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Abstract -

: The quadrupole interaction on- Eu3+ in EuVO4 was 1nvest1gated using low temperature
nuclear orientation. The interaction strength P, on the %2Eu nuclei was measured as
1+4 MHz, “with a total cooling time of 24 hours. This low value is attributed to either
the hlgh symmetry of the europium lattlce postion, or a very long (greater than one day) '
-spin lattlce relaxatlon time.

~ The NMR frequency of ¥Co was measured at low temperature us1ng the ﬁrst obser-

_vatlon of thermometrlc NMR in a conductor The motive was to ‘measure the frequency
pulling in cobalt metal, and the resonance was observed to be 218.4(4) MHz at 70mK,
which is 1.5 MHz below the 1 K'value. The frequency pulllng effect on the nuclear

resonance is due to the Suhl-Nakamura interaction between the nuclear spins.

ii
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* Chapter 1

- "Theory

1.1 Introduction

This thes1s descrlbes 1nvest1gatlons made using low temperature nuclear orlentatlon and
nuclear magnetlc resonance on ordered nucle1 on EuVO4 and hexagonal close packed

(hcp) cobalt.

1.1.1 Europium 'Vanadate

| Europ1um vanadate is a Van Vleck paramagnet with the zircon crystal structure The
. !condltlons at Eu3+ defect s1tes have recently been investigated i in some depth (see Chap-
ter 3 ) For reasons of crystal symmetry, the techmques employed in these experlments-.'

(Whlch are based on optlcal hole-burmng) are unable to 1nvest1gate the Eu3+ latt1ce po-

' sitions. The a1m of the 1nvest1gat10ns 1nto EuVO4 was to measure the- strength of the o

: ‘quadrupole 1nteract1on on the europlum nuclei at the Eu3+ lattice sites.

,"1.1.2' Cobalt
Durmg investigations into the NO characterlstlcs of sng in. hcp cobalt the Munlch
group observed an anomalous line shape at approx1mately 217MHZ in the yttrlum nuclear |

magnetic resonance[l] It has been suggested (Turrell[2]) that thls Was due to the nuclear )

‘resonance of the cobalt host. belng frequency-pulled by nuclear spln spln lnteractlons down |

to the yttrlum resonance. The l1ne shape then resulted from the heatlng effect due to
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abs'orption.of rf power by the cobalt spins in the same. manner as 1s observed in 'the
thermometric technique pioneered by Kotlicki and 'Turrell[3]4.‘ |

The low-temperature resonance (T' < 1 K) of *Co has not b-een measured before.
Also the thermometric technique first used by Kotlicki and Turrell has not been applied

to conductors. For these reasons, the measurement of the low temperature NMR line in

- stable cobalt is an interesting goal to pursue.

This chapter describes the background theory required to understand the experiments .

and their results. Chapter 2 will explain the experimental setup. Thée results for europium

" vanadate are presented in Chapter 3 and those for cobalt in Chapter 4. In this chapter

Sectlon 1.2 mtroduces the physical principles behind nuclear orlentatlon (NO) and nuclear

,.magnetlc resonance on oriented nuclei (NMR-ON), section 1.3 covers the theory of NO

in more detail, section 1.4 discusses hyperfine interactiens, and Section 1.5 covers NMR.

Frequency pulling—the effect investigated in cobalt—is introduced in Section 1.6.

1.2 Intrdduction to NMR—ON

Nucle1 with non-zero'spin have a magnetic dlpole moment and those w1th spln greater

' than one half have an electric quadrupole moment. (The nuclear magnetlc moments and

quadrupole moments of 5900 50Co, 152y and 4By are shown in Table 1. 1. ) Interactlons

‘between the magnetlc moment and a magnetlc ﬁeld and/or ‘the electrlc quadrupole
~ moment and an electric field gradient (EFG), will lead to a discrete set of energy'sublevels

~of the nucleus, the different orientations of the spin relative to the magnetic field / EFG

having different energies. A nucleus with magnetic dlpole moment ii and quadrupole_ '

- moment Q;; in a magnetlc field B and electric potentlal V has a classical energy
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‘| Isotope Spin D1pole Moment Quadrupole Moment
- HN .- . . bn
¥Co ' 7/2 +4.627(9) - +0.41(3)
1 85Co .5 +3.799(8) +0.44(5) -
o 3 195 +2.71
gg4Eu 3 15 123,39

!

Table 1.1: Nuclear electric quadrupole and magnetrc drpole moments for the Co and Eu
nuclei studied [4].

If the B and V2V are directed along the z- ax1s i.e. there is axial symmetry, then the

nuclei can be descrlbed by the orthonormal states |II ), and the: Hamiltonian for the

nuclei is: ‘ " B : s . :
| 'H'z.szet.Plffl—%I(I.Jrl)l N ()
with o | 3 _‘ |
A= ﬁj— - L - (13)
2
P= %ngm‘;I(Qll— 1) (14

Usually one deals with a s1tuatlon where the interaction is dommated by elther the
dlpole or quadrupole interaction. The nuclear sub levels m these cases are shown in
Figure 1.1 for ®Co (I = 5) in a magnetic field and ®2Eu (I - 3) in an EFG. =

Gamma ray emission from an 1nd1v1dual nucleus is, in general, anisotropic—the prob-

ability dlstrlbut1on for the v-ray will be a. funct1on of the angle between the detector

~and the nuclear spin axis. If, therefore, one can create an ensemble of nucle1 with net

orientation (for example, an alignment of the nuclear spins in a giuen direction,) one

would expect to observe an an1sotropy in the em1ss1on of ’y-rays If an ensemble of nuclei.

18 held in a field at a low enough temperature (of the order of the nuclear level sphttmg) V

then the lower energy states will be more, populated than the h1gher states leadmg to a -
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'. .IzA - 'Iz
+5 +5
+4
fa. - 3P
-4 +1-
- -5 0
) a) . : . b)

Flgure 1.1: Nuclear sublevels for: a) 60Co in a magnetlc field and b) 152Eu in an EFG,
both along the z-axis. ‘ ‘

net orientation of the'nucleir.. ‘This is the method of low temperature nuclear orientation
'(DTNO) | | |
‘ Flgure 1.2 shows the angular dlstrlbutlon of the normahsed v-ray intensity from hcp
6OCoCo at three temperatures Note how, as the temperature approaches zero, the ra-
‘ dratlon 1ntens1ty in the dlrectlon of the c-axis (along whlch the magnetlsatlon lies, and
about’ which the system possesses axial symmetry) tends to zero, whlle the 1ntens1ty of
the radlatlon perpendlcular to the c- axis reaches a value of approx1mately 1. 25 times the |
warm intensity. | | |
In nuclear magnetlc resonance nuc1e1 are excrted between thelr magnetlc sublevels by
radlofrequency (rf) radiation, tuned to the energy dlfference between these levels ThlS
excitation causes a change i in the level populations, and will ‘therefore cause a change in
 the observed anlsotropy of the v radlatlon from the sample -In NMR ON the nuclear

resonance frequency is measured by observmg thls change in anisotropy.



Chapter 1. Theory . o ' ‘ ' 5

c-axis

Figure 1.2: Calculated polar piot of normalised 7-ray intensity, W (8), for hep ®CoCo at
T=5, 15, and 100 mK. The vertical axis is parallel to the c-axis, and the ‘magnetic field
at the nucleus :
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J6°Co' » 5+ ' ' o
N : 4+
| |113Mev
2+
~ 7[1.33MeV

ONi o+ 0+

Figure 1.3: Simphﬁed 0Co Decay Scheme. Numbers on right 1nd1cate the spin and parity
~ of the nuclear state. Both -y rays are pure quadrupole. The § particle has a maximum
energy of 330 keV »

The theory of nuclear orientation is well established and for a more c0rnplete deriva-
tion of the results discussed ‘below the reader is referred to Low Tempemture Nuclear
Orientation|5], and in particular Chapter 2 by Krane[ﬁ] The NO notation used here was
first formally set up by Blin-Stoyle and Grace[7].

1.3 Probability Distribution from Oriented lNuclei

1.3.1 Physical Background

The.emission of a y-ray from a nucleusﬂ will typically be preceded by aforao particle
- decay, or electron capture. This(will lead to one or more intermediate nuclear states, from
one of which the observed fy-ray is emitted. A typical simplified decay scheme (in this
case °Co) is shown in Figure’ 1.3. We lshall first look at the v decay of a parent nucleus;
of known initial conditions and later introduce' the effects of intermediate radiations
between the known state and the state from which the fy-ray is emitted

Consider a nucleus of spin I;iina magnetic field along the z- axis, Which decays via a i
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decay of pure multipole order 2% to a nucleus of spin Iy. (We shall not consider here the ‘

effect df a(mixed-order decay.) The nucleus has 21;+ 1 possible values of its z-component

of spin, m;, with occupation probabilities a,,,.

Ignoring polarisation effects, the directional (by which we mean angular) probability

- distribution of the gamma ray from a known state, m;, is given by summing the directional

distribution of each of the possible decays, weighted by their relative probabilities, as
given by angular momentum coupling thedry. For a «y-ray of known z¥componeut of spin,
M, the directional distribution is the modulus-square of the spherical harmonic YZ"-’-(O,@S).

The angles 6 and ¢ are the usual spherical coordinates, between the detector and the

- z-axis. The distribution from the state m; is therefore:

W0) = 3 wlmi = mp)|¥Y2(6,0)7, )

mi—mg

with m; = my + M.
The: 1n1t1al state of the nucleus |I;, M;), can be Written' as a superposition of the -
product states |L, M)|I;, m¢) of the 'y—ray and the final nuclear state. Using the Wigner-

37 notation:

o 'L I L
am) = 3| mAIL, M)(DM L+ 1) | T e
m; —my; —M C
with‘ mi;—myg—M = 0. Therefore, if we start in the known state |I;, m;) the w(mz — my)

are s1mply the squares of the coefﬁc1ents of the [Ir, mg)[L, M):

L I L |
,w(mi —>-mf) = (2], + 1) ' . ' (17)
m; —My -M

(For those who are unfamiliar ,’with the Wignerr3'-j not'atiou, they are related to the

Clebsch-Gordan coefficients by: -

g _)hhem |
:(_\/)ij?C(JlmlaJZm%J—m) : (1.8)

m ma m-
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w1th |]1—92| <j <]1 + Jj2, and my + mg +m = 0.)
Returnmg to the case of the.parent nucleus in an orrentmg ﬁeld the drstrlbutlon is

found by summing the we1ghted contribution from each parent state

<9>%Zamiwm,-<0)l‘ a9

: lf the parent spins are in thermal‘equilibrium with the lattice, the Qm,; are simply described

. ‘by the Boltzman distribution o
L s P
. : e

.ami = —z _' e—ﬂfi? ) - (110)
B=1/kgT. ° Sy

Whilst this formulation of the directional distribution giues a simple physical insight.
into the process of NO it is very unw1eldy to calculate, and gives no 51mple comparison
" between the amsotropy of one <y decay and another (It s useful, however where one
is selectrvely exc1t1ng a partlcular nuclear sub-level,: as, for instance, in a quadrupole
1nteract10n or a magnetlc mteractlon perturbed by a quadrupole interaction. In this case,

. writing the anlsotropy in terms of the occupation pI‘ObabllltleS is the most straightforward
analysis.) Further, if the decay is preceded (as is almost always the case) by one or more
’ l(usually unobserved) nuclear decays, the calculatlon of the am would be a very laborious
-process since the population distributions within the daughter nucleus would have- to be
' calculated from the distributions of the parent, Qmy,, Using angular momentum couplmg, |
Wthh gives: | . : .
L Iy L : o :
—Zamo 210+1) N (1.12)
T mo m; —my —M
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: 1.3.2 Nuclear Orientatiyon Parameters

The oriented nuclea;r" state may. alternatively‘ be deecrihed- in terms of the statistical
t’ens‘or‘s[ﬁ]: ‘ B T )
By (1)) ( 7_ o bk )(Iim|p|Iim') S (113)

mo =m/ -m g - S
| &= (2x +1)1/2) , (1.14)
Wthh descrlbe the initial (mlxed) state of the nuclei in an ensemble Here p is the density

matrlx descrlbmg the 1n1t1al state of the nuclel '

= Y |Lmi) (Ima|. . . (1.15)

m1 ,M2

The directional distribution of the radlatlon is now,written_‘as 4
W(6,6) = Var, zpq VEATYE0,9), (16

~ where the F, are the directional dlstrlbutlon parameters, wh1ch will be descrlbed later.
If the system possesses axial symmetry about an axis (typically a crystal axis, or the
applled field) and we choose the z-axis in this direction,. then (I m|I m') = Omu and

- the den51ty matrlx p will be diagonal, i. e
. (Iim|;p|Iim') = amémm/. o (_1.17)

(Note that‘the off-diagonal terms of the density matrix are usually negligible in compar-

-ison to the diagonal terms.v" .If the system possessed exztct ‘axial symmetry the nuclear -

lattice would never relax to the temperature of .the_.crystal, but Would remain forever in
its initial state.) | N B .: |

Since —m’ +m+q = 0 (from equatlon (1 13)) only terms with ¢ = 0 will now appear .

in the sum, and therefore S ‘ D Y

= ZBkaPk(COS 0) ' : (118)
e _ :



Chapter 1. Theory. - . ' o 10

This. is the uisual'expdr‘essivon used to. Vcalc‘u»late vthe' directional distribution_of _7-raye in
NO, with’ | :
By = ,po = kI; Z 1)fitm Lo k O, . (1.19)
™ =m; —m; 0 ' :
These parameters ax;e plotted versus temperature for %9CoCo, and versus the quadrupole

: interaction strength for 132Ey / 1946y at 13 mK in Figure 1.4. |

Conservatlon of parity means that the v-ray distribution is invariant under space-

reversel, and therefore the sum in (118) is only over k = even terms (including & = 0.)
1.3.3 Directional Distribution Coefficients

- The di‘rectio'naljdistribution coefficients are given by Krane as:

L L kE\|L L k

Fo(LIGL) = (—0)H6+ R 2 | | b, (120
g o 1 =10 )| L L I

“where'{ *1 77 P is a Wigner 6-j symbol, coupling the three angular momentum
Js J J= : - ‘
states, ji,j2 and js. ,

The Fy, hAave' been tabulated (see, for example, Appendix 5 of Low Temperature Nu-

_ clear Orientation.)

1.3.4 Deorientation Coefficients

5

The orientation .of the state from which the observed fy—tjay is emitted is described by
the orientatidh'p'aramete‘fs By (L) In ’generel this tra,nvsitivon of: the nucleus is 'preceded_
byvone or. more decays, and it is the orientation _of theparent nucleus By(Ip), which is
.known, or which we are trying to mea,sure.‘ The reorientation of the nucleus due to these

1ntermed1ate decays can be descnbed by writing the Bi(I; ) as -

By(I;) = Us(LEL)By(L,). | | | (1.21)
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-0.05}

o -0.1}

b) m_g. 15}
-0.2}

~0.25}

-0.3}

P, MHz

Figure 1.4: Calculated orlentatlon paramenters By, for a)GOCoCo (hep), versus temper-
ature; b) 152Eu/154Ey versus quadrupole interaction, P at 13 mK
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The Uy factors are the deorientation coefficients and are calculated from arigular mo-
mentum eoubling theory. The deorientation due to‘a decay between two staﬁes.fl and I
rzvhich carries.angular momentum L is: |
Up(l, IoL) = (—1>Il+12+L+kf1f2 b -k } e
k] . L I, L
Where the observed decay is preceded by more trlan.one decay, the total deorientation

is simply the product of all previous decays:
UeIo;) = U,?(IoIlLl)Uk(IiIQLQ) L Uk‘_(InIiLn) B - (1.23)

These coefficients have been calculated for a large number of decays and are tabulated.

‘in Appendlx 5b of Low Tempemture Nuclear Orientation.

1.3.5 Final Considerations
We sHould also consider here the reorientation of the'rmcl'ear spins whilst in the excited
state of the daughter- nucleus, and the selid angle correction of the detectors.
- In most decay schemes used in NO and NMR-ON experiments, the lifetime _ef the
state I; is rrruch shorter than any reorientation times and so this effect can Be rgnored.
vThe effect of the solid. angle sﬁbter_lded by the detecfors.ican_be described by a param-
eter, Qr(0). In‘most-experi_men"cs, the solid angle is sma'l'l'and the Qx(0) can be treated
as constant and close to unify. |
| Now we have as a final expressiorl for the direetional dfstribution of the radiation:
W)= 3 BiUyFiQyPi(cos), T (1.24)
’ k even . .
with k < 2L,21. _
We have descnbed the v radiation from an orlented ensemble of nuclei Wlth known

decay scheme in terms of constant parameters which can be read from tables or simply
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Parent <y Energy Ref.‘ v Type Proportion U, A U4 F\g"l Fy
nucleus keV ' ' ' "
50Co 1173 .. -E2  100%  0.939 . 0.798 -0.448 -0.304 |
1332 E2 - 100% :° 0704 0.227 -0.598 -1.069 |
1By 1408 1 Bl . 21% 0828 N/A 0418 N/A
779 2  El 13%  0.750* N/A 01346 N/A
1085t 3 E2 10%  0.817* 0.382 -0.529 -0.816
By 1274 1 E1 | 35%  0.828 N/A -0418 N/A

Table 1.2: Nuclear orientation parameters for relevant decays of °°Co, 1®Eu and %*Eu [5].
Ref. refers to graph number in Figure 3.5; nuclear decay data from (8] and [9] *Angular
momentum of beta decay is mlxed I have taken J=1. includes 15% contrlbutlon from -
1089 keV decay via Gd.

calculated,’ and one simple orientation coefficient which .dep'ends only on the interaction
between the nucleus and its environment, and is independent of other nuclear consider-
ations. In the expenmental procedure W(G) can be compared at a low temperature to
the normalisation value taken at a “high” temperature (1 K). |

The nuclear orlentatlon parameters Uy and Fy; relevant to the decays of 60Co 152Ey

and '%*Eu used in this thesis, are shown in Table 1.2. Frgure 1.5 shows the relative

intensities of the v radiation, W(O), versus T, at § =0 and 6 = 7r/2 for 6°COQQ.
J .

1.4 The Hyperﬁﬁe'Interaction

Nuclear magnetic moments are small—on the order b_f one thousandth of the magnetic
moment of the electrbn. The magnitude of the interaction energy betweeri_the nucleus .
and an applied field is the product of the magnetic moment and the applied field. Since

any system is disordered unless its thermal energy _becemes eomparable to, or less ’shan,'

the energy differences which characterise the system, high fields and low temperatures
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Figure 1.5: Calculated W (6) versus T for ®°CoCo at 6 = 0 and § = 90°,

are needed to produce a significant nuclear orientation. For example, a %Co nucleus
in a ﬁelrlvof; 20 Tesla has anenergy splitting between édjacent sub-levels eqnlvalent t0 6
mK. It is possible, but experimentally difficult, to achieve measurable nuclear orientation
using the combrnatlon of a high laboratory field and very low temperature in this way.

This technlque is called approprlately, “brute force NO.”

,>1.4.1‘ Ferromagnetic }Cobalt

In 3-d magnetlc materlals the unpa1red electrons in the 3-d shell are strongly polarrsed—

this is the source of the magnetlsm of the sample. These electrons partlally polarlse the ‘

electrons in the other atomlc orb1tals and of particular importance are the s-orbitals.
The. wavefunctlons of these electrons are non zero at the nucleus, and even a small
spin polarrsatlon of thelr spins can lead to a very strong hyperfine 1nteractlon This
interaction, called the contact term can be represented by an effective magnetic field Bhﬁ
acting on the nuclear moment These fields can be large.(e.g. the hyperﬁne field in iron

is 33 T) and s1gn1ﬁcant nuclear orlentatlon can be achleved by coohng to temperatures
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obtainable with a helium dilution refrigerator (12mK in our experimeuts.)
The wavefunction of an electron in the n* s-shell can be written as the sum of the

spin-up and spin-down wavefunctlons w + 1}, and therefore
B—S—” G s 1.25
¢T3 QMBZ“%I |[%nl"15n _ ( 25)
R 2

where B, is the field at the nucleus, g the Lande-g factor and up is the Bohr magneton.
§ is the net spin of the nt" s-shell eiectrons We assume a ‘point nucleus, and therefore
can take the value of the electron Wavefunctron at the origin in calculatlng the hyperfine
interaction. S is proportlonal to the atomlc spm S in a 3-d magnet, and S is parallel

“to the magnetlsatlon M. We therefore wrlte the field at the nucleus ‘as

o AS o : . '
B, = R ‘(1.26)
with , _- .
' n 87 g . |
A=T290 Z[W . (e

1.4.2 Europium Vanadate

~ Previous iuvestigatidne inte the HFI on Eu3t (seeChapter 3) indicate that the dominant
interaction with.the nucleus is between the nuclear vquadrupole rrioment and an eleetric
field gradient (EFG) at the nucleus. Unli_ke. the ruagnetic interaction, the quadrupole
" interaction ,is_ inseusitive to ttle sign of the 'é-component of the nuclear spin, and the
splittiug between levels is not equal (see F igure L1. )

The strength of the quadrupole 1nteract10n is descrlbed by the parameter P (equa-

tion (1.4)), which is usually given in MHz.
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‘1.5 NMR.on Ordered Nuclei

It is sufﬁc1ent here to* cons1der the rf c01l as s1mp1y provrdmg quanta of electromagnetrc
energy- (in packets hw) to excrte the nuclei between their levels.. The consequent change

" in the level populations is observable as a change in gamma ray anlsotropy.,. One can

also consider the applied rf field as rotating (tilting) the nuclear moment in a classical - -

sense. In this treatment resonance occurs when the rf frequency matches the precession

frequency of the spins in the magnetic ﬁeld Wthh causes the sub-level splitting. If the
. field at the nucleus is B, then B 7 , .
| Q=mmB, L (128)
where Y is-the gyromagnetic ratio of the nucleus:

ﬁnz%ﬁf;. o L (1.29)

For a thorough treatment of nuclear magnetic resonance, the reader is referred to one
of the standard texts e.g. the book by Slrchter[lO] “ |

Nuclear orientation Wlll occur when the nucle1 are cooled to temperatures low enough
that the nuclear spins are s1gn1ﬁcantly ordered. It is observed by studylng dilute ra-
dioactive nucle1 in a cold host crystal 'The nuclei relax to the temperature of the crystal
because of spin-lattice interactions, which determine the spin-lattice relaxation (SLR)
time, T1 (The existence of a ‘n'u'clear-spinltemp_erature ,itself depends on a strong"nuclear
~spin-spin interaction,‘characterised by a time T, which maintains a Boltzmann distribu-
tion of nuclear subilet/els ) Observation of NMR-ON requires a SLR time which is short
enough that the nuclear spms relax to the temperature of the host ‘but long enough
that the low power levels that can be applled at low temperatures (limited by rf heating

and the_ coollng power of the cryostat) can s1gn1ﬁcantly.change the state of the nuclear

~ system.
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| In con\rentional NMR-ON, one observes the resonance of dilute radioactive nuclei.
Nuclear spin-spin interactions are. very small in this case, and the inherent resonance
» linewidth- is 'correSpondingiy'narroW ‘(ty,pi,cally 10 kle in_’ a ferrornagn_eti’c:hOSt). ‘This ho-
mogeneous_ broadening gives the response of each nuclear spin packet to applied radiation.
The resonance is generally broadened much further by variations in the environment at
. .Ythe atomic site. These variations (due to defects impurities demagnetisingeffects etc.)
produce an lnhomogeneous broadening of the resonance, typlcally of about 1 MHz This
means mean that there are ~ 10° 1ndependent wavepackets Wlthm the sample or that
“an rf field at a prec1se frequency w111 only be on resonance with 1073 of the nuclei. ‘

" The rf radiation can be applied over a range of spin packets by modulatlng the
frequency of the radlatlon typlcally over a range 1/2 to 1/10 of the resonance width.
* This reduces the magnetic ﬁeld applied to each nucleus, and would make the observation

'of NMR-ON dn‘ﬁcult without the effect of magnetzc enhancement wh1ch results in an
- rf-field at the nucleus much larger than the applled field. The enhancement results'
from the electronic magnetlsatlon of the sample bemg allgned along the easy-axis, or
an easy-plane of the. crystal Therelectronlc magnetisation ‘follov_vs an rf field apphed -
perpendicular to the easy axis, resnlting in a field on the nucleus rvhich is enhanced by

the hyperﬁneinteraction. The enhancement factor is
(1:30)

By being any applied static field, parallel to the easy axis. The field felt by the nucleus
s 1nB;, where B is the ef field applied to the sample " Here ‘vx're have represented-the
B magnetocrystalllne energy Wthh causes the magnetlsatron to lie along the easy axis by -

an anzsotmpy ﬁeld By, actmg on the elec¢tronic magnetlsatlon
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1.6 Frequency Pulling Effect

5

The dominant-term in the NMR frequency of the host nuclei 1n a 3-d ferromagnetlc ma-
terlal is the hyperfine interaction between the atomlc electrons and the nuclear magnetic
moment.  This is due mainly to core polarlsatlon of the s-wave electrons, 1nteract1ng with
the nucleus through the contact term (the overlap of the electron wavefunctlons with the
nucleus). The NMR frequency determined by this interaction is perturbed by weaker

~ interactions between the nuclei, which change the sub-level sphttmgs.

1.6.1 Nu'clear—Nuclear Interactions

The direct interaction between nuc1e1 is glven simply by the energy of two 1nteract1ng

dlpoles and has a maximum value of

< o ||
Edipole ~ ﬁ%‘ﬂ

'(1.31 )
For a typical atomic seperat1on T~ 1A and a nuclear magnetic rnoment of Hin ‘thisison
the order of 1kHz. This mteractlon is clearly neghgrble between non- nearest nelghbours

Rudermann and Kittel[11] showed that there_v is an 1nd1rect:1nteract10n between the

-nuclei through a nuclear-driven polarisation‘of the conduction electrons This:interaction

- has an energy on the order of A%/EF, where EF is the Fermi energy of the sample and

- Ac is the energy of the interaction between the. nucleus and the conductlon electrons

(whlch will be due to the contact terrn if the conduction electrons are s-wave. ) This is

typically equ1valent toa frequency shift of a few kHz.
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1.6.2 Suhl-Nakamura Interaction

As discussed in Section 1.4, the hyperﬁne interaction on the nucleus of a 3-d ferromagnet

can generally be described by an isotropic interaction with a Hamiltonian:

Hps = —AS - I. ‘ (1.32)

- This Hamiltonian is correct only to first order in A, since it neglects all possible couplings

between T and .5_" |

In the case of dilute nuélei in a ferromagnet, the correction to (1.32) due to interactions
between I and S acting on neighbouring npclei is negligible, since the coupling A is much
smaller than the exéhange interaction béjﬁween thekelectr(‘)'ns, J. '(Si_nce the electrons are
very strongly coupled, any perturbation due to a nﬁclear spin has a negligible effect on
the interaction energy with neighbouring nucléi.) For instance, if one tilts thev .spin, I}, of
the nucleus at lattice site j, by 'én ahgle 0,' then the relative pe.rturbat-ion of the electronic
states will be of order (A4/J)I%6 |

Thére is a perturbation to this Hamiltoﬁian due to the mixing of atomic s'tatesvwith
different values of S coupled by the-nﬁciear spin. '_Th“is interaction causes a quadrupole-
like change in the energies df the sub-levels, But'is negligible in cobalt.

Where the nuclei are dense, however, (as is the case for the ¥Co in %°CoCo), the
interaction between nucléi through the coupling of T and S can be significant because a

perturbation to the electron states is carried across the order of J/Aw, atomic neighbours

. by the exchange interaction. The interaction between dénge nuclei and the electron spins

is now of order (A/J)I,(J/kw,) = AIZ/hwe, where I, = (If) is the mean value of Ijz

" over the ensemble of nuclei. This intefactior_l leads to a frequency pulling—a change

of the NMR frequency at ’temperatures where the vr’iiiclear magnetisation (I,) becomes
appreciable. | |

The fréquengy pulling effect can be derivéd’ from the macroscopic equations. for the
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coupled nuclear and electron magnetisation or. by considering the interaction between
the nucle1 due to the Suhl- Nakamura interaction (see, for instance, de Gennes et al [12]).

Here we take the second approach, which shows that the frequency pulllng is due to the

_ Suhl-Nakamura 1nteract10n

‘This interaction was first derived ‘by Suhl[13] fer a ferromagnet and Nakamura[14] B
for an anti- ferromagnet and is due to the presence of electron spin wave states w1th1n
a magnetically ordered lattlce of electron spms Spin ‘waves _(also called magnons) are
the _elementary collective excitation of the,'r_nagneti_sed‘ electronic spin system in ferro-
ana antiferrornagnetic materials, and are the source ef ‘the obs‘ervedvreduction bf_ the

magnetism of ferromagnets with increasing T. The excitation energy of these magnon,s

is much greater than the sub-level splitting of the nuclei, and so the nuclei:canndt di--

rectly exc1te an electron spln wave state, but they can 1nteract via the absorptlon and
emrssron of vzrtual magnons. The Suhl-Nakamura 1nteract10n is'much- weaker than the

hyperﬁne interaction, but is long range (typlcally about thirty atomic spacings), and its

"~ effect becomes appreciable at low temperatures Here, where the nuclear magnetisation

becomes s1gn1ﬁcant (the expectatlon value of the z—component of the spin. greater than

1%) the correlatron of nuclear spins caused by the 1nteract10n leads to the nuclear ex-

citations taking the form of nuclear spin waves. The clearly defined dispersion relation

for nuclear 'spin waves changes the NMR, frequency. by an amount proportional to t_he

nuclear magnetisation.

1.6.3 Nuclear Spin Wave Dispersion Relation

The Hamiltonian for an eléctron spin wave with wave vector k is written in terms of the

and aj respectively:

magnon creation and annihilation operators, a;ﬁf

Homagnon (k) = hw,;a;cra,;._ N o (1.33)
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‘We wish to consider the Hamiltonian of the combmed nuclear-spln/electron -spin-wave

~system, which can be written as a sum of two terms:

H=%+M. .t - (1.34)

The dominant term is simply the independent energies of the nucleus and the electron
spin waves: |

Ho = —(AS +1.hB) Y I} + z hgafag, (139
, : |

.and ’H' contains the 1nteract10n between the nuclei and the spln waves, whlch w111 be

treated as a perturbatlon to Ho. We have included the hyperﬁne 1nteract10n by treatlng_

~

the nucleus as being in an effective field B + (AS/v,h); 7 is summed over the positions
of the N nucle1 in the lattlce k over the wave vectors of the spin waves.

Con51der an eigenstate of Ho- in, Wthh the nuclear state |If, Iz .. -I %), is arbitrary,

" and the electrons are in their ground state |0}, i.e. there are no spin waves. This is clearly

a physical state at low temperatures sinee the nuclear level splitting is much less than the" -

electron spin wave energy. (The k = 0 magnon has energy fiw,; hwe = tigBa > AS—see

below)

Turov'and'P_etrov[15] show that there is no first order correction to the eiéenvalues:‘

of Ho due to H', but that there is a second order correction to the energy, and this.can

. be represented by the Hamiltonian

Heff ZUN’I I I | . - (136)
o J,J : : '
with : : o
SA2 - : : :
U“l Z e’k (R R I)h(.U‘ lv (137)

- ‘The I]?L and I; are usual ladder operators, acting on the nucleus at site j:

I o= e, o (138)

R BCED
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Equation (1!36)_‘. is the Suhl-Nakamura interaction,“ derived by Suhl by summing over
all possible virtual spin-wave exchanges in a cubic ferromagnet.
" The interaction’ terrn ~0n1y operates‘On the nuclear states, and so we can split the .

_Hamlltonlan (to second order in 7-[’ ) into 1ndependent terms for the nuclear and electronic

states : ‘
H = Ho+ He, - (140)
- with | | ' | | . "
H, = Zhwka;{aﬁ o . o o (1.41)
and | |
"H (AS + 'ynhB ZP' + = 5 Z UHII -. - (1.42)
’ C 9 - e

The ladder operators I; + and I , raise and lower the z—component of the spin of
~ the nucleus J. Accordlng to Turov and. Petrov the N nuc1e1 in the ensemble under‘
. cons1derat10n are 1dent1cal partrcles and therefore the state vector.of the ensemble is
~ given by. the Slater determmant constructed from the individual nuclear states II Z). An
operator acting on"one nucleus therefore acts on the whole ensemble—lt can be said.
to belong to the whole crystal There is, therefore, an equivalent representatlon of the

operators glven by thelr Fourler transforms into the k- -space of the nuclear Bravais lattice:
gt ~ ER '
If = VN.ZG? &, L (1.43)

.1 est
Ii=—=> el . - (1.44)
i I L - .
. : , N J B K ] : . N
These operators represent the'elementary excitations of the nuclear spin system. In
_ other words: they are the nuclear sp1n Vwave“cr'eati,on and:annihilation operators. The
eigenfrequency spectrum of these opera_tors will therefore give lthe.fre(juen_cy spectrum

of -possible‘excitations of the nuclear lattice. T_he;NMR vfrequency‘will be given by the
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eigenfrequency of the k = 0. wave, since this is the wave representing coherent excitations
of the nuclear spms We shall therefore solve for the eigenfrequency spectrum

In the Heisenberg representation, we can write the _equation of. motion for I ! as

= = [Hn, I | o . (145)
‘ = [(AS+'ynhB)I+ +ZU“I+I‘] : ~ (1.46)
- o

If we substitute for UJ /7, the second term contalns the Fourler transform (FT) of I , and

i-s1mpliﬁes to:

SA paiml o o
VD D1 A _ (1.47)

VN P |
Substituting the inverse FT of (1.43) for I} in the first term of (1. 46) and'using the
- fact that the I I are 1ndependent we can remove the summatlon over k If we also lmearise ‘

the equation by replacing I? by its thermodynamlc mean value, I, = (I ) then

a1t s
—k =4 hB It 1.4
dt - l S B+ huwg ] k ( 8
By inspecticn this leads to an eigenfrequen'Cy spectrum for the I;l of
o _AST. AL -
Qp=— B. : 14
TR [ hwkl TwE - (149)

The replacement of the operator- I7 with its thermodynamlc mean value is easy to

-Just1fy in the very low temperature case, Where (I ’) ~ I . At higher temperatures thls is ‘

not true, and this linearization requires Justlﬁcation. De Gennes et al.[12] show that even
at moderately low T (with ~ 1% nuclear alignment) there are still well deﬁne(i nuclear
spin waves (characterised by a clear position in k- space) and therefore an eigenfrequency
spectrum and thus this substltutlon is still valid. -~

Thus, through- the interactions between the nuclear spins, via the weak but long.

range Suhl Nakamura interaction, there exists within a cold',.ccncentrated nuclear lattice
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Frequency

Wave Number

Figure 1. 6: Magniﬁude of the nuclear spin wave frequency verses wave number, cal\culatedv»»-»
from Equation (1.49) The stralght line is the NMR frequency w1thout the Suhl- Nakamura ’
interaction, Q9.

-the possibility of nucléar excitations in the form of nuclear spiﬁ waves. The dispersioh o

relation for these waves is shown schematlcally in F 1gure 1.6. In this graph QO is the value -

of Qi at k = 0, and Q is the NMR frequency without the Suhl—Nakamura interaction.’




" Chapter 2.

Experimental |

2.1 Experimental Setup

2.1.1 .The Cryostat

To obtain the low temperatures (T 55”0 mK) neces‘sar:y-to dbserve nuclear brientat'ion, a
“helium dilution refrigerater (made by SHE) was used for all experiments. At 100 mK
the refrigerator had a cooling power -of about 60 pW, which varied foughly as‘T2 below
this‘temperafure. The base temperature of the fridge, for a _s_ampie 'With no radioactive
- self heati'ﬁg, was about 12 mK. The dildtioi; frid_ge is a standard tool for low temperature
physics, and therefore will not be descriﬁe_d here. ;The interested reader i‘s referred to
Ezperimental Principles and Methods Below 1 K by Louhasme,e,[l'G] '

The cryostat required 35 litres of hellum to cool and ﬁll and boiled-off about fifteen
litres of helium per day Once cooled, experlments were run for duratlons varylng between
two days and two weeks.

Samples ‘were mounted on the end of the copper cold ﬁnger,. in the centre of a su-
perconducting solenoid. This was mounted outside the va'cuum‘ can, and could provide
a vertical field of up to 2 Tesla. The EuVO4 crystal was wrapped in-copper foil and -
clamped to the cold finger with two small copper strips: The cobalt samples were sol-
dered directly to an extension on the cold finger The arrangement of the cobalt foil and

the tf coils used is shown in Figure 2.1.

9%
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~—+—Cold Fingér (td mixing chamber)

" 1K Shield—

Sample

Rf Coils—*m ' I

" Figure 2.1: Arrangement of Co foil ;ai_ld rf coils on cold finger
2.1.2 Supplying RF Power

RF power v'vas éupplied to the.sampie from a tur‘ledi L-C tank circuit mounted on the
1 K-shield. Care was requii‘ed"in setting up to avoid a ther‘mal touch bétween _t'hevcoil
'a'nd‘ the cold finger/sample. Because of the large cooling power‘of the 1 K cooling plate,
comfnércial teﬁon coated copper coaxial cable could be used to transfer the rf power
-through the cryostat. | | o
The width of the-%CoCo resonance is dominated by inhomogeneous bfoadehing, and
'.it is necessary to frecjuevncy‘ modulate. the rf sighal to obserﬂfe fhe resonance. The sigﬁal' |
generatér used had an internal con’.crolx that produced a frequency 'modulat_ion of depth
100kHz; broader modulation could be obtained by e.)-cternalv prd’gramming. Remo&ing-
* the frequency modulation from the éi‘gngl gives a‘._. very straightforward méthod.fo‘r dis-
tinguishing between genuine NMR-ON peaks, and false peaks which can result from rf
heatlng of the sample due to resonances in the coil/ tank c1rcu1t / transmission lme system

We also w1shed to observe the resonance of the #Co nucle1 (using’ the thermometrlc _

technlque Wthh w111 be dlscussed in Chapter 4) In the case of concentrated nuclear
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spins, the broadening of the resonance peatk is dominated by nuclear spin-spin interactions

" and the naclei respond toa wide range of frequencies. With this homogeneous broadening'

it is not necessary to rnodulate the rf frequency. However, it is important that there be,

no resonances in the tank c1rcu1t close to the NMR frequency For thls reason. the coil

was tuned w1th a two capac1tor crrcult (mounted at the coil) to glve a known resonance

frequency and to match the 5OQ 1mpedance of the coaxial cable connected to it. The

coil was tuned with the resonance midway betWeen the $Co and °Co NMR frequencies.

The tank circuit was built for each e'xperirnent, and is described in Appendix A.

A pick-up coil was included in the,circuit? matched to the coaxi.al‘cable using a 50§
metal oxide resistor, but wasnot required during the experirnents.

Two coil configurations were utilised: one' was a Helmholtz pair on either side of
the thin sample; the other: consistedvof a two turn/ellipsoidél solenoid. arranged with the
samole along the axis. The latter gave the best resonance height/non resonant heating
ratio, but the former was often necessary due to the geometric arrangement of the sample.

The axis of the rf coil was horizontal.

2.1.3 Gamma Ray Detection.

For the experimerits on cobalt the gamma rays were counted ‘using a pair of NaI(T1)
sc1nt111at10n counters eachi of Wthh had a drameter of 4 1nches and a length 4 inches.
These were placed perpendlcular to each other outside the cryostat, with one on a vertrcal
axis through the. sample. To reduce: the effect of the applled magnetic field on the
counters, the photomultlpher tubes (PMTs) were seperated from the crystals by a 60
cm plexrglass light pipe. The PMTs were stabilised against temperature drifts, and the
effect -of an applied field, by using a temperature s’tabilised diode to provide a reference

pulse height[17]. The signal was passed through a stabilising amplifier, gated for the

- y-ray photoelectric peak, and then converted to a square pulse. T he,puls_es were counted
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on a PC running commercial acquisition software, vvhich also controlled the rf frequency
and collected data on the"temperature of the cold finger. -

" The 152Eu and 154Eu decays involve many 7y-rays closely spaced in energy (see Fig-

. ure 3. 3) and in order to make quantltatlve measurements it was necessary to resolve
 these transitions. To achieve this resolution a 52 mm dlameter X 45 mm single crystal

germanium detector was used. Stabillsation was ‘not necessary, _but countlng efﬁc1ency

was very low. The raw spectrum-was accumulated on a multichannel analyser program

and count rates determlned from the areas of several 'y-peaks

2.1.4 Miscellaneous

. During the course of experiments, the tem'p'.erature of the cold finger was monitored using

a carbon resistance thermometer The resistance was measured by a four wire resistance

bridge, connected to the computer by opt1cal cables to prevent electrical n01se affecting.

.the bridge. For magnetic field sweeps the c01l current could be monltored with a digital"

voltmeter
The rf power was provided by a Marconi signal generator Fractlonal frequency error ,
was less than 107 6 A frequency modulation of 100kHz depth was used with a scan
frequency of 1 kHz. Power was transferred to the top of the cryostat by 5012 coax1al '
cable where it could be amplified by a 30dB tf amphﬁer if needed before being passed
into the cryostat. For the experiments on EuVOy, a ®CoCo thermometer was used.
This was a single crystal -of hep Co, approximately 10mm x 1mm?, iwith an activity of -
1 ,uCi By measuring the anisotropy of the y-rays from this crystal we could calculate the

temperature of the cold ﬁnger
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2.1.5 Analysis.

All collected data were stored on a PC. The 'y-ray. counts were taken while sweeping the .

frequency up and 'down, -and,,ﬁled separately. The results were manipulated and graphed

on a spreadsheet. Where needed curve fits were performed on a separateprogram

In general it was best to view the counts for each detector 1nd1v1dually, looklng for a

- change in count rate Thls should be of opposﬂ;e sign for the two counters, as can been

seen from Equation (1.24), in which P,(0) = 1 and Py(r/2) = ~1/2.

2.2 Sample Preparation
2.2.1 EuvoO, -

This was a single crystal of Eu(Srn)VO4 with 1.5% Sm and 98.5% Eu. It was donated to

us by Prof. B. Bleaney, at the Clarendon. Laboratory, Oxford, England The sample was

irradiated in the thermal neutron facility at TRIUMF (B.C., Canada) for approxrmately
“two hours in a neutron ﬂux dens1ty of 101 — 10™ neutrons cm™2 s‘1
The act1v1ty of the 152Eu was 5uCi. Table 2 1 shows the natural abundances, thermal

neutron cross sectlons and hfetlmes for the europlum 1sotopes consrdered here. From

these data we ﬁnd that the act1v1ty of the 154Eu nuclei is approx1mately 4% of the activity

of the 152Eu

2.2.2 Cobalt

Three samples of cobalt were tested The first was a 1cm x 1mm? smgle crystal of hep

cobalt, donated to us by the Munich. group, for the purposes of investigating the frequency

pulling effect. This was irradiated at TRIUMF to give an activity of 1uCi, and was not

annealed before use. This crystal was mounted to the cryostat in two configurations, first

cianlped directly to the cold'ﬁngér, and secondly attatched to the coid.ﬁnger by a 2cm
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Isotope  Natural Half - Neutfon ~ Products
number abundance . life  cross section v ‘
151 48%  stable .- 5900bn  1%2Eu
, ' » ‘ - 2800bn - '2mEy
153 - 52% - stable . 320bn  %Eu
152 Sy  78% '9Sm; 28% $2Gd
152,, . 93h - 23% 152Sm; 77% %2Gd |
154 - 16y o 100% P4Gd :

Table 2.1: Abundance, half life, thermal neutron capture eross section and neutron cap-
ture/decay products for the isotopes of europium studied [18][19].
piece of 22 gauge copper wire. In the latter conﬁguratlon the sample was, attatched to
a wooden support with G.E. varmsh to prov1de mechamcal stablhty

The second sample was a 5um thick single crystal (hcp) donated to us by Dr. D.
Chapman of the )Australian'Defense Force Academy, University of NewA South Wales,
Australia. Thls sample had been spark cut from a smgle crystal rod mechanlcally pol- |
ished, 1rrad1ated and finally cut and electropollshed and was sent to us soldered to a
- copper finger The c-axis of -the crystal was in the plane of the f011 Its activity was
approx1mately 100uCi. A | | |

Given time constraints, it was not ~poésible to prepare a third single crystal of hep
cobalt. As 1t ‘is not necessary to ose a éi‘ngle crystal to inVestigate the frequency pulling_
.eﬁ'e‘ct, a 4um foil of 99.9% cobalt foil was purc‘hesed fromf _Goodfell‘ows. This was cut
to a suitable size (1/2 cm by 1om), end irrztdiated\et TRIUMF for a day. .The‘foil was
annealed for eighteen hours at 650°C in a hydrogen 'atmosphere.' Cobalt undergoes a

slow- phase transformation from hcp to fec between 350 and 400‘5C, and so the crystal .

was cooled rapidly (within a few minutes) to prevent regions of hcp structure growing.
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The foil was soldered at both ends to a suitably shaped piece of OFHC (oxygen free, high

conductivity) copper foil (0.25mm thick), which was then clamped to the cold finger. A
galium alloy was used as a solder—its low melting point (30°C) ensuring that the foil was

not heated duﬁng soldering, which could cause the growth of ﬂ'l-lcp regions. The acti\iity

of the sample was approxirxiately 3uCi.
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Europium Vanadate

The .ﬁrAst ("F,) excited state of Eu* is just 500 K above the ground ("Fo) state. Elliott[20]
examined the hyperfine interaction in theselions, and predieted thet mixing between these
two low lying states should lead to a reductioh in the nuclear Zeeman splittihgs. This
reduction should be rel'atively' insensitive to the hosf material. Shelby ia,n‘d Mecfarlane[Zl]
and -Erickson and Sharma[22] ‘have measured the effective nuclear magnetlc ‘moment-of
the Eu nuclel using optlcal hole burnmg on Eu3+ dilute in YAlO3. They report a nuclear -
magnetlc moment shielded by about 80%.

The rare earth vanadates have been studied by the Oxford group of Bleaney, Leask
and co—workers. One material studled,ieuroplum_ vanadate, has a tetragonal crystalline
structure of the zircon type with »spece gre‘dp D.19' (14, /emd') (Stubicah[23]), and is a
vVan Vleck paramagnet. Optlcal hole burnmg and optlcally detected nuclear quadrupole
resonance experiments on EuV0,[24][25] have concentrated on measurmg the quadrupole
' _1nteract10n at defect 51tes and explalnmg the apparently high (approx1mately thirty).num- -
-ber of defect lines. These optlcal hole burnlng techmques use the "Fy — 5D0 excitation,
Wthh is forbldden at lattice 51tes in' zero applled magnetlc ﬁeld by symmetry con51der- '
atlons NMR-ON is not restricted by thls consideration, and measuring the resonance |
frequency would give the quadrupole interaction on the '?Eu and *Eu nuclel at the
lattice positions, end hence the intrinsic electric field gradients in the crystal could be
ealculated. | B

Judd, Lovejoy and Shirley[26] made the ﬁrst'NO'mee‘surements: on europium, using

32
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Figure 3.1: Simpliﬁedlnuclear decay scheme of 15‘2Eu,' showing decays relevant to this
experiment, and nuelear level spin/ parity assignments. All energy-levels are in keV[9].

neodymlum ethylsulphate as a host.
| The crystal studied here was Sm(1. 5%)Eu(98 5%)VO4, supphed to us by the Oxford
group The ioni¢ sizes of the Sm and Eu ions are very similar, so the former should not
perturb the Eu nuclear parameters However the magnetlc Sm 1ons could reduce the Eu .

spln -lattice relaxatlon time, T, 51gn1ﬁcantly

3.1 Results

- Figures 3.1 and 3.2 show the parts of the europium decay schemes relevant to this discus-
‘sion. The nuclear orientation parameters for these decays of ®?Eu.and ¥*Eu are listed
in Table 1.2. The fy-ray spectrum measured for the sample and the cobalt thermometer’

_is shown:in Figure 3.3. This is one of the spectra used to calculate peak areas. It can be

-seen that the v peaks are well Histinguished by t.hedetector.
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Figure 3.2: Simplified deéay scheme of 154Eu[8], details as for Figure 3.1.
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Figure 3.3: Gamma ray spectrum from EuVO4 crystal and cobalt thermometer as mea-
sured by 4000s count on germamum detector
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: Figure 3.4; ’Measuredw 'y-'rayv intensity, W (0),: “for cobalt 'y—rays and 1086 and 1408 kerb :
- Afy-rays from EuVO4, durmg coolmg of EuVO, crystal B
The crystal was cooled for about 24 hrs Flgure 3. 4 shows the counts (Versus tlme) for l
the ©Co thermometer and two Eu peaks: (both from 152Eu ) Each point shows the counts“ |
1n. 2 lrve time of 40005 on the detector The graphs were complled from the peak-search )

results of the mult1 channel analyser program be1ng used » _
The temperature of the sample can be found from the value of W(O) for the cobalt
o thermometer From Table 3.1, the value of W(O) is. 74, 1:l: 8% Th1s corresponds to a .
- 'temperature of 13. 15ﬂ: 3 mK | ' o
The HFT at the Eu nucleus is predommantly quadrupolar and has a- Ham1lton1an :
1 <[25]> S S '
HoPE- SRRl en
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Figure 3.5: Calculated W(O) for 152Eu and 154Eu versus the quadrupole 1nteract1on P,
’ at 13mK See Table 1 2 and Flgure 3 1 for. curve identity. .

.77 1s a funct1on of the ax1al asymmetry at the ion posmon and 1s zero for the 1ntr1ns1c
sites; P is the parameter (Wlth dimensions of frequency) descrlbmg the 1nteractron glven ‘

by Equatlon (1. 4) F1gure 1.4 shows the values of 32 and B, versus P for 152Eu and

' ..':154Eu at a temperature of 13. 2 mK Flgure 3.5 shows the expected an1sotropy along the "

"ic -axis, at 13. 2 mK versus the quadrupole 1nteract10n strength P From th1s graph it is "
»poss1ble to convert a measured an1sotropy, W mto a quadrupole mteractlon P. | ‘

Table 31 lists, for the europlum 'y-rays Wlth good. countlng statlstlcs and known

. orlentatlon parameters values of W(O) “lin two countmg perlods after the fridge had:

.‘ cooled down ‘These results Were complled from the data in Flgure 3. 4 by summlng elght_

‘pomts startmg att = O 40, OOO and 90, 000 seconds The ﬁrst value glves the Warm (>1

K) normal1sat10n count for each peaks The quadrupole 1nteract1on strength is derlved"'

lfrom Flgure 3. 4 - The errors on the values. of W(O) — 1 are one standard deviation- (i. e.

V/N) on the statlstlcal error. The error on the welghted mean was. calculated from the S

\ standard dev1atlon of the set of values and 1s much greater than the error 1mplled by the V

.%,
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Isotope peak Peak “Warm "~ Cold values,. 1 Cold Values 2
' keV  Ref. Counts, 10° W(0)—1 P(MHz) W(0)-1 P(MHz)
0Co 1173 | 55 -0.249(13) C 0.257(13)
1333 50 -0.267(9) - O .0.262(9)
total ° 105 -0.258(8) - -0.259(8)
1By 344 4 162 40.013(9) +2.6(1.8) +0.021(9) +4.2(1.8)
780 2 49 -0.055(20)  +17(6)  -0.020(20)  +6(6)
1086 3 36 -0.089(44)  -16(8)  -0.075(44)  -13(8).
1408 1 54 -0.001(8) -0.2(1.8) -0.006(8) -1.4(1.8)
By 1275 1 15 -0.046(27)  -11(6)  -0.029(27)  -7(6)
Weighted Mean: - o 2(14) 1(8)

Table 3.1: Gamma-ray counts at different times durlng europium. vanadate cool down
“Peak Ref.” refers to curve in Figure 3.5 ’
“counting.statistics. The results for the ¥4Eu peak are not included in the mean because
of the uncertainty in the value of the nuclear quadrupole moment (see Table i.l)? which
makes normallsatlon between the two nuclei difficult. _

Approxnnately 50% of the decays in the 344 keV peak are preceded by the 780 keV
¥ decays shown in Figure 3. 2. Another 25% are preceded only by an L =1 mlxed beta
decay If we ignore the effect of the remaining 25% of the decays and assume that the
“beta decay is dominated by the J = 1 decay, then we can calculate a value Uy Fy ~.—0.4.

This is the value which has been used to calculate the value of P.

3.2 Discussion

Taking the weighted mean of all the results for '**Eu gives a quadrupole interaction of

1.4+4 Mhz. The error is calculated from the dlstrlbutlon of the results. There are two

possible explanatlons for such a small 1nteract10n v




Chapter‘B."Europium Vanadate . : ‘ h _' _ - ' 38

1 The electric ﬁeld gradlent at the nucleus is 1ndeed small This could be a result of
the tetragonal symmetry of the Eu3Jr lattlce posmon in EuVOy. ThlS symmetry is
relatively hlgher than for the defect sites studied in the hole burning experiments,

which reported values for P ~ 40 MH,zj.-

2. There is a sizeable 'rluadrupole interaction at tne nucleus, but the spin-lattice re-
laxatlon time, Tl, is too long for NO to be observed in the time for Wthh the‘
experlment was run. Thls would mean that T1 ~1 day, which i is certalnly poss1ble
If this conJecture is correct it means that the 1.5% Sm content was not effectlve
in reducmg T appremably In thls case the experlment might be repeated Wlth a.

crystal contamlng a greater amount of samarlum (Wthh could be provrded by the

Oxford group.)
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Cobalt

- 4.1 Frequency Pulling

Section 1.6 introduced the idea that there exists within a cold ferromagnetic conductor -

- elementary excitations of the nuclei in the form of nuclear spin waves. These spin waves

are localised in E—space and have a defined dispersion rel'ation,' due to the Suhl-Nakamura

interaction betWeer_i the nucleafspi,ns. -The Suhl-Nakamura interaction results from the -

exchange of virtual magnons between nuclear spins. The _frequency. spectrum of the -

nuclear spin waves is given by:

= AS Al
0, =45 [

hw,;lJr B, B (%))
and this spectrum is plotted in Figure 1.6: | | |

Nuclear magnetic resonance ls-'the eicitation of nuclei;between their niagnetic sub-
states. Classically the phenomenon occuré When the frequency, of the applied rf _radiation
matches the Larrnour precession freduency of the nuclei in the lnagnetic field producing
their level splitting. The latter caee-cofresponds to a coherent fotation of the nuclei about
an axis in a frame of reference fotating about the z-axis at the frequency of the applied
rad1at10n In the case that there are clearly ‘defined nuclear spln waves, the nuclear res-
onance resonance is the excitation of the k =0 mode. In thls case we can calculate the

frequency of the ‘wave” from equatlon 4.1 w1th k= 0. This glves us a nuclear frequency

of magnitude:

AT
Q= l— [1+ .zl +v.B|. " (4.2)
Wo .
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The value of wy is given by:
wi ﬂ'”yeBA’ =we . : (4.3)

where By is the magnetccrystalline anisotropy field. The nuclear frequency can be writ-
ten

Q=0 +AQ" - (4.4)

where (), is the unpulled nuclear resonance freq:uency:',

Qy = 5 +’ynB . o ,(4‘5),
-and AQ is the frequency pulling:
- AS| AL
AQ . 4.6
h hwe _ (4.6)

In the usual case where the nuclear frequency is domlnated by the HFI “and the ap—
plied field, B, represents a small correctlon to this, the frequency pulllng can be Well

approximated by -

a AL, S _
AQ ~ —2Q : : (4.
Almp | C (47
or
AQ R
~ I,—. )
Qg ZSU)e (4 8)

At the low temperatures at whlch this. effect is s1gn1ﬁcant QO, we and: S are constant
and so I, contains all the temperature dependence of the frequency pulhng

The magnetocrystalhne anisotropy .energy in hcp cobalt may be approximated by
E = Ko + K sin%(8) + Ky sin(8) + - -- (4.9)

where 6 is the angle "between"the magnetisation of the crystal and the c-axis (the easy

axis). This anisotropy energy can be represented by an effective field (directed ‘along



Chaptei 4. Cobalt | , I C 3 41

MHzZ
T8 I R

[1-8

SN

‘Frequency Pulling,
w

N

<

0 20 40 60 _ 80 . 100

Figure 4.1: Frequency pulling for °CoCo, as predicted from the Suhl-Nakamura, interac-
tion.. : Lo

the easy ax1s) acting on the electron spins. This. amsotropy ﬁeld BA, has a magnltude

‘2K 1 /BS, where Bg i is the magnetlc 1nduct10n due to the spontaneous magnetisation, Mg,

“i.e. BS = 47T,LL0M5.

In hep cobalt the spontaneous magnetisation is 1.48 Am~? at low tetnperatures‘ which

corresponds to an inductidn of 1"' 85T, and K1:O 75 MJm [27] ThIS glves an anlsotropy .

field of 8.ix105 Am™! or 1 0T. We therefore have an electron frequency
e = 2728GHz = 1.8 1011s—1. a0

The magnetic moment, per atom is, 1.72,ué, which _ivmplies an atomic spin -of 0.857,

and therefore: _
‘ 1AQ ~ - o
Q—d~9.2-10 31« L S (4D

. The frequency pulllng, as predlcted by these values is shown in Flgure 4.1 . 3
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4.2 The Thermometric ’Techﬁique

In nuclear magnetic resonance power is absorbed by the nuclear spins. The energy

deposrted will be transferred to the host materlal through spin-lattice 1nteractlons If the

rf ﬁeld is apphed at the resonance frequency of the nuclei of the host materlal ‘then the -

power absorbed by the nucle1 may be comparable to the rf absorptlon in the material. In
this case the temperature of the sample will be raised, and the NMR of the stable nucle1
can be detected by the change in the y-ray anisotropy ‘o.f the radioactive -dopant
| This thermometmc technlque of measurlng NMR was first used by Kotlicki and Turrell
54Mn"’5MnClg 4H20[3] It is dependent on suitable SLR. times to transfer power from
~ the abundant host spins to the dilute radloactlve spins via the lattlce This technique.is
“considerably more difficult to apply in conductors because there is eddy current heatmg‘ ,
in the surface of the sample. ThlS the51s reports the first measurement of thermometrlc
NMR in a conductor. |

Figure 4.2 shows schematically the important heat flow processes.
4.3 Samples

The samples have been described in Section 2.2. 2 Two samples were tested on wh'ich'-no .
thermometrlc NMR was observed They were a 10mm x lmm2 ‘hep smgle crystal and a
4,um th1ck polycrystalllne fcc foil. The sample which gave posrtlve results was the 5 um"‘
thick hcp single crystal from Australla

There is a fundamental restriction on themeasurement of the thermometric technique:
the ratio of the power absorbed by the nucle1 to the rf heatlng in the sk1n depth of the
sample. This means that one cannot 1mprove on a poor s1gnal by simply 1ncreas1ng

the rf power, and that the measurement should be insensitive to sample thickness. The

‘thin samples were used so ‘that the 6OCo resonance could also be observed—allowmg
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i Figure 4.2 Schematic representation of the important heat flow processes in NMR-ON
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calculatlon of the unpulled *Co resonance.

It is believed that the resonance was only detected in the one sample for two reasons:

1. Rf efﬁc1ency: the only conﬁguratlo_n in Wthh this crystal did give observable res-

onances was with a two turn solenoid applying rf parallel to the crystal surface.

With rf applied perpendicular to the surface no resonance was found.

2. Statistics: thelobserved peak was Small cerrlpered to the chenge in anisotropy due
to the non-resonant heating of the sample. This means that the high"courit rates
given by thvis crystal were essential in observirrg resonance. (There'w-as typically
a change of 0.5% in the y-ray intensity at resonance, compared with a 6% change

due to the non-resonant heating.)

It should be noted that a highly active sample does produce radloactlve self heatlng,

due mainly to the absorption of beta partlcles A sample of %°Co with an act1v1ty of 100

pCi has a radloactlve self heating of 65nW. However, using the formula for dE /dx glyen ‘

by Krane[28], and by integrating over the foil on a spreadsheet, it is estimated that N

o

10% of the energy of the § particles was deposited in the crystal. This corresponds to -
a self heatlng of > TnW, and a temperature rise of approx1mately 1mK assumlng that )
the Q T2 relatronshlp for the coolmg power of the frrdge is vahd at base temperature : '_ ,

‘and that the base temperature can be taken as a constant COrreCthIl o o -‘ |

The base temperature of the dilution fridge was never reached Wlth elther of the thin
films (and self-heating was certainly not a problem in the fce foil). The reason for thls

problem is not understood at this time.

4.4 Results

Figure 4.3 shows the best thermometric NMR spectrum obtained for the 100 uCi cryst_al.

It is"the sum of five sweeps (in the downward direction), with a dwell time at each
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Figure 4.3: The best frequency sweep, showing counts versus frequency This is a sum
of five runs under the same conditions.

frequency of 100 seconds, and a step size of 100 kHz, \ The run clearly shows the 59001_
peak at a frequency of 218.91(6) MHz, with a width -cf 1.0( ) MHz. Figure 4.4 shows the
60Co resonance, measured on three runs sweeping the frequency down. The dwell times
and step sizes are as for Figure 4.3 | | |
Table 4.1 shows the measured resonances, both for *Co and 5900 w1th their re-

spective amsotroples The frequency was swept up and down; sweeps with the same
conditions were taken consecutlvely, and added to give the results shown. The peaks
were fitted assuming a Gaussian peak shape on a straight line background. The results
from sweep (a) should be treated with some caution, as it only contains a single sweep,
and is subject to a large amount of noise and poor statistics.. |

.The unpulled 5900 resonance can be obtamed by scallng the measured 60Co resonance
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- Figure 4.4: The %°Co NMR-ON resonance, showing counts versus frequency. This 1s a
. sum of three runs under the same conditions.
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Ref: field . 'rf ,C(')}u'_n‘ts.. W(O)‘i sweep . Resonance (MHz) |
T dBm  10° =  direction .position. = width =

60Co NMR-ON resbnaﬁcé:

03 -9 15 0968 up  126.38(3) 0.24(4) |

(3)
, ~down  126.36(3) .38(5)
015 7 . 42 0.969 up ~ 126.49(5) 0.26(7)
. . . down  126.52(4) .16(6)
03 12 15 0971 up ~ 126.36(3) 0.17(5)

%9Co thermometric resonance: .

a 03 9 0.4  0.979 up - 217.98(8) 0.7

o N down  218.37(14) 1.2

b 03 9 08 0975 up  218.23(4) 0.46(5)
~ down  217.97(10)

c 015 9 23 0984 up  218.77(3) 0.67(4)
o : S down - 218.91(6) 1.0(1) -
.d 03 12 11 0982  up 218.73(5) 0.80(7) \

Table 4.1: Peak posmons of nuclear resonances as measured in smgle crystal hcp 80CoCo.
‘Ref.’ gives-entry in Table 4 2. See the text for a full description :
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'Figure 4.5: Detail f_)f Figure 1.5 used to calculate»tqiﬁperatu_re- of cobalt crystal during rf
sweeps, corrected for solid angle subtended by -detector.
by the ratio of the nuclear g—factoré (1.740‘(5)., see Table 1.1.) The measured ®°Co reso-
nance frequehcy was 126.42(2) MHz. This caﬁ be compared with the value of 126.8(1)
MHz observed by Hagn and Zech[29]. The small differeﬁce is probably due to diﬁ‘érent
sample geometry. The unpulled frequency is then calculated to be 220.0('6). MHz. H'I“he |
- NMR frequency of hcp cobalt has been measured by Kawakami et. al.[30], ‘a‘nd,they- :
report a value of 219.9MHz at a domain wall edge;which ag’rees. with..our résult. The .
exte.mal ﬁeld',".Which is applied perpendicular to the c-axis of the crystal, has an efféct
~ 0.01% on the frequency, and has been neglected.

Figure 4.5 shows‘the anisotropy, W (0), er ?900@, for the range of values of interest
here. From this we can read off the tempera'ture of the crystal as meésui“ed by the
anisotropy, and calculate the expected frequency pulling. The calculated va_lues are
shown ianable'\4.2, and it should be noted that the appropriate temperatu-fé was given

© by th'e‘an'isotrépy at the top of the resonance. At these temperatures the variation in

W (0) with temperature is small—an uncertainty of £.001 in W(O) gives an error of £2.5
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Ref. = Sweep  Temperature Frequency Pulling (MHz)
Direction mK . Measured  Calculated
a up ' 71 2.0 .' 1.6
down 64 S 15 1.7
b up 64 1.7 16
down 62 . 20 . 1.8
C up 71 .11 1.6
down 77 - 1.0 1.4
d up . T4 . 1.2 1.5

"Table 4.2: Frequency pullmg, measured and calculated for hcp Co ‘Ref gives entry in
Table 4.1.

mK. Thls error in the temperature gives an uncertalnty of approxrmately +0.2 MHz in
. the calculated frequency pulling. The measured Values of the frequency pulling are also -

shown in Table 4. 2, and can be compared with the calculated values.

4.5 Discussion

The *°Co resonance has been measured at approximately 70 mK_using,thermometric
NMR-ON. The resonance position varied between 217.97(10) and 218.91(6) MHz, with
a mean value of 218.4 MHz, across a measured temperature range of 62—77 mK (mean:
69 mK). This frequency is 1.6 MHz lower than tlle';unpulled value of 220.0(6)MHz. ‘This
difference, which agrees with tlie calculated value,"is attributed to frequency pulling via .
the Suhl-Nakamura interaction. | |

This is also the first measurement of thermometric'lNMR on a conductor. This tech-'
nlque has the potential to investigate any material where a suitable nuclear orientation
dopant can be lmplanted (provrded the ratlo of nuclear absorption to rf heating is large

enough). It is particularly useful when the obJectlve is to compare NMR‘frequencres and
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lineshapes of abundant and dilute nuciear spins.:

Thls experlment on cobalt could be 1mproved in two ways.. F irst it Would be ad-'
vantageous to obtain lower temperatures where hlgher amsotroples could be measured :
Failure to reach lower temperatures may have been partly due to radioactive self heat- .
1ng, but there appeared to be other cryogenic dn‘ﬁcultles. The rf arrangement may have
produced extra heatmg, and/or the dllutlon refrrgerator Wthh is twenty years old may '
have deteriorated. Secondly, a different radloactlve nucleus which experlences a larger

hyperfine field in cobalt could be used, either to replace the 80Co or in conJunctlon with

it. This would allow a more accurate determination of the frequency pulling and its

variation with temperature.
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Appendix A
Radio-Fre(iuency Tank Circuit

- Reliableforniulae and guidelines for building i_mpedance matched It_e.m‘k circuits are hard
to find. This information will hopefully be usefull.

Figure A.1 shows the resonant circuit used in these experiments. The _resis'ta,nce',
_f, is the internal resistance ‘of the ’inducfor. The‘inductof was a coil wound from tvwo
~ to four tﬁrns of copper Wire. The capacitors §vere surface—mouﬁt rf/microwave ceramic'
capacitors from ATC (American Tecflnical Cerémics). These are known to work in helium
temperatures. It is likely that any surface-mount ceramic capacitor will work.

Energy losses in this c1rcu1t are dominated by radiated energy, and so the Q-value

is measured rather thaLn_ calculated. From a known Q-value, and inductance, L, the

resonant fréqugncy of the coil will be given by:

wg—_-m) (A1)
S ‘_ L
(o B
‘@ - C I 64 ) .
‘ —| AT

Figure A.1: The tank circuit used in these experiments
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The impedance near‘“re'sonance is:
= (1 +Qg,50)24 o (a9
Using these formulae and a few simple measurements it is cemparatively easy to
match the 1mpedance of the coaxial cable accurately enough to avoid transm1ss1on line
resonances. The experlments described here typlcally used a coil of two of four turns of
diameter 4 mm to 10 mm. The capacitors used were in the range 2 — 30 pF.
To estimate the number of turns required for a given inductance, if a solenoid (w1th

gaps between the turns equal to the dlameter of the w1re) has’ n turns, length a and

diameter b cm, then

n2a?

L~ ———; A.
35a-|-'40b’ (A.3)

L is in uH.



Appendix B

' Mathe.mati'cal Programs

The calculated graphs in this thesis were prOdhced using simf)lé routines on mathematica.

The main functions, and an example of their use, are shown below.
" Enter physical constants Units: mK, eV, T,_MHz.

* boltzmann=8.62+107-8
nuclearMagneton—S 15*10 -8
plank =4.136%10"-9

<<Graphics® Graphlcs‘

| . Deﬁne the functzons needed bCoeﬁ‘iczent[k Im ,af zs the omentatzon coeﬂ?czent of order’.\
k opemtzng on m and a —lzsts of m values and thezr occupatzon probabzlztzes ‘ ‘
dMagnetzc[delta, T,m] and aQuadrupoldr[P, T,m] return occupation pmbabzhtzes for m

values in list m, for magnetic and quadrupole field respectively. I is the nuclear spin.

Clear[bCoefflclent aMagnetlc aQuadrupolar]
' Moduleé[{k,i,mlist, allst}

bCoeff1c1ent [k_ ,i_ ,mllst_ ,alist_]:=

Apply [Plus,
| (2k+1)".5
_'$\(2i+1)’.5

£ ((-1)"(i+$))& /@ mlist

"~ 56




Appmuﬁxfi'Aﬂnbmnaﬁa;Pn%ganw ' : - S ‘. o

* (ThreeJSymboll{i,~#},{i,#},{k,0}]& /@ mlist)

* alist

] .
'~ Module[{delta,t,mlist}, h
aMagnetic[delta;;t_,mlistf]:=' .
Exp[#,*gdelta/(bolgzmann * t)]1& /@ @list» Ly
/ Apply[Plus, Expf# * delta/(béltzménn * t)]& /@ mlist]
: , k o s
Module[{p,t,mlist},
aQuadrubolar[p_;t_,mlist_];=
Exp[-#°2 * p *plank/gboltzmann *-t)1& /@ mlist
/ Apply[Plus, Exp[-#"2 = p*plank/(boltzmann * t)]& /@ mlist]
]

This routine plots the graph of W wversus t in Figure 1.5. The orientation parameters

are supplied in lists, {{Ug;Ug}, {US, U3}}. ete., ‘(a) and (b) being the two gamma decays.

\sﬁin=5. ‘

magMoment=3.799 - o L ,
field=21.9 | |

levelSpllitt ing=maLgMoment¥<nuclearMagneton*f ield/ spin
u={{.9394; .7977},{.9394% - 7491, .T9TT*.2847}}
£={{-.4477,-.3044},{-.5976,-1.069}}

mValues=Table[m,{m,-spin,spin}]

LogLinearPlot [
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o Appéndix B. Mathematica Programs

Evaluatel
Table[A |
1+ | ‘
Apply[Pius,
(ufMean '
*TébletbCoéfficientt
k,spin,mValues,aMagnetic[léVeISplitting,t,mValues]
] - ,
*LegendreP[k,Cos[theta]],{k,2,4,2}
D | -
1,{theta,0,Pi/2,Pi/2}
]
1,4t,2,503,
PlotRange->{Automatic,{0,1.3}},
Axesorigiﬁ->{1,i};
DisplayFuncti0n—>Identi£y
: , .
: éhow [{%,Graphics [lineLabe;s] 3,
Frame—}True, j »
FrameLabel->{"T, mK”,'"WJ}
Displayfuhction—>$DisplayFunctioq
: g
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