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PERTURBED ANGULAR CORRELATIONS IN FERROMAGNETS: THE_lOORhEi_CASE
SO + | A
S. Koiékir;‘T. A. Koster, R. Pollak, D. Quitmann , and D. A. Shirley
v " Department of Chemistry and
Lawrence Radiation Laboratory
University of  California
Berkeley, California .94LT20

| o B . February 1970

Studies éf the hyperfine field for the system loQRhEi by both NMR/PAC
and TDPAC techniques are reported and compared. The value at‘296.0(5).K is

|5 = 207.1(6) 'kG.  An upper limit on inhomogeneous and relaxation broad-

[Fpel
enings is set at,2.5(5) MHz.

When an intermediate state in an angular correlation .cascade interacts
with a magnetic field by dipole coupling,’
->

JC: _ﬁtH = -'Y-ftﬁ ) . . ) .. ) o ‘ ' (l)

. L o
the nuclear moment precesses about H at the Larmor frequency

*Thisvwork was pefformed under the auspices of the U. s. Atomic Energy
Commission. |

+On leave from Boris Kidii&_Instituﬁe; Belgrad, Yugoslavia.

4»:On leéve from Institut fur Téchnische Kernphysik, Téchnische Hochschule,
Darmstadt. P?eseﬁt address: IV. Physikalisches InSfitut, Freie'Universitét,

Berlin.
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Wheré' Y ~is the nuclear gyromagnetic ratio. Consequently the angular corre-

lation pattern, which for dipole transitions has the form

wie) =1 : AP, (cos 8) , o | (3)  J

becomés

P, (cos [6 - 2nth]) o | (b))

wie,t) =1 + A,

for the magnetic field ﬁ _perpendicular to the detector plane, and

W(B,t) = 1 + (1/5) A, (1 .+ 2 cos 2mu t + 2 cos bmv t) P, (cos 8) (5)

for a randomly>oriented magnetic field [l}lof donstant magnitude H.

'The accurate determination of V. 1is a problem of central importance B

L
in the application of perturbed angular correlétions to solid state physics.

In'thisilefter We'describe two ways in which the techniques for determining

vL with high accuracy for'the_fest case lOORhﬁi hav¢ been improved recently.

A. Nuclear Magnetic'Resonance/Perturbed-Angular Correlations .(NMR/PAC)
This technique was first demonsffated in thivaabératory in 1966 on tﬁe
looRhEi case [2]. While qualitatively successful, the eXperiment left several
- questions unanswered: l) the obsefved 2% effect was smaller than expected and
2) the resonance linewidth of 20 MHz (fig. l(a)) was far greater thah'the.,
O.9h'MHz natural linewidth dictated by the intermediate state mean lifé,:
TN = 339 ns. hIﬁ further studieg (3], the asymmetric line was resolved into
two components (fig. 1(b)).
We have now'establiéhed that both effects wefé maiply attributable.to

. inhomogeneous brdadening caused by Pd -impurity in the Rh metal used as target
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material to prodﬁCe_looPd via the Pd reaction. This Pd impurity

went through chemiéal separation with the Pd activity and appeared as a 1%

impurity in the Ni samples. From Budnick'é work [4] we would expect that, for

a lOQPd‘atom within 2 or 3 lattice posiﬁions of a Pd impurity atom in a nickel

lattice, a resonance at a.frequencvaS% below the main line would appedr.

, Substantial line broadéning would also be expected. The early spectra are fully

consistent with Budnick's results for an alloy with 1% impurity.

In a new serieéJof experiments, higher purity élloys were prépared and

the temperature énd rf field intensity were more carefully‘controlled. The

‘resonance lines were much narrower and the NMR/PAC effect ‘was greater. ‘The -

results are shown in fig. 1(c). Resonance occurs. at 338 MHz, the narrowest
linewidth'observed'being 4 MHz.
We conclude that in ferromagnets NMR/PAC cén produce resonance lines

which are'essentially equivalent to those observed by conventional NMR.

B. Time-Differential Perturbed Angular Correlations (TDPAC)

‘Because W(6) has period T, the modulation frequency of Ww(8,t) in

eq. (3).is QVL.’ In the case of eq. (4) the modulation pattern is more com-
plex [1], containing both VL and 2vL. For the lOORhHi;system at room temp- '

erature, Vv

L = 3Lo MHz, so that with an external field the coincidence rate

oscillates through a full cycle in ohly 1.5 ns, whereas a component'with period

l/\)L =.3'ns is also present in an unpolarized source. Direct observation of
these high frequencies, particularly for the low energy cascade 84.0 keV -

7&.8_keV, requires much better detector timing_characteristics than have been

‘ available with the usual Ge(Li) and NalI(T1) systems.
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'The.best figure we obtained by using Ge(Li) detectors was 6.3 ns FWHM
for prompt coinéideﬁCes at 84 keV -~ 75 kéV. This, éf coufse; is too slow for
our case. An'appafatus was built emplojing Sn—ldadgd piastic scintillators
1NE1LO, together‘with RCA - 8850 phofomultipliér' fubes. .Tﬂe‘Sn contenf in the | W
phosﬁﬁor enhanceé.the_fuil energy péak detection at lowef energiesband this
peak, together with the Sh escape peaks, is clearly visible. The - (unresolved)
full ehergy p?aks'assoéiated With the 8M~ReV - 75-keV cascade could be.observed"-
direqtly and a fast résoiving'time of 1.20 ns FWHM for.prompt coincidences at
these energies_waé achieved. With-this sysﬁem, we wére.ablé to resolve‘even _
i:= 680 MHZ @Odﬁlatioh component, produbing'hﬁﬁdreds of oscillatiéné

over the useful range of about three mean lives of the T5-keV level. .Of course,

the 2V

the amplitude of thesé'oscillations was subsfantially reduced by the finite
resbiving time‘of the ¢oincidén¢e circuit. |

The féiloﬁing analysis refers only to unpolarized_ekperiménts. A part
of 8; time—differentiélscurve-with détectofs at coﬁstant rela£ive aﬁgle T is
shown in fig. 2. ‘Besides the VL cbmbonént, ﬁhich‘is pigérly visible, th¢
pattern exhiﬁits'a high:frequency oscillation at 2vL._ Its mést pronounced
effect is to give the.low‘frequency peaks a ”cusped"vappearance.

The data'haylbe analyzed most conveniently by Fourier transforming them
into the frequéncy domain. This was_accomblished by prOCedures dnalogoué to
those'describéd previously [5,6], except that because of the éxtreme timing
reguirements,_én‘analogue time—to—amplitﬁde converter- and a pulse-height
analyzer were used in this case. The Fourief cosine transform of the auiocor—: ¥

relation function of the coincidence counting rate is shown in fig. 3. This

curve is similar to an NMR line, but there is of coufse no rf field present.'
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L 'of 680 MHz shows up clearly in the Fourier transform

function, as éhan-in fig. 3(b). This. frequency is an order of magnitude higher

fthanvahy observed previously by perturbed angular correlations.

‘C. Discussion

100

The pafaméters for Rhﬁi_obtained by the two methods are given in

' Table 1. The slightly lower frequency obtained by the NMR/PAC method is

attributable to ingucﬁive heating in this kind of experiment, since QL in’
ferromagnets decféases with increasing température;' The’liﬁewidth of L MHZ
in the NMR/PAC ekperiment is cdhsiderably lérger thén that in the TDPAC
experimént. This increasé in linewidfh is probably due to power broadening
in the MMR/PAC case. | |

-fhe minimum linewidfﬁ of 2.5 MHz ébtéined in thevTDPAC experiment is

still in exceSs’of the natural linewidth of 0.94 MHz. Besides possible tech—

‘nical causes of ﬁhis broadening,_such as difficulties in the TDPAC measurement

dVer;very loﬁg time intervals, or broadening resulting froﬁ_the rather involved
data redﬁction proéedures,_or the finite length of the data“saﬁplevautocorrelated;
there aré two possible inherent soufcés of the broadenedvliné:

'a)'Inhomogeneous broadening. Thié kind of broadening is usual for .
conventional NMR linewidths in ferromagnetic metals and amounté'tybicﬁlly td_
about AvL/VLv= 1072, o

b) Réiaxation Eroadeningf This kind of broadening may be the conse-
guence of evenﬁuai‘small daﬁping of the correlation ampliﬁude'with time,

because of possible_nuclear spin-lattice relaxation interactions during the

lifetime of the nuclear state.
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Thus, it seems best, at least tentatively, to regafd the 2,5 MHz lineﬁidth as

an upper limit for the two above-mentioned proéesses.

The value H . = (=) .207.1(6) kG at-296 K is in good agreement with ,5\
hyperfine'field systematics [7]. A preliminary mgasurement giving, ’ - . U
e (T = hTB,K)} = 164.3 kG, & decrease of 21%, gives some indication that Rh

in Ni might be’exhibiting localized-moment behavior. Further study of ‘th

(T)

is in progress.. |
It is a'pleasure.to'thank Dr. E. Matthias for hisjcéntinued interest

in, and‘contribufions‘to, ﬁhe devélopmenﬁ of this field, Mr. George Gabor for

vhis confriﬁutiéns_to the.developmént of both the NMR‘and the fast-timing appa- |

ratus, Mrs. Claﬁdétte_Léderér‘and Mfs.'Esﬁher Schroeder for writing the compﬁtér

programs'used_in our analysis, and Mrs. Winifred Heppler for carrying out and

" improving the sample preparation.
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Table 1

'NMR/PAC Method ~  TDPAC Method

L
Linewidth Av, (Miz) " y.oo(h) Co2s(s) | ¥

Larmor frequency v_ (MHz) 337.8(L4) E - -339.5(3)

Tnternal field (kG)a) (=) 206.0(6) (=) 207.1(6)

i
'

Teﬁperaﬁﬁré'(K) . = 296 '..j 296.0(5)

a)’I'he errors include the error in the apparent:g—factor, but not.

the éfrbr in the correction forvthe Knight.shift,of Rh in Rh metal.
Wevhave used the §aige of J. A. Seitcﬁik, V. Jaccarino, and J. H.,»
Wernick'(Phys. Rev. ;;Q (1965) A1k48) of o,h3%, yieiding g = 2.151}‘
- A recent redetermination of thié-shift asvonly 0.04% (T. H. Brown
‘and P, J.“Greeﬁ, Phys. Lettefs 3;5_(1970) 148) would change thé
true valﬁe of g to 2.159, giving Ithl.values of.205.3'kG and

206.3 kG, respectively, for the NMR/PAC and TDPAC measurements.
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» Figufe Captions o 7 _
Fig. 1. NMR/PAC specﬁra.for lOORhQ;:' (a) ref. 1 (1966), (b) ref. 2 (1968),
6 and  (e¢) pfesent results (1969). In (a) and (B)Athe‘ﬁide and asymmetric
(@ absorption aréés are attributed to the preseﬁce of Pd.impuriﬁy in the Ni
fhost. In (c); the low frequency.cqmbohent is no 1bngér presept‘and the
éeffecf is tripled to.6%. |
Fig. 2. Paft‘of._a timeedifferential pefturbed angulér correlation spectrum
for the 7&,8-kev, 2" state of lOORh in Ni. |
Fig. 3.' Fouriéf'cosine‘transférm of ﬁhe'autécorrelation'fuhcfion of the
coincidence chnting rate showing'(a)‘the-Larmof résonance fréquency
vL.;'339.5(3) .MHZ; yielding a.hyperfing field [th|.='207.l(6) kG af_ }

T = 296 K, and (b) the high frequency component at QVL = 680 MHz.

1(\{
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