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PART I

Nuclear Magnetic Resonance and Relaxation of 163Dy

in Ferromagnetic Dysprosium Metal

Abstract,

Nuclear magnetic resonance and relaxation phenomena of 163Dy
have been investigated by spin echo technique at liquid heliunm
temperatures. The nuclear magnetic resonance spectrum consists
of flve equally spaced lined in the frequency range from 300MHz
to 2000MHz. The center line frequency corresponding to the Zeeman
energy is 1162MHz and the frequency difference of the adjacent
lines corresponding to the quadrupolar effects 1s 409MHz. The
Spin-lattice relaxation decay law was found to be non-exponential.
A theory that accounts for the observed spin-lattice relaxation ‘
is presentedl It 1s concluded that a process in which the nuclear
energy relaxes to the kinetic energy of the conductlon electrons
via spin waves 1s predominant in the spin-lattice relaxation,

and the spin-spin relaxatlion tlme 1s solely determined by the

spin~lattice relaxation.
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I. Introduction

In heavy rare earth metals, trivalent rare earth lons
are embedded in a sea of oconduotion eleotroﬁs. .The unfilled
Uf electrons in the trivalent 16ns are closely‘bound inside
the outer olosed shells and at each lattice site there is
left a highly localized magnetioc moment due to these Lt electrons.
The moment is quite well given by the application of Hund's
rule so that J, the total spin plus orbital angular momentum
is treated as a good quantum number. Thus in heavy rare earth
metals, the localized magnetioc electrons carry the major pa:t
of the bulk magnetic moment and itinerant oonduction electrons
contribute little magnetic moment. The conduction eleqtrons '
enter into the magnetioc properties primarily as a coupling
mechanisms between looalized 4f eleotrona through sf exchange
interactions.

The unquenched orbital angular momentum of the unfilled
Lf electrons provides very large hyperfine magnetic field
in heavy rare earth metals. At the same tiwe, large eleotrio
quadrupole hyperfine energy is produced. Bleaney first discussed
the hyperfine interactions in rare earth metals'in detail.l)
Also there exist various other origins to produce hypserfine
energy; that is, the oconduotion eleotron polarization, the
core polarization; electric field gradlent produced by non-cublo ;
nature of the lattice, electric field gradient produced by
the conduotion eleotrons and so on, These contributions are
usually very small, exoept in Gd metal in whioh the trivalent
ions are in Séstaté;

The measurements of the hyperfine interaction in heavy

rare earth metals have been done by nuoléar specifis¢ heat
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measurementsZ) and Mossbauer studiesB) in the past. But the
acouracy of the measurements is not so good in both methods

and for detalled study of the hyperfine interagtions 1t 1s

hoped to do NMR experiment in these metals, Herve and Veilletu)
made a preliminary measurement of NMR in terbium metal, but
their signal was not well reproducible and oould not be
asoribed with certailnty to NMR of terbium metal.

Becauge of the large hyperfine energy, the NMR frequency
in magnetically ordered state in these metals is expected in
frequency range between a few hundred MHz and several GHz.

We developed spin echo apparata ocovering this frequenocy range
and first observed the spin eocho NMR signals in Dy5) and Tb6)
metals and in a110ys7) formed by solid solutlon of rare earth
metals, and obtained precise values of the magnetic and electric
quadrupole hyperfine energles, The observed values are nearly

in agreement with those caloulated by Bleaneyl)

and independently
by Kondoe) for the hyperfine energles arising4from the unfilled

4t elecotrons.

In our previous report,9) we discussed the hyperfine
interaoction between the conduotion electrons and the nuolei;
and also we made a preliminary measurement of the nuclear
relaxation times in ferromagnetic Dy metal., On the other hand
Gi1ll and thlanlo) measured the tall mode of the recovery
curves for some lines of Dy161 and Dw163 also in ferromagnetic
Phase, by means of a saturating comb method. Howéver; detalled
dlscussions on the hyperfine energy and the ' relaxatlon mechanism
have not yet been given;

In this report, we sﬁall present details of NMR measuremen ts

of Dy*®3 1n ferrousgnetio Dy metal at low temperatures. Dy metal
4 ~2-



is normal ferromagnetic below about 85°K in which the easy
| 11)

axls of the magnetization 1s along {120) in the oc-plane.
‘ 12)

Our main 6onoern 1s the relaxation mechanism in, Dy metal,
Because of large electric quadrupole energy, the NMR lines

of Dy163 in ferromagnetic Dy metal split into five well
separated lines, and the nuclear relaxation does not follow

a simple exponentisasl curve but follows a composition of five -
exponentall funotions. We wmeasured the reiaxation decay in
detall and analysed the deocay curve by the use of a theoretiocal
formula obtained by solving rate equations, and discuss what

is the main orlgin in the relaxation. The Weger's mechanisn,
that 1s, the relaxation of nuclear spin energy to the kinetlo
energy of the conduotion electrons vlia spin waves through
hyﬁerfine interactions of the U4f electrons and sf exchange
interactions, which was proposed first for 3d ferromagnetic
metals,13) is found to be the main orlgin of the relalaxatlon
in Dy metal. Also spin-spin relaxation was measured and it
wlll be shown that Walstedt meohanism,la) that is, the con-
tribution of spin lattice relaxation to spin-spin relaxation,
is the mailn origin of T,. Our previous preliminary results9)
on the relaxation were too inaccurate and the relaxation
mechanism proposed at that time is not good. Also the result
to be presented in this paper is not in sgreement with that
of Gill and thlan.lo)

For the discusslion of the relaxation, it is necessary
tp know the detalls of the hyperfine interactions, and the
contributions to the hyperfine energies from othér‘origins
than the unfllled 4f eleotrons will be discussed in some
detalls.

3~



In I1 the experimental method used in the present
measurement will be described sud in {1 the experimental
results of the resonsnce {reguencies, line shapes, and
spin-lattice and spin-spin relaxations will be presented.
The theory of the relaxation will be given in IV, The
discussion of the results together with numerlcal estimatlon
of the relaxation probabillities will be offered in V. The
solution of the rate eguaviong whioh describes the decay
behavious in the case of guadrupole split NMR lines will

be given in Appendix,.

II. Experimental procedure

In the present studies, Dy metal samples from two
commercial sources were used. There was no difference in
the results of NMR weasureunents for both samples, The results
presented in next secrvion were obtalned with the sample from
Materials Research Cerporation. According to the suppller,
the purlty is bettér than 99.8 per cent and principal
impurities are (in per cent), Ho ©.03, Ca 0.02, T 0.0, Y 0.01,
sm 0.01, ™ <0.01, ca <{0.0%, Er 0.005, Mg 0.005 and Fe 0.005.
Samples used in the NMR measurcusnit were prepared by filing
the ignot metal into powder form with a faﬁ¢§}crons in diameter;
No care wag paild to avoid oxidization and the powders probably
were covered with oxlde, by which each powder is electrically
insulated from others. The powder sauples were stored in a
desclicator and the NMR slgnals obtalned at considerably
later days from the filing gave the same frequency and shape
as couwpared to those obltained Just after the filing, indicating
that there was no trouble about saumple treatment. Only a |

short annealing of the powders was done in an argon atmosphere
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to minimize crystal defects.

The spin echo apparatus in ultra high frequency (UEF)
range 1s in prinociple the same as that of conventional pulse
spectrometer. A light housé tube WaS used as an oscillator
and coaxial cavities wepe used as resonant cirocuilts, The echo
signal was mixed with a rf wave generated by a Klystron (or
a triod tube) local oscillator and the beat at 604MHz was
amplified by an IF amplifier and the detected signal was
displajed on an oscilloscope. To cover thé whole frequency
range of Dy163 NMR, several sets of the oscillators and mixers
were used. The duration of the rf pulsgs was fixed at about
one microsecond and the amplitude of rf pulses was varlied to
get optimum intenslty of the signal. In some cases at higher .
frequencies, the pdwer of the oscillator was not sufficient
to produce an opﬁimum 1nfensity of the signal and in those
cases maximum output of the oscillator was used for the measurement
of echo. The signal intensity was quite strong and in best
cases the signal-to-noise ratio was better than 103.

The line shapes of Dy NMRBR were determined by point to
point plots of the echo Intensities when the frequency of the
rf pulses was varied with every one or two MHz step. 1In each
one measurement of the echo helght it was necessary to adjust
the frequencies of the osclllators and the resonance condition
of cavity resonators. In narrow frequency range the measurement
of relative intensities of echos was reliaeble, but because
the calibration of the sensitivity of the apparatus was qulte
aifficult in widely different frequency ranges the relative
intensities of different lines could not be obtained in any

accuracy.



The spin-lattice relaxation was measured by stimulated
echo method.ls) Because the spectrum consists of five lines

in Dv163, which distrdbutg in wide frequency range, onlj one
liné can be disturbed by a rf pulse., As wlll be dlscussed
in next section, the relaxation decay is not simply exponential
in this case, and the whole decay ourve had to be measured
to anélyse it to compare with the theory. For this purpose,
the stimulated echo method seems to be the best. Because of
broad line shape, it was impossible to disturb whole spins
belonging to one line by a rf pulse of single frequency, but
only a hot spot will be produced at the frequemcy of the pulse,
The observed decay corresponds to the decay of this hot spot.
Another method was used to measure the relaxation, namely the
four pulses method or the measurement of the echo intensity
after a preceding echo. In this method the recovery to the
thermal equilibrium is measured and only a portion.of the
relaxation curve can be obtained with some accuracy. As far
as this portion 1s concerned, the relaxtion curve agreed with
that obtained by the stimulated echo method,

The spin-spin relaxation was measured by the change of
the echo helght when the separation time of two rf‘pulses which
produce the echo was varied., Because the spin-spin relaxation
time 1s very short, the accurate determination of T, was rather
difficult. |

The natural abundances of isotopes of Dy which have magnetic
moment are 18.73% for Dy Sl and 24.97% for Dy'®3, Both have
spin 5/2. Accurate measurement of the relaxation was made

163

only for abundant isotope Dy The measurement was done

at liguid helium temperatures between 1.4°K and 4.2°K,

{
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The temperature was controlled by regurating pumping rate of
helium gas in Dewar vessel. Because the intensities of rf.
pulses were strong and the relaxation rate is a function:

of température, ocare was taken to keep good thermal contact
between the sample and the helium liquid; powder sample
contained in an open glass tube was direotly immersed in
liéuid helium., In superfluid temperature regiog; liquid
helium certainly made direct contact with each fine powder

to keep good thermal oontact.

III. Experimental :esults
III 1. The resonanoe frequenocy, the line shape, and the
enhancement factor.

The observed spectra of Dy163 NMR in ferromagnetic Dy
metal oconsist of five lines. In the case of Dylel, the lowest
frequency line expected at about 60 MHz 1s still wmissing,
but other feature 1s quite the same as that of Dy163. The
resonance frequencles are shown in Table I.  The spacings
between each adjacent lines are all the same within the
experimental errors. This means that the NMR speotra consist
of lines split by a nuclear electric quadrupole interaction
whose principal axis coinsides with the direction‘of.the
internal field. The frequenocy of the ocenter line, corresponds
to the Zeeman frequency and the frequency differenoe,'vQ, of
the adjaoeht lines, corresponds to Bequ/ZI(ZI-l), where q is
the principal value of the field gradient tensor, Q the nuclear
quadrupole moument and I the nuclear spin;‘ In the case of 163;
the Zeeman frequency is 1162 MHz and vq is 409 MHz, and 1n‘

161

the case of Dy~ —, the Zeeman frequenoy is 830 MHz and v
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is 386 MHz. .

The large magnetlé and electric quadrupole hyperfine
energles of Dy163 in ferromagnetic Dy metal are mainly due
to the hyperfine interaotion arising from the unfilled &4f
electrons of Dy+3 ions in the metal. The 4f hyperfine

1)

energles were calculated independently by Bleaney 8)

and Kondd .

Though the numerical values obtained by their theoretical
calculations are only rough due to unknown values of various
parameters, the calculated values are in agreement with the
observed values. The published values of hyperfine energles
measured by Mossbauer methodB) also agree with our more precise
values,

There are other possible contributions to the hyperfine
energles arising from various origins., Namely, for magnetio
hyperfine enéxg;Pe?e ﬁgg%htrlbutions from the polariéation of

’
the conduoction electrons_and the core polarization. The
contribution from the core polarization was estimated by
Bleaneyl) and by Freeman and watsonls) to be -(gJ-l)Jx90 Koe
where g; is the Landé factor and J is the total angular momentum
of the unfilled 4f shell ('(gJ-l)J is the component of the
spin of the 4f shell along the direction of J). For Dy, this
core polarization field is about -200 Koe and is gquite
negligible compared with the observed field (about 6000 Koe),
Also the contribution to the magnetic hyperfine field‘rrom the
polarization of the conduction electrons was estimated from
our previous measurementg) of the change of the resonance
frequencies of Dy in Dy metal, Dy-Gd and Dy-Tb alloys to
be about ~270 Koe*, which too is quite small as compared with
the 4f contribution. The hyperfine field due to the . '

-8-



polarization of the conduction electrons will be diéoussed
again in later section in connection with the spin-lattlce
relaxation. Dipolar and orbital contributions of the
conduction electrons to the magnetlc hyperfine field may

be even smaller than the contribution from the polarizatiom.

* Here an uniform polarization wmodel is assumed for the spins
of the conduction electrons which is supported bj the
~experimental fact that the line broadening does .not change
appreciably by alloying. Froum the analysls of the experimenfal
results, the internal field at Dy nucleus in these alloys or

in Dy metal was found to be given by -110< S Koe, where{ S>>
is the average value of the spins of the Lf shell over all |
constituent atoms. In pure Dy metal, <§£>is 5/2 and the
hyperfine fleld due to the polarization of the conduction

electron is estimatqd to be about ~270 Koe.

Some possible contributions to the electric fleld gradient
(EFG) arise from the surrounding Dy ions forming the lattice
and also from the non~s character of the cohduotlon electrons.
These contributions seem very difficult to be estimated in
Dy metal. But in Tm metal in paramagnetic phase, Uhrich and
Barnesl7) obtained these contributions from thelr Mdssbauer

4

measurement; namely, they obtained q;:e)= 2;1#)(102 cm-3band

(ce)

gllattice) 4 e n02* on~3, where a,°°% 1s the principal

zZZ :
value of EFG due to the conduction electrons and qé;attioe)

is that due to the lattice including the Sternheimer coefficient.
Here the z-axis i1s parallel to the c-axis. Though these

values are not wmeasured in Dy metal, they may be of about the

G -



same magnitudes in Dy wmetal as in Tm metal. In Dy metal,
this z-axis is perpendicular to the easy direction of the
magnetization. On the other hand, the EFG arising from the
4f shell is estimated to be q ' * = 35x 10°% cu~> assuming
the shlelding factor of the close shell electrons to be
about 0.2, Thus the ocontribution from the 4f shell is the
main part also in EFG.

From the results for Dy161 and Dy163, the ratios of the
magnetic dipole and eleotric quadrupole moments of these two
isotopes are determined as u163/u161= 1.40+ 1% and Q?éB/Q;él

= 1,60+ 1%.

The shapes of the resonance lines of Dy163

are shown

in Fig.l. The principal feature of the line shapes is that
the center line corresponding to the transition 1/2¢=1/2

1s the narrowest and the farther satellite lines are the
broader, Even the width of the center line is much broader
than that expected from spin-spin relaxation. This extra
width may probably arise from small fluctuat;ons of the
valueé of the intemmal field by some imperfections of the
crystal. The broader width of the satellité lines than

that of the center line may be caused by the fluctuations
of the electric field gradient due to similar imperfectlons.
These small fluctuations of the electric fleld gradient
have no effect on the width of the center line, This extra
broadening of the resonance lines 1s quite imhomogeneous

in nature. By this inhomogenelty, the observed spin-lattice
relaxation ocorresponds to the relaxation of & hot spot
produced by the pulsed rf field, {The same sltuation holds

for the observed spin-spin relaxation.
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Next, the enhancement of NMR will be discussed briefly..
Because the measurement of the power of the rf pulses was
not done, we could not determine accurate value of the
enhancement factor in Dy metal. But it was clear that the
enhancement factor of NMR in Dy metal is very much smaller
than that of the resonance in ferromagnetic Fe and Co metals
in zero appllied field. Probably, the enhancemé;t factor in
Dy metal is of the same order of that of domain resonance
in Fe or Co metal. Further, some measureuments of NMR in
external magnetic field were done for Dy metal, and it was
found that the decrease of the intensity of the echo wlth
the increase of the applied field was muéh slower than
that in Co metal. Also the rate of the relaxation did not
change appreciably even when a weak magnetic field is applied.
These facts suggest that there is little wall enhancement
ih Dy metal and the observed signal corresponds to the
resonance of Dy nuoclei mainly in bulk domain, contrary to
the ocase of Fe, Co and Ni metals in which wall enhancement
is very large and the resonance from nuclel in wall is pre-

dominant in zero applied field.

III 2. The spin~lattice relaxation.

Flg.2 shows the decay curves of the stimulated echo
amplitudes for all five resonance lines of Dy163 in ferromagnetiq
Dy metal plotted against the time interval between the second
and third pulses, at 1.4°K, The decay curve of the resonance
line at 1162 MHz was measured also at 4.2°K, As shown in Fig.3,
the decay curve measured at 4.2°K coincides exactly with that
measured at 1.4°K when the intensitles of the stimulated echos
are plotted against tT ( t is the time interval between the

second and third pulses and T is thé absolute

«ll=



tymperature). Thls result indicates that the spin-lattlce
relaxation probability is proportional to absolute temperature.
Though only a hot spot produced by the rf pulses was observed
in our experiment, this proportionality to the absolute
temperature suggests that the effect of the spectral diffusion
1s quite negliglible, because the latter effect should be
independent of temperature., The negliglble contribution of
the diffusion to the observed spin-lattice relaxation was
also checked experimentally: The amplitude of the stimulated
echo signal was found to remain constant even when the time
interval of the first and second pulses was varied.15) The
smallness of the spectral diffusion comes from the inhomogenelty
of the resonance line; the resonance line is ﬁot only macro-
scoplcally 1nhomogenedus but also 1s microscoplically inhomo=-
geneous. A discussion will be given again in V,2 in connection
with the gpln-spin relaxatlon.

Each decay curve shown in Fig.2 is not simply exponential.
This 1s the feature of the relaxation of NMR lines split by
quadrupole interaction. Several authorsls) have discussed
the shape of decay curves in thls case, The'decay curve is
the sum of five exponential curves when I=5/2., The time
constant of each exponential function can be calculated by
solving rate equations for the occupation probabilities of
nuclear levels, and depends upon what 1s the domlnant
relaxation wmechanism. In Appendix, we show the solution of
the rate equations for three cases. In all cases, the

relaxation probability Wy between the nuclear levels m and
y

m' is assumed to be proportional to [(mllem')lz, where I

is the component of the nuoclear spin perpendicular to the



directlon of the internal field, and hence W 's are non

m'
y
zero only when m'= m+l. Case A corresponds to the case when

W Tis describes the relaxation

m,m+l wm,mi;'
decay when the Korringa's mechanism19) is predominant. Case

is independent of

B shows the case when wh'mtl is proportional to 3’mt;
corresponding to the relaxation in which the Weger's mechanism13)

is predominant. Case C shows the case when W

: m,ms1 18 PTOT
portional to mm,mi}

elastic coupling contributes mainly to the relaxation.

corresponding to the case when the magneto-

Dependence of wﬁ,m:; on mm,mi; in these mechanisms will be
discussed in later section. In all these cases, the decay
curves for the stimulated echo signals are calculated
theoretically in Appendix, and are shown in Figs?7, 8 and 9.
In caloulating decay curves, only one parsmeter is needed,
and we take Wé/zfs/z which 1s the relaxation probability
between two lowest energy levels as this unknown parameter,
We compare the observed relaxation decay curves with
those shown in Pigs?, 8 and 9 and 1t is found that curves
shown in Fig.8 agree with the observed curves shown in
Flg.2 quite satlsfactorily when an appropriéte value qf the

rarameter 1ls assumed, Beocause Wh is proportional to

m+1
absolute temperature T, we take w; which 1is equal to q§/2*5/2/T
as the parameter instead of qa/2;5/2 1tself. Taking a value
4.?6><102 ses"Lok™L for W,, oaloulated decay curves of the
stimulated echo signals are drawn in Fig.2 with solid ourves;
which fit the experimental plots quite well. Thus it was
found that the spin-lgttioe relaxation probability Wﬁ;mi;

is proportional to l(m]lemi;)l zmmfmi; T, In next section,

the Weger's mechanism whioch gives these frequency and

-13=-



temperature dependences will be discussed.

III 3. Spin-spin relaxation.

The measurement of the spin-spin relaxation tinme, Tb,
was done for the resonance line at 1162 MHz which corresponds
to the transition between 1/2 and -1/2 levels, The height
of the spin echo signal was measured by varying the time
interval between two pulses necessary to produce the echo,
and the decay curves of the echo height is plotted agalnst
the twice of thls time interval. Contrary to the case of
spin-lattice relaxation, it was found that the spin-spin
relaxation follows a simple exponential function and Té is
determined as the decay time of this‘exponential function,
exp(mt/Té). We have measured the temperature dependence of
Ib in liquid helium temperature range and the result is shown
in Fig.4. Because of fast decay, the acourate determination
of T, was rather diffioult end the measured values of T,
fluctuate for different series of measurements, Circula:
plots shown in PFig.4 are the average values of repeated
measurements at the same temperature and the virtical line
at each plot indicates a probable error.

Fig.4 shows that T, 1s proportional to 1/T. Because

the spin-spin relaxation arising from Suhl-Nakamura interactlion

is generally independent of temperature, and also that the
spin-lattice relaxation probability wﬁ;mil is found to be
proportional to T as already described thlis result suggests
that Ié i1s determined solely by spin-lattice relaxation; The
values of Tb were also measured for other NMR lines though |

not so acourately. A general trend of the varlatlon of T,

~14-
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against the resonance frequency of NMR lines, 1s that the
smaller mm,mil is the longer T2 is. This also asgrees with

the conclusion of the Walstedt's mechanismlu)for Té, which

gives the contribution of the gpin-lattice relaxation to

T

5y 88 willl be discussed in later sectlons.

IV. Theory of the relaxation of Dy nuclear spin in Dy metal.
IV 1. The spin-lattioce relaxation mechanisms.

The nuclear spin-lattice relaxation rate of Dy nuclear spins
in ferromagnetic Dy metal was found to be proportional to
absolute temperature as described in the previous section. The
nuclear spin-lattice relaxation in which the nuclear energy
relaxes to the kinetioc energy of a2 conduction eleotron is
usually proportional to T. There are several interactions by
which thils type of relaxation is produced: Direct interactlons
of thils kind are Ferml contaoct, dipole-dipole, orbital current
and electric quadrupole interactions. The relaxation arised
from these interactions have been caloculated theoretlically by
21) 22)

and Moriya.zB) However,

Obata, Yafet and Jaccarino,

the relaxation due to these interaoctions 1s not important in
ferromagnetic rare earth metals as will be discussed in next
seotlon.

An important contribution of the conduction electrons to
the relaxation in heavy rare earth wmetals arises from the second
order process in which the nuclear spin energy relaxes to the
kinetic energy of conduction electrons via spin waves through
the hyperfine interactions of U4f electrons and the sf exchange
interactions. This is the extension of the relaxation mechanism
proposed by Weger for 34 ferromagnetioc metalgégnd will be
dlscussed fully in IV, 2,

15



Linear temperature dependence of the ralazation rate can
be obtained also by some other mechanisus., One of them 1s a
direct process in which a spin wave is ebsorbed or emmitted
when & nuclear spin flips. Becauss of snergy conservatlon,
only the spin wave whose frequency is escual to the NMR
frequency can take part in thls process. But the spin wave
spectrum in ferromagnetic Dy metal has wuca larger energy gap
than the NMR energy. Therefore, this direct process cannot
occur. Another relaxation process of this kind is a direct
pProcess due to mixed mode of spin waves snd elastic waves,

Though thls magneto-elastic interaction contributes little
to the relaxation of Dy nuclei, a brief discussion will be

given in the next seotion.

IV 2, The relaxation rate through hyvperfine interactions of
4f electrons and sf exchange interactions via spin waves,

In ferromagnetic Dy metal, total angular momentum J of
each magnetlic lon couples together through strong exchange
interactions. When a transition between nuclear spin levels
takes place, a virtual spin wave can be excited by the hyperfine
interaction between J and I. This virtual spin wave can be
annihllated in a scattering process of the conduction electron
through sf exchange interactions, transfering the nuclear energy
to the change of the kinetic energy of conduction electron.
The reverse process is also effective, 7This is the process
to be considered in this sub-section. Wegerlj) discussed the
relaxation probabllity arising from this mechanism, in the
case of magnetic hyperfine interaction and spherical Fermi

surface. In the case of Dy metal, there exists a large electrioc

«16=



quadrupole hyperfine interaction beslde magnetic one and
also the Fermi surface of the conduction electrons 1s quite
different from sphere as was shown by theoretical caloulations

24) Therefore an extension of Weger's

of Keeton and Loucks.
calculation is needed. )

When the total spin plus orbital angular momentum of
each oonstitutional ion of a magnetic system is a good quantum
number, the magnetic and electioc quadrupole hyperfine Hamiltonian

of the }j=th nucleus can be written in the form
T, =A% L -B(${37:-70 -M)} (3T~ T(1+1)} Tl{(JJZJJ;JJ‘.IJZ)

\ z,__z 2 2
I;l L. Z)*(Iax_‘[ djdi'( j2 iy I*fIdi‘)} (L - J 5 )]
(4, 1)
Here, JJ is the total angular momentum of the j=th ion at the

lattice site Rgt IJ the nuclear spin of the j-th nuocleus
and the z-axls 1s along the easy dlrection of magnetization.

J are J i; and I, are I_+I_ respectively and A and B are

y :t x-"y
gmmr‘\w%3 <}*:/I)<r‘3><3uN\\J > (1-Rm )
B =S AL CTNT><r7> (1- R, b, 2)

where <J NIl &> and <J Ilall D are pure numbers which are
tabulated in the paper of Elliott and Stevenszs) for the ground
state of 4f ions. ny 1s the magﬁetio moment of the nucleus, B
the Bohr magneton, Q the nuclear electric quadrupole moment,
<:r'3>~ the average of r 2 of 4f electron and R, 8nd R, are
the shielding factors of the closed shell electrons.

It is convenlient to transform the hyperfine interaction

Hamil tonian using the transformation of Holstein and Primakoff;26)

|
- T_n%n L vy )2
=1-0;4 , J, =020 & , od T (23)"¢
(4, 3)
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In these expressions, ag and aJ are Bose creation and
annihilation operators, respectively. Since the number of
exclted spin waves 13 generally small at low temperature, the
factor (1-a§ aJ/ZJ) is already approximated to. be unity.

We keep terms only to the first order in Iiﬁ a* and a,
because the contribution of the second order terms to the
relaxation is smaller in the order of magnitude. A brief
comment of the relaxation rate due to higher order terms in
I¢ and J4+ will be given later. The retained terms in the
hyperfine interaction can be written as }*é;*'}hép which

are given approximately by

Hh%p.'=£315i~%BI’[3IJ;~I(I*1)] b, &)
ad’h)?. = 3(23) * (&5 IJ- + ad:* IS")
—B@T)*] (s (4T + G2 T )+ (G176 LTl (b, 5)

Here, because of large value of J, (1-1/2J) 4is approximated

to be unity.

»
Further, we transform aJ and aJ to thelr Fourier transforms

a .
\ \

~1 “ChRy ' =3 COR; , ¥
f; =N L%} e %R"a% and &;=N Z% et ‘e , (4, 6)
vhere N is the total number of atoms in the crystal. Then
the hyperfine Hamiltonian '}#&P which gives the relaxation 1s
transformed as follows oR 298
/ J - ~T I A < %
Fhge =) DN [Z€T T g € g T ]
"1?)(2.5)3 N—%SEI‘ (Ze—c—%kja —L + Zecgkdd% I‘+)
-21R; 2% Lap: § - § [ (4, 7)
. -«-(2;& od%l'g._ "‘% i R"a* JRS )I;;?n]
©n the other hand,’ denoting the anhiRilatiof and ocreation

T

operators for the conduction electrons having the wave vectors

k and k' and the spin up and down as ka\and bk'¢ , respectively,
the part of the sf exchange Hamiltonlan which relates to the

relaxation can be written as

=18«



T(R-RDRn

g’&{/%u\ In ‘q’p rlgwj —)

Ty =N Z (g5 -0 x0e
(&, 8)

Here, g7 1s the Lande factor and g(kk') is given by

4
e k) = [eX ®WT Y 0y ke fndr (8, 93
where uk(:r)ei‘Kr jg the Bloch function of the band electron .

4
and {(r) 1s the exchange interaction function between the
band electron and the 4f electron. Next, Zo{f 1s transformed

st
*
to be represented by aq and aq instead of J:t- The result ls

3 Rm
ZHS ~—N N (23’) Z)_(gd% J (rrHE" :) (4, 10)
Lo b B B b € P

By the Hamiltonlan —H,/ only the transltions between the
nuclear levels Am=il are allowed as only one magnon process
is concerned. Because the transitlion probability m—-m+l 1is
equal to m+l->m, we calculate only the probability of the
translition m—mn+l. The matrix element of fﬁfh;‘,‘ in which the
spin state of the J-ﬁh nucleus changes from m to m+l and at

the same time a spin wave of the wave number q is excited 1s

given by

G § [Ty, om0 ={(Tm Tome TN Ze“% i[£-87 (zwm)] (4,11)
The energy difference between m and m+1 levels, hmm o+l is
given by

K Wy ey = AT =2 3T (2m+1) (4, 12)
Therefore | J\L% ‘

i [ B | wo>=[(Tem)(Tem=1) RN (4 ,,Wb%e 4

On.the other hand, the matrix element in which a conduction
electron ¥ is scattered by an: ion to the state k% absorbing

’ /
a spin wave of the wave number q 1s given by g 4/,0‘3‘:"55. \k'f, %>

which is calculated from (U4, 10) as :
( L(\e R)Rn iR,
LKy, 0| Hp Lot 4> =-N"N" (2T)" (g-—\)ngP) e

(4, 13)
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Thus, the second order perturbation matrix element
corresponding to the transition from the state of the nucleus

m and the statelof conduction electron kT to m+l and k'

te glven By i i "ZJ(I—M)(IHMH) (5wt ) $R,R)

x(g-\;"\)%; Gz%%%’,e Rk~ )VE‘(%)-t £(rm+l) gem)] (&, 14)
where E(q) is the energy of the spin wave having the wave
vector q and £(m) and £(m+l) are the energies of the nuclear
states m and m+l, respectively. Because the energyJ of the
spin wave 1s very much larger than the energy difference of
the nuclear levels, 8(m+1)-dm) in the denominator can be
neglected. Now

Z’ e = N (4, 15)

only when k—k'-q» 4 where G;1s one of the reoiprooal lattice

C(R-k-%) Ry

vectors, and otherwise 1t is zero. Here, k and k' are taken

in the first zone. The case in which Gi=° corresponds to

the normal process, and the case in whioh Gy is non-zero
corresponds to the umklapp process. Taking these considerations
into account, the matrix element 1s transformed to

= @—N“J(I-M)(Imﬂ) (T\‘%mﬂ)
(gm0 § (1) TGt b, 16)

where the :sum. -Ls over all possible recliprocal lattice vectors.

From this matrix element, the transition probability from

the nuclear state m to m+l by this prooess 1s calculated to be

Wm,m-n "( ) 2 Z ((8'& 8(‘{ R)> (‘k ‘Uw m+|>

R, beeup. R uh occup.
o 2K = G Ry (%, 17)

RS
(@ @] [ 2L ) [ FE-Ey)

Here the last tasctor, 5( Ei"Ef)’ is the energy conservation

term between the initial and final states and the summations

w2 Qe



in k and k' extend over all occupied and unoccupiled states,

respectively. In this expression,

ol (K- | - e2(6:~ Gy Ry
- - — 7 l& 18)
C E(E-Rl— G:) o, { E(‘Q‘RLG’;) Eck-h—&ﬂ) 4

and since G "Gg is also one of the reciprocal lattice vectors,
exp [1(6,-G,)R,} 15 equal to unity. Then, transforming
sutmations in k and k' into integrals, and neglecting the

nuclear energy in Ei" s W€ obtain

Win,me1 = (2R ) Gk wy, ) (- m)(pmm)]fakfoth [(gf‘)f}(kk)]

1 " . ,
"Z 7 EGR-GIEG-R"6) (1~ (Bt )] SCE EM’Z(M)’Z&w,m

where f(Ek/r ) and f(Fk 'y ) are the Fermi functions of up and

dovn spin electrons and ’Z(k'r) and 7(k'~1, ) are the densitles
of states for these electrons.

Because of the Fermi faotors, the integration is restrioted
on the Fermi surfaces of the up and down spin electrons, and

the final result of the transitlon probabllity 1s given by

Wa st = () (R0 e ) (I~w)(1+m+x)ka—r§o(o~ gotc-,
1
* . EGewany Eoon= gy SRN V) (§5-1) Tk,

where kB 1s the Boltzmann factor, T the absolute temperature,

(4, 20)

g(k4s ) and g(k'J ) the densities of states of the conduction
electrons of k1t and k') per atom and per unit energy on |
the corresponding Ferml surfaces and do“k. and O(GE; are the
surface element on the corresponding Fermi surfaces at the -
values k and k', respectively.

In this expression, the local density of states g(kf )
or g(k'y ) and the functional form of g'(kk') are not known.
Therefore, for a numerical estimation of ‘the transition

probability, we have to make some approximations; we replace



g(hh') by a constant value g which corresponds to some
appropfiate average of g(kk') over k and k' in the first zone
and also we replace g(k?T ) and g(k'y ) by an average value
N(EF)/A where N(EF) 13 the density of states per unit energy
all over the Ferml surface for electron having one direction
of spin and A is the total area of the Fermi éurface. Here
the difference of the Fermi surfaces of up and down spin

electrons 1s neglected. Then the transition probability is

81ve\rlx‘/:3;ﬂ =(2_'1;_R) i wm,mw)‘(j[JN)(I—fm-t—1)KBT(N—,S—\EE—))182(35’|)2.

4
X gdﬂ‘ﬁ fd%’g ECk-R-G:) E(R-R=-Cp)
by the use of the theoretical

(4, 21)

. i /
Numerlcal calculation of Wh'm+1
Ferml surface and spin wave spectrum will be given in next
section.

wm,m+1 given by{(4, 20) or (4, 21) is proportional to T

and m2 in accordance with the conclusion obtained from

m,m+1 °*
.the analysis of the experimental relaxation curves.

In Weger's original oalculatlon,lB) only the magnetic
hyperfine interaction is taken into account and by assuming
that the Fermil surface does not approach the zone boundaries,
the unklapp processes are neglected. Contrary to the case
of 3d metals, the shape of the Ferml surface of rare earth
metals 18 quite anisotropic and the Fermi surface touches
the zone boundaries, so that the umklapp processes may have
an lmportant contribution. Moreover, the cross terms of the
normal and umklapp processes should be taken into acoount,
Further discussions will be given in next section.

In the above calculation, the last term in (4,.1) whieh

gives the transitions Am=+2 by the nuoclear electric quadrupole

=22



*
interaction is neglected. This term contains az and a 2,

and for the calculation of the transition probability corres-
ponding to Au=+2, the processes conteining two magnon
excltation should be taken into account. The transition
probability by this process can be calculated by a third
order perturbation calculation in a siuilar wéy to that
described above., It 1s easily shown that this probability
is very much smaller than that given by (4, 21) and moreover *
it is proportional to the cube of T. ‘Thus the transitions
Awn=+2 have negligible contributions to the relaxation in

our case,

Iv 3. The spin-spin relaxation

Here we shall give a brief discussion on the Walstedt's

14)

mechanism in ferromagnetic Dy metal.

When a 90° pulse 1s applied to observe the echo of NMR

at the frequency W , 8 transverse megnetization 1is

, I+l
produced which rotates in a plane perpendicular to the internal

field with the frequency w The intensity of the echo

m,m+1°
signal 1s proportional to n,-n_, where n, and n_ are the
populations in the states of nuclear magnetization parallel
and antliparallel, respectively, to the quantization axis

in the plane perpendicular to the internal field in the
rotating coordinate system, rotating with the frequenoy

W mel relative to the laboratory system. The axis of

H .
quantization for other m' atates than m and m+l are taken
In the direction of the internal field and the population in

the m* state 1s denoted as n Then Walstedt shows that the'

m'*
differential equation for the decay of n,-n_ can be given by



40 - M) —-(w L0 )= T T, T B Wy

_{.
& w W o <u 22)
where w1 3 1s the relaxation probability between the states

i1 and J. .
If we take only the relaxation given in IV, 2 1nto

account, w1 .3 in this expression can be expressed by W I, m+l
as follows;
- - /2 *
‘w+_- W= Wm,m+1
Wy, me2™ wQ,m+2? Woe1 , me2/ 2

Wy me1™ Yo -m=1" m-l,m/2 (4, 23)
Wy me= Wo go= 0, for m' other than m+2 and m-1.
Then the differential equation becomes very simple;
d(, - n) : ! 1 -
0( - ' = (Wm,m+| Tz m-\,,m+ =2 \MM!IW\Q) ((K+ 'n— >" _(h’ 24)

Thus the echo decay 1s given by a simple exponential funotlon,
exp(-t/Tb), where T, is given by _ |

1/Tb= Wm+]’.,m-1-2/2 + w y+1 wﬁ-l m/2 (L, 25)
In the case of the highest or lowest frequency line, elither
one of the firgt or third term in the right hand side of
this equation 1s, of course, zero. The relaxation time given
in (4, 25) will be compared with the experimental value in next

section.

* In the original expression of Walstedt, the contriﬁution
from the interaction term containing IZ is treated as equally;
effective as those containing Ix and Iy, and a slightly
different expression 1is given for w;; or W_,. In the

relaxation prooess disoussed in IV, 2, there is no ocontribution

w2 lj .



from a term containing Iz to the relaxation, and this simple

relation holds.

V. Discussions
V 1. The spin-lattice relaxation.
Before entering the discussion of the relaxation due to
the peocess discussed in IV, 2 which i1s the maln term in Dy
metal, we first consider brlefly the relaxation arisling from
direct interactions with the conduotion electrons. The most
important one is the Korringa meohanism.lg) The transition
probabllity wm’éf{ between the nuclegr levels m and m+l by
the Ferml contact interactions of the conduction electrons
PETE DT W = G | (1T w1y | .
Q=& TR Vo ¥y (1Y, ()1%)* kg TIN(E))

where ?e and Yn are the gyromagnetic ratios of electron and

(5, 1)

nucleus, respectively, l%&jo)(z the density of the conduction
electron on the Fermi surface at the nuoclear site, and N(EFL,
the density of states on the Fermi surface,.

From Mdssbauer isomer shift, Herring et 31.27) obtained
the value of \+Oﬁrwhlch is the density per atom of a conduction
electron at the nuclear site. Here V+h)fis the average value .
over whole conduction elecotrons, contrary to the case of (%Eébﬂ
in which only the eleot?ons on the Ferml surface are oonsiderédQ
Their result is \4ﬁbrﬁ (1.6510.35)X\D“;€ch%, If we assume
thatlthe density at the nucleus of the electrons on the Fermi

surface is the same as this, the wvalue a_ can be numericaily

o]
computed, Using the value of N(E;) given in Table 2, which

is the value obtained by the theoretical calculation of Keeton

24)

2 ' '
and Louocks, we obtain about 10°T for a_, and W or @3/2;5/2/T
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defined in III becomes about 5x102 sec'1°K-1; which is about
the same magnltude as the experimental value., However, wé?&+1
is 1ndependent of mm,m+1 and the decay curves expected from
this process follow the curves given in Fig.7 (case 1 in
Appendix) which are entirely in disagreement with the
experimental curves. Then why doesn't the Kor;inga mechanism
take part in the relaxation of Dy spins? Probably this arises
from the fact that the conduction electrons on the Ferml
surface are mostly in non-s states and the value of l+&g(°>|2
is much smaller than \qio)r~whioh is the average density for
whole electrons at the nuclear site., Thlis means that the
conduction elecprons having s~character mostly have smaller
energles than the Ferml energy and sink in the low energy
part in the band,

Thils oconsideration holds also in the numerlcal estimate
of the magnetic hyperfine field. If we assume that I#@k(07\2
were equal to P?@”[zgiven by Mossbauer experiment and if we
assume a uniform polarization model for the conduction electrons,
the intemal field at the nucleus would be calculated using
the value of the sf exchange interaction energy whichis given
in Table 2 to be about -4500 Koe which is about the seme as the
fleld produced by 4f electrons. However, because the hyperfine
field in rare earth metal is accounted for malnly by that of
4f electrons, the contribution from the polarization of the
conduction electrons should be much smaller than the value-
given'here, In this case too the smallness of s-character for
the electrons on the Fermi surface i1s probably the origin
of this reduction of the hyperfine fleld. Taking the wvalue
=270 Koe for the hyperfine field due to the conduction electron

-2 b=



polarization, which was given in III, the fractlion of s-character
in the electronic states at the Fermi surface is estimated
to be about 1/15,

Narath in his discussion on the Knight shift and spin-

28) which probably has

lattice relaxation in hexagonal La metal
a similar Fermi surface as Dy metal, also showed the smallness‘
of the s-character for the electrons at the Ferml surface,
Rough estimate shows that the reduction of the s-character

of the electrons at the Fermi surface to about 1/15 gives

right 6rder of magnitudes for the Knight shift and spin-lattice
relaxation time for La metal,

Considering from these faocts, the smallness of the
s-character of the electrons at the Ferml surface 1s not a
special property in Dy metal but 1s a general property in
metals in which the Fermi surface is given by similar shape,
such as Y, La and other heavy rare earth metals. All in these
metals, the shape of the Ferml surface 1s quite different from
that expected by free electron model, but has nearly the same
anisotropy.

2 2

If we assume that {%E!Q‘is about 1/15 of PV(O)l, the
calculated Korringa relaxation probabilities are two or more
orders of magnitude smaller than the observed ones and are
entirely negligible,

The spin-~lattice relaxation arising from other hyperfine
interactions of the conduction electrons than Fermi contact
one 1is also estimated for Dy metal., Among various 1nteractions,
the nuclear quadrupole interasction fakes a most important part.
But the estimated value of the relaxation probability is very

much smaller than the observed value and is quite negligible.

w2 D=



Next, the relaxation by the Weger's process glven in IV,
2 will be discussed. For the numerical estimate of Wﬁ,m+1
given in (4, 21), values of various quantities contained in
the equation should be known. We first-discuss these. A
nunber of authors have discussed the spin wave(s?ectrum of
ferromagnetic Dy metal. COOperzg) calculated theoretically
the spectra at absolute zero temperature which are shown in
Flg.5 a and b. An interesting feature is a flat portion for
small q region in the c~direction. Direct observation of
the spin wave spectrum has been made in ferromagnetic Tb
metalBo) by neutron scattering technique. Because detailed shape
of the spectrum does not affect the final result of our rough
numerical estimation of wm,m+1’ we approximate the spin wave
speotrum to be represented by N N

E (%) =% () = A(%e) + D(%a‘*%@ ) (5, 2)

where w(qg) is the frequency of the spin wave having the wave
vector q and the a-, b- and c~axes are taken in the directims
of the cfystallo:graphio axes of the hexagonal lattice. A(qo)
is assumed to follow the curve shown in Fig.5, a, but fof
numerical calculation of w&,m+1 thls curve is further approximated
by a step function shown by : dotted line in this figure.
Though the curve shown in Fig.5, b 1s not a quadrétic function,’
we approximate 1t to be a quadratic one, and the constant D
in (5, 2) is determined from the spin wave energies at q,=0" and
q,=n/& in Fig.s, b. |

To calculated wm the shape of the Ferml surface

ym+1? .
should be known. The band calculation of Keeton and Loucks>"/
shows that the shape of the Ferml surface of Dy metal in para-

magnetic phase 1s quite complicated and it is almost impossible



to do the integration in (4, 21) over this Ferml surface.
Therefore, retaining typical features of the calculated Ferul
surface, we approximate the surface to that shown in Fig.6.
There are a hole surface and an electron surface in reduced
zone representation.

Though the local density of states i1s not given, Keeton
and Loucks oalculated the denslty of state of the conduction
electons at the Ferml surface per atom and per unit energy.

The density of states calculateéd from the observed eleoctronic
specific heat31) is about twice as large as this theoretical
value. However, because the effect of electron-phonon interactlion
is not known accé%tely, we use the value of Keeton and Loucks

in numerical calculation of Wh,m+1 by (4,21). Further, the

Ferml suffaces for up and down spin electrons in ferromagnetlo
phase may differ appreclably from that in paramagnetic phase,
However because of lack of the calculation in ferrbmagnetio

phase, we have to use the paramagnetic Fermi surface for both up
and down spin electrons in ferromagnetic phase.

Next a brief discussion wlll be given on §. Assuming an
uniform polarlzation model for the conduction electrons, Jacecarino
et a1.3) obtained the value of § from the Knight shift of AL in
XAl2 alloys in whioch X is eilther one of rare earth metals, 1In
the definlition given 1in IV, 2, the sf exchange energy is expresséd
as -2§ sS or -2{ (g;=1)sJ where s 1s the spin of the conduction
electron and S is the spin angular momentum of unfilled 4f shell.
The value obtalned by them 1s 232'-0.1,ev. Later, Barnes and
JonesBB) repeated similar experiments, but they found that the
Knight shift in non-magnetic rare earth di-aluminide which has
to be used in the caloulation of § as a standard of Knight shift,
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was different from that used by Jaccarino et al., The revised
value of 2} using their new value of the standard Knight shift 1s
2% = =0.3 eV, On the other hand, from the value of the hyper-
fine field of the conduction electrons in Dy metal, -270 Koe,
given in III and from the Knight shift in paramagnetic La metal

28) 0.83% (average value for two different

obtained by Narath,
sites), the value of § can be estimated, Assuming that the
values of Pﬁ%cdzand the density of states of the conduction
electrons at the Fermi surface in La metal are respectively the
same as those in Dy metal, which may be plausible assumptlion in
our approximate calculation, 29 is estimated to be about =0.1 eV,
Because of various ambiguities in determining the value of 9
from these experiments, it is hopeless to know accurate value,
but all these experiments give Zg-values of a few tenth of eV.
Therefore for the calculaton of‘Wh,m+1, we assume 2? = =0,15 eV
as an approximate value.

Another method of determining 8 13 to use the magnetization
ver atom in ferromagnetic phase., 1The main contribution to the
magnetization arises from 4f electrons, but some minor contri-
bution arises from the polarization of the conduction electrons
induced by sf exchange interactions. This contribution is
obtained by subtracting the calculated 4f contribution from the
experimental magnetization per atom. By this consideration,

2% value of about +0.1 eV was obtained.Bh) Though the absolute
value of 2§ estimated from the Knight shift or internal field
agrees well with that estimated from the magnetization, the

sign is different. So, there remalns a serious ambigulty in
determining § from these experiments. In the equation of Wﬁ,m+1'
f enters in a quadratic form and 1ts sign does not affect the
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final result. The same holds for the calculation of the
exchange interaction between localized magnetic moments 1n
heavy rare earth metals,

Knowing values of various quentities appeared in (4, 21),

numerical estimation of Wﬁ was performed. In the integratlon

ym+1
over the Fermi surface, further mathematical approximations was
made for simpliclty which does not affect much the final result.
The values of various parameters used in the calculation together
with the result are shown in Table II. The calculated value

of W, 1is ~4x10° sec Lokl and is quite in good agreement with

the experimental value, 4.76x102. An important feature in the
result of the calculation is that the normal process, the umklapp
processes and thelr mixed terms contribute to the relaxation

with about the same weights, Because of the uncertainties'in
various parameters, and rough approximations made in the
calculation, the computed value is only a tentative one, but

it seems certain that the Weger's process, that 1s, the relaxation
process via spin waves through 4f hyperfine interactions and

sf exchange interactions is the main one for the nuclear spin-

lattlce relaxation in ferromagnetic Dy metal.

A similar calculation was also made by assuming a free-
electron=like spherical Ferml surface of radius 1.4x10° om™t
which is given by (anNe)l/B, N, being the number of electrons
per cc. With the values of N(E;) and { shown in Table II, the
calculated valué of W, is about 1/50 of that calculated above

by the use of the Fermi surface shown in Fig.6, and this value

of W6 1s in quite disagreement with the experimental wvalue.
Therefore 1t seems that the non~-spherical shape of the conduction

electron Ferml surface is important to give a right value for

-3l



wo. In the case of spherical Fermi surface, only the normal
process 1s important. |

One more possible relaxation mechanism which arises froum _
magneto-elastic coupling will be discussed next, though 1t will
be shown finally that its contribution to the re}axation is
negligible. It is a process similar to that proposed by Pinocus
and w1nter.35) Suppose that the lattice is deformed periodically
by an elastlic shear wave of long wave length, whioh is excited
thermally. It seems probable that in this case the total anghlar
momentum J of each ion also makes an torsional vibration about
1ts equilibrium direction with the same frequency as that of,the
elastic wave, The amplitude of the torsional vibration 1é'deter-
mined by the magneto-elastic coupling, being proportional to
the amplitude of the shear wave, Through the hyperfine coupling
between J and I, an oscillating magnétic field as well as an
osclllating electric field gradient will be produced at each
nucleus, which produce: the relaxatlion of the nuclear spin, if =
the frequency of the shear wave coincides with the frequency of
& possible nuclear transition. Because the anisotropy energy
in the plane contailning the oc=-axis is about two order of
magnitude larger than that in the c-plane in ferromagnetic Dy
metal, only the shear wave in the c-plane 1s effective to the
relaxation. The relaxation probability by thlis mechanism can
be calculated following standard method of calculating spin-lattlce

relaxation and the result is given by

(m &) W 4 (g()zjz .
= m,me I(I+1>"m‘\‘m* 1)-] kST
M, m 2T ?( b’x‘k HR,':\‘S. )v.—ddf[ | (5,9 3)

where { 1s the density of orystal, H . 1s the plener hexagonal
anis, - |




anisotropy field, v is the veloclity of shear wave in the

elas

¢-plane and '{:3'3' is the magneto-elastic coupling constant as defined

by Callen and Callen.36) Wm'(::f_])_ is numerically oomputed by the
, .

use of following values for constants appeared~1n (5, 3)s
£=8. 5363rcm 3 Vylas. < 172X ew ge” 7 Ik Haqy = 23%10 .ugofwm"',-sg)
BY < 7.43%16 arg-akow™, 3V

The result is w(me)—leo Jand is meny orders of magnitude

smaller than the experimental value. Thus the contribution of

this process to the relaxation is quite negligible. wm(:f_{ is
proportional to mb ,m+l? and if this process were dominant, the
relaxation decay would follow the curves shown in Fig.9.

From these considerations, it may be concluded that the
importance of thé Weger's mechanlism in the nuclear spin-latti'oe
relaxation may be generally true not only for Dy metal but also

for all ferromagnetic non-S heavy rare earth metals.

V 2, The spin-spin relaxation time,

In IV, 3, we caloulated the contribution of the spin-lattice
relaxation to TZ’ the transverse relaxation time or the time
constant of the decay of the echo envelope. Using the value
of W, (= 4.76x 10°) obtained from the experiments of the spin-
lattice decay, we qalouiated the value of 1/T2 for the transition
1/26> =1/2 of Dy163 by the equation (4, 25). The result is l/Tz‘I"
=1.94X 10" sec™l. Tis relation is shown by a solid line in
Fig.4. The agreement between this ilne and the experimental
plots 1s satisfactory, indicating that the spin-spin re]_.axation
in Dy metal 1s determined solely by the spin-lattice relaxation.
Beoause wm ,m+1 is proportlonal to w ,m+1° the shorter T2 is

the larger OJ 1 is. This also agrees with the experimental

,m+
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results.

Now, in ferromagnetic material, an important spin-spin
relaxation arises from Suhl-Nakamura 1nteraction,2°) the I-I
coupling produced by the second order process of the hyperfine:

interactions via spin waves, Sherringtonuo)

havg calculated the
transverse relaxation time in ferromagnetic Dy metal due to this
mechanism. The calculated value is approximately 6 microsecond.
This value is smaller than the experimental value. Because Té

due to this mechanism is expected to be independent of temperature
1iqul N

inYhelium temperature range, it must be the case that the Suhl=-
Nakamura interaction 1s made ineffective by some reasons in

actual Dy metal,

The 1neffioiendy of the Suhl-Nakamura interaction to the
spin-spin relaxation in Dy metal probably arises from the
inhomogeneity in the broadening of NMR lines. As already described
in III, each line has a width of several MHz, which is much
larger than the width expected from T,. Only a hot spot at the
frequency of the applied rf field contrlbutesito the résonance.
Therefore, spin-spin relaxation due to I-I coupling is effective
only for the nuclel having the same frequenoy as that of the hot
spot. Because the frequency width of the hot spot is a fraction’
of MHz ( a rf pulse of about one miorosecond width corresponds
to 90° pulse in our experimental condition), only about a few
per oent of the nuclei contributing to the whole line width are
effective to Ib through I-I couplings. This situation is similar
to the case of diluted orystal and the spin-~spin relaxation
time due to I.-I coupling will become several ten times longer

41)

than that calculated for the homogeneous line. Considering

from the proportionality of l/Té to T, the spectral diffusion

T



time too seems to be much longer than the observed TZ'
both the snin and spectral diffusions coniribute little to
the svin-spin decay of the hot spot. Experiment at still low
tennerature or by wore perfect crystal should be needed to
observe the e¢ffect of I I coupling on the spin-spin relaxation.
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Appendix. The solution of rate equations for the spin-lattice
relaxation,

Functional forms of the spin-lattice relaxation decay in
the case of I=5/2 are calculated under the assumption that the
nuclear energy levels are unequally spaced and the transition
probablility depends upon the spacing of the nuclear levels.

Let Nm(t) be the popuvlation of the u-th level at a time
t and Nz be the thermal equilibrium population of the u~th
level, A family of rate equations of the spin-lattice relaxation
is written as

A/n%A{JC: % mn<%% fﬂ‘“) (5, 1)
wnhere nm= Nm(t) I °) /:%\“° and is the relative de Vidtlon of

the pupulation of the wm~th level from the thermal equilibriuwm

value, and wm n is the spin-~lattice relaxation probability
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between the m-th and n-th levels, Defining a quantlity am,by
L Y which 1s proportional to the intensity of the
stimulated echo for the transition between the levels m
and w+l, 2I coupled linear differential equations for a, are
obtained from (4, 1); |
d‘awl{i)/d.b = Zk| w;“/,k a,k [é) . ! CA/ 2)
We assume that only the transitions Am= #1 are thermally
allowed. Then Wo Jk is given by
Wom, k = W;,,.-/) -/,/( QWon/%+/ 5M£‘f'}'1/mf/ Wty mﬂ,ﬁt 64?9
The solution of (A, 2) is expressed in the form
aule)= 2. d"’” oenp [N t) (A4
Here a( )'s are detenmined by the initisl conditions, while
Aj's are determined by Wﬁ’n, solving a secular equation.
Case 1.
Wnen the relaxation probability w m+1

to I(I+1)-m(m+l) which 1s |(m |I_| m+1)} , being independent
18)

is only proportional

of W, Andrew and Turnstall have obtained the general

s+1?
solution for AJ;

A /w = (J+I) (j+I+1) (A, 5)
where W 1s the proportionmaiity constant of W ,mtl and j is
elther one of possible m values.

In the case when the gelaxation decay of the NMR line
lorresponding to the transition between the m-th and (m+1)-th
levels is measured by stimulated echo method, the initlal
conditions are given simply by a 1(0)=a 1(O)=B, ay 10)==-28
and a_ 1 (0)=0 for m' other than m-1l, m and m+l, where B= (hm o+l
/2kgT) (N/6), N belng the total numwber of nuclel. Full
discussion of the results was already given by Mdrew and Turnstall,

18)

and others , and only the caloula ted relative decay curves of
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the stimulated echo signal are shown in Flg.?7, for all resonance

lines.
Case 2,
In the case when the transition probability wm o+l is
]

the numerical solution
{

2
proportional to [I(I+l)-m(m+l)] - Sy
of the secular equation for Aj gives

Aj/gs/z’_5/2= 1.06, 7.34, 23.11, 53.67 and 105.00 (A, 6)
for §=1, 2, 3, 4 and 5, respectively, Here one parameter 1s
needed and ws/2;5/2 which corresponds to the relaxation pro-
bability for the transition of the lowesst frequency is taken
as this parameter. Using these elgenvalues of AJ, general_
solution of a, 1s given in the following matrix form;

/ N 7 N

1.00 1,00 1,00 1.00 1.00 alexp(-xlt)
1.95 1.76 1.29 0.37 -1.18 a,exp(=A,t)
(a?J= 4,63 3.48 1.11 -1.38 0.63 agexp(-Ayt) | (4, 7)

15.68 7.64 =3.02 0.74 -0.14 8,,exp(-A,t)

}27.50 -10.88 1,09 =-0.11 0.0l } '\asexp(-x5t)J
where values of 8y,.0000, ag are determined by the initlal

conditions. In the case of stimulated echo measurement, the

initial conditions are the same as in Case 1. Numerlcal solutions

of the relative decay curves of the stimulated echo signal are

given by following equations.

For the transition +5/2&822+3/2,

4exp(-?xlt)+o.776x 1o'zexp(-kzt)

Brg/n= 0.568x 10
'+o.126exp(-A3t)+0.665exp(—Aut)+o.120)(103xp(-k5t)
For the transition +3/22+1/2,

- -3 - ; -1 -
a+3/2~ 0.217x10 “exp( Alt)+0.241)<10 exp Azt)

+0,209exp (A 5t)+0. 6,2 X T0™ exp (-2, t)+0.168 X L0exp (=

3=

5

t)



For the transition =~1/2z=+1/2,
= 0.121)(10°2exp(-xlt)+0.940)(10'
+0.155exp(-h3t)+0.128)<108xp(-A4t)+0.4736xp(-k5t)

1 .

For the transition -1/2Z2-3/2,

8_y /5= o.140)<1o‘1exp(—xlt)+o.u53?xp(-kzt)+0.115><10exp(sx3t)
+0. 36 36xp (=1,,£)+0.245 X 10 exp (~At)
For the transition -3/22-5/2
8_3/,= 0.924exp(=-A; £)+0.919exp(=A,t)+0. 149 6xp (~A,t)

+O.787)(10-2exp(-Aut)+0.134)(10-3exp(~A5t)

These decay curves are shown in Fig.8.

Case 3.

Tne rate equations are solved in another case when wm o+l is
9
4
proportional to [I(I+1)-m(m+l)j-vwm’m+1. In this case, A,'s are

glven by
AJ/W3/2;5/2= 1.18, 41.12, 277.62, 1017.70 and 2739.61 (4, 8)
for j=1, 2, 3, 4 and 5, respectively. The decay curves of the

stimulated echo signals are shown in Fig.9.
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Table I. The resonance frequencies in ferromagnetic Dy metal,

4

transition

ransition resonance resonance

frequency frequency
(MHZ) (MHz)
Dy163 Dylél

L, +3/2 1979 5/2,-3/2 1603

2, +1/2 1570 ~3/2,-5/2 1219

'2,-1/2 1162 1/2, -1/2 830

2y -3/2 753 £1/2, +3/2 445

2,-5/2 345 +3/2, +5/2 (60)
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Table II. Numerical values of the quantities in (4, 21) and

the values of Wb.

Quanti ty Nu-’mel’i’,caai Unit
vaiue
Lande factor 8y 4/3
Nuclear spin I 5/2
sf exchange integral
2 } -0.15 eV
NMR frequency of the
transition 5/223/2
(measured at 1.4°K)
We /o 3/2 2,167 x 10° sec™l
Density_af states N(EF)
s ke -1 -1
(for one direction of 27.7/2 Ry = atom
spin) .
Energy gap of spin wave
A 24 °K
Transition probability
Theoretical W= ~ X 102 sec-:L °K-1
Experimental Wg= b.76)<102 sec™! og~1
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Fig.

Fig.

Plg,

Flg.

Filg.

Fig.

Fig.

Fig,

Flg,

2.

30

Figure Captions
The line shapes of NMR lines of Dy163 in ferromagnetio}
Dy metal,
comparisbn of experimental and theoretical spin-lattice
relaxation decays for all five resonance lines |
of Dy163'1n ferromagnetic dysprosium éetal. Plots
are the experimental values at 1,4°K, while the solid
curves are the ocalculated ones,
Plots of the observed stimulated echo amplitudes for
the center line of Dy163 resonance at 1162MHz at 1.4°K
and 4.2°K, The sbacissa is the time interval between
the second and third pulses times absolute temperature.
Spin-spin relaxation time for the center resonance
line of Dy163 resonance at 1162MHz,
Spin wave spectrum in ferromagnetic Dy metal at low
temperature calculated by Cooper,. As for the doﬁted
line, see the text, '
The approximated Ferml surface in Dy metal.
The theoretical spin-lattice relaxation curves for
the case 1.
The theoretical spin-lattice relaxation curves for
the case 2, |
The theoretical spin-lattice relaxation curves for

the case .3,
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PART II

Nuclear Magnetic Resonance and Relaxation of 159Tb

in Ferromagnetic Terbium Metal

Abstracts.

Nuclear magnetic resonance and relaxation phenomena of 159Tb
have been investigeted by spin echo technique at ligquid hellum
temp;rafures. The nuclear magnetlic resonance spectrum conslists
of three equally spaced lines in the frequency range from 2.4GHz
to 3.9GHz. The center linevfrequency corresponding to the'Zeeman'
energy 1s 3120MHz and the frequency difference of the adjacent
lines corresponding to the quadrupole effects 1s 5?3-5MHZ.

In the spin-lattice relaxation, it 1s concluded that the relaxation
process 1s the same as that in ferromagnetic dysprosium umetal.

The spin-spin relaxation time is determined by the spin-lattice

relaxation and the I*I coupling.
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I. Introduction

Among the elements in the second half of the rare earth serles,
terbium and dysprosium have the hexagonal c¢lose-packed structure
and are ferromagnetic below 222K and 85K, respectively, with a
large axial anisotropy which has the effect of holding the
magnetizatlon in the hexagonal basal plane.

The purpose of thils paper is to present experimental results
of the nuclear-magnetic-resonance (NMR) and nuclear-magnetic relaxation
in ferromagnetic terbium metal at liquid helium teumperatures. A set of
similar experiment and calculaﬁion of fhe relaxation has been carried
out for ferromagnetic dysprosium metal in Part I. In both cases of
terblum and dysprosium the hyperfine interactions produced by the
unfilled shell of 4f electrons are douinant and the wain origin in
the spin-lattice relaxation wmechanism 1s the Weger's mechanisml)
whilch has been described in the section IV-2 of Part I.

The observatlion of the hyperfine interactlon in ferromagnetic
terbium metal have been done by nuclear specific heat measurmentsz)
and M8ssbauer studiesB). Though the accuracy of these measurements
1s not good, these data agree with the present experimental results.
The first NMR observatlion in ferromagnetic terblum metal was reported

4), but their observation was not well reproducilble

by Herve and Veillet
and could not be ascribed with certainty to NMR in terbium.

In following sections, the experimental techniques used 1in the
pres;nt work and the'experimental results are described. Also, the

discusslions with numerical estimatlion are presented in relatior to
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the hyperfine interactions, the spin-lattice relaxatioq, and

‘the spin-spin relaxatlion. For the case in which the spin-lattice
relaxatlion process 1ls mainly determined by the Weger's mechanism,
the solution of rate equations which describes the decay behavior

at low temperature 1s given 1in Appendix.

II. Experimental‘Techniques

Throughout the present work, ilngot terblum metal speclmen
from commercial source, Materlals Research Corporation, was used.
According to the suppller, the purity was better than 99.7 %
and principal impurities were (in %), Y-0.1, Ta-0.1, 0-0.0k,
Fe-0.02, Si-0.02, Ca-0.02, and Cu-~0.02. Sample used in the
NMR measurements were prepared by filing the ingot into powder.
form with a few ten microns in dlameter. No care was pald to avoid
oxidization and the powders probably were covered with oxide,
by which each powder was electrically insulated from others.
The NMR signals at considerably later days from the filing -
gave the same resonance frequencies and line shapes as compared
to those obtained Jjust after the filing indicating that there
was no trouble about sample treatment.

The spin echo apparatus in ultra high frequency (UHF)
range was in princliples the same as that developed already by
KobayashiS). In the present work, we constructed the high power
spin echo apparatus for UHF range from 2GHz to uGHz._ .Flgure 1
shows the block diasgram of the system, which is the same as

that of conventlonal pulse spectrometer. The 1G45P hydrogen
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thyratron tubes were used with delay lines to produce negative
DC square pulses up to 1 kilovolt. The delay line was adjusted
to make a pulse of 1 psec width and to have an impedance of 5041
to be mafched to the input impedance of a pulse transformer.

In the present case, it was designed to get three 90° pulse
sequences. The pulse-transformer transformed the voltage and
polarity of negative DC pulses up to 4.5 kilovolts and the
impedance to matech that of the tube used in the reéntrant
osclllator.

A lighthouse=-tube reentrant cavity oscillator for pulse
operation 1s shown in Flg. 2. In this oscillator there was
cylindirical conductor connected to the cathode, a concentric
tube connected to the anode cap, and é short open-ended cylinder
connected to the grid disk. The cathode and plate cylinders
were connected by a short-clirculting plunger of a choke type.
The output probe was located in the fegion between the grid--
and cathode cylinders; the depth of penetration was adjusted
by means of a threaded collar. To tune the oscillator the
entire asembly could be moved.on or off the.anode cap of the
tube by means of a tuning knob. A quarter-wavelength cup
forming.a plate choke plunger was adjusted by means of tunilng
rods to obtaln optimum condition. We prepared many grid cylinders
and plate choke plungers to cover the frequency range from 2GHz
to 4GHz. The 2C43 lighthouse tubes were used up to 3.5GHz and.the
2040 lighthouse tubes were used from 3.5GHz to 4GHz.

The saumple cavity shown in Fig..B approximated a three-

quarter-wavelength short-circulted coaxial line and 1t was
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lmmersed directly in liquid helium. To cover the frequency
frow 2GHz to 4GHz, three cavitles of different lengths was
constructed with the same design. As shown in Flg. 3, the
cavity was tuned by varying the length of the center conductor.
Contact fingers were placed at low-current region, approxlimately one-
quarter wavelength apart from the short-circuilted end of the cavity.
The effective position of the fingers varies with frequency,
however, and each of the three cavitles was designed so as to
keep the fingers always in a 1ow—cufrent region at desired
frequencles. Also, the cavity had coupling loops for input'
and output of powers which were deslgned to cover a wide frequency
range without unreasonable varlations in Q and transuission
loss. Samples were put into the top position of the sample
cavity through a small hole.
A PIN dlode that was mounted in a coaxlal cavity was used

to prevent burning-out of the 1IN23C crystal used for the mixer.
Tnis PIN diode was operated by the gated pulse and only the echo
signal could pass to the mixer. In the 2.4GHz range, a 2C40
lighthouse tube grid-scparation oscillator was used for the locél
oscillator. The 726A and 2K29 klystron oscillators were used
for the local oscillators in the 3.1GHz and 3.8GHz ranges, |
respectively. Only the echo signal was converted into 60MHz
by the crystal mixer, and was ampliflied by a conventional |
interm;diate amplifier with the center frequency of 60MHz and
the band width of 3MHz.

' The NMR line shapes of terblum metal were determined by

point to point plots of the echo intensltlies when the ffequency

-58-



of the rf pulses was varied with every two or three MHz step.
Each point was an average of several repeated observations.
In each one measurement of echo nelght 1t was necessary to
ad Just the frequencles of the oscillétors and the resonance
sonditlion of cavity resonators. In narrow frequency range
the measurement of relative intensitlies of echo signals was
reliable, but because the calibrations of the sensitivity of
the apparatus and of the rf power of the pulse oscillators
were quilte difficult in widely different frequency ranges the
relative intensities of lines which correspond to different
transitlions could not be obtained in any accuracy.

The spin-lattice relaxation was meésured by stimulated.
echo methodé). (Typical stimulated echoes are shown in Fig. 4.)
In the case of Tb the NMR spectrum conslsts of three lines
with widely different frequencles, which are due to a
lérge quadrupole interaction. Therefore a rf pulse can
induce only one transitio) among three. -As will be discussed
in latter section, the relaxation decay 1s not simply exponential
in this case, and the whole decay curve had to be measured to
analyze it to coumpare with the theory. For this purpose, the
stimulated echo method seems to be the best. Because of broad
line shape, 1t was lmpossible to disturb whole spins belonging
to one line by a rf pulse with single frequency, but only a
hot spot.will be produéed at the frequency of the pulse. The
observed decay corresponds to the decay of this hot spot.

The spin-spin relaxation was measured by the change of

the echo height when the separation time of two 90° rf pulses
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which produce the echo was varied. Because the spin-spin
relaxatlon tlme is very short, the accurate determination of
the spin-spin relaxation time was rather difficult.

Tne magnetic isotope of terbium is T99Tb which has spin I=3/2
and whose natural abundance 1s 100%; The NMR measurement
was doﬁe at liquid helium temperatures 5etween 1.35K and 4.22K.
The teuperature was controlled by regurating pumping rate of
‘helium gas in the Dewar vessel. Because the power of rf pulses
was strong and the relaxation rate 1s a function of temperature,
care was taken to keep good thermalvcontact between the sample
and the liquld helium; powder sample contained in an open glass
tnbe was directly immersed in liquid helium. To assure the thermal
equilibrium at the beginning of the measurement, the repetitlon
time of the measurement was chosen to be longer than 400usec

which is much longer than the spin-lattice relaxation time.

III. Experimental Results
III 1. ©Nuclear-Resonance Line Shape

The shapes of the resonance lines of 159Tb aré shown in
Fig. 5. The principal feature of these line shapes 1s that
each line corresponding to the transition we(m+l) has two
satellite lines beside a strong main peak. The frequency of
the main peak in (- Y4)e(+14) transition, which corresponds to
the Zeeman frequency of the main line, is 3120MHz and the
frequency difference of the main peaks of the adjacent lines,

Vs which corresponds to the quadrupolar frequency, is 673.5MHz.
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The spin-spin relaxation time of the satellite line, Sl’ which
1s observed in low frequency slde of each main line 1is about
one order of magnitude smaller than that the corresponding main
line. On the other hand, the spin-spin relaxation time of the
satellite line, 82, in high frequenqy side of the main line,

1s of the same order of magnitude as that of the corresponding
main line. The enhancement of NMR is not . - different for Sl
and 82 lines from that for the main line. Therefo:e three S1
lines form a set and three 82 lines form a different set.

The Zeeman frequencies and the quadrupolar frequencles of these

satelllite lines are different frouw those of the maln line as

shown in Table I.

TABLE I

The NMR Fregquencles of 159Tb in Ferromagnetic Terbium Metal

The frequencies are glven in MHz at 1.35K.

Transition Resonance Frequency
MainhLine Satellite Line

Sl 82

~1/2 -3/2 2447 2433 ' 2500
(vg) (673) (664) ~ (700)
-1/2  +1/2 3120 3097 3200
(vg) (674) (665) (680)
¥/2  +3/2 3794 3752 3880
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With similar arguments to the case of NMR of Dy metal which
have been described in Part I, it is certain that the main lines
corresponds to the NMR of Tb nuclel in bulk domain of Tb metal,
while the satelllites may arise from Tb nuclel in domain wall of
the metal or Tb nuclel in some impurity compounds_contained in
our sauples. Posslble origins of the satellites will be discussed
in later seotion.4 In any case, the satellite lines are very
much weaker than the main line and have little effect on the
relaxatlon measurements of the main line.

Detalled measurements of the spin-lattice relaxation and
the spin~-spin relaxatlion which will be described in the followlng

were done only for the wain lines.

III 2., Spin-Lattice Relaxatdion

Fig. 6 shows the decay curves of the stimulated echo
amplitudes for all three main resonance lines of 159Tb in
ferromagnetic terbiuu metal plotted against the time interval
between the second and third pulses, at 1.35X. The decay curves
were measured at a few temperatures between 1.35 and 4.22K.
As shown in Fig. 7, the decay curves of the 2447MHz line measured
at 4.22K and 2.58K coincide with that measured at 1l.35K when
the Intenslities of the stimulated echos are plotted against
tT# (t is the time interval between the second and third pulses
and T is the absolute temperature.) This result indicates
that the spin-lattice relaxation probability is proportional

to absolute temperature.
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% 1In the case of the NNR in 159Tb, the Zeeman energy 1s so

large that, strictry speaking, the high-temperature approximation

In the calculation of rate equations of spin-lattice relaxation

cannot be applied and it is expected that the decay curves obtained

at 4.,22K don't coincide exactly with that obtained at 1.35K in

such plots. But, as discussed 1n the later section and appendix,

the difference between the results of exact calculation and high-
temperature approximation 1s still small at 1.35K and 1is less

than or of the order of the experimental errors. The decay measureument

at still lower temperature seems interesting.

Wnen a fraction of the spins are selectively excited by
an rf pulse, then, due to spin-spin coupling, the excitatilon
would spread out to other splns which are not excited by the xf
fleld. Spin diffusion to different frequencles, that 15 the
spectral diffusion, can, in principle, be investigated by
saturating a portion of the spectrum, and observing the rate
of the recovery to the thermal equilibrium within the spin
system by the spin-spin interaction7>. However, it is very
difficult to use this method for the investigation of spectral
diffusion.

The stimulated echo technique provides a gquantitative
mean of Investigating spectral diffusion. According to Hahn's
calculation6>, the decay of the stimulated echo is proportional
to éxp(-t/Tl)-exp(-kat), where t 1s the time interval of two

spin echoes, Ti is the spin-lattice relaxation time, © is the
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time between two pulses which produce the first echo, and k is
the probability of spectral diffusion which is probably independent
of temperature. If the spectral diffusion were appreclable,
the stimulated echo hight would depend upon ©. In the present
work, though only a hot spot produced by the rf pulses was '
observed in our experiment, the decay curve of the stimulated
echo is proportional to absolute temperature and the plots of
the decay curves with widely different values of % coincildes
with each other as shown in Fig. 8. These experimental results
suggest that the effect of spectral diffusion is quite negligible
in ferromagnetic ter?ium metal,

The decay of the stimulated echo shown in Fig. 6 is not
simply exponential. Thnis 1s the feature of the relaxation of
NMR lines split by quadrupole interaction. The decay curve 1ls
the sum of three exponential curves when i=3/2 as described in
Appendix of Part I. The time constant of each exponential
fqnction can be calculated by solving rate equations for the
occupation probabilitles of nuclear levels, and depend upon what
is the douminant relaxatlon mechanism. In Appendix, we show the
solutlion of the rate equatlions when the relaxation probabllity

is proportional to (I—m)(I+m+1)w§ -7 cofresponding to the

s 0+l

relaxation mechanism shown in Sec. IV.2 of Part I. In calculating

decay curves, only one parameter 1s needed, and for this parameter
, : T

we take W_ which 1s equal to wQB/Z,—l/Z/T where w;3/2,-l/2 is the

relaxation probability between two lowest levels. Because

W-B/Z,-I/Z is proportional to T, wo ls independent of teuperature.

-1 =1

Taking a value 4."8)(103 sec K~ for wb, we compare the observed
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plots of the decay of the stimulated echo signals shown in Fig. 6
with the calculated decay curves which 1s shown in the same figure
and 1t is found that the agreement between the experimental plots
and the calculated curves 1ls quilte satisfactory. Thus 1t was
m,u+l 1s v
T like that of the ferrouagnetic

found that the spin-lattice relaxatlion probability W
) 2
proportional to (I—m)(I+m+1)wm,m+l

dysprosium umetal. |

III 3. Spin-Spin Relaxation

Contrary to the case of the stimulated echo signal, the
decay of the echo signal which is produced by two 90° rf pulses
follows a simple exponential function as the time interval, T,
between the two pulses increases. Hence the spin-spin relaxation
tiue, Té,
the echo helights versus the twice of this time Interval.

ls measured directly by plotting the logarithm of

We have wmeasured the temperature dependence of T2 in liquid
hellum teuperature range and the results 1s shown in Fig. 9.
Bécause of fast decay, the accurate determination of Té was
rather difficult and the observed values of Té fluctuate a
little for different series of measurements. Circular plots
shown 1in Fig. 9 are the average values of repeated umeasureuments
at the same temperature and the virtical line at each plot
indlicates a probable error.

Fig. 9 shows that Té contains a term which is proporﬁional
to 1/T and a term which is independent of T. Because the spin-

spin relaxation arising from Suhl-Nakamura interactiona) is

genefally independent of temperature, and also that the spin-
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lattice relaxation probablility i1s found to be proportional to

T as already described, this result suggests that the observed
'I‘2 can be divided into two parts; one 1ls determined by spin-
lattice relaxation and another is deteruined by the spin-spin
relaxation which 1s independent of temperature. The former
part will be calculated by the use of the Walsted's theoryg)
which was described in Sec. IV-3 of Part I and this temperature
dependent parts are shown in Fig. 9 with solid lines for all
phree transitions. The temperature independent parts for the

transitions between w=+1/2 and +3/2 are about twice as large in

magnitude of 1/Té as that for the transition m=+l/24—-1/2.

IV. Discussion
IV 1. Hyperfine Interactions

Thne large magnetic dipole and electric quadrupole hyperfine
epergies of 159Tb in ferroumagnetic terbium metal are mainly due
to the hyperfine interaction arising froum the unfilled 4f electrons
of Tb+3 ions in the metal. As the spin and orbit are strongly
coupled in the trivalent lon, the principal axis of the electric
field gradient (EFG) produced by J will be parallel to the
direction of the electronic magnetization. Taking this as the
z-axls, if any contribution from conduction electrons and core
polarization is neglected, the Hamiltonian would have the form,
as described in Part I.

(4.1')

H=ATI; + P{1;- -3‘-I<1+1)} )
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where
P=-B(3T, - J(J+1) >=-BIRI-1), 4.2

and A, B are already described in eqn (4.2) of Part I. This
hyperfine interaction constants, A4 and B, for the rare-eartn

10) and Kondoll).

metals were estimated independently by Bleaney
The calculated values are in agreement with our NMR data on
terblum, dysprosium, and erblum metals as shown 1n Table II.
These results show that in the co-operative magnetic state
the rare-earth lons in metals can be rather exactly described

as the tripositive ions whose saturated moment corresponds to

Jzﬂ.

TABLE II

NMR data at 1.35%K for the metals and calculated wvalues

for the free tripositive ions. AJ and 2P are corresponding to

the magnetic dipole and electric quadrupole hyperfine constants,

réspectively.
Magnetic Abundance AJ (MHz) 2P kMHz)

1 Ion Structure | Isotope (%) I (calc.)®| (Exp.)| (cale.)® (Exp.)
65 ToJ* Ferro. 159 100 3/2 | +3180 3120 | +720+30 | 673.5
66 Dy>* Ferro. 161 19.0 | 5/2 | -820+20 | 830 |+300+60 | 386

163 24.9 5/2 | +1140+20| 1162 | +360+60 | 409
68 Er-* Cone 167 22.9 | 7/2| -9%0 | 906° | -136 |103°
L 913°

a Reference 10

b Reference 12



There are other possible contributions to the hyperfine
interactions arising from various origins as discussed in Part I.
If 1t 1s assumed that the magnetic field at the nucleus in ferro-
magnetic metal produced by core polarization is the same as that
in paramagnetic salt wnich was estimated by Bleanele), this value
is about -234MHz for 159Tb and 1s considerably small compared with
the observed value of 3120MHz, or about 7.5%.

The contribution from the polarization of conduction electrons

to the magnetic field has a long range characterlu)

as described .
in Part I. If 1t is assumed that this polarization 1is uniform,
this contrinution is about -336MHz for 159Tb and is comparatively
small, or about 10%.

As presented in Sec. III, the NMR corresponding to the Zeeman
transition of 159Tb consists of one main line and two satellite
lines. The main line is the NMR of. terbium nucleil in bulk
domain and the satellite line S1 may be the NMR in dowmain wali.
The domain structure of ferromagnetic heavy rare-earth metals
have not been studlied. In contrast to ferromagnetic 3d transition
metals, the enhancement of NMR in domain wall of ferromagnetlc
heavy rare-carth metals seems %to be of the same ocrder of magnitude
as that in bulk domain by following reasons. In the ferromagnetic
structure of terbium metal, there is a very strong anisotropy
wnhich acts to keep the moments parallel to the hexagonal planes
in which a smaller anisotropy favors magnetic ordering along a <:101§>
direction, or the b-axlis 5). The large magnetocrystalline
anisotropy demonstrates a strong coupling between the magnetic

woments and the lattice. It has been shown that a structure
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16) in the

change froum hexagonal to orthorhombic take place
ferromagnetic state. This distortion involves relative change
in linear dimensions as large as 4.6%10—3 for Ab/b. This
observed magnetostrictlon 1s larger by almost tTwo ofders of
magnitude than that in ferromagnets such as iron, nickel, and
cobalt. It 1s the consequence of these facts that the domailn
wall 1is probably difficult to enhance the NMR. The origin of
the change of Zeeman energy of the satellite line Sl from that
of the wain line 1is not certain but uway be due to the difference
in the conduction electron polarization.

The change of Zeeuman energy of the satellite line 82 is
larger than that of the satelllite line Sl’ Because the NMR
l1ine shape of 159Tb was not change in Tb9O-Ylo (as shown in
Fig. 10), Tb-Gd, snd Tb-Dy alloyslu), the impurities in the
sanple may have nothing to do with the satellite line 82.

The NMR of the ferromagnetic compounds which might be formed
in the course of our ssmple preparations, for example TbN17),
may be the origin of SZ' However, by the compound which was
formed by heating terbium metal under N2 atmosphere for a
long time, no resonance waé observed in thls frequency range.
As the Neel temperature of the antiferroumagnetic compound,

18)

Tb , which might be contained in our powder sample is

204

2.4K, the NMR of Tb may not probably be observed at the

204
present experimental temperature in this frequency range.

Other possible origin of the satellite line S, may be the

2
admixture of excited states with different J through the crystal

field for Tb nuclel in lattice imperfection. However, this
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too may be unprobable, because the excitation energy for different
J states 1s quite large. Therefore the origin of 82 satellite
is un~known at present stage.

Now, we shall discuss the quadrupole interaction in ferromagnetic
terbluum metal. The quadrupole hyperfine interaction is mainly |
due to the electrié field gradient (EFG) producéd by J which
1s described in egn (4.2). 1In terbium metal, as the electron
moments lie normal to the hexagonal axis at low temperature,
the quadrupole interaction must be modified by including a
term P'(Ixz—IyZ), where P' 1s proportional to <:Jx§~Jy2>>19).
Here, the z-axis 1s chosen in the direction of magnetization.

: 2\ . _12
Taking the hexagonal axls as the x-axis, we have <Jx )-O, <:Jz%>-J ’

giving <Jy2> =J. Henc;a

/e ==1/2T7-1) . (%.3)

Since P' 1s essentially an off~-dlagonal term, 1ts effects are
of order (P')2 and the central hyperfine resonance line may
be displaced by less than 1MHz, and the outer lines by still
less, both being less than the experimental error.

10) estimated the quadrupole hyperfine Interactlon

24

Bleaney
produced by J to be, P=360MHz, namely q(4f)=-36.8X10 cm'3. Here

20) 45 1peluded.

no Sternheimer correction
In addition to the EFG at the nucleus due to the 4f electrons,

there will be the contributions in the metal from the lattice

and the conduction electrons. The crystal structure of terbium

wetal 1s the hexagonsl structure but terbium metal shows an

6)

orthorhoubic distortion1 corresponding to an expénsion along
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the b-axis or <<Oiiq7 y the easy direction of magnetization in
terbium, below 1ts temperature of ferromagnetic ordering, 222K.
In this case the contribution to P from the lattice 1s then
X | BGIQ%(L:H:&)I« -
Qaﬂm)Z-— . | - ml‘ﬂ@—?ﬂa (L.4)
P 4T (2T~1) 0-1

where, 7=(VXX-VYY)/VZZ and {m is the Sternheimer shielding (anti-
16)

shielding) factor. Thne observed orthorhombic distortion
amounts only to 0.8% at 77X, so 7 way be negligible. The
lattice sums required for an evaluation of the hep EFG have

21)

been calculated by delette as a function of c¢/a ratio using

the plane-wise summation method. The calculated value of

-thmZ. The calculated

P(lattice) is =-9.0MHz using Q=+1.12 10
value 1s based on point charge model with Z=+3, and Sternhelmer
factor of =-75. The lattice constants were taken to be a=3.586ﬁ'

and c/a=l.593 for hep terbium metallé)

at 77K. This contribution
to the EFG 1s quite small., The contribution to EFG from the
non-s character of the conduction electrons seems difficult

to be estimated, but in paramagnetic thurium metal thls contri-

22) as already described in Part I.

bution has been obtalned
Namely, 1t has been shown that the contribution to EFG from the
conduction electrons has same order of magnitude as that fron
the lattice. Though the value 1s not measured in terbium metal,
that may be of about the same magnitude in terbilum metal as

in thurium metal. Thus the contribution to EFG froum the 4f
electrons is the main part as in the case of the magnetic

hyperfine interaction.

The difference in the quadrupole interactions of the satellite
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line Sl which arise from the nuclel in domain wall from that
of the main line cannot be understood at the present stage.

As for the satellite line 82, nothing can be discussed.

IV 2, Spin-Lattice Relaxation

In this section, we apply the theory developed in Sec. IV
of Part I to the experimental relaxation rate of ferromagnetic
terbium metal. Because of the large number of parameters which
are contained in the numerical estimation of the theoretical
transition probability and are not known accurately, it is,
of course, hopeless to obtaln an accurate theoretical value
which can be compared with the experimental relaxétion rate.
Qur aim 1s fo calculate theoretically the order of magnitude of
the relaxatlion rate and show that the relaxation wmechanism proposed
in Seé. IV-2 of Part I 1s douminant also in ferromagnetic terbium
metal.

Before entering the discussion of the relaxation mechanisu

described in Sec. IV-2 of Part I, we filrst consider briefly
(X)

the Korringa mechanism. The transition probaebility Wﬁ e+l
1

between the nuclear levels m and m+l by Fermil contact interactions
of the conduction electrons was given by the equation (5.1) of
Part I. The quantity of the density of the conduction electron

on the Ferml surface at the nuclear site is not obtained 1in
terbium metal, but it was estimated for lanthanum metal froum

the measurementzB) of the Knight shift. Assuuning that the Knight

shift in terbium metal is not so much different from that in

lanthanum metal, which can be considered to be different froum
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heavy rare-earth metals only in the point that it does not
have 4f electrons, we can use the Xnight shift in lanthanum

metal to evaluate the wm(ﬁ>

W, m+l? glv lng

(K) oo~ -1 =1 -1
w_3/2’_1/2/1’ ~ 1.3x10 “sec ".K

This Korringa relaxatlon probability 1s two orders of magnitude
(X

,a+l is independent

smaller than the experimental value. Because Wﬁ
of the resonance frequency,[da’m+l, The decay curves expected
from thls process are entirely in disagreement with the experi-
mental curves. Therefore, the Korringa mechanism is entirely
negligibvle.

One more possible relaxation mechanism which arises frou
magneto-elastic coupling will be diéoussed next. The relaxation

probability by this mechanism was given by the equation (5.3)

of Part I. The evaluated value 1s gliven by

w_B}Q:f{/Z/T = 2.55ec LK 2.
This result is about three orders of magnitude smaller thayn
the experimental value. Thus the contribution of tals process
to the relaxatlon 1s quite negligible.
We now return to the main relaxatlion mechanism, in which
the nuclear energy relaxes to the kinetic energy of the conduction
electrons via spin waves. This process was already calculated
in Sec., IV-2 of Part I and the relaxation probability was given
by the equation (4.21) of Part I. To evaluate the relaxation

probability, values of varlous quantities contained in the

equation (4.21) of Part I should be known. We first discuss these.
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L)

ligller and Houmann2 reported measurements of the spin=-
wave spectrum in ferromagnetic terbium metal by inelastic neutron
scattering. The results at 90K for wave vector g along the
principal symmetry dilrection in reciprocal lattice space are
shown in Fig. 11l. Gooding25> analysed the neutron scattering
data and calculated the spectrum at absolute zero temperature.

On couwparison of the spin-wave spectra in terbium and in dyéprof
sium described in Sec. V.of Part I, the spin-wave energy at gq=0
in terbium turns out to be larger than that in dysprosiuu.

Its value is about 30K. And the constant D in eqn (5.2) of

Part I 1s slightly larger than that in dysprosium. If 1t is
assumed that the shape of the Ferml surface of terbium metal

is not so much different from that of dysprosium uetal calculated
26)

by Keeton and Loucks , We can approxlimate the Fermi surface
of terblum to that shown in Fig. 6 of Part I. The nuumerical
value of the integral in eqn (4.21) of Part I, in case of terbium,
turns out to be about 1/3 of that in dysprosiun.

If it is assume that the values of the sf exchange integral,
33 and the density of states are same as those of dysprosiun,
the numerical estimation of egqn (4.21) of Part I can be performed
also for terbium. Because of the uncertainties in wvarious para=-
meters and rough approximations made in the calculation, the
estimated value 1is only a tentative one, but the calculated value

aseELK-l is quite in good agreement with

of wo=w_3/2,_l/2/fr~1x1o
the experimental value, M.58x1038e61K71.
Because the relaxation probabllity due to this process is

proportional to d£2m+l(l-m)(I+m+l)T, the calculated decay curves
]
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expected from this relaxation process are entirely in agreement
with the experimental data as shown in previous section, 1if we
choose an approximate value for.the varameter wo.

Thus 1t is concluded that the relaxation process via spin-
waves through 4f hyperfine interactions and s exchange inter-
actions 1s the main one for the nuclear spin-lattice relaxation

in ferromagnetic terbium metal Just as in dysprosium.metal,

IV 3. Spin-Spin Relaxation

In Sec. IV=3 of Part I, we calculated the contribution
from the spin-lattice relaxation to TZ’ the transverse relaxation
time or the time constant of the decay of the echo eunvelope,
but in that calculation we neglected the contribution from the
Suhl-Nakamura interactions) to Té. Because the hatural abundance
of 159Tb is 100% and is four times of that of 163Dy, we can not
probably neglect the contribution from the Suhl-Nakamura inter-

action to T,. Then, the equation (4.25) of Part I wmay be

written by

- L1 * ,
1/ Ty =Wy w1 (g ez e ) T (T e s (4.5)

where 1/(Té) is the contribution from the Suhl-Nakamura Iinter-
action to Té and is independent of absolute teumperature. At low

is not equal to W then the equation

temperature, W a+l->m®

n—>u+l
(4.5) turns out

= ) : W
l/TZ (wm+L—¢m+2+Jm—+m+1+wm+l»m+Am—?m~l

Using the wvalue of wo, we calculated the value of the contribution

)+ 1/(Ty)y qag - (e8)

from the spin-lattice relaxation to T2 by the equation (4.6).

The results is shown by solid curves in Fig. 9. We evaluated
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the contribution frou the Shul=Nakamura interaction to TZ from
the gaps between these sollid curves and the experimental plots.

ﬁ:lxlobsec-l and. l/(T;)

~

The results are l/(TZ) +1/2,4+3/2

4sec-l.

-1/2,+1/2
2X10
27)

Sherrington have calculated the spin-spin relaxation
tiwe in ferromagnetic terbium metal due to the Suhl-Nakamura
36 . -
mechanism. The calculated values are 1/(T,) ~ = 4Klo5sec 1
2/-1/2,+1/2

3% -
and 1/(T2) 2.7X105sec l. These values are larger

#1/2,+3/2 =
than the experimental values and the calculated result that
l/(T;) of the center line is larger than those of the outer.
lines, 1s opposite to our experimental results. As already
described in Sec. III-1, each line has a width of about ten
MHz, which is much larger than the width expected froum T: .
The resonance lines therefore are inhomogeneously broadened
and the spin-spin relaxation time due to I-I coupling will
become much longer than in the homogeneous line. Because the
spins having the resonance frequencies within the range YHl
(Hl is the enhanced rf awmplitude) contribute the observed
resonance, and the rf pulse of the 1 usec corresponds 90°
pulse, about 1/10 of the whole number of spins contribute to
the resonance. Therefore it can be understood that TZ becoumes
longer by about one order of magnitude as coumpared to the
theoretical value calculated for a homogenlious line. But it
is not known why 1/(T§) of the side two lines is about the
twice of that of the center line. Experiments by more perfect
crystal should be needed to obtain the wmore accurate walue of
1/(T;) arising from I-I coupling to coupare with the theoretical
value.
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Appendix. The Solution of Rate Equations for the Spin-Lattice
Relaxation at Low Teumperature.

FMunctional forms of the spin-lattice relaxation decay in
the case of the nhigh-temperature approximation have been calcu-
lated in Appendix of Part I under the assumption that the nuclear
energy levels are unequally spaced and the transition probability
depends upon the spacing of fthe nuclear levels. In the case of
159Tb, however, the Zeceman energy is so large that the high-
temperature approximation cannot be applied. At low teuwperature.

the ratio of W cannot be approximated to be ﬁnity

W—ym+1 ?O W

n+l-—mn
buv is

- / - e(-E(m+1)+E(m)} /KT, (4.1)
m—yu+l’ "mitlowm

where E(m) is the nuclear energy of Iz=m. In this Appendix,
functional forms of the spin-lattice relaxation decay at low
temperature are calculated under the assumption that the transition

is proportional toCUm2 { I(I+l)-m(m+l)}

wm+l—9m' , M+l
is equal to Wﬁ+l_%mexp {E(m)-E(m+l)} /kT .

probability,

m+1
The numerical solution of the secular equation fox‘)j,

and the W
W—>

in the case of 159Tb, turns out, at 4.22K,

)\j/w_1‘/2_>_3/2=o.930u, 3.08000, 6.9281 (4.2)
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for j=l, 2, and 3, respectively. Hence, numerical solutions of
the relative decay curves of the stimulated echo signal at 4.22K
are given by following ecuations.
For the transition +3/2z= +1/2
a+3/2=0.0384exp(-)3t)+0.5315exp(-)bt)+l.4301exp(-)St)
For the transition +1/2= -1/2
a+l/2=0.131&exp(—)1t)+O.Q238exp(-)2t)+1.5447exp(ﬁk3t)
For the transition -1/2z= -3/2
a_l/2=0.5632exp(fklt)+1.l5#2exp(-)Qt)+o.2827exp(-)3t).

Here,,%j and am(t) are already presented in Appendik of Part I.
At 1.358K,
;\j/w—l/2~—>—3/2=0.9112, 2.9726, 6.6451 (A.3)
for J=1, 2, and 3, respecctively.
8,5/27 0.03119exp(—)1t)+0.5208exp(~)éu)+l.4420exp(-)3t}
843 /0= 0.1287exp(—)1t)+0.336Zexp(-)2t)+l.5346eXP(~>3t)
8_1 /2" O.5833exp(-)lt)+l.136lexp(~A2t)+0.2806exp(-)3t).
The difference between the results at 4.22K and those at
1.35K 1s still small, but the numerlical solution of secular
equation foxykj at 0.1lK gives
)ﬁ/w;l/é_9_3/2=o.9278, 2.0853, 3.741L, (A.4)
The decay curves at 0.1K are much different from those at 1.35K

or 4.22K. Hence, the decay measurement at still lower teuperature

seems Iinteresting.
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Figure Captions
Block diagram of the spin echo apparatus in UHF fénge.
Lighthouse-tube reentrant cavity oscillator.
Sample cavity. ‘
Typical stimulated echo of the 3794MHz line of 159Tb
in ferromagnetic terblium metal at 1.35K. The pul%es
have a width lusec. T =5usec. and T=20usec. The ﬁrimary
echo at 2 corresponding to twin pulses at 0 and ; is
not observed, because of the PIN diode is switche@ off
by the gated pulse.
The line shapes of NMR lines of 159Tb in ferromagnetic
terbium metal. |
Coumparison of experimental and theoretical spin—léttice
relaxatlion decays for all three resonance lines of
159Tb in ferromagnetic terbium metal. Plots are ihe
experiuental values at 1.35K, while the solid curﬁes
are the calculated ones using w_l/zﬂ?_3/2=6.IBXI03860-1.
Plots of the observed stimulated echo amplitudes for
the resonance line of 159Tb at 2447V¥Hz at 1.35K,
2.58K, and 4.22K.
Plots of the observed stimulated echo aumplitudes with
different values of for the center line df 159Ib‘
resonance at 3120MHz at 1.35K.

Plots of the observed T, values for all three resonance

2
lines of 159Tb in ferromagnetic terbium metal. The
solid curves are the contributions from the spin-lattice

relaxation.



Fig. 10.

Fig. 11.

Figure Captlons (continued)
Comparison of the 3120MHz line of 159Tb in ferromagnetic
pure terbium metal and in Terromagnetic Tb9O_Y10 alloy.
Tne spin-wave spectrum of terbium along symmetry directlons
in the Brilloun zone obtained by lgller and Houmann by

inelastic neutron scattering at 90K.
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