NMR experiments in radioactive 

states, using the emitted radiation pattern to detect the resonance, From the 

de~ection point of view all methods can be used that ... :l:nvolve emitted radiation 

with an anisotropic angular distribution (o! correlation) which can be destroyed . . . . . 

' by the rf field at resonance. This selects three different types of experiments: ... , ' . . ·. 

· 1) Nuclear orientation .·~t low temperatures; 2) Angular correlations; 3) Angu-

.lar· distributions produced ~y various kinds of nuclear reactions. Apart from 
r-

the different experimental techniques the three methods apply to different life--

. ' time regions of the nuclea:r state. For short lifetimes {TN < 10-6 sec) both 
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2) 
I'" 

For l;ifetimes between 1~~~0 sec and 1 sec only method and 3) can be used. 

I 
'v!OUld apply, an<;l for states ,.,.ith ''t'N > 1 sec ~ow ·.i'emperature "Orientation is appli- 1 

i I 
some cases change ~s I 

i ! 
·cable. The given time limits are approximate and might in 

much as an order of magnitude. In a remarkable experi,ment of type 3) Sugimo~o 
l 

. · 2 I 
et al. proved that the polarization of nuclei produced by a nuclear reaction I· ·. 
can he preserved up to lO sec or longer at room temperature and subsequently used . . . I 
to· detect the_ nuclear magnetic resonance. The .resonance destruction of an 

,_ .... angular correlation was also sho"lrm to be p~~sible3 by making use of the ferr·o~ 
; 

magnetic enhancement pf the rf ·amplitude~ p~ experiment of type 
. 4 

I 1) has ·in i 

I 
principle been sugge~ted by 

I 
Bloerribergen and Temmer in 1953, but to our knowll 

I 
I 

The reason edge, -no successful e.:kperiment has been carried out along th~s line. 

.: 1 ' 

for this Has probably the large heating effect of the rf field. 

l 
In an attempt to inve'stigate the suggestion of Bloembergen and Temmer 

. . 
further, we chose to again take advantage of the rf amplitude enhancement in a, 

i 
ferromagnetic sample. For. polarized foils the rf field, H

1
, is amplified ac-·! 

cording to the relation1 2 H~ff = (1 + Hhf/H
0

)H
1

, where H0 is the polar

izing external field and Hhf is the hyperfine field. In this way, it was 

possible to keep the externally applied rf pov;er sufficiently l,ow so that an 

adequate warm up of the sample'was obtained. For the first experiment of this 

· h · d · ' · · 60c f h b h · t t d th h T.ype 1·te c ose ra J.oac"tJ.ve o or w ich oth t e magne ic momen an . e yper-
• I 

fine :field in iron are known accurately, t}?.ereby making the search for the res-

ona'nce easier, .. as 1~e anticip~ted a fairly small linewidth. 
60

co emits two y . 

J:·::.y!;; of 1.173 ~md ) .. 332 MeV in cascade both of which have negative anisotropy 

and "lrTcre therefor~ taken together in the window of the single channel analyzer 

to· give ~ larger total counting rate. 

' '· 

'• 

\ . 
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·The low temperature· ( 0. 02°K) was re.ached ·by adiabatic demagnetization of ' 

a chrome-alum-glycerine slurry. The sampl~. was 'in .thermal contact with this salt. 
' . . . 

by means of copper: fins which reached· into. the demagnetization salt. 5 The sample 

• -4 . . 2 . . 
·Has a thin ("'10 em) Fe foil about 3 x ·3 mm onto w.hich the activity v1as elec-. ,.. .. 

a· 
.. troplatec'l. . The a.cti vi ty was then diffused (alloy I at 950' C for 80 hr, alloy II 

: ~t 950°C for .48 l:';.) into the ,.foil and soldered >d th Wood 1 s metal onto the copper 

fins. • The polarizing field, H
0

, was parallel to the plane of ·the foil and '"as 

.... produced by ~a pair of Nb rings located on either side of the. foiL The rf field, · 

' H1 , oriented parallel to the plane of the foil but perpendicular to the poiarizing 

field H
0 

was. fe'd in by a 2 turn coil in the He bath around the cryosta.~. 
. 'I 

\ . 
The angular distribution of y rays emitted from polarized QUClei is 

. '· . 

given b'y . I 

'\ 
; . 

.. '• •. ! 

tion parameters Bk are functions of.the Boltzmann distribution, depending on 
. . 

the· magnetic m.oment, ~~.effective magnetic field, Heff;. and .. the temperature. 

Resonance induced transitions consequently alter the orientation .Parameters Bk 

t-;hich is observed as ·a 'change in radiation intensity at .a. fixed angle$, This 

effect can be seen in the upper part of Fig. l where the ~arm up curve f~r 

e = 0° is shown as a .function Of f'r~quency,. which viaS _varied at· COnstant time 

·. ·intervals. .'The. resonance effect· is ·clearly visible at about 165. ~ !11Hz.· T? 

check whether this pe·ak. j.s. really. a frequency effect He measured the·.warm up 

curve for the same tern.perature interval and the same rf. amplitude. but at a 

fixed frequency ·off resonance. 1'he. result was negative as shown in tl:le lower 

'. . •'. 

. .. 
: , ... ' 

.···•··. 
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part of Figc l~ To improve statistics we added·together the resul-::.s of differ-

ent demagnetizations and the final result for two different alloys is shown in 

Fig .. 2~ The data in the left part of this figure (alloy I) are the sum of four. 

demagnetizations, in which the frequency range was scanned t-vlice per demagne~~i-

zationc The data on the right (alloy II) are the result of two demagnetizations 

· with one frequency scan after each. Although the effect at 90° is smaller the 

opposite sign compared with 0° is apparent. The observed line widths of about 

0.8 MHz (alloy I) and 0.5 MHz·(alloy II) is of the same order of magnitude as 

observed in nuclear ferromagnetic resonance. The slightly larger line width of 

the resonance j_n alloy I il:i ·in all probability caused by a larger inhomogeneity 

of the polarizing field, H0, due to the ~act that alloy I·. was larger. Also. the 

second frequency scan after a demagnetization sees a slightly displaced reson-

ance compared to the first ~can which is probably dtle to a change of the trapped 

flux in the Nb rings. To draw any conclusions .L'rom the observed line width one 

would have to use a better controlled external'polarizing field with greater 

homogeneity. This would also provide the possibility of observing the C:han,ge 

of the resonance frequency as a function of the external field and thereby measut
i 

ing the g factor of the-nuclear state directly .. 

The average value of the resonance frequency taken from both alloysi is 

165. 75±0.15 MHz. With a magnetic moment of Jl _:= 3· 754±0. 008 n.m. 7 this gives, 

an effective magnetic field of IHeff\= 289.6±0.7 kGauss. Assuming·that the! 

demagnetization factor for a thin foil is negligible we obtain after correcting 

for the polarizing field ( 1. O±O. 5 kGauss) the value 

i 
i 
l ,. 
i 
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for the tnternal magnetic field of very dilute Co in Fe. (less than l in 103 

atoms) at 0.03°K. This agrees well with the value of 289.7 kGauss measured 

by NMR for 1% Co in Fe8 and 4 to 17% Co in Fe9. 

To conclude it can be· said that the. radiative detection of NMR in 

polarized nuclei is proved to be possible •. Compared to conventional nuclear 
" 

. polarization measurements6 this method offers at least an order of magnitude 

higher accuracy which also makes it possible to determine the nuclear g factor 

directly by varying the external pol~rizin~ field. Further, it is independent 

of any precise knowledge of the temperature scale. It should be noted that the 

conventional nuclear orientation technique using y rays measures an energy 

Il-l· ·Heffl while the jpresent method gives a frequency lg Heff ~/111 . Combining 

both techniques would determine the spin of the nuclear state. 10 Also with 

regard to magnetic hyperfine fields of impurities in ferromagnetic lattices 

this technique will prove very valuable. Aside from the accuracy it measures 

.to a good approximation the hyperfine field at zero degrees and is capable of 

working with extremely small concentrations. A great nUinber of radioactive 

isotopes and isomeric levels are accessible to this technique, in particular 

in connection with isotope separators which provide a way to shoot isotopes 

into a lattice in cases where chemical procedures fail. 
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In the upper part 

the frequency was varied with time and the. resonance effect appears at 

165.8 MHz. The lower curve was taken with a fixed frequency.off resonance 

but with the same_rf amplitude as in the upper case • 

Fig. 2. 
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Resonance effect·at 0° and 90° for two different ~lloys 
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